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ABSTRACT 
This paper  examines the  mechanics of  e v a p o r a t i o n  of  l i q u i d  d r o p l e t s  
in  d i r e c t  con t ac t  with hea ted  su r f ace s  whose tempera ture  i s  below 
the maximum b o i l i n g - r a t e  p o i n t .  The s tudy  l eads  to a c l a s s i f i c a t i o n  
of  the e v a p o r a t i o n  mode i n t o  t h r e e  c a t e g o r i e s  ( i )  where the  evapora-  
t i o n  i s  c o n t r o l l e d  by heat  t r a n s f e r  through the d r o p l e t ,  ( i i }  where 
conduc t ion  in  the h e a t i n g  p l a t e  i s  the  c o n t r o l l i n g  mechanism, and 
( i i i )  the  i n t e r m e d i a t e  case ,  where both  e f f e c t s  are  of  comparable 
impor tance .  A d i m e n s i o n l e s s  parameter  i s  i d e n t i f i e d  which may be 
employed to c h a r a c t e r i z e  the mode of  e v a p o r a t i o n .  Exper imental  r e -  
s u l t s  i n d i c a t e  the genera l  v a l i d i t y  of  the  t h e o r e t i c a l  a n a l y s i s .  

Introduction 

A typical droplet lifetime curve, a plot of lifetime t£ versus the 

surface temperature T w, takes the form of an inverted boiling curve, Fig. i. 

When T w is below the liquid boiling point Tb, liquid drops spread into a thin 

layer and evaporate slowly. This range a-b is called the "liquid-film" type 

evaporation regime in which the heat is transferred from the surface to the 

liquid by convection. At the point b when T w is equal to the liquid boiling 

point, nucleate boiling is observed in the spreading drop. When the maximum 

boiling rate is reached at point c, the liquid forms a spherical drop which 

intermittently makes contact with the surface and vaporizes violently. The 

range b-c is referred to as the "nucleate-boiling" type vaporization regime. 

The Leidenfrost point d indicates the interruption of contact between the 

drop and the heating surface due to the formation of a stable vapor film. 

With T w beyond the point d, the liquid is evaporated from the heating sur- 

face by a stable layer of vapor. The ranges c-d and d-e are called the 

transition and spheroidal (i.e., film boiling) vaporization regimes, respec- 
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tively. It is only within the ranges a-b and b-c that a liquid droplet is in 

direct contact with the heating surface during its evaporation process. 

The evaporation of a droplet in direct contact with a heated surface may 

be viewed as a problem of determining the rate of unsteady heat transfer from 

the heating plate to the droplet surface (gas-liquid interface) where evapora- 

tion takes place. The rate depends not only on the internal resistance with- 

in the droplet and the droplet surface-to-ambient resistance but also on 

non-uniformity in plate temperature. The latter can be explicitly related to 

the thermal conductivity and heat capacity of the plate material. Initially, 

the plate is maintained at a uniform temperature T w. When a drop is placed 

on it, the local plate temperature changes with time as a result of heat 

transfer to the drop across the liquid-solid interface. The local surface 

temperature remains at Tw only if the plate material has an infinite thermal 

conductivity and heat capacity. For any surface with a finite thermal con- 

ductivity and heat capacity, the local temperature is dependent on the local 

hea t  f l u x .  Hence, t h e r e  i s  coup l ing  between the  momentum and energy equa- 

t i o n s  in the liquid and the equation for the temperature field in the solid 

and the general problem becomes quite complex. 

Perhaps the earliest work of drops resting on horizontal surfaces (ses- 

sile drops) was due to Bashforth and Adams [i]. After developing a method 

of calculating by quadratures the exact theoretical forms of drops of fluids 

from the differential equation of Laplace, Bashforth in 1857 calculated drop- 

let forms and determined the effects of physical properties and surface tem- 

perature on droplet shapes. Savic and Boult [2] presented a theory of the 

fluid flow associated with the impact of liquid drops with a solid surface. 

The shape of the spreading drop was calculated as well as the pressure dis- 

tribution over the impact plane. It was found in references 1 and 2 that 

both the sessile and impinging drops are lens(dome)-shaped on horizontal 

surfaces. Experimental observations confirmed the prediction. 

