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W h e n  m a s s  is exchanged between a sol id  or a l iquid 
sur face  and a moving fluid tha t  c a r r i e s  away t h e  transferred 
mater ia l  from t h e  sur face ,  t h e  t ransfer  is s a i d  t o  t a k e  p lace  
by convect ion.  If the  fluid motion that  accompanies  con- 
vect ion i s  c a u s e d  by gravity ac t ing  on port ions of t h e  fluid 
tha t  h a v e  different dens i t ies ,  t h e  process  is ca l led  free or 
natural  convect ion.  Differences i n  d e n s i t i e s  may a r i s e  due  
t o  differences in temperature and/or  concentrat ion.  

Calcu la t ions  of heat  and m a s s  t ransfer  by convect ion a r e  
complicated by t h e  large number of var iab les  involved, but 
t h e  appl icat ion of dimensional  a n a l y s i s  t o  hea t  t ransfer  by 
convect ion r e s u l t s  in t h e  following s igni f icant  dimension- 
l e s s  groups influencing t h e  process :  

N u  = q5 (Re,  P r ,  Gr) (1) 

In t h e  c a s e  of free convect ion hea t  t ransfer ,  a further 
s implif icat ion is poss ib le  b e c a u s e ,  t h e  motion being 
ent i re ly  due  to  dens i ty  gradients ,  t h e  convec t ive  veloci ty  
may b e  taken a s  equal  t o  zero  and consequent ly  t h e  
Reynolds  number drops out in  t h e  genera l  correlat ion to  
provide: 

Nu = 4 (Gr, Pr )  (2) 
In g a s e s ,  the  Prandt l  number v a r i e s  very l i t t l e  and  t h e  

only s ignif icant  group which inf luences  the  free  convect ion 
p r o c e s s  i s  t h e  Grashof modulus. In t h e  c a s e  of s t reamline 
flow, where  t h e  fluid currents  a r e  s low enough for the  
iner t ia  s t r e s s e s  t o  b e  negl igible  compared to  v iscous  
s t r e s s e s ,  only t h e  product (Gr x Pr) need b e  considered,  
When t h e  convect ion cur ren ts  become ful ly  turbulent ,  the  
power in  t h e  product t a k e s  on a higher va lue .  It h a s  been 
found that  up to  a va lue  of 10 +' for t h e  product (Gr x Pr), t h e  
p r o c e s s  is in the  s t reamline range and  above  t h i s  va lue  
turbulent e f fec ts  a r e  observed in  t h e  boundary layer .  

T h e  exac t  nature  of t h e  correlat ion is b e s t  determined 
by a graphic  plot of t h e  d imens ionless  groups evaluated 
experimental ly .  

Cons iderable  work h a s  been done on f ree  convect ion heat  
t ransfer  in l iquids  and g a s e s .  Saunders  (1  2 )  and Touloukian 
(12) h a v e  exhaus t ive ly  dea l t  with ver t ical  and  horizontal 
surfaces, plane and cyl indrical .  Saunders  h a s  tabulated 
t h e  numerical c o n s t a n t s  t o  b e  used  in equat ions  for calcu-  
la t ing  free convect ion hea t  t ransfer  under s t reamline and 
turbulent condi t ions.  Kranssold (8) h a s  invest igated t h e  
hea t  t ransfer  between concentr ic  horizontal and ver t ical  
cy l inders .  Kyte,  Nadden, and P i r e t  (9) have  invest igated 
the  natural  convect ion hea t  t ransfer  under reduced pressure.  
In t h e  case where t h e  convect ion cur ren ts  a r e  going down, 
the  geometry of the  c e l l  and of t h e  b a l a n c e  may wel l  affect  
the resu l t s .  A quant i ta t ive est imat ion of t h i s  e f fec t  h a s  
not been at tempted until now. 

T h e  p r o c e s s e s  of hea t  and  m a s s  t ransfer  a r e  often 
ana logous  and may be  t reated by s imilar  equat ions.  Be-  
c a u s e  of t h e  greater  re la t ive development  of hea t  t ransfer  
theory, i t  i s  frequently useful  t o  s e t  equat ions  for mass  
t ransfer  p r o c e s s e s  into f o r m s  ana logous  to  t h o s e  for 
corresponding hea t  t ransfer  p r o c e s s e s  and  t ry  t o  u s e  t h e  
cor re la t ions  of hea t  t ransfer  var iab les  t o  predict  m a s s  
t ransfer  resu l t s .  But a more d i rec t  approach is des i rab le ,  

aimed a t  verifying whether t h i s  analogy holds  under a l l  
condi t ions.  

