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INDIVIDUAL DROPLET HEAT-TRANSFER RATES 

FOR SPLATTERING ON HOT SURFACES 

F. K. MCGINNIS, III* and J. P. HOLMANt 

(Received 18 March 1968 and in revised form 5 August 1968) 

Abstract-An experimental study of the splattering and bouncing of water, acetone, and alcohol droplets 
from a heated plate reveals that the heat transfer per drop exhibits a maximum at a temperature excess 
of approximately 300°F and that a satisfactory correlation for this maximum 
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The effect of impact angle is also investigated and the general result is that the normal component of 
velocity is the important factor. A normalized heat flux-temperature excess curve is presented for the 
three fluids tested. The maximum point in heat transfer is postulated to result from opposing effects of 

increasing thermal gradient and decreasing droplet contact time in the splattering process. 

NOMENCLATURE 

area [ft’] ; 
specific heat at constant pressure 

[Btu/lb OF] ; 

V, velocity [ft/s] ; 

K?, og,/p,V2d, Weber number [dimen- 
sionless]. 

constant in equation (6); Greek symbols 

drop diameter [ft] ; 4 effective conduction distance [ft] ; 

constant of proportionality in New- 0, plate angle and impact angle [degrees] ; 

ton’s second law ; 4 modified heat of vaporization defined 

heat-transfer coefficient [Btu/ft’ h “FT] ; by equation (3) [Btu/lb] ; 

enthalpy of vaporization [Btu/lbJ ; P, density [lb/ft3] ; 

conversion factor from Btu to ft lbf; Q, surface tension [lbf/ft] ; 

thermal conductivity [Btu/ft h OF] ; z, droplet contact time [s]. 

drop rates [drops/s] ; 
heater power consumption [W] ; Subscripts 

F, film, evaluated at film temperature ; 

net rate of heat transfer to drops G, gross ; 

[Btu/s or W] ; L liquid. 

heat transfer per drop [Btu/drop] ; 
time [s]; 
temperature C”F] ; 

INTRODUCTION 

T, - T,, saturation temperature excess COLLISIONS involving liquid droplets and hot 

rdegFl : surfaces are of interest in a number of areas of 
L - 4, 

* Engineering Specialist, Missiles and Space Division, 
applied technology. The cooling of turbine 

LTV Aerospace Corporation, Dallas, Texas, U.S.A. 
blades by means of impinging liquid droplets 

t Professor of Mechanical Engineering, Southern Metho- and the cooling of aluminum ingots with water 
dist University, Dallas, Texas, U.S.A. sprays are representative of this process. The 
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problem of determining heat transfer rates as a 
re-entry vehicle passes through a rainstorm 
is one which requires detailed understanding of 
the droplet-hot surface collision. 

When a liquid droplet and a solid surface are 
brought together at some finite relative velocity, 
a number of interesting, sometimes useful and 
often destructive, processes have been observed. 
The erosion of surfaces due to raindrop impinge- 
ment has been a subject of considerable interest 
since the advent of high-subsonic and supersonic 
aircraft. An extensive survey of the literature of 
rain erosion has been made by Beltran Cl]. The 
great majority of the research in the area has 
been experimental, as typified by the work of 
Engel [2] and Jenkins and Booker [3]. Notable 
exceptions are the analytical studies of Engel 
[4] and Savic and Boult [5] in which theoretical 
expressions for the impact pressure distribution 
are obtained. In addition, Savic and Boult ob- 
tainedanexpressionfortheshapeofthespreading 
liquid mass. 

When the surface involved in the collision is a 
heated one, other interesting effects have been 
observed. Elperin [6] observed order of mag- 
nitude increases in heat-transfer rates when 
water was injected into an air flow upstream of a 
tube bank. These results were verified by Acrivos 
[7] and the process was successfully analyzed by 
Goldstein [S]. However, the experimental con- 
ditions were such that little evaporation of the 
liquid phase was observed. Parker and Grosh 
[9] studied the mist flow of steam in a cylindrical 
test section and noted sharp variations in wall 
temperatu~ and heat-transfer rate, particularly 
at points where the annular liquid film 
disappeared and where the wall temperature 
exceeded the value required for stable film 
boiling. The investigators recommended that 
studies be made to determine the behaviour of 
droplets striking a hot channel wall at various 
angles and velocities. It is this phenomenon, 
known as splattering, which is the subject of 
this work. 

A liquid droplet is said to have splattered 
from a hot surface if it strikes the surface and 

disintegrates without si~~~~tly wetting the 
surface. This phenomenon is observed when 
the surface temperature exceeds the value 
required for film boiling. The heat-transfer aspect 
of this process has been investigated by Savic 
[lo]. In that work water droplets were made 
to impinge upon a hot silver surface while 
high-speed motion pictures were taken. Because 
of the small size of the heated surface, rapid 
heater temperature transients were observed 
upon droplet impingement. Thus, no attempt 
was made to obtain quantitative hot-transfer 
data. Photographic observations indicated that 
the spreading of a droplet over a hot surface is at 
least superficially similar to the cold surface 
impact process and that the ultimate disinti- 
gration of the droplet results from vapor bubbles 
penetrating the upper free surface of the droplet. 

