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INTRODUCTION 

FILM boiling of liquid drops in contact with a heating surface 
can be found in combustion inside a fuel injection engine, 
spray cooling of a heating surface, mist flow inside a heating 
tube and vapor explosion at liquid-liquid contact. In general, 
heat transfer performance in the liquid-drop system is 
superior to that in pool boiling, and is thus characterized 
by broad applications. However, its mechanism is not well 
understood, since the dynamic behavior and transient heat 
transfer of drops are clearly interrelated. For example, to 
determine the heat transfer rate between a drop and a heating 
surface, it is necessary to determine the timewise variations 
of both the drop spreading area and vapor layer thickness, 
the vapor flow velocity and the effects of the impinging Weber 
number, drop diameter and wall superheat on the heat trans- 
fer rate. 

The experimental studies on film boiling of drops include 
Wn,.ktor. ot n, 111 Pe.&.r.,=n 131 T1za-t~ nt n/ 171 snrl Phki ot .V‘.I,..U.YCI U,. t.,, IU.zI.Y..I. [LJ, “IUUCL “.. L-‘, u.... “.,“,.C. 

al. [4]. They determined drop heat transfer effectiveness, not 
from the measurement of heat transfer coefficients, but from 
the timewise variations in both the temperature and heat 
capacity of the heating surface following drop impingement. 
By approximating drop shape as a circular cylinder and 
a hemisphere, Kendall and Rohsenow [5] conducted heat 
transfer analysis taking into account both the motion due to 
drop deformation and the motion of the drop’s gravitational 
center. They determined the radius of the spreading drop, 
.,“..__ I-.,-_ +L:^L-~rr t;,,...;,, ..,..:,t:,.., ;n r.n..t a,.,,, ..“A vap,vr ray=, L,,,clL,I~ss, L‘III~VVIJC Y‘aLlall”Ll?, 111 ,,&a1 I‘unc-J ‘Il‘Ll 
the effects of the drop diameter, wall superheat and 
impinging Weber number on heat transfer effectivenes. The 
assumed drop geometry produced little difference in ana- 
lytical results. No attempt was made to derive a dimen- 
sionless correlation equation indicating the effects of each 
governing parameter on heat transfer performance (i.e. 
Nusselt number). Hence, results for film boiling heat trans- 
fer of an impinging drop system (Kendall and Rohsenow 
[5]) are not applicable to broad ranges of the governing 
parameters. 

The present study derives a dimensionless correlation 
equation for film boiling heat transfer of an impinging drop 
system, as a function of the Weber number related to the 
impinging velocity of a drop, Bond number, Prandtl number 
and a new parameter, that is, the Weber number related to 
the vapor stream, through an analytical investigation of five 
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liquids with distinct physical properties. Results are com- 
pared with the empirical correlation equation for forced con- 
vection film boiling over a circular cylinder (Bromley er al. 
[6]) to determine the range of its applicability to the present 
drop boiling system. 

THEORETICAL ANALYSIS 

Consider a vapor layer enclosed between a drop base and 
a heating surface, as shown in Fig. I. The cylindrical coor- 
dinate system (r, z) is employed with the origin fixed at the 
center of the drop base. The coordinates r and z measure the 
radial and axial distance, respectively. u, and L, respectively, 
denote the velocity components in the r and .z directions. T 
represents the stream temperature. The conservation equa- 
tions then read : 

continuity equation : 

!?$+:+$_o (1) 

momentum equation in the r direction : 

( 

au, hi, 

1 

2 
Pg u’Jy+ll’~ = -g+,,s 

energy equation : 

ilT dT 8T 
“r% f&Z = “%F. 

The appropriate boundary conditions are : 
atz=o: 

(2) 

(3) 

u, = 0. u: = 0, T = Tw,,, a2T/k2 = 0 (4) 

at : = zh : 

u, = u,, u, = -u,,, T= T,. dT/dz = -fi,(T,,-T,)/z,. 

(5) 

Here, U, denotes the radial flow velocity within the drop 
(expressed by equation (16)) and V0 is the vapor ejection 
velocity at the drop base whose vertical translation velocity 
is taken into account. z,, represents the vapor layer thickness 
(zt, = z,-- W/2) and Bz is a nonlinear temperature dis- 
tribution coefficient inside the vapor layer. After all the 
factors, /j’ and j$ are introduced to account for the non- 
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NOMENCLATURE 

thermal diffusitivity [m2 s-‘1 
Bond number, &-~~)D’iu 
drop diameter [m] 
horizontal tube diameter [m] 
force defined by equation (1 I) [N] 
gravitational acceleration [m ss’] 
dimensionless parameters defined by 
equation (12) 

Weber number 
initial height of drops gravitational center 
[ml 
axial coordinate [m] ; zh of drop base ; =, of 
drop gravitational center. 