B a s e d  on t h e  ex is t ing  hea t  t ransfer  theor ies  paral le led 
in  the  c a s e  of mass  t ransfer  by f ree  convect ion,  Wilke (13) 
h a s  der ived a n  equat ion which is of t h e  same form a s  t h e  
general  equat ion for hea t  t ransfer .  T h i s  equat ion h a s  been 
subs tan t ia l ly  verified for m a s s  t ransfer  for ver t ical  p la tes .  
Boel ter ,  Gordon, and Griffin ( 2 )  h a v e  appl ied  the  mass  
t ransfer  analogy t o  t h e  evaporat ion of water  in to  a i r  from a 
f r e e  horizontal  quiet  surface.  Thei r  d a t a  were correlated 
according t o  t h e  equation: 

Nu'= 0 .643 (Gr'x SC)'"~ (3) 
in t h e  range of va lues  for (Gr'Sc) between lo7 and 2 x 10'. 
If Saunders '  equat ion for t h e  ana logous  c a s e  of hea t  t ransfer  
from a horizontal sur face  in t h e  s t reamline range is taken 
a s :  

N u  = 0.54 (Gr  x Pr)O*zs ( 4 )  

t h e  ra t io  

Nu 0.54 
- = - =  0.84 
Nu' 0.643 (5) 

a va lue  which needs  t o  be  verified for other c a s e s .  
Other than  tha t  c i ted  above,  there  h a s  been pract ical ly  

no work done  in  t h e  f ie ld  of f ree  convect ion m a s s  transfer. 
Therefore ,  a comprehensive invest igat ion h a s  been ini t ia ted 
on p r o c e s s e s  l i k e  so l id  d isso lu t ion ,  e lectrodeposi t ion,  pure 
liquid vaporizat ion,  and subl imat ion to verify t h e  exis t ing 
equat ions  or t o  develop new correlat ions t o  def ine t h i s  
p r o c e s s  more precisely.  T h i s  a r t i c l e  presents  resu l t s  
obtained for t h e  vaporization of some pure l iqu ids  into 
humid a i r .  

EXPERIMENTAL 
Figure  1 diagrammatically represents  t h e  general  se tup  

of t h e  equipment. T h e  evaporat ing v e s s e l  c o n s i s t s  of a 
shal low cyl indrical  g l a s s  v e s s e l ,  4 i n c h e s  in diameter and 
enc losed  in a c lose-f i t t ing wooden j a c k e t ,  t o  prevent 
se t t ing  up of convect ion cur ren ts  by t h e  s i d e s  of vesse l .  
About a 2-foot length of 30-gage N i c h r o a e  wire  i s  co i led  
and remains submerged in the  l iquid.  T h e  l e a d s  a r e  taken 
out through two g l a s s  t u b e s  of very smal l  diameter, sup-  
ported in a s tand .  Low tension vol tage  is appl ied from the  
secondary of a var iable  transformer. A s e n s i t i v e  ther- 
mometer i s  suspended  f rom t h e  s tand  t o  record the  tem- 
perature .  T h e  evaporat ing v e s s e l  i s  placed in one pan of 
a s e n s i t i v e  ba lance  and counterpoised.  T h e  whole assembly,  
excluding t h e  var iable  transformer, is enc losed  in  a large 
g l a s s  chamber t o  e l iminate  s t ray  external  convect ion 
currents .  In every c a s e  suff ic ient  liquid i s  introduced t o  
fill the  v e s s e l  to  t h e  brim and a var iable  vol tage is appl ied 
t o  maintain the  temperature a t  t h e  des i red  leve l ;  depending 
upon t h e  temperature of the  l iquid,  from 1 to  5 grams a r e  
removed from the  counterpois ing pan and t h e  t ime taken for 
the  pointer of t h e  ba lance  t o  swing  back  t o  t h e  original 
posi t ion i s  recorded, T h e  experiments  a r e  repeated until 
concurrent va lues  a r e  obtained. It h a s  been poss ib le  t o  
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Figure 1. Experimental setup for measurement of vaporization rate of some liquids 
1. Variable transformer 
2. Sensitive bolonce 
3. Pai r  of gloss tubes to lead in Nichrome coil  
4. Thermol insulotion for cylindrical evoporoting unit 
5. Sensitive thermometer 
6. Dry bulbwet  bulb assembly 
7. Lorge giass chomber 
8. Control knob 