Tamura and Tanasawa [3] measured the lifetime of impinging drops of 

various liquids on a heated quartz plate with surface temperatures ranging 

from below the boiling point to over the ignition point of the liquids. Al- 

though they observed a sudden fall in surface temperature when the droplet 

made contact with the surface, the surface temperature was assumed constant 

at its initial value T w in data correlations. The solid conduction was thus 

neglected and the evaporation was presumed to be controlled by the rate of 
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hea t  t r a n s f e r  through the  d r o p l e t .  T e s h i r o g i  [4] sugges t ed  an impor tance  o f  

hea t  conduc t ion  in  the  h e a t i n g  p l a t e  to  the  e v a p o r a t i o n  r a t e .  He used the  

s p e c i f i c  hea t  c a p a c i t y  o f  t he  s o l i d  as a pa rame te r  to  c o r r e l a t e  t e s t  da ta  f o r  

the  e v a p o r a t i o n  o f  impinging  drops o f  v a r i o u s  l i q u i d s  on t h r e e  h e a t i n g  p l a t e s  

o f  d i f f e r e n t  m a t e r i a l s .  As w i l l  be p o i n t e d  out  l a t e r  in  the  Di scuss ion  sec -  

t i o n ,  s o l i d  conduc t ion  e f f e c t s  in h i s  case were e n t i r e l y  n e g l i g i b l e  and the  

e v a p o r a t i o n  was c o n t r o l l e d  by hea t  t r a n s f e r  through the  d r o p l e t .  Both r e f e r -  

ences 3 and 4 r e p o r t e d  t h a t  those  e v a p o r a t i n g  drops in  the  " l i q u i d - f i l m "  and 

" n u c l e a t e - b o i l i n g "  e v a p o r a t i o n  regimes  were l e n s - s h a p e d .  

Theory [5] was deve loped  on the  e v a p o r a t i o n  o f  s e s s i l e  and impinging  

drops on hea t ed  s u r f a c e s  f o r  the  e v a p o r a t i o n  mode c o n t r o l l e d  by hea t  t r a n s f e r  

through the  d r o p l e t s .  The s tudy  was ex tended  to  the  case o f  b i n a r y  l i q u i d  

drops in  r e f e r e n c e  6. Resu l t s  o f  both  pure and b i n a r y  l i q u i d  drops agreed 

wel l  wi th  t e s t  da ta  o f  r e f e r e n c e s  3 and 4. Numerous works have been r e p o r t e d  

on the  d r o p l e t  e v a p o r a t i o n  in  the  s p h e r o i d a l  v a p o r i z a t i o n  reg ime.  Since  a 

d r o p l e t  e v a p o r a t i n g  in  the  s p h e r o i d a l  regime i s  not  i n  d i r e c t  c o n t a c t  wi th  

the h e a t i n g  s u r f a c e ,  a rev iew on t h e s e  works i s  not  p r e s e n t e d  h e r e .  

Bascom e t  a l  [7] i n v e s t i g a t e d  the  mechanisms o f  spontaneous  s p r e a d i n g  

o f  l i q u i d  drops ove r  unheated  h o r i z o n t a l  and v e r t i c a l  s u r f a c e s .  I t  i s  d i s -  

c l o s e d  t h a t  the spontaneous s p r e a d i n g  o f  l i q u i d s  on smooth, c l ean  metal  su r -  

f a ce s  i s  c h a r a c t e r i z e d  by the  advance from the  bulk l i q u i d  o f  an i n v i s i b l e  

p r imary  f i l m  l e s s  than 1000 A. t h i c k ,  u s u a l l y  fo l l owed  by a v i s i b l e  t h i c k e r  

secondary  f i l m .  The pr imary  f i l m  i s  c o n s i d e r e d  to advance l a r g e l y  by s u r -  

face  d i f f u s i o n ,  whi le  the  movement o f  the  secondary  f i l m  r e s u l t s  from a su r -  

face  t e n s i o n  g r a d i e n t ,  i . e .  Marangoni e f f e c t s ,  a c ros s  the  t r a n s i t i o n  zone 

between the  pr imary  and secondary  f i l m s .  This g r a d i e n t  i s  produced by the  

unequal  e v a p o r a t i o n  d e p l e t i o n  from the se  two r eg ions  o f  a v o l a t i l e  contamin-  

ant  hav ing  a lower s u r f a c e  t e n s i o n .  I f  the  v o l a t i l e  contaminant  has a h i g h e r  

s u r f a c e  t e n s i o n  than the  main components,  the  g r a d i e n t  i s  r e v e r s e d  and the  

l i q u i d  r e c e d e s .  Removal o f  the  v o l a t i l e  c o n s t i t u e n t s  e l i m i n a t e s  the  secon-  

dary but not  the  pr imary  sp r ead ing .  L iquid  may a l s o  spread  by c a p i l l a r y  flow 

in  m i c r o s c r a t c h e s .  The drop i n i t i a l l y  assumes a l e n s - s h a p e d  p r o f i l e .  As 

the l i q u i d  f i l m  advances on the  s u r f a c e ,  i t  deve lops  a p l a t e a u  r e g i o n  wi th  a 

l e a d i n g  edge at a small  angle  to the  s o l i d  s u r f a c e .  (This w i l l  not  be ob- 

s e rved  on a hea t ed  s u r f a c e ,  f o r  which the  drop w i l l  ma in ta in  a l e n s - s h a p e d  

p r o f i l e  dur ing  e v a p o r a t i o n  p r o c e s s . )  P r o g r e s s i v e l y ,  a r i d g e  i s  deve loped  
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behind the edge, still maintaining an apparent contact angle with the solid. 