Wachters and Westerling [17] also investi- 
gated the heat transfer from very hot surfaces 
to impinging water droplets. However, the 
impact velocities investigated were less than the 
value required for splattering. The critical 
impact velocity, above which the droplet disinte- 
grates during impact, was found to be about 
5 ftfs forOQ7 in dia. water droplets. Heat-transfer 
measurements were made by means of a transient 
technique and agreed well with the theory 
only for temperature excesses approaching 600 
deg F. In a subsequent paper, Wachters et al. [ 181 
investigated heat transfer from a hot well to a 
mist of very small droplets, 60 p in diameter. 
Again, impact velocities were below the value 
required for splattering. 

It should be noted that the splatte~ng process 
may be thought of as an extension of the classic 
Leidenfrost problem to the case of finite impact 
velocity. This phenomenon has been widely 
observed and investigated. Recent work in this 
area includes the investigation of Baumeister 
[ll], Schoessow [12], and Gottfreid [13]. It is 
apparent that splattering is a least in part a 
film boiling process, and thus a number of 
the physical quantities governing heat transfer 
in the Leidenfrost phenomenon are of similar 
importance to the splattering process. 
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The transient, random nature of the process of 
disintegration of a droplet striking a high tem- 
perature surface, coupled with a lack of infor- 
mation as to what physical phenomena com- 
prise the process, makes a direct analytical 
attack extremely difficult. Thus, the present 
paper is confined to an experimental investiga- 
tion of the characteristics of splattering heat 
transfer. Because of the lack of previous work, 
the decision was made to investigate the be- 
haviour of a stream of freely falling droplets 
of uniform size splatter~g from a heated surface, 
rather than a dispersion or spray of droplets. 
Subsequent investigations would logically in- 
clude work with multi-droplet sprays and with 
two phase flows, e.g. water droplets entrained 
in an air stream. The specific objectives of the 
work were as follows : 

1. To obtain data for the quantity of heat 
transferred in a single droplet-surface collision 
as a function of surface temperature for a range 
of drop sizes, drop impact velocities, and drop 
substances. 

2. To develop a correlation for maximum heat 
transfer per drop. Preliminary results indicated 
that a maximum exists in the curve of heat 
transfer per drop vs. surface temperature. 

3. To determine the effect of variation of im- 
pact angle, defined as the angle between the 
normal to the heated surface and the drop 
velocity vector, on the heat transfer per drop. 

4. To develop a physical description of the 
process using the experimental data and obser- 
vations of the process. 

Experimentat apparatus and method 
The experimental apparatus is shown schema- 

tically in Fig. 1. The test surface was a 5 x 5 x 
O-25 in copper plate, nickel plated and polished 
to mirror finish, resting on a resistance heating 
element. Total hemispherical emittance of the 
surface was estimated to be less than O-10. 
Copper was chosen as the plate material in 
order to closely approximate an isothermal 
surface. The resistance heating element was a 
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A - TEST SURFACE 6 - HEATING UNIT C - INSULATION 

D - SUPPORTING EAR E - LEVELABLE PLATFTFORM F- WATTMETER 

G - AUTOTRANSFORMER H- FLUID SUPPLY I - HYPODERMIC 
NEEDLE 

J - THERMOCOUPLE 
LEADS 

K- REFERENCE BATH L - ~TENTIOMETRIC 
RECORDER 

FIG. 1. Schematic diagram of ex~rim~tal apparatus. 

750 W unit, and was controlled by a Variac. 
The plate-heater assembly was mounted on a 
levelable platform and hinged at one end to 
provide for variation in drop impingement angle. 
This angle could be varied in discrete increments 
of approximately 15” by adjusting the supporting 
bar provided, The entire assembly could be 
illuminated for observation purposes. 

The heated plate was ~strument~ with two 
30 gauge iron~onst~t~ the~o~uple~ One 
thermocouple was located at the geometric 
center of the plate, directly beneath the point of 
droplet impact, while the other was located one- 
half the plate width from the center. Thermo- 
couple outputs were recorded on a recording 
potentiometer accurate to kO.2 per cent of full 
scale. A Strobotac, accurate to + 5 per cent, was 
used in the determination of drop rates and 
impact velocities. The fluid reservoir temperature 
was measured with a rner~u~-~-glass thermo- 
meter. 

The test liquids were : 

1. Water: distilled, b.p. 1OOG’C 
2 Ethanol : reagent, b.p. 78.5°C 
3. Acetone: reagent, b.p. 56*5”C. 

The drop generator consisted of a fluid reser- 
voir supplying a hypodermic needle through a 
valved connecting line. The reservoir was 
operated at fixed head by the simple expedient of 
allowing the fluid to overflow at the desired level. 
The surplus fluid was recirculated by a low 
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pressure scavenge pump which picked up the 
overflow and returned it to the reservoir, Gross 
drop rate variations were obtained by adjusting 
the connecting line valve. Calibration runs made 
with the aid of a Strobotac indicated that for a 
fixed valve opening drop rates could be main- 
tained within 5 per cent of a typical value of 10 
drops per second with the constant head system. 
The actual drop formation occurred at the 
tip of ;~t hypodermic needle. Five stainless steel 
needles of 13,15,18,20 and 24 gauge were filed 
to a fiat tip and calibrated at room temperature 
by collecting at various drop rates known 
numbers of droplets in a container of known 
mass, then measuring the gross mass. All masses 
were measured with a precision beam balance, 
and therepeatabilityofthismethod wasexcellent. 
From this information the mean mass per drop 
and the corresponding mean drop diameter 
could be computed, and thus the variation of 
drop size with drop rate was obtained. An 
uncertainty analysis indicated that drop dia- 
meters determined in this fashion were accurate 
within 2 per cent for the worst case investigated. 
The results indicated that the size of water 
droplets decreased significantly with increased 
drop rate. A correction for this effect was made 
if the drop rate varied more than 10 per cent 
during an experimental run. Because of the 
relatively low surface tensions of acetone and 
ethanol,thesizesofdropletswiththesesubstances 
did not vary significantly with drop rate over 
the range investigated. 

