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Abstract—Still and high-speed photographic techniques were used to record the impact behavior of water
droplets on a hot aluminum surface. Drop velocity and surface temperature were two important parameters
governing both the impact behavior and ensuing heat transfer. Droplet Weber numbers of 20, 60 and 220
identified three major classes of impact behavior, while surface temperatures ranging from 280 to 100°C
were used to define heat transfer regimes corresponding to film boiling, transition boiling, nucleate boiling,
and film evaporation. Temperatures corresponding to the critical heat flux and the Leidenfrost point
showed little sensitivity to both droplet velocity and impact frequency. The photographic results and heat
transfer measurements were used to construct droplet impact regime maps which identify the various
boiling regimes for each of the three Weber numbers. These maps serve as a new useful foundation for
understanding droplet impact behavior as well as future analytical or numerical modeling of droplet and
spray heat transfer. Copyright © 1996 Elsevier Science Ltd.

1. INTRODUCTION

Intense cooling is widely used in two main types of
applications, those demanding rapid cooling from
high temperatures, such as quenching of aluminum
and steel, and those requiring steady removal of con-
centrated heat loads, such as the cooling of lasers and
electronic devices. Recent advances in these appli-
cations are demanding both enhanced heat removal
rates and better surface temperature control. While
flow boiling techniques such as jet impingement have
shown promising results in dissipating high heat
fluxes, they produce very uneven cooling because of
the large spatial variations in heat flux between the
impingement zone and surrounding surface. Not only
does spray boiling greatly increase spatial cooling uni-
formity relative to jet impingement, but it also offers
the benefits of adaptability to different cooling situ-
ations as well as savings in flow rate requirements.
These attributes have made spray cooling the
method of choice in many heat treating operations,
especially those involving aluminum alloys. During
solution heat treating, metallic alloy parts are first
preheated to a temperature slightly below the melting
point in order to dissolve the alloy solutes into the
primary metal matrix (aluminum). The part is then
rapidly quenched in order to freeze the solid micro-
structure attained during the preheating process.
Finally, the part is reheated to some intermediate tem-
perature to allow the hardening solutes to coalesce
into sites which are finely and uniformly dispersed
within the grains of the primary metal. These finely
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dispersed solutes act as dislocation barriers, resisting
deformations resulting from externally applied forces
and resulting in a material with high strength and
hardness.

Slow (poor) quenching can have disastrous conse-
quences in heat treating, as it may allow massive pre-
cipitation of the solutes along grain boundaries
instead of fine dispersion within the grains themselves.
The result is a material with very poor strength and
hardness. Therefore, the implementation of spray coo-
ling in any heat treating operation demands a sys-
tematic methodology for predicting both the temporal
and spatial variations of heat flux across the spray
impact area.

Boiling curve vs cooling curve

To understand how variations of the cooling heat
flux influence metallurgical microstructure and resuit-
ing material properties, consider first the simple ref-
erence case of a small (isothermal) mass being
quenched from a high initial temperature in a stagnant
bath of liquid. As the liquid comes into contact with
the hot surface, the heat transfer rate is governed by
fluid and solid thermal properties as well as surface
roughness and temperature. The surface temperature
is generally noted as the single most important par-
ameter in quenching and is used to define the four
distinct heat transfer regimes of the boiling curve as
shown in Fig. 1a: (1) film boiling, (2) transition boil-
ing, (3) nucleate boiling, and (4) single-phase liquid
cooling. Interestingly, as will be illustrated later, the
general shape of the boiling curve for a spray is very
similar to that for a stagnant bath.

While the boiling curve has found wide use in most
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NOMENCLATURE
a, b  empirical constants n viscosity
¢ specific heat P density
d, droplet diameter just prior to impact a surface tension
k thermal conductivity T, contact period from onset of impact to
R film radius onset of rebound
Re droplet Reynolds number (g, d,/ 1) T period from onset of impact to boiling
R... maximum film radius incipience
to droplet radius just prior to impact ¢¥  nondimensional height of drop/
T temperature film.
t time from onset of impact
tmax  time from onset of impact to instant of
maximum film spread Subscripts
" normalized time parameter (d,/u,) CHF critical heat flux
U, droplet velocity just prior to impact f liquid
We  droplet Weber number (pu’d, /o). MIN minimum heat flux
(Leidenfrost condition for
Greek symbols dropiets)
AT, excess liquid saturation temperature 0 initial
(T,—T.) s solid surface.

boiling studies, the temperature—time or cooling curve
shown in Fig. 1b is more frequently used in quenching
studies. The curve displays the cooling history for the
surface and exhibits the four heat transfer regimes
identified on the boiling curve. The patterns of liquid—
surface contact and ensuing heat transfer are charac-
teristically different in each of the four regimes. Cool-
ing commences at a relatively slow rate in the film
boiling regime, where the liquid is separated from the
surface by a continuous vapor blanket. Liquid—solid
contact, both partial in the transition boiling regime
and more abundant in the nucleate boiling regime,
greatly accelerates the cooling process in the respective
regimes. Cooling finally subsides in the single-phase
liquid cooling regime as bubble activity completely
ceases.