Molecules having highly polar functional groups are generally adsorbed on 

metal surfaces to formmonomolecular films over which the liquid cannot spread. 

On the other hand, relatively low polar liquids will spread with an apparent 

angle of contact. 

While the effect of heat transfer through drops on evaporation is well 

documented, that of plate conduction has not yet been explored. Thus, it 

appears that there is a definite need to establish conditions under which 

either effect or both are important in controlling evaporation rate. This 

paper examines the relative importance of these two effects for liquid drops 

evaporating on heated surfaces. The problem is first formulated generally, 

followed by simplifications to a form that is tractable to a solution. The 

analysis leads to a classification of the evaporation mode into three cate- 

gories. A dimensionless parameter is identified to characterize the mode of 

evaporation. The theoretical analysis is compared with experimental re- 

sults [3 ,4 ] .  

Ana lys i s  

Formula t ion  o f  the  problem on drop e v a p o r a t i o n  i s  much s i m p l i f i e d  i f  a 

h e m i s p h e r i c a l  geometry i s  c o n s i d e r e d ,  F ig .  2-a .  However, a n a l y s i s  may be 

r e a d i l y  ex tended  to  the  gene ra l  case in  which the  drop geometry i s  a s p h e r i -  

ca l  segment wi th  a c o n t a c t  angle  0 , F ig .  2-b.  The former  geometry i s  em- 

p loyed  f o r  demons t r a t i ng  the  f o r m u l a t i o n  in  the  i n t e r e s t  o f  b r e v i t y ,  s i n c e  

a c l o s e d - f o r m  a n a l y t i c a l  s o l u t i o n  f o r  e i t h e r  case i s  a p p a r e n t l y  not  o b t a i n -  

ab l e .  T ranspo r t  o f  s e n s i b l e  hea t  from the  drop to  the  ambient a t  T a i s  as -  

sumed n e g l i g i b l e  compared to  the  t r a n s f e r  o f  l a t e n t  hea t  as a r e s u l t  o f  

e v a p o r a t i o n .  An e q u i v a l e n t  hea t  t r a n s f e r  c o e f f i c i e n t  h a i s  d e f i n e d  at  the  

l i q u i d - a m b i e n t  i n t e r f a c e .  Two l i m i t i n g  c o n d i t i o n s  f o r  hea t  t r a n s f e r  through 

the drop are  t r e a t e d :  c o n d u c t i o n - c o n t r o l l i n g  and r ap id  mixing mechanisms. 

1. C o n d u c t i o n - c o n t r o l l i n g  model 

In t h z s  model,  i n t e r n a l  f l u i d  motion does no t  e x i s t  such t h a t  d i f f u -  

s ion  i s  the  on ly  hea t  t r a n s f e r  mechanism. This r e p r e s e n t s  the  s lowes t  i n -  

t e r n a l  hea t  t r a n s f e r  l i m i t .  The conduc t ion  e q u a t i o n  f o r  the  d r o p l e t  in  

s p h e r i c a l  c o o r d i n a t e s  ( ~ ,  ~) reads  

1 ~T'= 1 ~ ( 2 ~T') + 1 ~ ( s ino  ~T~ 
sin  
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The initial and boundary conditions are 

T ' ( ~ , ~ , 0 )  = T '  
o 

T ' ( ~ ,  ± ~ / 2 , t )  = T ( r , o , t )  . . . .  f o r  0<~<R and  r = 

T ' ( 0 , ¢ , t )  = f i n i t e  

3~(R,~,t)IOo = ( h a / k  f ) [ T  a - T ~ R , ¢ , t ) ]  

Here, T denotes the temperature; a, thermal diffusivity; t, time; To, initial 

droplet temperature; R, instantaneous droplet radius; k, the thermal conduc- 

tivity; and t(superscript), liquid phase (droplet). 

