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A formula is obtained for computing the evaporation constants for water  and ethyl alcohol in 
h igh- tempera ture  gaseous media.  The computed evaporation constants are  compared with 
experimental  values.  

A special  feature of problems involving complex heat and mass  t rans fe r ,  occurr ing in evaporation of 
drops of pure substances or solutions in moving h igh- tempera ture  radiating media (in the combustion p rod-  
ucts of various types of fuels, in heated air,  or other gases),  is well known to be the fact that the sys tems  
of equations describing the heat and mass  t ransfer  p rocess  in these media involve nonlinear in tegro-di f fer -  
ential equations, for which there  are  no general  methods of solution at present .  This kind of problem is 
usually solved in a simplified formulation, and the following assumptions are  very  often made:  a one-di-  
mensional model is taken for the t r ans fe r  of heat by conduction and radiation, and the result ing heat and 
mass  t rans fe r  is evaluated from relat ions which are  convenient to apply. 

These assumptions are  made in the present  work in examining heat t r ans fe r  of a drop of liquid evap- 
orat ing in a h igh- tempera ture  s t ream.  The total heat flux to the drop sur face  is assumed to consist  of 
three  independent fluxes: conductive, convective, and radiative.  By assuming that the heat fluxes a re  in- 
dependent one can determine them by theoret ical  methods,  compare  them with experimental measurements ,  
and thus subsequently represent  the resul ts  of calculation of a complex heat and mass  t rans fe r  problem in 
a form convenient for engineering application. We note that because of the extremely complex mechanism 
involved in evaPoration of a drop in moving h igh- tempera ture  media, no r igorous theory describing the 
kinetics of the evaporation process  has present ly  been developed. 

For  an evaporating spherical  drop in a steady h igh- tempera ture  gas s t r eam the following equations 
a re  valid: 

a) for mass  t r ans fe r  by thermal  motion 

dn~ h H o = 4 ~ r ~ (  d r  ) (1) 

where r I is the drop radius; AH v is the heat of evaporation; Ra is the fraction of radiative heat f rom the 
gaseous medium and the hot walls of the combustion chamber;  and dm/d  r is the ra te  of evaporation; 

b) to determine t empera tu re  around the surface  of the evaporating drop 

r 2 d~7' + ( 2 r - -  dm Cp ) dT = 0 ,  (2) 
dr ~ -  , d~ " 4 ~ -  dr 

where Cp and X are  the heat capacity and the thermal  conductivity in the boundary l aye r  of thickness r 2 -- r 1, 
formed during quas i -s teady evaporation; and r 2 is the outer boundary of the boundary layer.  The second 
t e rm in the c i rcu la r  brackets  in Eq. (2) takes account of the effect of ra te  of mass  evaporation of the sub- 
stance on the t empera tu re  distribution in the layer  around the drop. 
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With the boundary  condi t ions  r = r t ,  

w h e r e  E = ( d m / d r ) / ( C p / 4 , - r X ) .  

Dif fe ren t ia t ing  Eq. (3), 
the d rop :  

T = T n and r = r 2, T = T~o, the solut ion of Eq. (2) takes  the fo rm 

T - -  T,~ exp (--  E/r) - -  exp (--  E/q) (3) 

T~ - -  T~ exp ( - -  E/G) - -  exp (--  E/rl) 

we obtain an e x p r e s s i o n  for  the de r iva t ive  d T / d r  in the boundary  l aye r  a round  

dT AT exp (--  E/r) E (4) 
dr exp (--  E/r 2) - -  exp (--  E/rl) r ~ 

w h e r e  AT = Too --  Tn, which for  r = r 1 d e t e r m i n e s  the t e m p e r a t u r e  g rad ien t  at the s u r f a c e  of the e v a p o r a -  
t ing drop:  

dT I AT E 

r 1 r ,  z , 

Subst i tut ing Eq. (5) into Eq. (1), and p e r f o r m i n g  ce r t a in  t r a n s f o r m a t i o n s ,  we obtain an equat ion for  the r a t e  
of  evapora t ion  of the drop  

din_ = 4J~)~ I n ( 1 T  CpAT t 
d'~ C p (  1 1 ) . A H o - - a *  " 

�9 r I r 2 , 

Here a *  = Ra/(dm/dr). 

