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Resul ts  a re  shown of a study concerning the evaporat ion of liquid hydrocarbons  in external ly  
heated closed conta iners .  

The p r o c e s s e s  of heat  and m a s s  t r a n s f e r  which occur  in closed conta iners  during changes in the t e m -  
p e r a t u r e  do, to a la rge  m e a s u r e ,  de te rmine  the conditions under  which pe t ro l eum products  a re  s tored.  
Natural  convection in meta l l i c  conta iners  with pe t ro leum was studied in [1]. In this ar t ic le  we show the 
r e su l t s  of a study concerning the m a s s  t r a n s f e r  p r o c e s s e s  within the v a p o r - a i r  space in closed containers  
which occur  when pe t ro leum products  evapora te  under  quas is teady the rma l  conditions. 

The p rocedure  in this study included the use  of a Tep le r  shadowgraph.  The tes t  appara tus  is shown 
in Fig. 1. It consis ted of a model  IAB-451 Tep le r  ins t rument  1, a the rmos ta t  2, and the tes t  container  3 
in the fo rm of a double-wall  cyl indrical  v e s s e l  made of a luminum alloy 200 m m  long and 144 m m  in d i am-  
e t e r  inside,  with g lass  windows in the end planes .  Into the inner cyl inder  cavity was poured liquid i so -  
octane.  Through the gap space between walls  was c i rcu la ted  a liquid heat  c a r r i e r  (water), enter ing f rom 
the the rmos ta t  at the bot tom and leaving f rom a r ecep tac le  at the top back  into the the rmos ta t .  Six t h e rmo -  
couples 4 were  suspended through the dra in  tube on top, for  measu r ing  and record ing  the t empe ra tu r e  
throughout the exper iment .  

The shadowgraph was provided with a l inear  color  r a s t e r ,  a f r a m e  with a grid of nar row (0.7-0.8 m m  
wide) t r anspa ren t  color s t r ips ,  mounted between two pa ra l l e l  opt ical  g lasses .  When a light beam pas sed  
through the cyl indrical  cavity containing an optical ly homogeneous medium (no density gradient) ,  it also 
p a s s e d  then through the focus of the r e c e i v e r  optics and appeared  in the same  color  as the s t r ip  through 
which it had passed .  In this case  one homogeneous image of the same  color  appeared  on the shadowgraph 
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Fig. 1. Schematic  d iagram of the tes t  appara tus .  
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sc reen  covering the entire field. With an optical inhomogeneity in any par t  of the container,  the light beam 
passing through it was deflected f rom the focus by an angle depending on the par t icu lar  change in the r e -  
fract ive index. The thus deflected light beam then passed through a different r a s t e r  strip and on the 
shadowgraph sc reen  appeared a spot in the color  corresponding to that strip. 

The width of each color str ip on the r a s t e r  strip and the spacing of s t r ips  ac ross  the r a s t e r  were 
measured  (on a dial, with the aid of a m i c r o m e t e r  sc rew on the shadowgraph) before the experiment had 
star ted.  The shadowgraph was adjusted to any one par t icu lar  color str ip on the ras te r .  

A definite quantity of isooctane was poured into the container.  It was then heated at a predetermined 
rate.  The images of emerging inhomogeneities,  charac ter iz ing  the dynamics of mass  t ransfer  inside the 
container,  were photographed at definite time intervals�9 The tempera ture  inside the container was, at the 
same time, continuously recorded.  The p re s su re  inside the container was maintained at a tmospheric  level 
throughout the experiment.  An evaluation of the test  resul ts  had thus been reduced to an interpretat ion of 
photographs. 

Each photograph may be considered represent ing a container section perpendicular  to the container 
axis, with the inhomogeneity represented by a reas  of different colors .  Regions of the v a p o r - a i r  space 
appeared as s t r ips  paral le l  to the liquid surface in the container.  With the spacing between the color 
s t r ips  of the r a s t e r  (their coordinates r e fe r r ed  to one another) known, one could determine the deflection 
angles of the light beam over  the entire container section e = A/f .  