control  t h e  temperature  within + 0 . l o C .  A wet-  and  dry- 
bulb thermometer assembly  is a l s o  introduced in  t h e  
chamber  and readings a r e  taken  from t ime to  time. 

CALCULATIONS 
In order to  e v a l u a t e  t h e  Nusse l t ,  Grashof ,  and Schmidt 

numbers, t h e  following c a l c u l a t i o n s  a r e  made. 
Mass Transfer Coefficient. A s  no l iquid film is present ,  

t h e  g a s  film a l o n e  cont ro ls  t h e  p r o c e s s  of vaporizat ion.  
T h e  evaporat ion ra te  is obtained from experimental  data .  
From t h e  vapor pressure  d a t a  ( 5 )  fugaci ty  potent ia l  i s  
ca lcu la ted .  Except  in the  case of water ,  where the  humidity 
of t h e  bulk a i r  i s  t o  b e  determined from t h e  dry- and wet- 
bulb readings ,  t o  eva lua te  t h e  fugac i ty  poten t ia l ,  in a l l  
o ther  c a s e s ,  t h e  vapor tens ion  of t h e  l iquid a t  o n c e  pro- 
v i d e s  t h e  fugaci ty  potent ia l .  T h e  a v e r a g e  f i l m  temperature 
is determined a s  t h e  ar i thmetic  mean of t h e  interfacial  and 
bulk temperature  and a l l  phys ica l  propert ies  a r e  evaluated 
a t  t h i s  temperature. Therefore ,  a knowledge of t h e  vapori- 
za t ion  ra te ,  s u r f a c e  a rea ,  and  fugaci ty  potent ia l  a l l o w s  the  
m a s s  t ransfer  coeff ic ient  to  b e  eva lua ted .  

Density, T h e  average  dens i ty  of t h e  film a s  a funct ion 
of temperature  and composi t ion i s  e a s i l y  determined from a 
knowledge of t h e  molecular weights  of t h e  three  components  
-air, water ,  and l iquid.  

Viscosity. T h e  v i s c o s i t i e s  of t h e  vapors  a r e  taken  from 
the  l i t e ra ture  (6, IO). In some c a s e s ,  t h e  v iscos i ty  da ta  
a r e  not a v a i l a b l e  a s  a funct ion of temperature .  T h e y  a r e  
determined from t h e  equat ion proposed by Wilke (25 ) ,  
modifying that  of Hirschfelder ,  Bird,  and  Spotz  (4),  and a 

s e t  of nomographic c h a r t s  and co l l i s ion  in tegra ls .  T h e  g a s  
mixture v i s c o s i t y  is determined by Wilke’s method (3). 

Diffusion Coefficient. In all cases except  tha t  of water ,  
t h e  e f fec t ive  diffusion coeff ic ient  is ca lcu la ted  from 
Wilke’s equat ion  (14, the  var ia t ion with temperature  being 
determined from t h e  equat ion ind ica ted  in  Internat ional  
Cr i t ica l  T a b l e s  (7).  In some cases, t h e  binary diffusion 
coef f ic ien ts  a r e  not avai lable .  T h e y  h a v e  been  determined 
from Arnold’s equat ion (I). Except  for minor information, 
the  above  es t imated  physical  p roper t ies  a r e  suff ic ient  t o  
e v a l u a t e  t h e  d imens ionless  groups. A s  t h e  concentrat ion 
of t h e  vapor  i n c r e a s e s  in  t h e  film, t h e  Schmidt number 
v a r i e s  considerably.  

DISCUSSION 
Figure  2 diagrammatical ly  represents  t h e  fugaci ty  

temperature  and dens i ty  prof i les  i n  t h e  boundary layer ,  s e t  
up during t h e  f ree  convect ion p r o c e s s .  In order t o  simplify 
the  mechanism of m a s s  t ransfer ,  a n  equiva len t  film thick-  
n e s s  i s  a s s u m e d  whose  r e s i s t a n c e  t o  diffusion i s  equiva len t  
t o  tha t  through t h e  boundary layer  and wherein the  grad ien ts  
a r e  l inear .  