Greek symbols 

latent heat of vaporization [kJ kg-‘] 
Nusselt number 
Prandtl number of liquid drop 
heat flow rate to drop [W] 
heat flux [W m-‘1 ; q,, at heating surface : 
q,, at drop base 
radius of drop base [m] 
radial coordinate [m] 
spreading area of drop base [m’] 
temperature [ C] 

heat transfer coefficient for drop impinging 
film boiling [Wm-‘K-‘1 
heat transfer coefficient for forced 
convection film boiling [W m ’ K ‘1 
nonlinear temperature distribution 
coefficient; /II at heated surface inside vapor 
layer; ,02 at drop base inside vapor layer 
wall superheat. T,,,- T, [K] 
thermal conductivity [W m- ’ K _ ‘1 
viscosity [Pa s] 

Weber number for vapor stream 
saturation temperature [‘Cl 

t 8 

heating surface temperature ] C] 
steam ejection velocity at drop base [m s ‘1 
velocity of drop base [m ss’] 
net steam velocity at drop base, U4 - Cl, 
[ms-‘1 
steam velocity [m s- ‘1; u, and U; in the r 
and z directions, respectively 
flow velocity crossed the horizontal tube 
[ms-‘1 

kinematic viscosity [m’ s ‘1 
density [kgm-‘1 
surface tension [N rn. ‘1 
time [s] 
effective heat transfer time [s] 
freely oscillating period of a liquid drop [s]. 

Subscripts 
f hquid phase 

: 
steam 
initial value. 

fall velocity of liquid drop [m s-‘1 Superscript 
drop height [m] ; W,,, initial height time averaged value. 

linearity in the temperature distribution, so that the heat flux 
removed from the wall is : 

(6) 
and the heat flux transferred to the drop base is : 

qc, = 8&U’,,- T,)/G. (7) 

Here, i., denotes the thermal conductivity of the vapor; T,,, 
is the heating surface temperature, and T, is the saturation 
temperature. 

If the boundary condition, i?T/az = -b,(T,,,- T,)/zb at 
z = 0 is applied, fi, and b2 can be related by 

28, +A = 3 (8) 

where /j’, and /I* are still unknown. These factors are deter- 
mined by integrating equation (3) with respect to Z. 

For simplicity in mathematicalmanipulation, it is assumed 
that at the moment of impingement on the heating surface, 
a spherical drop of diameter D takes the form of a cylinder 
with radius R and height W, as illustrated in Fig. 1. The 
drop then changes in shape on the heating surface under the 
condition of constant volume, with its height W varying as 
a function of time T. Let the height of its gravitational center 
be z,. Then we can derive an equation for drop deformation 
based on the internal flow as 

d’W 
~ = -&[;F+ZnoD($&)-;($)I) 
dr2 

d2z. 6F 
-=---_9. 
ds’ nD3Pr 

(10) 

Here, pr, o, 9 and Fdenote the liquid density, surface tension. 
gravitational acceleration, and force acting on the drop base, 
respectively. 

The force F is induced by the pressure rise inside the 
superheated vapor layer formed between the drop base and 
the heating surface. The pressure rise results from the radial 
flow that overcomes the viscous force within the vapor layer 
and the accelerating flow in the radial direction out from 
between the drop and the wall. Hence, the force F can be 
A.%A..,A F..-- +1- ̂̂ ^^ +:....:+..“..A -^-^..+..- .%-..“+:--.. -I‘rl... “CLlVC” El”lU LUG c”UUuurry LlllU III”IIIc;LII”LII r;q”orl”ua “L LLLG 

Two Wall 

r 

FIG. 1. Model of deforming drop and vapor flow. 



2590 Technical Notes 

vapor layer as as 

(11) 
where 

I, = Y’lO+ 13;(20(UL,.‘C’,,))+ I,:(IO(U, U,,)‘) (12a) 

I? = -l226(U,,L’,,). (l2b) 

Here. 11~ and n”i! are the density and viscosity of the super- 
heated stream. respecttvely. U,, represents the net vertical 
veloctty of vapor at the drop base, and is the sum of the 
velocity of the drop base (/h, and the vapor ejection velocity 
at the drop base CT,,. That is. 

C:, = /&AT,,,I(&-h) (13) 

( h = d:,;dT- I 2(dI+;dr) (14) 

C” = C’* + ( - CT,) (15) 

Li, = (- 1/2)(Li,,:,)r (16) 

G’, = (dW/dr)(-_,/W) (17) 

where L, represents the latent heat of evaporation and 
AT,.,, = T, o - T.. 

The conservation equations (l))(3) and the drop defor- 
mation equations (9) and (IO) are coupled. The physical time 
is divided into small intervals. At each time interval, the 
coupled equations are integrated by means of the Rungee 
Kutta method. 

The initial condittons are 

pz = 1, W= IV,, = 0.870, dR’/dr = 0 

zc = Z,, d-_,/dr = - VcI. (18) 

Here, Z, is the initial height of the drop’s gravitational center 
and may take an arbitrary value for which : > WJ2. V, is 
the falling velocity of the drop. 