than the length me~urement~ estimated at 
approximately 5 per cent. 

The initial step in the experimental procedure 
was that of obtaining a calibration of heater 
power consumption vs. steady-state plate tem- 
perature with no drops falling on the test 
surface. Such a curve represents total losses from 
heater system due to radiation and free convec- 
tion and was obtained by fixing the power 
input to the heater and noting the corresponding 
steady-state temperature. The curves in Fig. 2 

FIG. 2 Heater power consumption without droplet impinge- 
ment vs. steady-state test surface temperature for test 
surface inclinations of 0” and 45”; typical data taken with 

droplet impingement shown. 

The impact velocity of ~~~g~g droplets was were so obtained for the system under considera- 
varied by adjusting the height of the h~~e~~c tion. Variations in room temperature, power 
support above the test surface. The apparatus leads, and location did not change the cahbra- 
allowed a maximum drop velocity of approxi- tion measurably. However, variations in the 
mately 25 ft/s. impact velocities were estimated plate angle changed the heat transfer character- 
assuming free fall without drag and were istics of the system significantly, as shown by 
experimentally determined for each run by the curves for plate angles of 0” and 45”. Because 
means of a Strobotac and a calibrated height of the very high thermal-conductivity of copper, 
scale. The latter method involved determination steady-state temperature gradients in the plane 
of the time required for the droplet to traverse of the plate were found to be negligible. Thus a 
some small, observed final distance before single curve of power requirement versus steady- 
strikiug the plate. An uncertainty analysis state temperature is representative of all Ioca- 
indicated this method to be slightly less accurate tions on the plate. 
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With the drop generation apparatus set up to 
give a known drop size and impact velocity, and 
withthetestsu~ace~cl~edatsomekno~~gle, 
the flow of droplets was begun and a drop rate 
measurement made. The heater power input 
was then set, and when steady-state conditions 
were reached, corresponding thermocouple out- 
puts were recorded and the drop rate again 
determined and recorded. The power input 
was then changed and the process repeated, thus 
generating another curve of power requirement 
vs. steady-state tem~ratu~. A typical set of data 
points is represented by the circular symbols in 
Fig. 2. The net heat-transfer rate is defined as the 
difference between the power consumption 
with droplet impingement and the power con- 
sumption without droplet impingement, both 
powers being evaluated at the steady-state 
surface temperature in question. It was assumed 
that the total rate of heat transfer to the droplets, 
for a particular surface temperature, is given 
by the net heat-transfer rate. 

The dete~ination of heat-transfer rates is 
predicted upon the assumption that the steady- 
state temperature dist~bution in the heater 
system is not significantly affected by removal of 
heat from a small area at the center of the test 
surface. Thus losses from the system by the 
radiation and free convection modes are assumed 
to be the same at a given steady-state surface 
temperature, with and without droplet impinge- 
ment, so that the difference in power require- 
ment reflects only heat transfer to the impinging 
droplets. This assumption was verified by means 
of experimental tem~rature measurements and 
is valid because of the ability of the copper to 
rapidly conduct heat toward the point of drop 
impingement. In addition, the magnitude of the 
local temperature transient induced by the 
impinging droplet was estimated and found to be 
extremely small. 

The data obtained by the method described 
in the preceding sections were reduced to average 
heat transfer per drop by dividing the net heat- 
transfer rate by the rate of drop impingement: 
Q(heat transfer per drop)= 

P(with droplet imp~gement) 
- ~(without droplet impingement) 

N(drops per second) 

(1) 

The uncertainty in the value of heat transfer per 
drop computed by this method is a result of 
uncertainties in power measurements and drop 
rate measurements. For a typical set of data the 
uncertainty was found to vary from 5 per cent 
at the maximum value of heat transfer per 
drop to 10 per cent at the minims value 
measured. An exudation of Fig. 2 reveals that 
the difference between the power consumption 
with and without drop impingement is small 
compared to the power consumption itself, so 
that this uncertainty increases rapidly as the heat 
transfer per drop decreases. 