It i s  further assumed that  t h e  boundary layer  in  t h e  
present  case h a s  a f ini te  t h i c k n e s s ,  in  which t h e  en t i re  
par t ia l  p ressure  and temperature grad ien ts  a r e  accommodated, 
so  t h a t  o u t s i d e  t h e  boundary layer ,  in t h e  bulk,  t h e  tem- 
perature  and concentrat ion of t h e  diffusing mater ia l  a r e  
uniform. B y  us ing  a la rge  chamber  t o  h o u s e  t h e  experi-  
mental assembly  and  al lowing suf f ic ien t  t ime before  taking 
readings ,  t h e  above  assumption i s  t o  some exten t  just i f ied.  
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Table  I .  Vaporization of Water into Quiet Humid Air 

Inter- 
face Liquid 

Temp., Vaporized, 
t'C. Grams 

25 1 
30 0.5 
35 0.5 
40 0.5 
45 1 
50 1 
55 2 
60 2 
65 2 
70 5 

Time of 
Vaporization, 

Min.-Sec. 

82-10 
15-15 
8-56 
5-20 
6-35 
4-33 
5-33 
4-12 
3-4 
4-45 

VaDorization Rate 

Lb. /hr. sq. ft 
0.0185 
0.0497 
0.0849 
0.1421 
0.2303 
0.3333 
0.5513 
0.7219 
0.9888 
1.596 

Lb.mole/ 
hr.sq.ft. 
0.00103 
0.00276 
0.00471 
0.0079 
0.0128 
0.0185 
0.306 
0.0401 
0.0550 
0.0887 

Fugacity 
of WaJer 

Atm. 

0.03 125 
0.04 187 
0.0555 
0.07280 
0.09454 
0.1217 
0.1553 
0.1965 
0.2467 
0.3075 

. a t t  , 

Mass 
Transfer 

Fugacity Coefficient, 
of Water Fugacity Lb.Mole/ 
in  Air, Potent ia l ,  Hr.Sq.Ft. 
Atm. At m. Atm. 

0.01772 
0.0 1772 
0.01772 
0.01772 
0.01772 
0.01772 
0.02014 
0.02014 
0.02014 
0.02014 

0.0135 
0.0242 
0.0378 
0.0551 
0.0767 
0.1040 
0.1352 
0.1764 
0.2266 
0.3084 

0.0756 
0.1144 
0.1248 
0.1433 
0.1665 
0.1780 
0.2260 
0.228 
0.2424 
0.3084 

Film Viscosity of  
Comin.,  Av, ~ i l m  a't Av. 

Mole Density Temp., C.p. 
Fraction of Film, 

Water Lb./ 'Water 
vap. Air Cu.Ft. Air vapor 

0.033 0.967 0.0731 
0.038 0.962 0.0723 
0.044 0.956 0.0716 
0.052 0.948 0.0708 
0.062 0.938 0.0699 
0.074 0.926 0.0690 
0.09 0.91 0.0681 
0.108 0.892 0.0671 
0.128 0.872 0.0660 
0.15 0.85 0.0649 

0.018 0.009'8 
0.0182 0.01 
0.0184 0.0101 
0.0185 0.0102 
0.0185 0.0103 
0.01865 0.0104 
0.01875 0.0105 
0.0188 0.0106 
0.0189 0.0107 
0.0191 0.0108 

Inter- 
face 

Temp., 

25 
30 
35 
40 
45 
50 
55 
60 
65 

t°C. 

Liquid 
Vaporized, 

Grams 

1 
1 
1 
1 
1 
1 
2 
2 
2 

Time of 
Vaporization, 

Min.-Sec. 

30-20 
21-34 
15-10 
8-8 
5-50 
4-10 
6-17 
4-56 
4-1 

Vaporization Rate 

Lb.mole/ 
Lb. /hr. sq.ft. hr.sq.ft. 

