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ABSTRACT 

The mass evaporation r a t e s  and overa l l  heat t r ans fe r  co f f i c i e n t s  a r e  
determined both theo re t i ca l ly  and experimentally f o r  water drops which a r e  

The 
theo re t i ca l  and experimental mass evaporation r a t e s  a re  found t o  agree 
within 20 percent f o r  drop volumes from 0.05 t o  1 cc and f o r  p l a t e  temper- 
a tures  from 600° t o  1000° F. I n  t h i s  parameter range, the mass evaporation 
r a t e  var ies  from 0.001 t o  0.01 g/sec, the overa l l  heat- t ransfer  coef f ic ien t  
ranges between 40 and 70 Btu/(hr)(sq f t ) (OF) ,  and the  theo re t i ca l  gap th ick-  
ness beneath the  drop ranges between 0.003 and 0.008 in .  

supported by t h e i r  own superheated vapor over a f l a t  hot p la te .  - 

The water drops a r e  assumed t o  have a f la t  disk geometry with a uniform 
vapor gap beneath the  drop and a saturated steam vapor cover. The assumptions 
a r e  made t h a t  t he  bottom of the  drop i s  a t  the  sa tura t ion  temperature and that 
evaporation takes place uniformly beneath the  drop with negligible energy d i s -  
sipat ion. 

For steady-state laminar incompressible flow, assuming constant propert ies ,  
t he  exact Navier-Stokes equations, t he  cont inui ty  equation, and the  energy 
equation a re  solved simultaneously t o  obtain the  evaporation r a t e  i n  terms of 
the  drop volume, p l a t e  temperature, p la te ' emiss i+ i ty ,  'and gravi ta t iona l  po ten t ia l .  

I n  addition, f o r  the spec ia l  case where r ad ia t ion  can be neglected, the  
heat- t ransfer  coef f ic ien t  i s  shown t o  be equal t o  

For heat t r ans fe r  t o  the  drop, 

AD * = (1 - y) 
For heat t r ans fe r  from the  p l a t e ,  
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The difference i n  the  two values of h r e s u l t s  from the  r a d i a l  convection of 

up t o  drop volumes of 5 cc. 
the superheated vapor. The above equation f o r  h i s  a l s o  shown t o  be 

SYMBOLS 

A area,  s q  f t  

a constant of proport ional i ty ,  see--'- 

c 

F a x i a l  pressure var iable ,  s q  f t  

f transformation var iable ,  f t / s e c  

g accelerat ion of gravi ty ,  f t / s e c  

g, 

h 

k thermal conductivity,  Btu / (hr ) ( f t ) (OF)  

Le equivalent geometry f ac to r ,  em 

2 average calculated drop thickness,  cm 

M mass, g 

N surface tension,  dyne/cm 

P 

q 

R rad ius  o f  curvature, ern 

ro maximum radius  of waterdisk,cm 

T temperature, OR 

Tp - Tsat 

t time, sec 

U 

u r a d i a l  veloci ty ,  f t / s e c  

V drop volume, cc 

specif ic  heat of vapor, Btu/lbm 
P 

2 

dimensional conversion factor ,  32.1739 ( f t ) ( l b , ) ( l b f ' )  

heat t ransfer  coef f ic ien t ,  Btu/(hr)(  s q  f t ) (OF)  

s t a t i c  pressure,  lb f / sq  f t  gauge 

r a t e  of heat flow, Btu/hr 

ove ra l l  heat- t ransfer  coeff ic ient ,  Btu/(hr)(  sq f t )  (OF) 
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cp 
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a x i a l  veloci ty ,  f t / s ec  

pos i t ion  of drop surface fram prescribed reference surface,  un 

thermal d i f fus iv i ty ,  sq f t / s ec  

camputer proport ional i ty  constant, V-1 

mater ia l  constant, ( i n .  ) ( sec-’)/(lbf) (1%) ~ m ’ / ~ )  (oR-3/4) ( ~ m - ~ / ~ )  

property constant, ft3/(1h) (OR) 

steam gap thickness, in .  