RESULTS AND DISCUSSION 

The ranges of experimental conditions are 
given in Table 1. A data point consists of a value 

Table 1. Ranges o~exp~ri~e~i~i condition for rhR i~dj~idual 
substances investigated 

Substance 
d 

(in) 
B 

(degrees) 
~- 

Water 0.112 --P 0.151 344 -. 16.75 6-74 
Acetone O*lOO -+ 0.143 5.55 -+ 19.50 13-59 
Ethanol 0.106 -+ 0,132 5.88 - 14.85 27-74 

_ ---:r ..__ .--. ::_-z ._ ~~~. 

of heat transfer per drop and the corresponding 
surface temperature. A minimum of nine such 
data points constituted a run. The heat transfer 
per drop was found to have a max~um value 
in the temperature range investigated. If neces- 
sary more data points were taken in order to 
satisfactorily define the magnitude and location 
of this peak value. The runs involving variation 
of drop rate, drop size, and drop impact velocity 
were made with the test surface at 27” angle 
with respect to the horizontal. This was done 
so that any splattered fragments striking the 
surface would rapidly roll off, thus minimizing 
secondary heat-transfer effects and assuring 
that the heat transfer measured was that of 



loo F. K. MCGINNIS. III and J. P. HOLMAN 

initial impact and disintegration. Throughout 
the experiment, care was taken to eliminate any 
spurious effects not directly associated with 
splattering. 

If the test surface were isothermal and if there 
were no droplet interference effects, then it 
would be expected that the heat transfer per 
drop would be independent of the number of 
drops striking the surface per unit time, other 
conditions being equal. However, if the drop 
impact results in a local temperature transient 
of sufficient magnitude and if the duration of the 
transient is long compared to the frequency 
of drop impact, then the effective surface tem- 
perature, and thus the heat transfer per drop, 
will be a function of drop rate. Obviously, such 
an effect is a function of the thermal response 
characteristics of the test surface. Thus a large, 
thick copper surface was chosen for use in the 
present work. The temperature depression for 
such a surface subjected to local heat removal 
of the order of magnitude of that encountered 
in this work was estimated and found to be 
negligible. A second possible effect of drop rate 
is that of droplet interference. As the drop rate 
is increased, subsequent droplets could collide 
with splattered fragments of preceding droplets, 
thus altering the heat-transfer process. Such an 
effect is inherent in the process and as such 
cannot be designed out of the experiment. 
Thirdly, at high drop rates the droplets produced 
could deviate significantly from a spherical 
shape, thus introducing another effect. 

For a typical condition of water droplet 
size and impact velocity, values of heat trans- 
fer per drop were obtained as a function 
of saturation temperature excess for nominal 
drop rates of 5, 10 and 15 drops per second. 
The drop rate range investigated was limited by 
inaccuracies in heat-transfer measurements at 
low drop rates and by non-uniformity of droplets 
generated at high drop rates. The results are 
shown in Fig. 3. A slight decrease in heat transfer 
per drop is noted as the drop rate increases. 
However, this decrease is attributed to the de- 
crease in size of water droplets generated with 
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FIG. 3. Effect of drop rate on the curve of heat transfer per 
drop vs. saturation temperature excess. Water droplets, 

d = 0,112 in, V = 7.75 ft/s, and 0 = 27 

increasing drop rate as previously described. 
Observations of the falling droplets made with 
the aid of the Strobotac revealed no perceptible 
change in sphericity at high drop rates and high 
impact velocities. Thus the effects of drop rate 
variation discussed in the preceding paragraph 
are not believed to be significant in this experi- 
ment. 

Under conditions of constant impact velocity 
and constant impact angle, data were taken for a 
total of twelve combinations of drop size and 
drop substance. In each case the peak values 
of heat transfer per drop occurred at a saturation 
temperature excess of approximately 300 deg F. 
The drop diameter range investigated is equiva- 
lent to a fourfold change in drop volume. The 
results indicate that the peak heat transfer per 
drop is proportional to the drop diameter to a 
power slightly greater than three. This result is 
verified by assuming total evaporation and 
noting that in that case the heat transfer per drop 
increases in direct proportion to the mass 
available for evaporation and thus in direct 
proportion to the cube of drop diameter. The 
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qualitative effect of changes in drop substance 
would seem to be that of enthalpy of vaporiza- 
tion. The higher the enthalpy of evaporation, 
the higher the heat transfer per unit mass evapor- 
ated, and this trend is present in the data. 

With drop size and impact angle held constant, 
data were taken for ten values of water droplet 
impact velocity, four values of ethanol droplet 
impact velocity, and four values of acetone drop- 
let impact velocity. The trend of the data indi- 
cates that the heat transfer per drop increases in 
direct prounion to impact velocity until some 
critical velocity is reached, after which it begins 
to decrease. This result is explained as follows. 
Using the results of [5], one may show that the 
area over which an impacting droplet has 
spread at a given time after impact is a mono- 
tonically increasing function of the normal 
component of impact velocity. This result was 
verified by observations made with the aid of a 
Strobotac during the course of the present work. 
The Strobotac was used to “stop” the falling 
droplets just after impact, and the radius of the 
spreading liquid film was seen to increase with 
increasing velocity. However, the time increment 
over which the heat-transfer process occurs 
decreases with increasing velocity as a result of 
the tendency of the droplet to shatter. Thus at 
some critical velocity the effect of decreased 
contact time exceeds the effect of increased 
area, and the total heat transfer then decreases 
for further increases in velocity. If the results 
obtained are directly extrapolated to zero 
impact velocity, a zero value of heat transfer 
per drop is indicated. This result is consistent 
with the experimental condition of 27” plate 
angle. As the impact velocity approaches zero, 
the droplet deforms less and less and finally 
simply slides off the test surface, supported by a 
vapor film, with negligible heat transfer. If the 
impact surface were absolutely horizontal and 
if the impact velocity were zero, then the non- 
disintegrating droplet would remain on the hot 
surface until it completely evaporated, thus 
yielding the maximum heat transfer per drop 
cor~sponding to the Leidenfrost problem. 