0.0600 0.00130 
0.0843 0.00183 
0.1240 0.00269 
0.1864 0.00405 
0.2599 0.00565 
0.3639 0.00791 
0.4839 0.01052 
0.6006 0.01305 
0.7518 0.01634 

T a b l e  II. 

Fugacity 

Alcohol 
a t  t'c., 

Atm. 

0.07764 
0.1033 
0.1364 
0.1780 
0.2290 
0.2924 
0.3693 
0.4640 
0.5906 

of Ethyl- 

Vaporization of Absolute Ethyl Alcohol into Quiet Humid Air 

Mass Av. 
Av. Viscosity Transfer Compn. of Film 

Lb.Mole/ Temperature, 
Hr. Sq. Ft. 

Coefficient, a t  Density of F i lm 

Lb./  Ft.Sec. 
of F i l m  Lb./  

Mole Fraction 

Atm. Alcohol Air Water Cu.Ft .  X l O '  

0,01399 
0.01479 
0.01593 
0,02277 
0.0267 
0.02 706 
0.02848 
0.02879 
0.02892 

0.0374 
0.049 
0.0639 
0.0817 
0.1028 
0.1276 
0.156 
0.1883 
0.228 

0.9456 
0.9342 
0.9196 
0.9020 
0.8813 
0.857 
0.829 
0.7973 
0.758 

0.017 
0.0168 
0.0166 
0.0163 
0.0159 
0.0154 
0.015 
0.0144 
0.014 

0.07515 
0.07504 
0.07506 
0.0752 
0.07549 
0.07592 
0.07652 
0.07726 
0.07826 

0.1177 
0.1183 
0.1187 
0.1179 
0.1168 
0.1163 
0.1152 
0.1140 
0.1124 

Inter- 
face 

Temp., 

30 
35 
40 
45 
50 
5 5  
60 
65 
70 

t °C.  

Liquid 
Vaporized, 

Grams 

1 
1 
1 
1 
1 
2 
2 
2 
2 

Time of 
Vaporization, 

Min. -Sec. 
12-5 
9-23 
7-2 
5 4 0  
4-30 
6-55 
6-20 
4-12 
2 4 0  

Vaporization Rate 

Lb. /hr. sq.  ft. 
0.1238 
0.1616 
0.2156 
0.2676 
0.3370 
0.4374 
0.5685 
0.7220 
1.083 

Lb.mole/ 
hr. sq.ft. 
0.001587 
0.002072 
0.002765 
0.003431 
0.00432 
0.005608 
0.007291 
0.009258 
0.01390 

T a b l e  I l l .  Vaporization of Benzene into Quiet Humid Air 

A v. 
Compn. of Film Av. Viscosity 

Mass 

Density of Film 

Lb./  Ft.Sec. 

a t  Av. F i lm 

Temperature, of Film Lb./  Mole Fraction 

Fugacity Transfer 

Benzene Lb.Mole/ 
a t  t °C. ,  Hr.Sq.Ft. 

of Coefficient, 

Atm. 
0.1550 
0.1938 
0.2390 
0.2930 
0.3546 
0.4264 
0.5091 
0.6050 
0.7160 

Atm. 
0.01025 
0.01070 
0.01 155 
0.0117 
0.01216 
0.01315 
0.01430 
0.0153 
0.0194 

Benzene 
0.072 
0.0882 
0.1068 
0.1278 
0.1506 
0.1758 
0.203 
0.2325 
0.2632 

Air 
0.908 
0.892 
0.874 
0.853 
0.83 1 
0.806 
0.780 
0.751 
0.719 

Water 
0.02 
0.0 198 
0.0194 
0.0189 
0.0184 
0.0179 
0.0171 
0.017 
0.0169 

Cu. F t .  
0.0819 
0.083 11 
0.0848 
0.0867 
0.0887 
0.0910 
0.0935 
0.9060 
0.0989 

x 1 0 4  

0.1168 
0.1162 
0.1149 
0.1142 
0.1131 
0.1120 
0.1107 
0.1096 
0.1075 

T a b l e  IV. Vaporization of Carbon Tetrachloride into Quiet Humid Air 

Mass Av. 
Av. Viscosity Fugacity Transfer Compn. of Film 

Density of Film, a t  Av. Film Inter- of Carbon Coefficient, 
of Film Lb. /  Vaporization Rate . Tetrachloride Lb.Mole/ Temperature, 