For  steady quas i - s ta t i ona ry  heat t r ans fe r  in a h igh - tempera tu re  medium the heat suppi ied to the 
drop  is d i s s ipa ted  completely" in evapora t ion ,  i . e . ,  

(6) 

Q = 4:rrfaAT = AH,  (din~dr). (7) 

The  d i m e n s i o n l e s s  heat  t r a n s f e r  coef f ic ien t  fo r  the evapora t ing  drop,  taking account  of Eqs.  (6) and 
(7), takes  the f o r m  

Nul- -  ~,2ri _ 2~H. In (i+ cpAr i (s) 
)" %( 1-@).~ )Ar , ~Ho--~* , 

Since the hea t  t r a n s f e r  equat ion (8) fo r  the evapora t ing  d rop  included the effect  of r ad ia ted  heat  and 
the r a t e  of evapora t ion  of m a s s  f r o m  the d rop  s u r f a c e  on the heat  t r a n s f e r  p r o c e s s ,  it can d e s c r i b e  a 
w ide r  c i r c l e  of o b s e r v e d  evapora t ion  phenomena  than the  wel l -known evapora t ion  equat ions  [1-5, 81. 

The effect  of f o r ced  convec t ion  on heat  t r a n s f e r  is accounted  for  in a n u m b e r  of expe r imen ta l  pape r s  
[5-8] by a f ac to r  f, a funct ion of  d i m e n s i o n l e s s  heat  t r a n s f e r  va r i ab l e s  (Re and lZr): 

1 I 

p =  1 -~  0 .276Re2 pr 3 . (9) 

Equat ion (9) was ve r i f i ed  by c o m p a r i s o n  with expe r imen ta l  da ta  of [7, 9, 10] on r a t e  of evapora t ion  of 
d rops  of wa te r  and ethyl a lcohol  in hea ted  a i r .  

With the c o r r e c t i o n  f included,  Eq. (8) takes  the f o r m  

Nu = Nul/. (10) 

Many expe r imen ta l  p a p e r s  have  g iven  the fol lowing re l a t ionsh ip  between the r a t e  of evapora t ion  dm 
/d  r and the evaporation constant K0: 

dm/d~ = Ko (~prrx/2), (!1) 

w h e r e  01 is the dens i ty  of the liquid at the s u r f a c e  t e m p e r a t u r e .  An equat ion for  the evapora t ion  cons tan ts  
of va rous  subs t ances  in h i g h - t e m p e r a t u r e  gase s  can be obtained by s imu l t aneous  solut ion of Eqs.  (5) and 
(11): 

Ko = 8X In( 1 ,~ C , A T  '/ (12) 
c 9 ,  ( i  . . . .  rx ') . X f f ~ - a ~ - J  " 

r 2 
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Fig. 1. Experimental  dependence of the surface t empera tu re  of evapora-  
ting drops of water and ethyl alcohol on the tempera ture  of the sur round-  
ing medium: 1) [1]; 2) [7]; 3) [9]. T is expressed in ~ 

Fig. 2. Calculated and experimental  values of the evaporation constants 
for drops of water and ethyl alcohol in heated air :  1) experimental  data 
of [1]; 2) of [7]; 3,4) of [9]; 5) of [10]. (The evaporation Constants were 
obtained from experimental  data on the ra te  of evaporation of drops of 
d iameter  1 mm).  The curves were  calculated from Eq. (16). K, cm 2 
/ s ec ;  r ,  sec;  T - 1 0  "~, ~ dc, #. 

Allowing for the correc t ion factor,  the evaporation constant for a substance in a moving medium can be 
written as : 

K~ = g J ,  (13) 

where K 0 is the evaporation constant of the substance in a medium at res t ,  as calculated from Eq. (12). 
The t ime for a drop of initial s ize  d o to evaporate to an ambient s ize  d 1 can be determined from the Srez-  
nevskyi Law, which has been confirmed in numerous experiments  on evaporation and combustion [1, 9, 12, 
13]: 

T evap= (d~- -  d~)/Ko. (14) 

(14), the t ime for complete evaporation (or the "lifetime") for a fully evaporated drop According to Eq. 
(with d 1 = 0) is 

�9 evap= d~/Ko. (15) 

Assuming that the Sreznevskyi law is valid for a drop evaporating in a moving medium (within a na r -  
row range of the speed of the moving medium) the t ime for  the drop size to change and the lifetime are  de- 
termined f rom Eqs. (14) and (15), using the relationship between Kv and K0 from Eq. (13). 

References  [1, 7, and 9] contain the most  complete resul ts  of an experimental  study of evaporation 
of drops of water and ethyl alcohol. The experimental  values in these papers  are  shown in Fig. 1 and 2, 
along with our computations per formed according to the above equations. It can be seen from Fig. 2 that 
the evaporation constants for water in heated air  obtained in [7] and [9] differ somewhat.  In the t empera -  
ture  range compared for a ir  the data of [1,]  were  considerably above those of [7, 9]. In the au thor ' s  opin- 
ion, the experimental  resul ts  of [9], obtained under steady conditions of evaporation, seem the m o r e  
reliable.  