This special case has been widely investigated 
and was therefore not considered in the present 
work. 

A general expression for values of peak heat 
transfer per drop in terms of impact velocity, 
drop size, and pertinent thermophysical proper- 
ties would be of use in the application of the 
spattering process to practical problems. The 
appearance of the data discussed in the pre- 
ceding paragraphs indicate that such an expres- 
sion exists. A similitude analysis of the pertinent 
physical quantities yields the following expres- 
sion : 

where the modified heat of vaporization J is 
defined as follows : 

T-T 
l=h,+cp”y (3) 

and thus represents the energy required to 
vaporize a unit mass of saturated liquid and 
superheat the resulting vapor by one-half the 
saturation temperature excess. Since the process 
under consideration is a .form of film boiling, 
the parameter d represents the energy content per 
unit mass of the generated vapor and is (therefore) 
the appropriate quantity for use in the normaliza- 
tion of the heat transfer data. The left-hand 
grouping in equation (2) represents the dimen- 
sionless heat transfer per drop and is a measure 
of the fraction of the droplet evaporated. The 
first grouping on the right-hand side of the 
equation is recognized as the Weber number 
and as such it characterizes the deformtion of 
the droplet on impact. 

The absence of viscosity from the correlation 
is a result of the dominance of inertial and surface 
tension forces in the deformation process. For a 
typical set of experimental conditions, inertial 
forces were estimated to be greater than viscous 
forces by some three orders of magnitude, and 
surface tension forces were estimated to be 
greater than viscous forces by two orders of 
magnitude. 
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Making use of the~ophysical properties 
from [I4-161 values of the four dimensionless 
groups in equation (2) were computed for each 
of the twenty-seven maximum heat-transfer 
data points described in the two preceding 
sections. Vapor properties were evaluated at 
atmospheric pressure and at the arithmetic mean 
of surface and saturation temperatures, defined 
as the film temperature and denoted by the 
subscript F : 

The results are shown in Fig. 4. The five data 
points representing the highest impact velocities 
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FIG. 4. Correlation of peak heat transfer per drop, B = 27”. 

investigated exhibit the decrease in dimension- 
less heat transfer per drop noted previously. 
These data points were set aside and a straight 
line fitted to the remaining data by the method of 
least squares. The resulting fit is shown in Fig. 4, 
and the data points fall within 10 per cent of that 
line. Thus the expression 

j!$+.Lf.q10-4) !!?i!E! 

0.341 

( 1 

(5) 

Pv#JSC 

is an excellent representation of the data 
obtained for maximum splattering heat transfer 
with values of the independent variable in the 
range of lo’-10’. This expression will over- 
predict at higher values of the independent 
variable but extrapolation to lower values seems 
reasonable. 

Obviously, a maximum value of the dimen- 
sionless heat transfer per drop exists. The 
quantity np,d3A/6 is the energy required to 
evaporate the entire droplet and superheat the 
vapor to the mean of surface and saturation 
temperature, by definition of L Thus, the maxi- 
mum possible value of the dimensionless heat 
transfer per drop is 7c/6 and is shown as such in 
Fig. 4. 

The efficiency of the splattering process is 
defined as the ratio of observed dimensionless 
heat transfer per drop to this maximum possible 
dimensionless heat transfer per drop : 

Q e~iciency = (7L/6) pLd3i. 

A simple calculation based on the data of Fig. 4 
inidicates that the maximum efficiency of the 
process is approximately 50 per cent for the case 
of the 27” impact angle. The efficiency based on 
peak value drops off to about 20 per cent at the 
lower velocities investigated. In addition, the 
efficiency of the process decreases rapidly as the 
surface temperature rises above or falls below the 
peak value. However, the above mentioned 
values of efficiency correspond to a single, initial 
impact. In a practical application subsequent 
impacts of splattered fragments would increase 
the overall efficiency. 

The above correlation for peak heat transfer 
per drop also provides a means for normalizing 
the data for heat transfer per drop as a function 
of saturation temperature excess. As mentioned 
above, these curves peaked at a saturation 
temperature excess of approximately 300 degF, 
the reasons for which will be discussed in the 
next section. Thus a pIot of 
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Q lnax 

p_c d3a 
844(10-4) E 

( ) 

o-341 

E 

vs. saturation temperature excess is a satis- 
factory technique for normalizing all the heat 
transfer data. Such a plot is presented in Fig. 5. 
The data points for the twenty-two runs used 
in obtaining the peak value correlation are 
shown, and the degree of normalization is 
satisfactory. No explanation is available for the 
trend of the acetone data toward higher values 
in the lower portion of the temperature range ; 
however, the agreement at higher temperatures 
is very good. 