Lb./  Ft .Sec.  face Liquid Time of Mole Fraction Temp., Vaporized, Vaporization, Lb.mole/ a t  t'C., Hr.Sq.Ft. 
t°C.  Grams Min.-Sec. Lb. /hr. sq. ft. hr.sq.ft. A h .  Atm. CCl, Air Water Cu.Ft. x104  

25 
30 
35 
40 
45 
50 
55 
60 
65 

1 6-25 
1 5-15 
1 3-54 
1 3-8 
1 2-43 
2 3-45 
2 2-50 
2 2-2 
2 1-30 

0.2363 
0.2889 
0.3889 
0.484 
0.5582 
0.8089 
1.07 
1.491 
2.022 

0.001537 
0.001875 
0.00253 
0.003 147 
0.00363 
0.00526 
0.00696 
0.00970 
0.0 13 14 

0.1507 
0.1881 
0.2318 
0.2839 
0.3453 
0.4173 
0.499 
0.5932 
0.6985 ____ 

0.0102 
0.0107 
0.0111 
0.0111 
0.0121 
0.0126 
0.01395 
0.0164 
0.0188 

0.0701 
0.0856 
0.1039 
0.1243 
0.1472 
0.1724 
0.1996 
0.2288 
0.258 

0.9133 
0.8976 
0.8802 
0.86 
0.8877 
0.813 
0.7863 
0.7575 
0.7278 

0.0165 
0.0162 
0.0159 
0.0155 
0.0151 
0.0147 
0.0141 7 
0.0137 
0.0132 

0.0959 
0.1007 
0.1049 
0.1104 
0.1165 
0.1233 
0.1306 
0.1383 
0.1459 

0.1162 
0.1156 
0.1150 
0.1144 
0.1138 
0.1132 
0.1128 
0.1124 
0.1122 

In t h e  c a s e  of e thyl  a lcohol  vaporizat ion,  sampling of t h e  computing t h e  m a s s  t ransfer  coeff ic ient  in t h e  c a s e  of 
a i r  fa r thes t  from t h e  evaporat ing s u r f a c e  ind ica ted  only organic  l iquids .  
t r a c e s  of t h e  diffusing component for a Considerable In a l l  c a s e s  the  interfacial  temperatures  a r e  higher than 
length of time. Therefore ,  assuming t h e  fugaci ty  potent ia l  that  of bulk air. In t h e  c a s e  of water ,  t h e  combined in- 
of t h e  diffusing component to h e  equiva len t  t o  t h e  vapor f luence  of both t h e  temperature and dens i ty  grad ien ts  on 
pressure  a t  t h e  interface wil l  not involve much error in  the  f ree  convect ion process  i s  t o  intensify t h e  convect ion 
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Av. V i s c .  
of F i l m  
Lb. / 

Ft .Sec .  
x 104 

0.1208 
0.1221 
0.1232 
0.1236 
0.1238 
0.1246 
0.1250 
0.1257 
0.1260 
0.1263 

Diffus ion 
Coeff ic ient ,  - - 
Sq.Feet /Hr.  E: ] Nu' x% S c  

1.008 0.005 9.55 0.219 0.59 
1.022 0.029 14.26 1.213 0.595 
1.039 0.055 15.36 2.22 0.599 
1.048 0.081 17.5 3.17 0.60 
1.068 0.124 19.86 4.72 0.60 
1.083 0.137 20.79 5.02 0.601 
1.098 0.17 25.74 6.01 0.602 
1.114 0.208 25.22 7.06 0.606 
1.129 0.252 25.92 8.25 0.609 
1.145 0.304 31.57 9.57 0.612 

Gr'x Sc' 
x10-6 

0.129 
0.72 
1.33 
1.90 
2.83 
3.01 
3.62 
4.28 
5.03 
5.86 

E f f e c t i v e  
Dif fus ion 

Coeff ic ient ,  
D, 

Sq. F t .  /HI. 

0.5206 
0.5290 
0.5391 
0.5467 
0.5562 
0.5650 
0.5737 
0.5815 
0.5924 

0,0410 3.38 
0.0375 3.49 
0.0358 3.68 
0.0366 5.08 
0.0399 6.4 
0.0452 5.6 
0.0521 5 .55  
0.0603 6.47 
0.0717 7.10 

Grashof 
No., 

x 10-6 

1.994 
1.8 
1.707 
1.776 
1.988 
2.297 
2.742 
3.3 
4.147 

Schmidt 
No. 