emissivity f o r  rad ia t ion  

dimensionless coordinate 

property constant, I%/( f t )  (sec)  ( O R )  

computer proport ional i ty  constant, V-1 

sensible heat correct ion f ac t ion  

l a t e n t  heat of evaporation, Btu/lbn 

modified l a t e n t  heat of evaporation, B t $ / J k  

absolute viscosi ty ,  l%/( f t )  (sec)  

kinematic v i scos i ty ,  sq f t / s ec  

density,  1h/ft3 

computer proport ional i ty  constant, sec-’ 

computer time, sec 

spec i f i c  volume, ft3/lh 

computer transform variable ,  V 

dimensionless transformation variable 

computer transform variable ,  V 

dimensionless transformation variable 

material constant, (g)  ( sec‘’) ( lbm/lbf )ll4( (OR 4 4 )  (,,-9/4) (v-1) 
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Subscri-pts : 

C 

D 

f 

i 

P 

r 

sat 

6 

CO 

c o nve c t ion 

drop 

film 

index 

p la te  

radiat ion 

evaluated a t  sa tura t ion  condition 

evaluated a t  lower surface of droplet  

asymptotic 

Superscripts : 

1 derivative with respect t o  independent var iable  

derivative with respect t o  T 

INTRODUCTION 

The m o s t  recent and camplete works on drop evaporation on a hot surface a r e  
by Gottfried ( r e f .  1) and Borishansky (ref.  2 ) .  Both authors presented dimensional 
and semi-empirical correlat ions f o r  t he  evaporation of l i qu id  drops i n  film boi l ing  
on a f la t  plate. 

On the  bases of Borishansky's experimental r e s u l t s  and the experiments 
performed i n  conjunction with t h i s  paper, t he  general  problem of water drop evapora- 
t i o n  i s  broken down in to  the  following states, which a r e  governed by the  volume 
of t he  drop: These states are depicted 
i n  Figure 1. 

small spheroid, f l a t  disk,  and bubbly disk.  

In  t h i s  pa r t i cu la r  study, water drops i n  the  volume range 0.05 t o  1 cc are 
analyzed. 
shown i n  Figure 2 ,  reasonably s a t i s f i e s  t h e  physical s i t u a t i o n  and yet s t i l l  has 
simple enough boundary conditions t o  make t h e  problem t r ac t ab le .  

In th i s  volume range, an ana ly t i ca l  model based on a f l a t  disk geometry,. 
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METHOD OF ANALYSIS 

General Approach 

Consider the  f la t  water drop model shown i n  Figure 2. Heat t r ans fe r  t o  the  
Heat drop takes  place by convection and rad ia t ion  through t h e  superheated film. 

t r ans fe r  and evaporation from the  upper surface axe considered negl igible  i n  
comparison t o  that beneath the drop ( r e f .  3). 

- 

The average drop thickness 2 and radius ro have been determined a.rn1y-L- 
The ana ly t ica l  r e s u l t s  compare favorably t o  exper- i c a l l y  as a function of Vt. 

imental measurements by Borishansky ( r e f .  2 ) .  Physical observations indicate  
that the  gap thickness 
problem mathematically t r ac t ab le ,  a uniform gap thickness 6 i s  assumed. 

6 i s  a function of radial posi t ion;  however, t o  make the  

Gottfr ied ( r e f .  1) and Kutateladze ( r e f .  3) pointed out t h a t  the  flow under 

I n  addi t ion,  the drop at  any 
consideration i s  wel l  within the  l a m i n a r  range; thus,  the  flow i s  t r ea t ed  as 
incompressible with negligible energy diss ipat ion.  
ins tan t  i s  assumed t o  be i n  a steady-state condition. Consequently, f o r  t h i s  case 
of axisymmetrical flow, the  governing equations a re  as follows: 

Momentum 

Continuity 

Energy: 

+The equilibrium equation 

(3) 

( 4 )  

w a s  solved numerically f o r  t he  drop shape i n  reference 4. 
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The boundary conditions f o r  equations (1) t o  ( 4 )  a re  

P z = o  u = o  w = o  T = T  

z = 8  u = o  w = ~ ( 6 )  T = Tsat 

S t a t i c  equilibrium (neglecting a x i a l  momentum change, see r e f .  4 )  : 

r ro 

JO 

h t e r f a c e  energy balance: 

The assumptions a re  made tha t  the  bottom of the  drop i s  a t  the  sa tura t ion  
temperature and t h a t  the  evaporation takes place uniformly beneath the  drop. 