Cylindrical coordinates (r,z) are used for the surface. The energy 

equation is 

a2T 1 8T 1 ~ (r ~) + 
a 3 t  = ~ Dr ~ z 2 

s u b j e c t  t o  t h e  i n i t i a l  and  b o u n d a r y  c o n d i t i o n s  

T ( r ,  z , o )  = T w 

~T(o,  z , t ) / ~ r  = 0 

k ~ W ( r , o , t ) / ~ z  = k ' ~ T ' ( ~ ,  ~ / 2 , t ) / S z  

. . .  f o r  O<~<R and  r = p 

k ~ W ( r , o , t ) / ~ z  = h a [ T ( r , o , t ) - T a ]  

. . .  for R<r<~ 

T(~ ,  z , t )  = T w 

T ( r , ~ , t )  = T w 

A f i n i t e  e l e m e n t  ( o r  d i f f e r e n c e )  c o m p u t e r  p r o g r a m  o f  good s c a l e  w i l l  be  

r e q u i r e d  f o r  a s o l u t i o n  o f  t h e  two s e t s  o f  c o u p l e d  e q u a t i o n s .  In  o r d e r  t o  

g a i n  some i n s i g h t  i n t o  t h e  m e c h a n i s m  and  t o  d e t e r m i n e  t h e  e f f e c t s  o f  t h e  

g o v e r n i n g  d i m e n s i o n l e s s  p a r a m e t e r s ,  t h e  p r o b l e m  w i l l  be  s i m p l i f i e d  as  f o l l o w s :  

The r e s p o n s e  o f  t h e  l i q u i d  t e m p e r a t u r e  i s  much s l o w e r  t h a n  t h a t  o f  t h e  s u r -  

f a c e  t e m p e r a t u r e  b e c a u s e  o f  v e r y  low l i q u i d  t h e r m a l  d i f f u s i v i t y .  S i n c e  d r o p -  

l e t  l i f e t i m e  i s  s h o r t ,  g e n e r a l l y  i n  s e c o n d s ,  i t  i s  a p p r o p r i a t e  u n d e r  t h e  

c o n d i t i o n  o f  d r o p  e v a p o r a t i o n  t o  d e a l  w i t h  o n l y  t h e  h e a t i n g - s u r f a c e  t e m p e r a -  

t u r e  v a r i a t i o n .  The c o n t r i b u t i o n  o f  h e a t  t r a n s f e r  t h r o u g h  t h e  d r o p l e t  i s  

c o m p e n s a t e d  as  a t h e r m a l  r e s i s t a n c e .  In  o t h e r  w o r d s ,  t h e  f l o w  o f  h e a t  f rom 

t h e  h e a t i n g  s u r f a c e  t o  t h e  a m b i e n t  i s  c o n t r o l l e d  b y  two r e s i s t a n c e s ,  n a m e l y  
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the  conduc t ive  resistance through the  droplet and the liquid-ambient inter- 

facial resistance 1/(2~R2ha). 

In a study on dropwise condensation, Umur and Griffith [8] have solved 

the steady-state phase of the droplet equations, treating the liquid-solid 

interfacial temperature as Tw. They obtained an expression for the heat 

transfer rate through the drop. Subsequently, Mikic [9] has imposed a sim- 

plification on the expression through the use of an equivalent conductive 

resistance I/(4~k'R). If h d is the conductive heat transfer coefficient in 

the droplet, one can write h d = 4k'/R. 

Another simplification is to consider heat conduction in the heating 

plate as one-dimensional in the z direction. 

written as 

~T/~t = a~2T/~z 2 

T(z,o) = T w 

T ( ~ , t )  = T 
W 

k@T(o,t)/3z = U[T(o,t)-Ta] 

The governing equations can be 

(1) 

(2) 

(3) 

(4) 

Here, the overall heat transfer coefficient between the surface and the am- 

bient based on the liquid-solid interfaeial area U is defined as 

I/U = I/(2ha) + i/h d (5-a) 

in which 

hd = 4k'/R ° (6-a) 

and h a = ka/R o is derived from Nu = 2 for natural convection over a spherical 

droplet. Nu represents the Nusselt number and k a is the thermal conductivity 

of the ambient gas. Both heat transfer coefficients h d and h a are evaluated 

on the basis of the initial droplet size R o- 

The solution of equations (I) through (4) are obtained in non-dimen- 

sional form as 

[T(Z,X)-Ta]/AT = erf Z + exp (2ZX + X2)erfc(Z + X) (7) 

in which 

aT = T s Ta, Z = z/[2(at)i/2], X = (U/k)(at) I/2 (8) 

With the aid of equation (7), the heat flux across the liquid-solid inter- 

face is found to be 
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qb = -4~R2~b UATexpx2erfcx (9) 

Now, consider a droplet of lens-shaped profile. Its idealized geometry, 

as shown in Fig. 2-b, consists of a spherical segment with contact angle 8. 