The effect of impact angle, defined as the 
acute angle between the drop velocity vector 
and the normal to the test surface, was the 
subject of a separate investigation. For con- 
ditions of constant drop size and impact 
velocity, data were obtained for twelve com- 
b~ations of impact angle and drop substance. 
The rn~irn~ angle investigated was 6”, while 
the maximum angle obtainable with the ap- 
paratus was 74”. It was desired to normalize 
the resulting values of peak transfer per drop 
with respect to the value at zero impact angle 
so that the angular dependence could be more 
readily observed. This was accomplished by 
first extrapolating the data in the form of 
dimensionless heat transfer per drop to zero 
impact angle, then normalizing the data with 
respect to the value so obtained. The results 
are shown in Fig. 6. The normalized angular 
dependence illustrated in Fig. 6 is not a simple 
one. However, observations made during the 
course of the experiments provide some insight 
into the physical nature of that dependence. 
At very small impact angles, corresponding to 
glancing impact, the droplet tends to smear 
out over the surface thus increasing the area 
for heat transfer. At intermediate impact angles 
neither of these effects appears to be significant, 
so it is logical to conclude that the variation 
in this region is a function of the normal 
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FIG, 5. Normalized data, heat transfer per drop vs. saturation 
temperature excess, @ = 27.. 

velocity component. But the dimensionless heat 
transfer per drop is known from the preceding 
section to be a function of V”-682, and thus the 
normal velocity effect is that of (cos @“.682. 
A curve of this function dependence was fitted 
through data points for intermediate angles 

I I I 
0 M 60 90 

6 deg 

FIG. 6. Effect of impact angle on peak heat transfer per drop. 
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and is shown in Fig. 6. The deviation from this through the upper surface of the liquid layer. 
curve is due to increased residence time at small Thus z is strongly dependent upon the rate of 
impact angles and increased contact area at vapor generation and consequently dependent 
large impact angles. upon virtually all the variables of the problem. 

Analysis of the splattering heat transfer process 
Observations made during the course of the 

present work indicate that the heat transfer 
mechanism is that of conduction across a vapor 
film, so that the instantaneous heat-transfer rate 
may be approximated by : 

4= 
kd AT, 

6 . 
(7) 

The vapor thermal conductivity is a function of 
temperature alone if it is assumed that the 
process takes place at atmospheric pressure. 
The area for heat conduction is a function of 
time as a result of the spreading of the droplet, 
while the temperature difference across the 
vapor film is a constant for a given hot surface 
temperature since the liquid is vaporizing at 
saturation conditions. The tactic assumption is 
made that the liquid adjacent to the hot surface 
rises to the saturation temperature immediately 
upon contacting the hot surface. The effective 
conduction distance 6 is a function of time and 
is also coupled to the heat-transfer rate through 
the rate of vapor generation. This distance is, 
in reality, a function of radial location from 
the point of impact, but for this analysis it will 
be taken as some average value. Obviously, 
this description applies to some particular set 
of experimental conditions: drop size, impact 
velocity, and impact angle. The total heat 
transfer during the process is thus given by : 

I 

Q= qdt= 
s s 

’ k,,&tWG dt 

@t) 
(f-9 

0 0 

where the quantity T is the contact time. This 
time is defined as the time increment beginning 
with first contact and ending with the termina- 
tion of heat transfer. As mentioned previously, 
the heat-transfer process is terminated by the 
penetration of vapour bubbles, large and small, 

Some quantitative aspects of the behavior 
of the parameters upon which the total heat 
transfer per drop depends will now be discussed. 
The area covered by the spreading liquid can be 
approximated by the results of [Sj which were 
derived for a droplet striking a cold surface. 
These results were reduced during the course 
of the present work to the form: 

A = CtdV1.5 (91 
where C is a constant depending on the liquid 
properties, t is the time elapsed since initial 
contact, V is the normal impact velocity, and 
d is the diameter of the undeformed droplet. 
An expression for the effective conduction 
distance 6 can be obtained by assuming that 
at any instant all the vapor generated since 
the initial impact is contained in the region 
beneath the spreading droplet. The assumption 
is made that all the heat transferred across the 
vapor gap is used in vapor production. This is 
an approximation since some of the heat 
transferred increases the sensible heat content 
of the remaining liquid. However, inclusion of 
this effect complicates the analysis and does 
not alter the general nature of the information 
obtained since the sensible heat increase amounts 
to only approximately 20 per cent of the total 
heat transferred. Thus conduction into the 
liquid is not considered, and the following 
integral equation results : 

f 

PVFAS = s kYFAq ‘A 
;dt=- 

s 
s dt. (10) 

0 0 

Since A is a known function of time through 
equation (9), this equation is at least in principle 
soluble. If the thermal properties are assumed 
to be functions of temperature alone, the follow- 
ing solution is obtained : 

(11) 
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Thus the effective thickness of the vapor layer 
increases with the square root of time. With 
this information, an expression ‘for the total 
heat transfer per drop can be obtained : 

Q = [q dt = (~C2kyF~vF~AT~2V3~3)o’s. (12) 

However, this expression contains one final 
unknown, the contact time r. As mentioned 
previously, this quantity is itself a complex 
function of the heat-transfer rate, the impact 
velocity, and the droplet size. A number of 
possible criteria for the determination of the 
contact time were investigated, including the 
following : contact time dependent upon a 
critical thickness of the vapor layer, contact 
time dependent upon a critical rate of growth 
of the vapor layer, and contact time dependent 
upon a critical ratio of liquid layer thickness 
to vapor layer thickness. None of these simpli- 
fied approaches yield results for the variation 
of total heat transfer per drop with temperature 
approximating the experimental results. Thus, 
it appears that the termination of the heating 
process is a subject requiring additional, de- 
tailed study. Nevertheless, the equation for 
total heat transfer per drop shown above 
provides useful information as to the depen- 
dence of that quantity on the variables of the 
process. 