1.084 
1.073 
1.056 
1.032 
1.002 
0.9763 
0.9448 
0.9114 
0.8728 

Gr x S c ,  
x 10-6 

2.161 
1.932 
1.80 
1.833 
2.028 
2.242 
2.59 
3.014 
3.619 

E f f e c t i v e  
Dif fus ion 

0.3760 0.1704 
0.3876 0.1875 
0.3887 0.2073 
0.3951 0.228 
0.4017 0.2492 
0.4082 0.2693 
0.4146 0.2896 
0.4225 0.3111 
0.4291 0.3284 

N u s s e l t  
No. 

9.904 
9.902 

10.52 
10.22 
10.16 
10.42 
10.66 
10.85 
12.21 

Grashof 
No., 

0.999 
1.14 
1.35 
1.57 
1.83 
2.07 
2.47 
2.85 
3.32 

x 10-7 
Schmidt 

N 0. 

1.366 
1.299 
1.254 
1.200 
1.142 
1.085 
1.028 
0.9723 
0.912 

Gr x S c ,  
x 10- 

1.365 
1.486 
1.69 
1.88 
2.09 
2.25 
2.534 
2.77 
3.024 

E f f e c t i v e  
Dif fus ion 

Sq. Ft./Hr. -- 
C o e f f . ,  D, [;: 1] 

0.305 0.3623 
0.308 0.397 
0.315 0.431 
0.321 0.4647 
0.326 0.4917 
0.331 0.5239 
0.338 0.5496 
0.342 0.5728 
0.356 0.5926 

N u s s e l t  
No.  

39.99 
39.1 
41.4 
39.6 
36.0 
41.2 
42.5 
46.5 
48.0 

Grashof 
N o . ,  

x 10- 

2.65 
3. 18 
3.85 
4.61 
5 .55  
6.76 
7.89 
9.26 

10.81 

Schmidt 
No. 

1.43 
1.35 
1.25 
1.17 
1.08 
1.02 
0.92 
0.85 
0.78 

Gr x S c ,  
x 10-1 

3.79 
4.29 
4.81 
5.44 
6.00 
6.76 
7.26 
7.86 
8.42 

curren ts .  In a l l  other  c a s e s  where t h e  a v e r a g e  molecular 
weight of t h e  film i s  higher than tha t  of bulk a i r ,  t h e  two 
gradien ts  a c t  aga ins t  e a c h  other ,  thereby ef fec t ive ly  
reducing t h e  f ree  convect ion cur ren ts .  In fact ,  in  some 
c a s e s  t h e  p r o c e s s  is a lmost  en t i re ly  governed by molecular 
diffusion a n d  t h e  effect  of f r e e  convec t ion  cur ren ts  is 

IN T E R FACE 
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EQUIVALENT 1 
FILM THICKNESS 

- -  
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LAYER *.I 

+---7---+ 
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Figure 2. Fugocity,  temperature, and dens i ty  prof i les  during 
isothermal voporizotion of s o m e  pure l iquids into 

quiet humid air 

a lmost  negl igible .  It is, therefore ,  natural  t o  an t ic ipa te  
two s e t s  of cor re la t ions ,  one  for l iqu ids  w h o s e  molecular 
weights  a r e  lower and t h e  o ther  for t h o s e  whose  molecular 
weights  a r e  higher  than  that  of bulk a i r .  F i g u r e  3 sub- 
s tan t ia l ly  ver i f ies  t h e  above  s ta tement .  
For water  t h e  genera l  correlat ion i s :  

Nu'= 0.62 (Gr' x SC)'.*~ (6) 

In the  c a s e  of t h e  other l iqu ids ,  

(7)  Nu' = 0.17 (Gr' x SC)'.'~ 

Taking  water  vaporizat ion as a n  ana logous  c a s e  t o  hea t  
t ransfer ,  under ident ica l  (Gr' x Sc)  va lues :  

Nu 0.54 . -  - - 0.872 - _  __ - 
Nu' 0.62 

a v a l u e  which i s  nearly t h e  s a m e  as that in Equat ion 5 .  
F o r  ident ica l  p r o c e s s e s  aga in ,  

Nu (Pr). 