Its base area, surface area and volume are 4~R2~b, 4~R2~s and 4~R3~v/3 , re- 

spectively wherein 

~b = sin20/4' ~s = (i-cos8)/2, ~v = [2-c°sS(2+sin28)]/4 (i0) 

The total heat transferred to a drop of radius R may be expressed as 

Q = p'~4~R3~v/3 (11) 

where p and ~ denote the density and latent heat of vaporization, respectively 

The heat balance on the drop reads dQ/dt = qb" With the aid of equations 

(9) and {ii), one obtains 

p'~vdR/dt = -UAT~bex p X2erfcX {12) 

Since the drop geometry is generalized from a hemisphere to a spherical seg- 

ment, both U and h d must be geometrically modified as 

1/U = ~0b/(Osha) + 1/h a (S-b) 

and 

h d = k ' / (ObR o) (6-b) 

r e s p e c t i v e l y .  Equat ion (12) i s  i n t e g r a t e d  s u b j e c t  to  the  i n i t i a l  c o n d i t i o n  

R{o) = R o. One o b t a i n s  

RIR o = I - ~ ( ~ ) I Y  { 1 3 )  

wherein  

Y = ~ p ~URo/KAT, = ~v/~b (14) 

T 

I 1/2 
@(T) = expyerfcy dy {15) 

o 

T = X 2 = U2t/K, K = pCk (16) 

The droplet lifetime t£ may be obtained from equation (13), corresponding 

to R = 0, as 

@(T*) = Y (17) 

in  which 

* U2t £ T = /K (18) 
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2. Lumped-parameter (rapid-mixing) model 

In this model, internal fluid motion induces very rapid convective heat 

transfer such that h d becomes infinite. Therefore, the overall heat trans- 

fer coefficient is deduced to 

U = ~ska I (~bRo) (5-c) 

This model represents the fastest internal heat transfer limit. All equations 

(7) through (18) still apply. A comparison of equations (5-b) and (5-c) re- 

veals that U for the lumped-parameter model is larger than U for the conduc- 

tion-controlling case. 

Results and Discussion 

The quantity t c = K/U 2 in the definition of the dimensionless times x 

and T* represents the characteristic time which defines the range of three 

different evaporation mechanisms, as will be discussed later in the section. 

Hence, it can be regarded as the time constant of the evaporating system. 

Equation (15) was numerically integrated using the trapezoidal rule. Re- 

sults are graphically illustrated in Fig. 3. Two asymptotic expressions 

are obtained for ~(x): 

For small values of x, both the exponential and complimentary error 

functions may be expanded into infinite series [i0]. One can then integrate 

equation (15) to give 
f ~ 2n (2n+1)/2 n 2_ 7 

~(~) = n-T- "rr n=l n=l (2n+l) ~ (2n+l-2m) 
m=l 

When r i s  l e s s  than  0.001,  or  e q u i v a l e n t l y  t *< 0.001,  

¢(~) : ~ ( 1 9 )  

where t* is defined as t£/t c. A combination of equations (14), (17), (18) 

and (19) produces 

t£1 = • ( p ' X / A T ) ( R o / U )  = 3Qo/qb ° (20) 

where t£1 denotes the droplet lifetime within this range of t*. Qo and qbo 

correspond respectively to Q and lqbl at zero time when R = R O- 

Similarly, for large values of T, the integrand of equation (15) may be 

approximated [10], followed by an integration to yield 

1 [ .2TI/2 1 1 i-3 
~(T) ~ ~rl/----~ + T1/2 2T "~7"~o/~ + 22x5/2 ) 
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When T exceeds I00, or equivalently t *  > I00 

¢(T) ~" 2 (T/~) I/2 (21) 

Equations (14), (17), (18) and (21) are combined to yield 

*' 2 t~3 = (~14)(~ p X/AT) (R IK) 

= (3~/4)(Qo/qpo)2 (22) 

where t£3 corresponds to the droplet l i fet ime in this range of t*  and 

= 4~R~bkAT/~ 1/2 (23) %o 
denotes the conduction rate in the heating plate. The two asymptotic values 

ore(T), equations (19) and (21), are superimposed on Fig. 3 as broken l ines. 

The numbers 0.001 and 100 used as the c r i t e r i a  to indicate very small and 

large values of ~, respecitvely, are determined by comparing the sol id and 

broken l ines. I t  is seen that deviations of the asymptotic values from the 

exact ¢(T} are confined to wi thin 100 percents. 

In the intermediate time domain of 0.001 < t*  < 100, one can express eq- 

uation (17) as T* = CY m, or through a rearrangement as 

t£2 = C(~*p,~/AT)m(R~/pck)m-l(Ro/U) 2-m 

^m,, 2m-2 2-m. 
= 3mc ~o/tqpo qbo ) (24) 

where t£3 is the droplet l i fet ime for the intermediate range of t * .  C and m 

are constants. Equation (24) can be reduced to equations (20) and (22) for 

m=l, C=1 and m=2, C=~/4, respectively. In the intermediate case, therefore, 

the value of m varies from 1 to 2 and C from i to ~/4 as the value of t *  in- 

c r e a s e s .  