* The evaporation constants in [1] for a medium at res t  were determined for every  isotherm by extrapolating 
the relationship K v = f(v) (where v is the air  velocity) to a zero value of the air  s t r eam velocity. The 
evaporation constants for these conditions (v = 0) given in [10] were  calculated using a correc t ion  factor  f, 
computed according to Eq. (9). 
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Fig. 3. Evaporation constants and t imes  for complete 
evaporation of water  drops of initial d iameter  100 ,~ in 
combustion products  of natural  gas in air  (a), and in 
heated air  (b): 1) Vrel = 0 m / s e c ;  2) 50; 3) 100; 4) 
200; 5) 300. The broken line indicates alcohol with 
Vre 1 = 0. K, cm2/sec;  r, sec;  T . 1 0  -3, ~ 

Experimental  data on evaporation constants for water  in h igh- tempera tu re  flow at t empera tures  ex- 
ceeding 1000~ a re  the only ones available, although the need for such data remains  very  great ,  because 
h igh- tempera tu re  vapor  mixtures  are  generated and used in a number of p rocesses  [4]. 

Many tests  on the ra te  of evaporation of drops of pure substance and of different kinds of liquid fuels 
under steady evaporation conditions [12, 14, et al. ] show that the evaporation p rocess  for a spher ical  drop 
takes place in the spherical  layer  formed around the drop, whose outer radius r 2 is equal to three  drop 
radii,  independent of variat ion of the drop s ize  during the entire evaporation time, i .e . ,  r 2 = 3r l (where 
r 1 is the drop radius).  This experimental ly established relation between the size of an evaporating drop 
and the boundary layer  surrounding it was included in Eq. (12), and resul ted in an equation for calculating 
the evaporation constants of drops of different substances:  

C~,pl , A / J ~ - -  a* ' (16)  

The reliabil i ty of calculating evaporation constants of substances using Eq. (16) was checked by 
comparing evaporation constants evaluated from this formula for water and ethyl alcohol with experimental  
values of these quantities in [7, 9]. In calculating the evaporation constants for water  and ethyl alcohol 
using Eq. (16) in heated air  an experimental  dependence was used for the drop surface  t empera tu re  on the 
medium tempera tu re  [9], and the quantity a*  was neglected. We will show below that this assumption is 
valid for evaporation in a i r .  The resul ts  of the compar ison are  shown in Fig. 2, f rom which it follows 
that the calculated evaporation constants and the experimental  values [9] for evaporation of water  and ethyl 
alcohol show good agreement .  

Figure 2 also shows the t ime for complete evaporation of drops of water and ethyl alcohol of initial 
d iameters  of 50 and 100 ~ in air  heated to 2400~ at a tmospher ic  p r e s su re .  As the t empera tu re  of the me-  
dium increases  the t ime for complete evaporation of the drop rapidly reduces .  For water drops of initial 
d iameter  100 ~, as the medium tempera tu re  increased f rom 500 to 2400~ the evaporation t ime reduced 
by a factor  of 20, and for drops of w a t e r o f  the same diameter ,  the evaporation t ime was reduced by a 
factor  of 9 when the t empera tu re  changed f rom 500 to 1500~ 

In the same  medium evaporation of a drop of alcohol takes place m o r e  than 2.5 t imes fas ter  than for 
a drop of water of the same size.  This is due to the lower heat of evaporation of ethyl alcohol in compar i -  
son with that of water.  
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TABLE 1. Calculated Emissivi t ies  for Combustion 
Products  

Equilibrium temperature of combustion pro- 
ducts ,~ K..~ - 

Emissivity I 2000 2500 3ooo 

ered 

ered 

Methane in air 

l 027 I 0,8 
Kerosene in oxygen 

l 0,48 I 0,38 

0,10 

0,30 

Fig. 4. Thermal  conductivities for 
combustion products of natural  gas 
in oxygen and heated air :  1) natural  
gas + air;  2) natural  gas + 02; 3) 
dry heated air .  X, ca l / cm . see  
�9 deg; T ' 1 0  -a, ~ 

Figure 3a, b show the evaporation constants and the life- 
t imes of water drops of initial d iameter  100 ,r in the combustion 
products  of methane and air  and in heated air ,  for re la t ive flow 
ra tes  over  the drops of 50, 100, 200, and 300 m / s e c .  The co r -  
rect ion factor  f was computed using Eq. (9), the lifetime using 
Eq. (15), and the evaporation constants using Eqs. (12) and {13). 

The evaporation constants for water  in the combustion p ro -  
ducts of methane in air  a re  higher than the corresponding values 
for  evaporation in heated air ,  which is due to the higher heat 
conduction in the combustion products .  