I n  performing the  analysis ,  the  following ca lcu la t iona l  procedure i s  used. 
A gap thickness 6 i s  assumed. Then the  evaporation r a t e  required t o  s a t i s f y  
the  s t a t i c  equilibrium condition (eq. ( 7 ) )  i s  found by solut ion of t he  mamentum 
equations. However, fo r  t h e  same assumed gap thickness 6 t h e  evaporation r a t e  
from the surface of t he  drop can be determined from energy considerations. I n  
general, for  the  first assumed value of the  gap thickness 6, t he  mass evapora- 
t i o n  r a t e  calculated from momentum considerations w i l l  not be equal t o  the  mass 
evaporation r a t e  calculated from energy considerations. Therefore, some type 
of i t e r a t i o n  on the  gap thickness 6 i s  required i n  order t o  br ing the  ca l -  
culated momentum and energy evaporation rates in to  balance. I n  t h i s  paper, the  
i t e r a t i o n  i s  performed by combining the  solut ions of t he  momentum and energy 
equations i n  a graphical manner t o  determine t h e  unique value of t h e  gap th ick-  
ness 6, which w i l l  permit a l l  the  governing equations and boundary conditions 
t o  be s a t i s f i e d  concurrently. Further d e t a i l s  i n  the  ana ly t i ca l  treatment follow..' 

I n  addition, f o r  the  spec ia l  case where radkation i s  negl igible ,  t he  heat- 
t ransfer  coeff ic ients  a re  derived ana ly t i ca l ly  i n  closed form. 

Momentum Equations 

Assuming constant f l u i d  propert ies ,  t h e  in t e rac t ion  between the  equation Of 
motion w i t h  the energy equation ceases, and t h e  ve loc i ty  f i e l d  no longer depends 
on temperature. The propert ies  of t he  flow f i e l d  are evaluated a t  t h e  f i l m  tem- 
perature,  defined as, 

' 

Tf = Tp + 'sat 
2 (9 )  
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Use of the  method of s i m i l a r i t y  a t  t h i s  time reduced the  partial equa- 
t i ons  (1) t o  (3) i n t o  a s e t  of ordinary nonlinear d i f f e r e n t i a l  equations. 
The s imi l a r i t y  transforms used i n  the  problems of three-dimensional axi- 
symmetric stagnation flow ( r e f .  5) will suffice.  They axe 

w = -  2 f ( z )  

u = r f ' ( z )  

Performing the  transformation r e s u l t s  i n  the ordinary equations 

(14) 1 2  2 f f '  = - - a F '  - v f "  
4 

Equations (13) and (14)  can be nondimensionalized by using the  following 
transformations: 

(15) 

The governing manentun equations take on the  form 

2qq)' = Jr '  - cp" 

The boundary conditions (5) and (6)  became 

c = o  c p = o  cp' = 0 J r = o  T = Tp (20) 

The method of solut ion i s  t o  first assume many reasonable values of 
and t o  solve f o r  the flow d i s t r ibu t ion  i n  each of these cases that s a t i s f y  the  
static equilibrium condition (eq. ( 7) ) . 

6 
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The solution of equations (18) and (19)  i n  t h i s  par t icu lar  s i t ua t ion  i s  
e a s i l y  performed by,means of an analog computer. 
values of 6 ,  i n i t i a l  values of ( p t t  are assumed. 

However, instead of assuming 

Analog Solution of Momentum Equations 

The first  s t ep  i n  programing equations (18) and (19)  f o r  t he  analog 
computer i s  t o  change the  var iables  t o  camputer var iables  by making the  follow- 
ing transformations: 

c =  UT ( 2 2 )  

= K @ ( d  (23)  

where the  symbols a, K ,  p a re  constant scale  fac tors .  The symbol T represents  
the computer time: the  time f o r  t he  phenomena t o  occur i n  the  computer. 
distance f rom the  p la te  i s  d i r e c t l y  r e l a t ed  t o  the  computer t i m e  7 .  

The 

Substi tuting equations (22)  t o  ( 2 4 )  i n t o  equations (18) and (19) r e s u l t s  
i n  the  analog momentum equations 

(25) 
u 3  ... 