The analysis leads to a c lassi f icat ion of the evaporation mode into 

three categories, ( i)  where the evaporation is controlled by heat transfer 

through the drop, (ii) where heat diffusion in the heating plate is the con- 

trolling mechanism, and (iii) the intermediate case, where both effects are 

of comparable importance, t* is used to characterize the mode of evapora- 

tion. In category (i) when t* < 0.001, the evaporation is independent of K, 

the combined property and the heating surface temperature stays constant at 

T w. The droplet lifetime is completely governed by the heat transfer rate 

through the drop. Whereas when t* ~ 100, K plays a dominant role on droplet 

evaporation, while the effect of the unit overall conductance through the 

drop U becomes negligible. In other words, the evaporation rate is con- 
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t r o l l e d  by the  t empera tu re  v a r i a t i o n  in  the  h e a t i n g  p l a t e  and t h e r e f o r e  the  

s u r f a c e  t empe ra tu r e  must be o b t a i n e d  through a d i s t r i b u t e d - p a r a m e t e r  model. 

In the  i n t e r m e d i a t e  case ,  however,  the  e v a p o r a t i o n  is  governed by both the  

hea t  d i f f u s i o n  r a t e  in  the  h e a t i n g  p l a t e  and the  hea t  t r a n s f e r  r a t e  through 

the  d r o p l e t .  The r e l a t i v e  impor tance  o f  the  two hea t  t r a n s f e r  r a t e s  v a r i e s  

wi th  a change in  t c.  In both c a t e g o r i e s  ( i i )  and ( i i i ) ,  the  assumption o f  

c o n s t a n t  s u r f a c e  t empera tu re  in d r o p l e t  e v a p o r a t i o n  ana ly se s  would l ead  to  a 

s u b s t a n t i a l  e r r o r  in  the  p r e d i c t i o n .  The e r r o r  i s  enhanced with  an i n c r e a s e  

in  t c as the  r o l e  o f  the  hea t  d i f f u s i o n  r a t e  in the  h e a t i n g  p l a t e  p r o g r e s s i v e l y  

becomes dominant.  

I t  can be shown t h a t  

t c = (qpo/qbo)2 ,  t £ s / t  c = (~/12)(tzl/tc)2 (25) 

In p r a c t i c a l  a p p l i c a t i o n s ,  one would f i r s t  e v a l u a t e  Qo' qpo and qbo acco rd ing  

to  their definition, t£1 and t£3 are then determined by equations (20) and 

(22) respectively together with t c. In reference to equation (25), it is 
< 

obvious that if the criterion for category (i) t£1/t c = 0.001 is fulfilled, 

then that for (iii) t£3/t c ~ 100 will not be simultaneously satisfied and 

vic~ versa. In the event neither criterion is met, then the evaporation pro- 

cess is in the intermediate case (iii) and Fig. 3 must be used to determine 

the rate and t£2. 

The dimensionless parameters ~b/~v and ~s/~s characterize the behavior 

of droplet spreading on the surface. Figure 4 illustrates that the contact 

angle O affects the ratios of the geometrical coefficients for a lens-shaped 

drop. For liquids which completely wet the solid, O = 0. In practice, a 

contact angle of 90 ° is often regarded as a sufficient criterion of non- 

wetting. O = 90 ° corresponds to a special case for which the lens-shaped 

drop becomes a hemisphere. Roughness of a surface has the effect of making 

O further from 90 ° . If the smooth material gives an angle greater than 90 ° , 

roughness increases this angle still further, making it more non-wetting. 

On the other hand, if O is less than 90 ° , roughness decreases the angle and 

makes the surface more wetting. Both contact angle and surface tension de- 

crease with an increase in the temperature. Figure 4 indicates that both 

~s/~v and ~b/~v diminish as O increases. However, ~s/~v takes a minimum 

value at O q 120 °. A drastic change in spreading behavior occurs for 0 

less than 50 ° . 
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An examination of equations (20) and (22) reveals the following: The 

droplet controlling evaporation mode takes place (i) when the surface is very 

wetting to the liquid, 8 of 0 ° to 20 ° and (ii) when the liquid-solid combina- 

tion has a very large value of K'/K, for example liquids on a copper surface. 

On the other hand, the surface controlling evaporation mechanism is observed 

only when the surface is very non-wetting to the liquid, 8 of 160 ° to 180 ° . 

Figure 5 is a plot of equation (24) for comparing the droplet lifetimes 

of the same liquid on various metal surfaces, using the same 8 for convenience 

The subscript ss refers to a stainless steel (80 Cr, 20 Ni) surface. Since 

copper has the highest value of K, a droplet would have the shortest life- 

time on it. 