With the aid of the preceding results, the 
important features of the heat transfer per drop 
vs. saturation temperature excess curves can 
be discussed. The effect of temperature is 
present in the thermal properties, in the tem- 
perature excess explicitly, and in the contact 
time in some unknown form. Referring to 
Fig. 5 the ~hara~te~sti~lly pronouns peak in 
the curve of heat transfer per drop vs. saturation 
temperature excess is seen. The results of the 
preceding paragraph indicate that the heat 
transfer is dependent upon the product of 
vapor density, vapor thermal conductivity, and 
the parameter R which is defined by equation (3). 
This product was evaluated and found to be a 
fairly weak function of temperature. Thus the 

peak in the heat-transfer curve is primarily a 
result of the opposing effects of increasing 
thermal driving force and decreasing contact 
time. 

it is apparent that the quantity of heat 
transferred to a droplet will again increase as 
the surface temperature falls below the minimum 
value investigated. Below some critical tem- 
perature the droplet will begin to wet the surface 
and will ultimately undergo complete evapora- 
tion. However, in that situation the rate of 
heat transfer will be small, the relatively long 
contact time being determined primarily by 
droplet mass rather than by droplet size and 
impact velocity. Finally, since the contact 
time does not vary greatly over the range of 
conditions investigated in the present study, 
the variation of splattering heat flux with surface 
temperature is qualitatively similar to that of 
heat transfer per drop. 

The fact that the peak value of heat transfer 
per drop occurs at a saturation temperature 
excess of approximately 300 degF for all three 
fluids investigated is also of interest. It was 
suggested above that the contact time is 
determined in some complex way by the rate 
of growth of the vapor layer and thus by the 
time rate of change of the parameter 6. Thus the 
critical value of contact time, after which the 
total heat transfer begins to fall off, should have 
a thermal property dependence similar to that 
of S. This dependence was found above to be 
of the form k,,/p,& Referring to Fig. 7, it is 
seen that this parameter has similar values 
and similar thermal variation for all three 
substances investigated. As a matter of interest, 
values of this product for Freon 12 are also 
plotted in Fig. 7 and are seen to be of the same 
magnitude as those of the fluids investigated. 
Thus, the peaking at a common value of 
saturation temperature excess for different fluids 
is reasonable well explained, and subsequent 
investigations may well show the same effect 
for other fluids 

The question arises as to whether or not 
this peaking effect can be compared to the 
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FKL 7. The parameter k,,,, vs. saturation temperature 
excess, P = 1 atm. 

phenomenon of burnout in a conventional 
pool boiling process. The two effects are similar 
in that they involve the isolation of the liquid 
phase from the hot surface by the presence of a 
vapor layer. However, the peaking temperature 
for the splatte~ng process is some 200 degF 
higher than that of burnout. 

An estimate of the order of ma~it~de of the 
peak heat flux in splattering can be made with 
the aid of certain simplifying assumptions. If 
the characteristic area is assumed to be the 
cross-sectional area of the impinging droplet, 
and if the heat transfer rate is taken as the total 
heat transfer distributed over a typical contact 
time of 1 ms, then the peak heat flux is given by 

where the numerical estimate is based on the 
data of a typical water droplet run, One milli- 
second is the approximate time necessary for a 
typical droplet to traverse a distance equal 
to its diameter. This value of splattering heat 
flux is some two orders of magnitude greater 
than typical values of pool boiling burnout 
heat flux. It is believed that the unconfined 
nature of the splattering process accounts for 
these differences. Since a portion of the vapor 
generated escapes from beneath the spreading 

Iiquid and since a portion of the energy trans- 
ferred manifests itself as kinetic energy of the 
splattered particles, the heat transfer rate, and 
thus the temperature excess, necessary to achieve 
the critical rate of vapor generation is greater 
than for pool boiling. 

1. The quantity of he& transferred during the 
splatte~ng process exhibits a very definite 
max~um with respect to surface temperature. 
This maximum occurs at a ~tura~on tempera- 
ture excess of appr~x~ately 300 degF for the 
substances tested. 

2. Experimental observations and the results 
of a simplified analysis indicate that this 
maximum is a result of the opposing effects of 
increasing thermal gradient and decreasing 
droplet contact time. In addition, the analysis 
shows that the temperature excess at which 
the maximum occurs is a function of the thermal 
property grouping kYF/pYF,X This grouping 
has numerically similar values for the substances 
tested, thus explaining the peaking of heat- 
transfer curves at a common temperature excess. 

3. The magnitude of the maximum heat 
transfer per drop is given within 10 per cent of 
the experimental results by 

for values of the independent variable in the 
range of t05--10’ and for an impact angle of 
27”. The above equation is also used to satis- 
factorily normalize curves of heat transfer per 
drop versus saturation temperature excess. 

4. The efficiency of the process, defined as the 
ratio ofactual heat transfer per drop to maximum 
possible heat transfer per drop is on the order 
of 50 per cent for a single collison. Subsequent 
collisions of splattered particles with the hot 
surface tend to increase the overall efficiency. 