@ = K U d 2  - 2KuQ-i - - 
K 

The boundary conditions on equations (25)  and ( 2 6 )  take on the  form 

P T = O  @ = O  @ = O  $ = O  T = T  

Equations ( 2 5 )  and ( 2 6 )  a r e  programed f o r  t he  analog computer for values 
5 = T, of u = 1, K = 1, and p = 1, which imply f o r  t h i s  f i r s t  program t h a t  

cp = @, and Jr = y .  

Figure 3 represents  t he  solut ion f o r  (p'. The s e t  of d i sc re t e  i n i t i a l  
conditions on c p t '  
reasonable topology of the t o t a l  s e t  of solut ions t o  t h i s  pa r t i cu la r  i n i t i a l  
value problem. 9'  
l i m i t s  t he  acceptable range of 

i s  selected over a su f f i c i en t ly  wide range t o  give a 

The requirement of sa t i s fy ing  the  boundary conditions on 
cp"(0) t o  

0 < cp"(0) < 1.31 
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Trial and e r ro r  procedure ind ica tes  tha t  f o r  the  range of i n t e r e s t ;  sca le  
f ac to r s  of cr = 0.1, K = 0.001, and p = 0.0015 can be used. Rescaling i s  
necessary t o  reduce the  e r r o r  i n  the  analog output. 
shown i n  Figures 4, 5, and 6,  which represent 

The program r e s u l t s  a r e  
g, 0, and @, respect ively.  

The r e s u l t s  a r e  as expected. The parameter i, which f o r  a f ixed r is  
0, goes t o  a maximud va l i e  near t he  center - d i r e c t l y  r e l a t ed  t o  u, starts a t  

of the  gap, and then re turns  t o  zero a t  the surface of the  drop. The 
parameter a, which i s  d i r e c t l y  r e l a t ed  t o  w, starts a t  zero a t  the  p l a t e  and 

which i s  d i r e c t l y  r e l a t ed  t o  the  s t a t i c  pressure, goes from a maximum value of 
zero a t  the  p l a t e  t o  a minimum value i n  the center of t he  channel, because the  
s t a t i c  pressure head at  the p l a t e  i s  p a r t i a l l y  converted in to  a ve loc i ty  head 
i n  the center  of the gap. The pressure then re turns  near ly  t o  i t s  p l a t e  value 
a t  the  surface of the  b o p -  Therefore, the pressur.e d i s t r ibu t ion  at  tlk sur- 
face of the  drop i s  taken t o  be of t he  form 

- then reaches i t s  maximum value at the bottom of the drop. The parameter @, 

Table I l i s t s  the  important numerical values of t he  end points of Figures 4 
and 5. 

Veloci t ies  and Mass Flow Rate 

The radial and a x i a l  ve loc i t i e s  and the  gap thickness a re  determined from 
the analog parameters l i s t e d  i n  Table I. 
t o  the  a x i a l  ve loc i ty  w by equations (lo), (16), and ( 2 3 )  r e su l t i ng  i n  

These parameters a re  d i r e c t l y  r e l a t e d  

w = - 2 *  KQ (31) 

The value of w a t  the  surface of the drop i s  given by 

w(6) = - 2 6 K-06 

where 08 i s  the  value of (3 a t  t'ne s-=faze sf the d i r o ~ .  

of 6 = 0 r e l a t e s  d i r e c t l y  t o  the  gap thickness 6 by equations (15) and ( 2 2 ) ,  
r e s u l t i n g  i n  

I n  a s i m i l a r  manner, the  time required t o  s a t i s f y  the  boundary condition 

b 

(33) a 

The parameter a 
noting t h a t  fo r  a f la t  d i sk  gemetry ,  

i s  now determined by subs t i t u t ing  equation (30) i n t o  equation (7), 

(34) 2 v = e x 1  = mol 
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r e s u l t s  i n  

The mass l o s s  from the  drop i s  

. - = p ~ ( 6 )  A $ 1 1  
For steam the spec i f ic  volume and absolute v iscos i ty  may be expressed as 