As will be illustrated later, the cooling curve for a
spray-quenched surface is similar in shape to that
for bath quenching despite drastic differences in the
liquid-solid contact pattern between the two cases. As
in bath quenching, spray quenching commences with
a relatively slow rate of cooling, apparently due to a
very rapid development of a thin vapor layer which
cushions the spray droplets from the surface upon
impact. The film boiling regime persists from elevated
surface temperatures down to a lower limit commonly
referred to as the minimum heat flux or Leidenfrost
point (LFP). Below this temperature limit exists the
transition boiling regime, in which the droplets begin
to effectively wet the surface resulting in higher heat
transfer rates and a faster decrease in the surface tem-
perature. As the surface temperature decreases in the
transition boiling regime from the LFP, the heat trans-
fer rate increases as more efficient surface wetting and
boiling occur. At the lower temperature boundary of

the transition boiling regime, the critical heat flux
(CHF), virtually the entire surface becomes available
for wetting by liquid and heat transfer rate reaches a
maximum. This maximum heat flux point corresponds
to the inflection point or the steepest portion of the
cooling curve. In the nucleate boiling regime below
the CHF temperature, heat transfer rate decreases
with decreasing surface temperature as bubble for-
mation becomes less abundant. The lower boundary
of the nucleate boiling regime is determined by the
minimum surface superheat required to sustain vapor
bubble nucleation and growth within the impinging
droplets. Below this limit exists the film evaporation
regime which replaces the single-phase liquid cooling
regime associated with bath quenching. In this regime,
heat from the surface is conducted through the liquid
film and dissipated by evaporation at the liquid—gas
interface. This regime, which is characterized by long
evaporation times, can exist even several degrees
above the liquid saturation temperature, depending
on the surface roughness and liquid properties.

The aforementioned detrimental precipitation of
solutes along grain boundaries which results from
poor quenching in heat treating operations is pri-
marily the result of the poor heat transfer rate associ-
ated with film boiling, as virtually all of this pre-
cipitation occurs at high temperatures corresponding
to the film boiling regime [1, 2]. Two methods of
precluding such massive precipitation are to increase
the cooling rate associated with the film boiling regime
or to attain the Leidenfrost condition at relatively
high temperatures, in order to take advantage of the
faster cooling rate possible in the transition boiling
regime.

Despite similarities in the shapes of the boiling curve
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and cooling curve for spray quenching compared to
those for bath quenching, there exist many fun-
damental differences. The spray liquid comes into con-
tact with the solid surface in the form of discrete
droplets which can be statistically characterized with
respect to diameter and velocity. The rate of droplet
arrival per unit area is governed by an important spray
parameter called volumetric flux (volume flow rate
of spray liquid per unit area per unit time). While
significant work has been performed in the past to
correlate data for single droplet impact or for sprays,
to the authors’ knowledge, no-one has successfully
bridged the gap between the two extremes in pursuit of
a closure model for spray cooling. In the next section,
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reviewed and the fundamental questions pertaining to
this type of closure modeling identified as a basis for
the present work.

Droplet impact literature

Most of the research performed in the area of spray
heat transfer has been empirical in nature. While the
results from such studies may be beneficial for specific
applications, they are generally lacking in general
applicability. This review begins with a discussion of
the important issues involved with the filuid and heat
transfer characteristics of both sessile (stationary) and
impinging droplets.