In order to determine the effects of physical parameters on the evapora- 

tion, equation (24) is rewritten in dimensionless form as 

t£ = C(~ I AT )m(K*)m-l(u*)m-2 (26) 

where 1 ~ m ~ 2 and 

* 2 * 
t£ = ~'t£/Ro, l = A/(c'AT'), AT* = AT'/AT 

(27) 
K* = K'/n, U* = U/(k'/Ro) 

! 

AT' = T's - To and T s denotes the liquid temperature at which evaporation 

takes place. R~/a' represents the time required for heat diffusion in a 

spherical drop of radius R o. l* signifies the ratio of the latent heat to 

the sensible heat of the droplet. U* indicates the ratio of the unit over- 

all conductance between the heating surface and the ambient to the unit con- 

ductance through the drop. Equation (20) indicates that t~ reduces with a 

decrease in @*, l*, AT* or K* and an increase in U*. For an easy wetting 

fluid characterized by 8 less than $0 ° at room temperature, U and conse- 

quently U* can be approximated as (@Kka/~bRo) and (~ska/~bk'), respectively. 

It is seen in Fig. 4 that the value of ~s/~ b increases only slightly as 8 

varies from 0 ° to 50 ° . Therefore, both U and U* remain essentially unchanged 

with surface temperature even though e varies with T w. T* also changes very 

slightly in the small 8 range. However, since ~* depends very strongly on 8, 

the magnitude of Y by definition changes very significantly with 8. In 

dealing with the evaporation of droplets on an easy wetting solid, there- 

fore, an accurate information on e and its temperature dependence is essen- 

tial for correlating test data. 
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Exper imenta l  r e s u l t s  f o r  d r o p l e t  e v a p o r a t i o n  on a fused  q u a r t z  p l a t e  [3] 

and an aluminum p l a t e  [4] were compared wi th  the  t h e o r y  ( in  s o l i d  l i n e s )  in 

F igs .  6 and 7, r e s p e c t i v e l y .  The broken l i n e  in  F ig .  6 co r responds  to  Y = T*. 

I t  was found t h a t  equa t i on  (S-c) a p p l i e s  to  both the  c o n d u c t i o n - c o n t r o l l i n g  

and lumped-parameter  models ,  as t he  second term i s  much s m a l l e r  than  the  

f i r s t  one on the  RHS o f  equa t i on  (5 -b ) .  S ince  K = 4.68x108 WJ/m4-°C 2 f o r  

aluminum compared to K = 2 .12xl06 WJ/m4-°C 2 f o r  q u a r t z ,  l i qu id -a luminum com- 

b i n a t i o n s  have much lower  va lues  o f  ~* in  F ig .  7 than l i q u i d - q u a r t z  combina- 

t i o n s  in F ig .  6. Contac t  ang les  a re ,  in gene ra l  de te rmined  a t  20 °C and 50% 

r e l a t i v e  humid i ty .  I t  i s  r e p o r t e d  in  r e f e r e n c e s  l l - 1 4  t h a t  many l i q u i d s  

from an adsorbed monolayer on high f r e e  energy s u r f a c e s ,  i . e .  h igh  m e l t i n g  

p o i n t  s o l i d s  such as s i l i c a ,  s apph i r e  and most me ta l s .  As a r e s u l t ,  a 

h igh energy  s u r f a c e  i s  t r ans fo rmed  i n t o  one with  the  w e t t i n g  p r o p e r t i e s  char -  

a c t e r i s t i c s  o f  a low energy s u r f a c e  o f  the  same compos i t ion  and packing  as 

the  monolayer .  Low me l t i ng  s o l i d s  such as o r g a n i c  po lymers ,  waxes and co- 

v a l e n t  compounds in gene ra l  have low s u r f a c e  energy .  Spread ing  occurs  on ly  

i f  the  l i q u i d  has a lower s u r f a c e  t e n s i o n  than the  c r i t i c a l  s u r f a c e  t e n s i o n  

(at  which the  l i q u i d  comple t e ly  wets the  s u r f a c e )  o f  t he  adsorbed l a y e r .  Un- 

f o r t u n a t e l y ,  the c r i t i c a l  s u r f a c e  t e n s i o n s  o f  most m e t a l l i c  s u r f a c e s  and the  

t empe ra tu r e  dependence o f  c o n t a c t  angles  have not  been i n v e s t i g a t e d .  In 

c o r r e l a t i n g  da ta  f o r  F igs .  6 and 7, a con t ac t  ang le  ( i n d i c a t e d  in  p a r e n t h e s i s )  

was s e l e c t e d  in each l i q u i d - s o l i d  combina t ion .  The cho ice  i s ,  o f  cou r se ,  

to some e x t e n t  a r b i t r a r y  but  w i t h i n  the  range a p p r o p r i a t e  to  the  homologous 

group o f  t h a t  combina t ion  [ l l - 1 4 ] .  For each combina t ion ,  the  va lue  o f  Y 

reduces  wi th  an i n c r e a s e  in s u r f a c e  t e m p e r a t u r e ,  r e s u l t i n g  in a d e c r e a s e  in 