( 3 7 )  u = TTf CE = 7Tf 

Substi tuting equations ( 3 2 ) ,  (35) ,  and (37)  i n t o  equation (36) r e s u l t s  
i n  

dM 1-1/2 1/4 $ i /4  Q.6 (38) - a t  = R(g/g,) Tf 

where 

Equation (38) i s  t o  be evaluated f o r  d i f f e ren t  values of the  gap thickness.  
Subst i tut ing equations (35) and (37)  i n to  equation (33) r e s u l t s  i n  t he  following 
r e l a t i o n  fo r  t he  gap thickness: 

where 

(41) 

Energy Equation 

For t h e  problem under consideration, the  physical conditions indicate  t h a t  

aT (42) . aZ 

Therefore, transforming equation (4 )  t o  computer var iab les ,  assuming 

@ % -  06 T (43) 
‘t6 

~ 
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and in tegra t ing  r e s u l t  i n  

. where 

Expanding equation (44) i n  series form and defining 

neglecting second order terms, and evaluating the  constants y ie ld  

The heat  flux a t  the  dr0p:interface is found from the  r e l a t i o n  

I 

Differen t ia t ing  r e l a t i o n  (47) and subs t i tu t ing  t h i s  r e s u l t  i n t o  equation (48) 
along with equation (33) y ie ld  

*. 

where 

The amount or  mass t r ans fe r  from the water drOp:is now calculated'as 
a funct ion of 6. 
while t h e  rad ia t ive  rlux i s  given approximately Dy the  r e l a t i o n  

The convection energy f l u x  i s  represented by equation (49) ,  

where 



1 2  i 

The absorption of some of t he  rad ia t ive  energy by the  water vapor i s  
neglected i n  t h i s  problem because of the  s m a l l  path length between the  drop 
and the  plate .  I n  addi t ion,  the  emissivity of the  water drop i s  assumed t o  
be approximately unity.  Subst i tut ing equations (49) ,  (51), and (34) in to  
equation (8) and solving f o r  the  evaporation r a t e  yield 

with a l l  the temperature dependent propert ies  evaluated at  the  f i l m  temper- 
a ture  (eq. ( 9 ) ) .  

The overal l  heat- t ransfer  coef f ic ien t  U between the  p l a t e  and the  
water drop i s  defined by 

dM h -  a t  (54) U =  
A(Tp - T s a t )  

Graphical Determination of Gap Thickness and Evaporation Rate 

The evaporation of water vapor from a water drop has been determined fram 
mamentum and energy t r ans fe r  equations (eq. (38) and (53) )  f o r  various values 
of gap thickness as found from equation (40) .  
momentum and energy equations i n  Figure 7 represents  t he  conditions where a l l  the  
governing equations and boundary conditions (1) t o  (8) are s a t i s f i e d  concurrently. 

The point of in te rsec t ion  of the  

EXPERIMENTAL PROCEDURES 

The evaporation r a t e  i s  determined experimentally fram measurements taken 
on the  t o t a l  vaporization t i m e ,  t h a t  t i m e  required f o r  t h e  e n t i r e  volume of l i qu id  
which i s  placed on a heating surface t o  vaporize completely. P lo ts  of t h e  ex- 
perimental data f o r  d i s t i l l e d  water near t he  sa tura t ion  temperature are shown i n  
Figures 8 t o  10. The slopes of t he  curves, r a t e  of change of volume with respect 
t o  time, represent t he  evaporation r a t e  of t he  drop. 

The data shown i n  Figure 8 indicate  qui te  p l a in ly  that the  surface condition 
However, at  higher p l a t e  t e m -  has no noticeable e f f e c t  on the  vaporization time. 

peratures a var ia t ion due t o  rad ia t ion  e f f e c t s  i s  expected. 

A s l i gh t  problem with the  f l a t  heating surface resu l ted  from the  movement of 
the water drop against  the  b a r r i e r  w a l l  during t h e  vaporization process. 
eliminate the  e f f e c t  of contact with the  b a r r i e r  w a l l  on the  experimental evapora- . 
t i o n  r a t e ,  the experimental data  t o  be used i n  comparison with t h e  theo re t i ca l  
r e s u l t s  were taken on a t e s t  sect ion with a lo apex angle. A complete descr ipt ion 
of the t e s t  section and instrumentation can be found i n  reference 4. Figure 9 
presents a comparison of the  t o t a l  vaporization times as measured on a f la t  surface 
and a conical surface w i t h  a 1' apex angle. 
noticeable difference i n  the  vaporization times. 