Inasmuch as the path length of a light beam through the container was known (distance between the 
inner sur faces  of the glass windows), the ref rac t ive- index gradient was 

dn n o 
. . . . .  ~ - - - 8 .  

dy l 

Such an analysis  of the photographs yielded an empir ical  formula for the ref rac t ive- index gradient 
along the height of the v a p o r - a i r  space at the time each f rame was taken. 

It is to be noted that regions with the same ref rac t ive- index gradient were very  stable even under 
a high heating rate (8-10~ During fluctuations in the plane perpendicular  to the container axis, the 
osci l lat ions of these regions followed the oscil lat ions of the isooctane surface.  It seemed as if immiscible  
liquids of different colors  and densit ies oscillated. In studying the dynamics of mass  t ransfer  within the 
v a p o r - a i r  space, we have not detected any manifestations of one phase penetrat ing into another,  which 
would usually occur  during convection within a volume of heated isooctane. 

In some tests  we also tried to establish the existence of t r ansverse  gradients (in the direction para l -  
lel to the free surface of the liquid and to the planes of the windows), but none was detected. 

Under such conditions, therefore,  mass  t ransfer  within the v a p o r - a i r  space of the container was 
determined basical ly  by the law of molecular  diffusion with an additional Stefan flux due to the phase change 
during evaporation. 

Deriving the equation of mass  t ransfer  for our test conditions is analogous to deriving the equation 
of heat conduction [2] with the specific relation between thermal  conductivity and diffusivity taken into 
account [3]. Only a concentration gradient along the 5~-axis, perpendicular  to the free surface of the 
liquid, is assumed in the derivation. Considering the geometry  of the space where mass  t ransfer  occurs ,  
we have the following equation: 

v [ ok  .-2y ] = 
- d T -  L c?Y ~ + O--y" 2y (D ' - - y )  

Since a concentrat ion gradient exists only along the y-ax is ,  hence 

dk Ok Ok 
d'~ 0"~ r w~s Og 

Insert ing (2) into (1) yields 

Ok Ok O~k Ok D' - -  2y 
0~: i wv -~y - -  D - -  D . . . . .  O. @2 Oy 2y ( D,-- y) 

O. (1) 

(2) 

(3) 

Unlike the c lass ica l  equation of molecular  diffusion, this one includes a so-cal led  Stefan term (second 
term) and a te rm accounting for the geometry  of the container space (fourth term). According to F ick ' s  law 
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Fig. 2. Temperature profile T (~ along the container height 
y (m), at various instants of time T (see) (A, B, C, D, E, F 
are the locations of thermocouples along the container height; 
W indicates the location of the upper container wall; L indi- 
cates the loeationof the liquid phase): D "moderate" heating; 
II) "rapid" heating. 

with the Stefan correc t ion [3] and a cor rec t ion  for  the container geometry,  we have 

D ( O k ) ] / y o  (D,-- y0) 
w,, 1 - -~vo  --O-y Vo [/ y(D'--Y) " 

The minus sign indicates that the positive direct ion of Wy is opposite to the direction of gradient 
8k/By. 

Insert ing (4) into (3) yields 

Ok [02te 1 ( Ofe ) V yo(D-'yo) Ole ~ D- -2y  Ole ] 
0~ = D ~y~ +- 1 - -  (k)y: ~y y. y (D --  y) O--y- ' 2y ( D - -  y) c)y " 

All numerical  calculations, including those for Eq. (5), were made on a BESM-4 computer.  As a 
resul t  we have established the relation k = k(y, T). 

With a relat ion T = T(y, T) based on tests  available, p = p(y, T) was calculated by the formula 

P [k~A+ (I - -  k) P.~ 
P = TRARH. ~ 

Fur ther  calculations included ~ = ~(y, T) by the formula 

~= ~ s k  + ,%(1 - k), 

~" = ~(y, ~-) by the formula 

n = n(y, r) by the formula 

r =  r}{k + rA(1 - -  k), 

r - = \  n2 2 ] -  ~ 

(4) 

and, finally, 

grad n = grad n (g, x). 

Values of the thermophysical  proper t ies  were taken f rom [4]. 