Sessile droplet behavior has been investigated

literature concerning droplet heat transfer will be extensively by several researchers. Analytical
(a) o O(D o
o% ©o o Vapor
I
Single- Nucleate Transition Film
Phase Boiling Bolling Bailing
Regime Regime Regime Regime
A A A A
Isolated { I Jets and
Bubbles — L Columns
o
o
Lo
Critical Heat Flux, q"
OF
x
=
TR
®
(Y]
I
]
=
A Minimum Heat Flux
. or Leidenfrost Point
Incipience of q"
Nucleate Boiling MIN
log AT,

Wall Superheat AT aat

Fig. 1. (a) Boiling curve and (b) corresponding cooling curve for a small solid object in a stagnant bath of
liquid. (Continued overleaf.)
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approaches were presented in refs. [3, 4] to predict the
thickness of the vapor layer separating a hemi-
spherical liquid droplet from a hot surface during film
boiling. Gorton [5] found experimentally that, in film
boiling, the vapor film thickness between a sessile
droplet and the surface increases and the heat transfer
coefficient decreases with an increase in surface tem-
perature. Guided by a theoretical analysis, Baumeister
et al. [6] developed a dimensionless correlation for the
vaporization times of discrete liquid masses in the film
boiling regime. These four studies are fundamental
in nature and lay groundwork which may help in
modeling spray heat transfer once the effects of impact
velocity and droplet frequency are better understood.

Experimental research on the impact and defor-
mation behavior of a liquid droplet impinging upon a
heated surface has relied heavily on high speed pho-

tography. In one of the most widely cited studies on
droplet impact, Wachters and Westerling [7] observed
that the impact and breakup of water droplets striking
a 400°C horizontal surface (corresponding to the film
boiling regime) could be grouped into three general
categories depending upon the droplet Weber number,
We, which is defined as the ratio of droplet inertia
forces to surface tension forces.

2
odo
We:i’fua—. (1)

In the low Weber number regime, We < 30, the
droplet was observed to spread out radially upon
impact into a flat disk with a fairly uniform thickness.
After extending itself fully, the liquid regrouped under
the action of surface tension forces into a globule
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which rebounded off the heated surface. In the mid
Weber number regime, 30 < We < 80, the droplet
underwent similar behavior as the lower Weber num-
ber case except that, upon shrinking and rebounding,
the droplet split into a large globule and a small spheri-
cal satellite droplet. Finally, in the high Weber number
regime, We > 80, upon impact, the droplet began to
spread out radially into a flat disk, the rim of which
broke into several small droplets which quickly dis-
persed away from the rim. The flat disk itself then
broke up violently into many small droplets.

These observations were confirmed later by Bolie
and Moureau [8] who employed high-speed film-based
photography (7000 frames s~') to investigate droplet
impact for surface temperatures in the range of 800—
1200°C ( film boiling regime) and We of 1-1500. Akao
et al. [9] also performed photographic studies to deter-
mine the deformation behavior of water, ethanol, and
acetic acid droplets impacting a horizontal surface at
400°C. These droplets also appeared to fit into the
three general Weber number categories identified by
Wachters and Westerling [7]. The maximum radius of
the radially flowing thin film, the residence time of the
droplet on the surface, and the heat transmitting area
integrated over the residence time were all correlated
by Akao er al. with respect to Weber number.

Observations by Savic and Boult [10] and Toda [11]
indicate for droplets with We > 80 impacting a cold
plate (1, = 20°C), the rim of the spreading film follows
the surface before breaking up. Engel [12] investigated
the impact of water droplets on a glass surface at room
temperature using both high-speed photography and
Schlieren photographic techniques. In addition.
chemical tracing techniques were used to show how,
during impact, the droplet spreads out into a thin film
composed of radial arms which increase in number
with increasing drop size and velocity. Engel observed
the rim of the spreading film was thicker than the inner
portion of the film and surface roughening promoted
droplet breakup. She presented a relation for film
spreading radius as a function of time for all times
after the droplet dome had disappeared until the time
maximum spreading had been reached.

Kurokawa and Toda [13] observed the impact of
single droplets onto a glass surface at room tem-
perature using water, ethyl alcohol and mercury for
Weber numbers ranging from 150 to 750. The typical
behavior of the impacting droplets was similar to that
reported by Bolle and Moureau [8]. They also
employed a numerical scheme for moving boundary
problems to solve the governing continuity and
momentum equations. Their numerical predictions of
film radius vs time compared fairly well with their
experimental data.

In a recent fairly comprehensive photographic
study, Chandra and Avedisian [14] investigated the
influence of surface temperature on droplet impact
dynamics. Using flash photography, they observed the
liquid film spreading structure and spreading rate.
vapor bubble formation, and contact angle for n-hep-

tane droplets with We = 43 impinging upon a pol-
ished stainless steel surface. They determined all these
impact characteristics were highly temperature depen-
dent over the range of 24-250°C.