5. The effect of impact angle can be satis- 
factorily accounted for by use of the normal 
c~rn~~nent of impact velocity_ At the extremes 
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of impact angle, ~orres~nd~g to head-on and 7. A. ACRIVOS, J. E. AHERN and A. R. NAGY, JR., Research 

glancing collisions, secondary effects tend to 
increase the heat transfer per drop. 

investigations of two~om~nent heat transfer, Aero- 
space Research Laboratories Report ARL 64-116 
(1964). 

It must be emphasized that there are many 8. M. E. GOLDSTEIN, W. J. YANG and J. A. CLARK, 

aspects of the splattering process itself which Boundary layer analysis of two-phase (liquid-gas) flow 

are not yet fully understood, particularly the 
over a circular cylinder and oscillating flat plate, 

complex mechanism of droplet disintegration. 
Aerospace Research Laboratories Report ARL 66-0010 
(1966). 

Subsequent work will logically include investiga- 9. J. D. PARKER and R. ‘I. GROSH, Heat transfer to a mist 

tions of multiple collisions, such as would be 
flow, AEC Report ANL-6291(1961). 

experienced by a droplet injected into an 
10. P. SAVIC, The cooling of a hot surface by drops boiling 

in contact with it, National Research Council of 

enclosure. In addition, experiments with num- Canada Report MT-37 (1958). 

bers of droplets, perhaps in channel flow, will 
If. K. J. BAUMEISTER, R. C. HENDRICKS and T. D. HAMILL, 

Metastable Leidenfrost States, NASA TMX-52177 
provide info~ation about interference effects. (1966). 

12. G. J. SCI~OESSOW, D. R. Jaw and K. J. BAUMEISTER, 
Leidenfrost Film Boiling of Drops on a Moving Surface, 
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Resume-Une etude experimentale du clapotis et du rebondissement de gouttelettes d’eau, da&one et 
d’alcool & partir dune plaque chaufftx: mvele que le transport de chaleur par goutte presente un maximum 
pour un ex&s de temperature d’environ 165°C et qu’il existe und corr6lation satisfaisante pour ce 
maximum : 

L’effet de l’angle d’impact est egalement etudie et le rbultat general est que la composante normale de la 
vitesse est le facteur important. Une courbe de flux de chaleur normalid en fonction de l’ex& de tempera- 
ture est pr6sentQ pour les fluides essay&. On suppose que le maximum de transport de chaleur resulte 
des effets contraires de l’augmentation du gradient thermique et de la d&croissance du temps de contact 

de la gouttelette dans le processus de clapotis. 

Zusemmenfassung-Eine experimentelle Untersuchuna beim Auseinandersnritxen und Sarineen von 
Triipfchen aus Wasser, Aceton und Alkohol auf einer-geheixten Platte xeigty dass der W&ne&ergang 
pro Tropfen ein Maximum bei einer ~rtemperatur von ungefahr 300°F (149°C) aufweist. Folgende 
Bexiehung gibt dieses Maximum hinreichend wieder : 
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s = 8,44.(10-4f s 
0,341 

i > C 

Eine Untersuchung des Aufpraliwinkels ergab, dass nur die normale Komponeute der Geschwindigkeit 
bedeutsam ist. Eine geghittete Kurve des Wlrmestroms iiber der Ubertemperatur filr diese Flilssigkeiten 
wird geprllft. Das Maximum des Wllrmeiibergangs wird als abhiingig von den gcgen&uligen Effekten des 
steigenden Temperaturgradienten und der abnehmenden Kontaktzeit beim Prozcss des Auseinander- 

sptitxens angenommen. 

~HEOT~~EJi-~KCnep~MeHTanbso~tr3yYeH~eTe~nOObMeHae~IZHElYHbIXlE~neJIbBO~bI,aqeTOHa 
14 cmpTa, 0TcKamBam~tix 0T HarpeTol macTmm noKaaan0, YTO M3KGHMaJlbHaR IIHTeH- 
CLiBHOCTb IIpOqeCCa Ka6mofiaeTcfI RpAMepHO npll 300’ Ei XOpOrUO aIliIpOKCllMMpyeTCR IIpea- 
JItWaeMbIM ypaBHeHSieM 

Q -__ff%_ = 3,44. (10-4) 
p,d3A 

fCpOMe TOFO, I53yYaZlOCb BJIWiHHe yl'jra CTO~KHOBeH~K,~ Qe3laH BlZ?KHhI2t BblBOg 0 TOM, 9TO 

HOpMaJlbHaff KOMl-lOHeHTa CKOpOCTIl OK33bIBaeT CyIQeCTBeHHOe BJiMRHKe. &IS4 Ef3YW?HHhlX 

?Hll~IiOCTeti IIpr?BO~~TC~ HpHBtM M3MeHf?HIlR Tf?IIJIOBOI’O IIOTOKa B 3aBHCkfMOCTiS OT TeMIIepaTyp. 
MaKcmfyM TennOO6MeHa O@bHCHUeTCi2 BO3AeiCTBHeM npOTABOIIOJiOHEHbiX B@$eHTOB- 
J'BeJIUYeHiiH TeMllepaTypHOrO I'paAIleHTa II yMeHbIUeHRR BpeMeHM KOHTaKTa KalleJIb flpPl 