Results  based on two experiments with different heating ra tes  are  shown in Figs.  2 and 3. The tem- 
pera ture  prof i les  along the height of the v a p o r - a i r  space are  shown in Fig. 3 at several  different instants 
of time during these experiments.  According to the graphs,  the temperature  r ise  in the liquid phase within 
the f i rs t  60 sec was 2~ during "moderate" heating and 16~ during "rapid" heating. 
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Fig. 3. Refract ive- index gradient  g radn  (m -1) as a 
functionof the height in the container y (m), at var ious 
instants of t ime "r (see): a) "moderate" heating at ~- = 0 
sec; b) 60 sec; c) 300 see; d) "rapid" heating at T = 0 
sec; e) 60 sec; f) 120 sec. Curves represent  calcu-  
lated relations,  points represent  test points. 

The ref rac t ive- index gradient along the height of the v a p o r - a i r  space is shown in Fig. 3 at var ious 
instants of time. 

Some discrepancy between test  data and calculations, especial ly in the case of "rapid" heating (8- 
10~ can be explained by a convective mass  t ransfer ,  in addition to the diffusive mass  t ransfer ,  at 
the la tera l  container surface as a resul t  of the large tempera ture  difference {especially during the f i rs t  
few minutes of heating) between the container wall and the v a p o r - a i r  medium inside it. For  this reason,  
although this tempera ture  difference diminished fast with time, the vapor  concentrat ion in the upper region 
of the container was somewhat higher than calculated (curve K E in Fig. 4) on the bas is  of diffusive mass  
t rans fe r  alone (curve K c in Fig. 4). 

The inner space general ly  and the v a p o r - a i r  region in par t icu lar  were heated through the walls and, 
therefore ,  the tempera ture  was higher direct ly  at the wall than inside the container.  Since the tempera-  
ture of the liquid phase rose  continuously, hence the vapor concentration at the interphase boundary in the 

' t 

Fig. 4. Model of the heat and mass  t ransfer  in the test  con- 
tainer.  I, ]I, HI) charac te r i s t i c  zones of heat andmass  t r ans -  
fer  under the test  conditions are  (solid a r rows  indicate con- 
vective cur ren ts ,  dashed a r rows  indicate diffusive currents) :  
TE)temperature  profi le alongthe container height; KW, KE) 
true prof i les  of vapor  concentrat ion along the coutainer height 
at the wall and father  away f rom the wall, respect ively;  Kc) 
calculated concentrat ion profi le fa r ther  away f rom the wall 
without convection at the wall. 
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v a p o r - a i r  space also increased and throughout the heating per iod remained higher than in the res t  of the 
space. According to calculations with the empir ical  relation T = T(y, T) taken into account, the concen- 
trat ion of isooctane vapor and the density of the v a p o r - a i r  mixture decreased away f rom the free surface 
of the liquid. 

For  an a rb i t r a ry  horizontal  container segment, we will analyze the pa rame te r s  of the a i r - v a p o r  
mixture in the immediate vicinity of the wall surface and far ther  away f rom it. We assume that no con- 
vective motion due to Archimedes  forces  occur red  at the la tera l  wall, even though the temperature  w a s  
higher directly at  the wall than fur ther  away f rom it. The cor rec tness  of this assumption was confirmed 
by tests .  This means that the density of the v a p o r - a i r  mixture in this segment was the same at the wail 
and far ther  away from it. 

Such a condition, when there is a temperature  difference, must  be due to a corresponding difference 
between the vapor concentrat ion at the wall and far ther  away f rom it. Considering that the density of iso-  
octane is much higher than that of air  (approximately four times),  the vapor concentration distribution 
should be analogous to the vapor temperature  distribution over  a given segment, i .e . ,  a higher vapor con- 
centration should correspond to a higher vapor temperature .  The profile of vapor concentration along the 
container height should cor respond to curves  KW and K E in Fig.  4. 

Let  the temperature  of the wall r i se  somewhat within a certain interval  of heating time. The bound- 
a ry  layer,  being nearest  to the heated wall, will heat up fas ter  than the layer  at the container axis and its 
density will become lower. The Archimedes  force acting on the v a p o r - a i r  volume of the boundary layer  
within the given segment will lift it upward through some distance Ay. As a result ,  two different situations 
may prevai l  in the horizontal  segment located at the height Ay above the original one: 

1) the density of the lifted v a p o r - a i r  layer  (warmer and with a higher vapor concentration) becomes 
equal to that of the v a p o r - a i r  mixture fa r ther  away f rom the wall: the motion ceases ;  

2) the density of the lifted v a p o r - a i r  layer  remains  lower than the density far ther  away f rom the 
wall: the motion continues. 