TO 

A s  seen i n  th i s  f igure,  t he re  i s  no 
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EVAPORATION RATES 

The , a s s  evaporation r a t e  i s  determined from t h e  slope of a curve 
V = f ( t )  prescribed by a s e t  of tabulated values 
of the  1' apex p l a t e  data  is  determined by d i f f e ren t i a t ing  a th i rd -  
order polynomial fit of the  t o t a l  vaporization t i m e  data. 

( V i  t ). The slope 'I 
The poly- 

& namial is  of t he  form 

v = P(1) t  + P(2)t2 + P ( 3 ) t 3  

where t 
volume V. 
a function of t h e  p la te  temperature. 
the  weighted squares of the residuals .  Weights of V - 1  were used. 

i s  the  time required t o  completely vaporize a dropof i n i t i a l  
The coef f ic ien ts  i n  equation (55) are l i s t e d  i n  Table I1 as 

They were determined by minimizing 

The curves shown i n  Figure 10 are drawn from equation (65) using t h e  
coef f ic ien ts  l i s t e d  i n  Table 11. Thus, the experimental evaporation rate 
equals 

dM = pD P(1) + 2P(2)t  + 3P(3)t2 
at  i J 

(55) 

The theo re t i ca l  and experimental r e s u l t s  are shown j o i n t l y  i n  Figure 11. 
The emiss iv i t ies  chosen i n  the  theore t ica l  calculat ions are based on data  
tabulated i n  reference 6. As seen i n  Figure 11, agreement e x i s t s  throughout 
t he  volume and temperature range considered. The deviation of theory and 
experiment i s  l e s s  than 20 percent. 

Deviation of t he  model from the  ac tua l  physical  geometry and drop osc i l -  
l a t i ons  which occur a t  temperatures above 800' F could account f o r  same of the  
deviation between theory and experiment. 

The calculated gap thickness,  as shown i n  Figure 1 2 ,  is  r e l a t i v e l y  insensi-  
t i v e  t o  volume changes, but i s  affected by increased p la te  te,mperatures. 

.. 
O V E U  HEAT-TRANSFER COEFFICIENT 

- -  The overa l l  heat- t ransfer  coe i f ic iez ts  tz the dro?, shown i n  Figure 13, 
as defined by equation (54), are evaluated for various drop volumes and p la te  
temperatures of 600' and 1000° F. 

The amount of t h e m 1  rad ia t ion  i s  calculated t o  be 2 Btu/(hr)(sq f t )  
a t  600' F and 4.4 Btu/(hr)(sq f t )  a t  l oOOo F. 
t r a n s f e r  at 60O0 F represents  l e s s  than 5 percent of t he  overa l l  heat- t ransfer  
coef f ic ien t ;  while a t  1000° F, it represents less than 10 percent. 
drop volume decreases, the percentage of rad ia t ive  heat t r ans fe r  decreases s t i l l  
fu r the r  because of t he  r e l a t i v e  increase of conduction heat t r ans fe r  which results 

Consequently, radiaGion heat  

As  the 

frhm the  smaller gap thickness a t  the lower drop volumes. 



Closed Solution f o r  h 

Since greater  physical  insight  i n to  the  e f fec t  of t he  system parameters 
( f l u i d  properties,  gravi ty ,  geometry, and the  temperature gradient)  on the  r a t e  
of heat t ransfer  i s  always enhanced by obtaining a closed so lu t ion  f o r  t he  heat-  
t r ans fe r  coeff ic ient ,  an attempt was  made t o  cor re la te  t he  numerical solut ions 
i n  terms of simple ana ly t ic  expressions. This attempt w a s  successful,  leading 
u l t i m a t e l y t o  a simple expression f o r  
outl ined below. 

h. The method of a t tack  i s  b r i e f l y  

The end points  of Figure 5 define a solut ion locus f o r  the  hydrodynamic 
problem (shown by the  dashed l i ne . )  
that  it provides a parametric r e l a t i o n  between the  veloci ty  a t  t h e  interface and 
the  gap thickness. A p lo t  of t h i s  locus on log-log paper gives a s t r a igh t  l i n e ,  
the  f i n a l  equation being 