• *. I t  i s  common to  a l l  combina t ions  t h a t  d e v i a t i o n s  from t h e o r e t i c a l  p r e -  

d i c t i o n s  grow as Y dec rease s  s i n c e  con t ac t  angles  d imin i sh  with  an i n c r e a s e  

in s u r f a c e  t e m p e r a t u r e ,  r e s u l t i n g  in a dec rea se  in ~* as shown in  Fig .  4. 

Should the  i n f o r m a t i o n  on the  c o n t a c t  a n g l e - t e m p e r a t u r e  r e l a t i o n s h i p  be 

a v a i l a b l e ,  b e t t e r  agreement between t h e o r y  and t e s t  da ta  i s  c e r t a i n l y  war- 

r a n t e d .  I t  i s  deduced from Fig.  7 and e q u a t i o n  (20) t h a t  the  d r o p l e t  l i f e -  

t ime on a hea t ed  aluminum p l a t e  i s  independent  o f  the  thermal  p r o p e r t i e s  o f  

the  s o l i d  m a t e r i a l ,  c o n t r a r y  to  T e s h i r o g i ' s  c o n c l u s i o n .  T h e r e f o r e ,  the  evap- 

o r a t i o n  mode i s  c o n t r o l l e d  by hea t  t r a n s f e r  through the  d r o p l e t .  The mode 

o f  d r o p l e t  e v a p o r a t i o n  on the  h e a t e d  q u a r t z  s u r f a c e  in  Fig .  6 i s  p r a c t i c a l l y  

in  the  same c a t e g o r y  wi th  on ly  a s l i g h t  ev idence  o f  d i s c r e p a n c y  a t  h igh  

va lues  o f  Y. 
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Conc lus ions  and Remarks 

The t h e o r e t i c a l  a n a l y s i s  p r e s e n t e d  h e r e i n  l e a d s  to  a l o g i c a l  c l a s s i f i -  

c a t i o n  o f  e v a p o r a t i o n  o f  d r o p l e t s  in  d i r e c t  c o n t a c t  wi th  h e a t e d  s u r f a c e s  

i n t o  t h r e e  c a t e g o r i e s :  ( i )  h e a t  t r a n s f e r  th rough  d r o p l e t  c o n t r o l l i n g ,  ( i i )  

p l a t e  conduc t ion  c o n t r o l l i n g ,  and ( i i i )  t he  i n t e r m e d i a t e  case  where both  

e f f e c t s  a r e  o f  i m p o r t a n c e .  For  ( i )  which c o r r e s p o n d s  to  the  case  o£ ve ry  

low c o n t a c t  a n g l e s  o r  a l i q u i d - s o l i d  eembina t ion  wi th  v e r y  l a r g e  v a l u e  o f  K*, 

e v a p o r a t i o n  r a t e s  a r e  h igh  and c o n s e q u e n t l y  t he  d r o p l e t  l i f e t i m e s  a r e  s h o r t .  

The e v a p o r a t i o n  o f  w e t t i n g  l i q u i d s  on h igh  m e l t i n g  s o l i d s  f a l l s  i n t o  t h i s  

c a t e g o r y .  In c o n t r a s t ,  t he  e v a p o r a t i o n  r a t e s  a r e  slow f o r  ( i i )  which f i t s  

t he  case  o f  ve ry  h igh  c o n t a c t  a n g l e s .  A d i m e n s i o n l e s s  p a r a m e t e r ,  t * ,  has 

been i d e n t i f i e d  to  c h a r a c t e r i z e  the  e v a p o r a t i o n  mode. The lumped-paramete r  

model may be employed to  d e s c r i b e  hea t  t r a n s f e r  c o n d i t i o n s  in  the  d r o p l e t .  

E x p e r i m ~ t a l  r e s u l t s  i n d i c a t e s  the  g e n e r a l  v a l i d i t y  o f  the  t h e o r e t i c a l  

a n a l y s i s .  A hand icap  e x i s t s  in  some c a s e s  due to  a l a ck  o f  the  i n f o r m a t i o n  

on c o n t a c t  a n g l e s ,  p a r t i c u l a r l y  a t  h igh  t e m p e r a t u r e s .  I t  i s  impor t an t  to  

no t e  t h a t  t he  p r e s e n t  s tudy  i s  no t  a p p l i c a b l e  to  t he  e v a p o r a t i o n  o f  d r o p l e t s  

in  t he  s p h e r o i d a l  s t a t e .  
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