The thermal  conductivities of combustion products of natural  
gas in air  and oxygen and heated air  a re  shown in Fig. 4. By 
comparing the thermal  conductivities of combustion products  one 
can draw the qualitative conclusion beforehand that the evapora-  

tion constants for a ir  in the combustion products of methane in air  will be higher  than in the combustion 
products of methane in oxygen. The thermal  conductivities of the combustion products of methane in air  
and in oxygen were taken from [15], and for a ir  f rom [16]. 

The value of the p a r a m e t e r  a *, which accounts for the fraction of radiant energy in the total heat 
reaching the sur face  of the evaporating drop, was calculated for drops of water and ethyl alcohol of d iameter  
100 ~, evaporating in the combustion products  of methane in air  and of kerosene  in pure oxygen,  at the 
equilibrium combustion t empera tu re  of 2000, 2500, and 3000~ The radiant flux R a to the drop surface  
f rom the combustion products is given, to a f i rs t  approximation, by the Stefan--Boltzmann law. The emis -  
sivities given for the sys tem consist ing of the drop surface  Fk surrounded by a spherical  shell of combus-  
tion products of layer  thickness l, were calculated in the usual way, as recommended in [17]. The main 
radiating combustion products at the above tempera tures  were  assumed to be the molecules  of CO2, H20 , 
and CO. The calculated values of emiss ivi ty  for a drop surrounded by a spher ical  shell of combustion p ro -  
ducts of methane in air  and of kerosene  in pure oxygen a re  shown in Table 1: The data on the composit ion 
of combustion products  of methane in air  and in oxygen, required to calculate the emiss ivi t ies ,  were taken 
f rom [16], and for  heated air ,  from [18]. The thickness of the radiating layer  of combustion products was 
taken to be 10 cm, since the emissivi t ies  of the CO 2, H20, and CO molecules  are  known for this thickness.  
Since the calculations made on the effect of radiant heat flux from the combustion products  on the heat 
t r ans fe r  of the evaporating drop a re  qualitative, simple equations of radiant t r ans fe r  were  used for the 
calculation. 

The effects of radiant heat flux and ra te  of evaporation on the evaporation p rocess  were  not taken into 
account in [1-3, 6, 7, et al.]. 

The evaporation constants and l ifetimes for water drops in combustion products  of natural  gas and 
in heated air  at a tmospher ic  p r e s s u r e  over a wide t empera tu re  range (up to 2400~ are  quite rel iable and 
a re  important  [4]. 

Calculations made have shown that the value of a* does not exceed 8% of the heat of evaporation AH v 
in the case of evaporation of drops of water  in combustion products of methane in air ,  in the t empera tu re  
range 2000-3000~ and does not exceed 14% for evaporation in the products  of combustion of kerosene  in 
pure oxygen over the same tempera tu re  range.  In the case  of evaporation of drops of alcohol of the same 
size in the combustion products of methane in air  the rat io a */AH v increases  to 23%. 
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Since the p a r a m e t e r  a *  is in the n u m e r a t o r  of the logar i thmic  express ion  in Eq. (12), the evapora -  
tion constant will be l a rge r ,  the s m a l l e r  the heat  of evaporat ion of the drop substance,  for  constant  value 
of a.* 

A d e c r e a s e  in-the d i f ference  of the quanti t ies ( A H v - - a * )  by 8% leads to an i nc r ea se  in the constant  
of evapora t ion  of water  in combust ion products  of methane  in a i r  at T = 2000~ of approx imate ly  4%, and 
an i n c r e a s e  in the constant  of evapora t ion  of alcohol i at the s a m e  t e m p e r a t u r e  of approx imate ly  6%. In 
evapora t ing  wa te r  and alcohol in the combust ion products  of ke rosene  in pure  oxygen, for  which the con- 
centra t ion of molecu les  of CO 2, H20 , and CO is cons iderably  g r e a t e r  than in the combust ion products  of 
methane  in a i r  and in oxygen, one would expect an i n c r e a s e  in the evapora t ion  constant  of 8-10% for  a lco-  
hol drops  of d i a m e t e r  100 it. The s lower  r a t e  of i nc r ea se  of the evaporat ion constant  for  water  is due to 
the higher  heat  of evapora t ion  in compar i son  with alcohol.  This compar i son  enables us to conclude that 
the use  of wa te r  as a solvent  for  the alkal i  me ta l s ,  followed by injection of wa te r  solutions of these  sa l t s  
into the combust ion products  of var ious  fuels,  with the object ive of inc reas ing  the i r  e lec t r i ca l  conductivity, 
is not the best  p rocedure .  
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