This locus is  a solut ion i n  the  sense 

Substi tuting equations ( 2 1 )  t o  (23)  i n t o  equation (57) yields  
z 
V 

- w(6) = 0.172 % 63 

I n  terms of physical  var iables ,  t h i s  equation s t a t e s  t h a t  t he  in te r face  ve loc i ty  
i s  proportional t o  the  cube of the  gap thickness.  Equation (58) i s  now cambined 
with the  heat- t ransfer  solut ion (which a l s o  contains 6)  with the  ult imate a i m  
of eliminating 6. If rad ia t ion  i s  neglected, the  heat  balance a t  the  in te r face  
be comes 

For the  heat t r ans fe r  t o  the  drop, t he  sensible  heat f ac to r  AD i s  found 
by combining equations ( 5 0 ) ,  (46) ,  (45) ,  and ( 2 8 ) ;  

Cambining equations (59) and (60) produces a simpler expression f o r  AD 

Cambining equations (58) ,  ( 5 9 ) ,  and (61) results i n  the  heat- t ransfer  
coef f ic ien t  t o  t he  drop of the form 

kA k 3 A ? 6  114 
hi = - = 0.68 ( ~ 

6 
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where 

V 
77 Le E 

and an expression f o r  a rrodified l a t e n t  heat of evaporation 

The values of Le f o r  a giver_ drop voPme a re  found i n  Figure 1 4  f o r  
water. The values of Le were de%emiried fram the  2 values i n  reference 4. 

The heat- t ransfer  coefficient.  f r o n t h e  p l a t e  can be shown t o  be s i m i l a r  t o  
equation (62)  with the  exception t h a t  A and A take on the  form 

(65) 
I Ap = - 1. -I- 1 - n  

and 

* 3 h Ap = Mp = 

6 A  

Equation (62 )  i s  iden t i ca l  i n  form t o  Bromley's equation ( r e f .  3) with the  
exception of the  spec ia l ly  defined geometry fac tor  The difference between 
the  two expressions fo r  the  heat- t ransfer  coef f ic ien ts  (heat t r ans fe r  t o  the  drop 
i = D; heat t r ans fe r  from the p l a t e  
vapor layer .  

Le. 

i = p)  i s  a r e s u l t  of sensible  heating i n  the  

VaporizaiA-on Times 

-. I n  pr inc ip le ,  the  evhporation h is tory  of a drop can be computed by employing 
Mathematically t h i s  i s  expressed by a quasi-steady-state heat- t ransfer  approach. 

where both h and A vwy with time as the  d r o ~  evaporates. The drop area  i s  
i n  general  a complicated function of volume; however, i n  the  case of large drops, 
f o r  example, water drops greater  than 1 cc, the  thickness of the  drop becames 
constant.  
Thus, f o r  large drops 

IP t h i s  case, equation (67) can be Pntegrated i n  a simple manner. 

where 2, i s  the asymptotic drop thickness and C i s  a constant f o r  a given 
temperature difference.  For large water drops a t  a p l a t e  temperature of 600' F, 



equation (67) becomes 

dV/dt = 0.059 V3l4  

Integrat ing from a drop volume of 1 cc t o  samelarger value gives 

(V1/4 - 1) = 0.00148 ( t  - tl) (71 )  - 

where (t - tl) i s  the  time taken f o r  a drop t o  decrease from volume V t o  
1 cc. This r e l a t i o n  i s  t e s t ed  i n  Figure 15 by comparison with experimental 
data. The l i n e a r i t y  of t he  p lo t  v e r i f i e s  t he  present theory although the  
slope of the experimental and theo re t i ca l  l i n e s  d i f f e r  by 27 percent. This 
deviation is  expected since a t  large drop volumes some of t h e  vapor escapes 
through the drop i n  the  form of bubbles. This added path of vapor escape 
should r e su l t  i n  smaller evaporation times than those predicted by theory,  
which proves t r u e  f o r  t h i s  example. 