The f i rs t  of these situations occurs  within the zone of high vapor concentration gradients along the 
container height, the second of these situations is most  likely to occur  within the zones of very  small such 
gradients.  

Thus, in the v a p o r - a i r  space of the heated container one can distinguish the following different zones 
of mass  t ransfer  (Fig. 4). 

Zone I direct ly above the liquid, with almost  no convection due to Archimedes  forces ,  is cha rac -  
ter ized by appreciable gradients of vapor concentration. 

Zone II above zone I, with significant convection at the wall, is charac ter ized  by very  small  vapor 
concentration gradients along the container height. 

Zone III above zone II and extending to the top wall, with conductive heat and mass  t ransfer ,  is 
charac te r ized  by the maximum temperature  and the minimum concentration, i .e . ,  by the minimum density. 

The widths of zones I and II depend on the concentration gradient, on the heating rate,  and on the 
ratio of the molecular  weights of vapor and air ,  while the width of zone Irr depends mainly on the heating 
mode. Inasmuch as zone III is charac te r ized  by the accumulation of hottest  and lightest masses ,  it will 
expand due to external heating through the wall as well as due to hot currents  entering it f rom zone II by 
convection. 

An analysis  of the vapor concentration gradient along the container height leads to the conclusion 
that the convectionless zone II adjoining the liquid res i s t s  the spreading of the hydrocarbon vapor concen- 
tration. One may consider  the free surface of the liquid as the "input" terminal  of this res is tance  and the 
interzone I-II  boundary as its "output" terminal .  Convective cur rents  at the wall a re  capable to c a r r y  a 
v a p o r - a i r  mass  with a very  definite and limited level of high vapor concentration. This level is de ter -  
mined by the heating rate and by the rat io of molecular  weights of vapor and air .  The region of high vapor 
concentration is the interface between zones I and II. The proposed model of mass  t ransfer  inside a closed 
container is shown in Fig. 4. 

In order  to answer some questions ra i sed  here ,  additional studies were made on the bas is  of another 
principle.  
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A thin-walled container with some amount of liquid hydrocarbon (isooctane or  decane) was heated in 
a thermostat .  The v a p o r - a i r  mixture was passed from this vessel  through a re f r igera tor ,  where it was 
purged of vapor, and fed into a measur ing  vessel .  Test  data on the rate of a ir  intake, charac ter ized  by 
both thermal  expansion and evaporation, agreed fair ly well with calculations. The calculations were based 
on formulas  analogous to those descr ibed ear l ie r ,  also with the assumption that evaporation occurs  by dif- 
fusion. This again confi rms the resul ts  of our test  resul ts  obtained by the shadowgraph method. 
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N O T A T I O N  

is the angle of l ight-beam deflection; 
is the distance f rom the r a s t e r  str ip to which the Tepler  instrument was tuned (with e = 0); 
is the focal length of the Tepler  instrument;  
is the instantaneous refract ive  index in the container;  
is the ref rac t ive  index in the container under normal conditions; 
is the l inear  coordinate perpendicular  to the liquid level; 
is the path length of the light beam through the container; 
is the vapor concentration; 
is the time coordinate; 
is the Stefan velocity;  
is the vapor diffusivity in air;  
is the diameter  of the container;  
is the coordinate of the liquid level; 
is the tempera ture ;  
is the r e fe r r ed  density of the v a p o r - a i r  mixture;  
is the density of water at 4~ 
is the p r e s s u r e  inside the container;  
a re  the gas constants of a i r  and hydrocarbon vapor, respectively;  
are  the molecular  weights of the mixture,  of a i r ,  and of hydrocarbon vapor, respect ively;  
are  the molecular  re f rac t ions  of the mixture,  of air ,  and of hydrocarbon vapor, respect ively;  
denotes k as a function of y, ~-; 
is the ref rac t ive  index gradient.  

S u b s c r i p t s  

Y0 denotes the value at y = Y0- 
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