Nu' (Sc) 
-= __ 

a ra t io  whose  va lue  may b e  determined f r o m  a knowledge of 
t h e  Schmidt and Prandt l  numbers for t h e  var ious s y s t e m s .  

Equat ion  7 for organic  l iqu ids  is ana logous  to that  

2 1 -  
I 

Figure 3.  Correlation of free convect ion m o s s  tronster doto 
during isotherm01 voporizotion of some common liquids 

in quiet humid oir 
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F igure  4.Dependence of vaporization rate on fugacity potential 

defining t h e  p r o c e s s  of hea t  t ransfer  from a horizontal  
p l a t e  facing downward (7). 

T h e  uni t  vaporizat ion r a t e  i s  plot ted a g a i n s t  fugaci ty  
potent ia l  for each  liquid in  F igure  4 and t h e  d a t a  can b e  
well correlated b y  t h e  following equat ion:  

e = C. Af”” (9) 
where t h e  va lue  of C v a r i e s  from liquid + ?  l iquid.  

Liquid C 

Water 6.58 
Carbon tetrachloride 2.96 
Ethyl alcohol 1.80 
Benzene 1.33 

It i s  an t ic ipa ted  that  cont inuat ion of t h i s  part of t h e  
inves t iga t ion  under sub- and superatmospheric  pressure  
wil l  provide valuable  information, from which more general  
re la t ions  can be  derived. 

NOMENCLATURE 
Cp = h e a t  capacity at constant  pressure, B.t.u. per OF. 

D = diffusion coefficient, sq. feet  per hour 
d = character is t ic  dimension, feet 

lb. 
e = unit vaporization rate, ___ 

hr. sq. ft. 
f = fugacity, atm. 
g = acceleration due t o  gravity, ft./sec.’ 
h = h e a t  transfer coefficient, B.t.u./hr. sq. ft.  OF. 
k = thermal conductivity, B.t.u./ft. ‘F./ft. 

kg = mass transfer coefficient, lb. moles/hr., sq. ft. atm. 
P = total pressure,  atm. 

Upper Explosive Limits of Cumene 

JUDSON C. BUTLER’ AND WILLIAM P. WEBB 
California Research Corp., Richmond, Cal i f .  

I n common with most other hydrocarbons,  cumene forms 
explos ive  mixtures  with air .  T h e s e  explos ive  mixtures a r e  
limited or rendered nonexplosive in  three  ways :  by di lut ing 
with a i r  unt i l  t h e  mixture i s  too  l e a n  t o  explode (lower 
limit), by di lut ing with fuel  until t h e  mixture is t o o  rich t o  

‘Deceased, March 30, 1956. 

pf = film pressure factor, atm. 
R = gas  constant,oatm. CU. ft./(lb. mole.) OR 

t =temperature ,  F. 
u = convective velocity, feet per second 
p = viscosi ty  of air film, lb./ft. hr. 

Ib 
CU. ft. 

p = densi ty  of air film, -’- 

1 
F. 

6 = reciprocal average temperature, -0- 

Af = fugacity potential of vapor, atm. 
%n = temperature difference between interface and bulk air, OF. 

6 = unique function defined by Equations 1 and 2 

Dimensionless Groups 

2 = Prandt l  number 
k 

= Schmidt number 

= Grashof number 

g , @ - h m . d J . p ’  PD 

Pa 
g . d J . p I . k - 1  
. .~ ’’ = Grashof number for  mass transfer 

h d  
- = Nussel t  number 
k 

LL2 

kg.  R .  T. pf + d 
D * P  = Nussel t  number for mass transfer 

9 = Reynolds number 
11 
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explode (upper limit), and by di lut ing with a n  inert sub-  
s t a n c e  until there  i s  insuff ic ient  oxygen t o  explode.  

Previously,  only a small  amount of information w a s  
ava i lab le  concerning t h e  explos ive  l imits  of cumene (1-3), 
and t h i s  information pertained only t o  t h e  limit a s  a func- 
t ion of t h e  oxygen-nitrogen-cumene rat io  a t  a tmospheric  
pressure.  However, i t  i s  impossible  to predict  t h e  e f fec t  of 
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