CONCLUSIONS 

The ana ly t ica l  model developed i n  t h i s  paper can be used t o  pred ic t  t he  
evaporation r a t e  and ove ra l l  heat- t ransfer  coef f ic ien t  f o r  water drops on 
a f l a t  plate  i n  the  f i l m  bo i l ing  regime by a graphical method with a reasonable 
degree of accuracy over t he  range of paramekers invest igated.  For the  spec ia l  
case where rad ia t ion  can be neglected, the  hea t - t ransfer  coef f ic ien t  i s  shown 
t o  be equal t o  

For heat t ransfer  t o  the  drop 

For heat t ransfer  from the  p l a t e  

The difference between the  two values of h r e s u l t s  from the  r a d i a l  convection 
of the  superheated vapor. 

Figure 14 can be used t o  d i r e c t l y  determine the  ove ra l l  hea t - t ransfer  co- 
e f f i c i e n t  from the  hot p l a t e  t o  the  water drop. 
analog computer r e s u l t s  (Figs. 3 t o  6 )  can be appl ied t o  any f l u i d ,  s ince the  
momentum equations were solved i n  dimensionless form. 

Also,  t he  equations and the  

Final ly ,  it i s  shown by cor re la t ion  of volume as a funct ion of vaporization 
time t h a t  the basic  equation fo r  t he  hea t - t ransfer  coeff ic ient  can a l s o  be appl ied 
t o  large drops for which the  steam in t e rmi t t en t ly  breaks through t h e  surface. 
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TABLE I. - ANALOG COMPUTER F3lSULTS 

Temperature 
of p la te ,  OF 

608 

1014 

5.0 

4 .0  

3.0 

2.0 

p( 1) p ( 2 )  p( 3) 

-7.2266. +4.8950. +4.4080. 

+4.0022. +l. 0295. +5.4745. 

l a  
T s =  6 8 ,  

sec 

9 .9  

7.0 

5.3 

3.6 

82.0 

29.5 

13.0 

4.0 

V 

12.25 

6.25 

3.50 

1.50 

a The output of t h e  analog computer i s  read 
i n  vol t s ;  however, t h e  output 0 i s  con- 
sidered t o  be vo l t s  per un i t  t i m e  when 
used i n  the  equations, i n  order t h a t  the  
un i t s  w i l l  be consis tent .  

TABLE 11. - POLYNOMIAL COEFFICIENTS 
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Figure 1. - Drop states. 
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Heated plate 

Figure 2. - Schematic model of the evaporation of a flat disk. 
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Figure 3. - 'p' as a function of the assumed cpY0). 
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Figure 4. - & as a function of the assumed &O). 
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Figure 6. - \cI as a function of the assumed &OL 
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Figure 5. - 0 as a function of the assumed &O). 
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Figure 7. - Graphical simulta- 
neous solution of momentum 
and energy equations at a 
droplet volume of 0.5 cc, a 
plate temperature of 600" F, 
and a plate emissivity of 0.5. 
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Figure 8. - Total vaporization t ime for water drops 
on a flat plate as a funct ion of the i r  volume for 
various surface conditions at a plate tempera- 
tu re  of approximately 600" F. 
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Figure 10. - Total vaporization t ime for water drops as a 
funct ion of the i r  volume and temperature of the  heat- 
i ng  surface which had a 1" apex angle. 

Figure 9. - Comparison of the  total vaporization t ime for 
water drops on  a flat plate and a 1' conical surface at 
approximately 600" F. 

Figure 11. - Theoretical and experimental mass evaporation 
rates of water drops as a function of drop volume, plate 
temperatures, and plate emissivity. 
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Figure 13. - Theoretical heat-transfer coefficient to the  
water drop as a functlon of volume for plate tempera- 
tures of 600' and 1OOO" F and a plate emlssivlty of 0.5. 

v, cc 

Figure 12. - Gap thickness of the water drop as a function 
of volume for plate temperatures of 600" and 1oOO" F and 
a plate emissivity of 0.5. 
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Figure 14. - Effective geometry factor L, as a funct ion of drop volume 
for water for an acceleration of 32.2 R/sec2. 
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Figure 15. - Theoretical and experimental relation between volume of drop 
and vaporization time for water for volumes from 1 t o  5 cc wi th a plate 
temperature of approximately 600" F. 