The computational procedure is to first substitute the 
instantaneous values of W and z, obtained from equations 
(9) and (10) into the momentum equation (2) to determme 
F, followed by evaluating /IS from the energy equation (3). 
In the next time instant, the Runge-Kutta method is 
employed to integrate equations (9) and (IO). 

RESULTS AND DISCUSSION 

Results are obtained for various liquid drops of water, 
methanol, ethanol, butanol and propanol. Drop diameters 
vary in the range 0.22, I .O. 2.3 and 4.0 mm, wall superheats 
in the range 200, 400 and 600 K, and Weber numbers 
for impinging drop in the range 12.3, 25. 50, 100 and 300. 
The physical properties at the saturated film temperature 
(T,,,+ T,)/2 are employed in the numerical computations. 
The dimensionless parameters are defined as: Weber 
number for liquid drop, Wr = p, k’iD/rr; Bond number, 
60 = g(Pf-Pe)DZ/o; Weber number for vapor stream, that 
IS, inertia force/surface tension force, 

where L; is expressed by equation (I 3) with bz = 1. 
Figure 2 is a typical result illustrating the time history of 

~7, for butanol drops of D = 4.0 mm and AT,,, = 200 K. 
The abscissa is the physical time non-dimensionalized by the 
freely oscillating period of a liquid drop rr. It is obvious in 
Fig. 2 that LJ* reduces with an increase in Weber number 
The heat flux qu takes two to three maxima within the period. 
The time-averaged heat transfer performance (Nusselt 
number) is defined based on the time-averaged value of c,>~ 

nR' dr (22) 

t, signifies the effective heat transfer time. It is almost equal 
to the restoring period for an impinging drop, the time it 
takes to reach the original value W,. & reduces resulting 
from an enhancement in nR’ (spreading area of the drop) in 
equation (22) as the Weber number is increased. 

Figure 3 plots all data obtained in the present analysis. A 
correlation equation expressed by equation (23) is derived 
with a scattering range between i 50% and ~ 36% : 

Nu = 2.8OT; 05h(We/2+13)-“ShB~-‘“Sh~~“i’. (23) 

Here, Pr denotes the Prandtl number of the liquid. The effects 
of AT,,,, D and We on the heat transfer coefficient a are 
derived from equation (23) as 

Y. cc AT,;; 50D-0X12(FVe/2+ 13)-“5h. (24) 

This shows that a is enhanced with a decrease in AT,,,, D 
and We. 

To the authors’ knowledge, there are no experimental 
data to ascertain the validity of the present analysis (repre- 
sented by equation (23)). However, it is of interest to com- 
pare film boiling of saturated drops impinging on a heating 
surface with forced convection film boiling from a horizontal 
tube (Bromley rl al. [6]) whose correlation equation is 

a,,J[DsAT,,,/(u,~,p,L,)1 = 2.7 (25) 

where rCu is the heat transfer for forced convection film 
boiling, D, is the horizontal tube diameter and u, is the flow 
velocity across the tube. Treating the tube diameter D, as the 
drop diameter, and the flow velocity u, as the velocity of a 
drop impinging on the heating surface, equation (25) can be 
rewritten tn dimensionless form as 

Nu = 7.7T-” We’ 2S(pe:‘p,)” “, - 1, (26) 

lo4 ’ 

I / 

I k i i I I I c 
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z/z, 

FIG. 2. Time history of heat flux for butanol drops. 
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1o _ D=O.22-4.0mm 
. AT,t=200-6OOK 
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FIG. 3. A correlation of tilm boiling heat tr sfer for saturated drops tmpmgmg on a heatmg surface 
Y 

5 Bromley et al.‘s equate 

& 10 . 
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0.01 0.1 1 10 

Th (We / 2 + 13 ) Boo.’ 

FIG. 4. Comparison of heat transfer between film boiling of saturated drops impinging on a heating surface 
and a forced convectton film boiling over a horizontal tube. 

Equation (26). together with test data of Bromley e/ al. [6]. 
are plotted in Fig. 4 for D = 0.22-50 mm. AT,,, = 2013 
600 K, and Wr = 12.3%300. Equation (23) is superimposed 
as the chain lme for comparison. It is seen that equations 
(23) and (26) have the same slope, and that equation (26) is 
applicable to film boiling of saturated drops Impinging on a 
heating surface for Weber number in the range of 12.3-50. 

CONCLUSIONS 

A theoretical analysis has been conducted to determine 
film boiling heat transfer of saturated drops impinging on a 
heated surface, taking into account the dynamics of drop 
deformation. A new dimensionless parameter has been 
derived which relates conductive heat transfer through a 
vapor layer, and evaporation rate of the liquid induced by 
surface tension. It is concluded from the study that the heat 
transfer performance of the drop film boiling system can be 
predicted by equation (23), and that the empirical correlation 
equation for forced convection film boiling over a circular 
cylinder, equation (26). can be applied to the drop film boil- 
tng system with the impinging Weber number between 12.3 
and 50. 
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