Contact areas and the film radius time dependence
are crucial to modeling droplet heat transfer. In
addition, periods of the various stages of the impact
must be known. Akao et al. [9] presented a film boiling
regime correlation for the droplet residence time,
defined as the time elapsed between the droplet’s
attainment of and detachment from the surface.
Wachters and Westerling used the first order period
of a freely oscillating droplet to describe the residence
time. Akao er al. and Senda et al. [15] found this
relation did not hold well under experimental
conditions. Senda et al. showed graphically the exper-
imental residence time for water droplets impinging a
heated surface (150 < T, < 400°C) is about half of the
first-order period of a freely oscillating droplet.

Makino and Michiyoshi [16] also investigated the
contact period of water droplets. For low velocity
water droplets (0.3 m s™") with a diameter of 2.54—
4.50 mm and surface temperatures from 150 to 360°C,
they found that, initially, the droplet spreads out into
a thin film before boiling. Because of the low droplet
velocity used in their study, little or no breakup
occurred, which allowed them to develop simple
models. Using high-speed photography, they mea-
sured and correlated both the contact period, defined
as the time from droplet impact to departure from the
surface, and the waiting period, the time from impact
until boiling incipience.

Several of the correlations and models for the drop-
let spreading characteristics discussed above are out-
lined in Table 1. The parametric ranges of the key
variables along with the types of liquids and solid
surfaces used are also given. In a later section, these
correlations and models will be assessed relative to the
experimental results of the present study.

Closure modeling of sprays

It is apparent from the above literature review that
droplet impact and heat transfer are controlled by
several parameters including droplet velocity, droplet
diameter and surface temperature. Several inves-
tigations have identified droplet Weber number
dependent stability regimes, albeit only for the film
boiling regime. In addition, empirical correlations
have been developed to predict the time dependent
spreading area of impinging droplets. While these
studies have provided insightful fundamental results,
they do not yet constitute a comprehensive basis for
a closure spray model. To lay the groundwork for
such a model, the following important steps must be
accomplished.

(1) There is a need for comprehensive photo-
graphic records of droplet impact behavior cor-
responding to wide ranges of the variables which have
been identified by previous investigators for cat-
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Table 1. Correlations for spreading characteristics of impinging droplets

Reference  Parameters Correlations Notes
Bolle and Spreading film radius: o Theoretical model
Moureau R e Valid for film boiling
[8] —=1.67(3.1t—1?) e Valid for
¥, 0.2¢7 <t <(1.20-1.50)¢*
Dimensionless time :
_L_
T
Akaoeral. 2.1 <d,< Maximum spreading radius of film underside : o Experimental
[9] 2.9 mm R correlation
0.66 < u, < Zmax 0,613 We?? o Fluid: water, ethanol,
321 ms-! To and acetic acid
T — 400°C e Surface : copper
Takeuchier 0.02 < d, < Time corresponding to maximum extent of film spread : o Experimental
al. [17] 0.60 mm - N correlation
2<u, <25 | 0¥+ 1 e Fluid : water
ms-! < 1 | - 3 d, o Surface : chrome-plated
foax = — | —= |In - copper
W< T A s N o Constants
( W3-/ 73 T, (°C) a b
Non-dimensional height of drop/film: 400 1.442 243
e ) % LB g
e= 030+ — == i) We Tl et 200 1557 2.53
Makino and 2.54 < d, < Contact period (for transition and film boiling) : e Experimental
Michiyoshi ~ 4.50 mm e correlation
[16] 4o =03 = 151107 (2K psar s ) o Fluid : water
ms ! ¢ 7 ° s e Drop impact velocity not
» o i given but determined
1 ggf T, < Waiting or boiling incipience period : from knowledge of syringe
360°C k107 to surface height given in
= 4.67x 1012 (Bele) AT () photograph
' n . e Surfaces : copper, brass,
. carbon steel, stainless steel
Contact radius of film: eEstimated We range :
R=316x10"20-/5m) 0<r<r, 31< Wes 56
Kurokawa 150 < We < Maximum film spreading radius: e Experimental and
and Toda 750 R numerical study
[13] 850 < Re < Zmar _ 0.96 Re® 095 et 084 o Fluid : water, ethyl
50000 o alcohol and mercury
T = 22°C o Surface: glass
o Re = P
He

Units in correlations: [T] = °C, [dy.ro] =m, [u]J=ms ', [p] =kgm [c] =l kg7' K™, [kK=Wm™ 'K [4] =N

s'm [ =s.

egorizing droplet regimes; namely, Weber number
and surface temperature. These records should cover
the low, mid and high Weber number regimes ident-
ified by Wachters and Westerling and for tem-
peratures corresponding to all of the boiling regimes,
not only film boiling or adiabatic impact.

(2) The photographic records should be converted
into impact regime maps which depict transitions in
the heat transfer mechanisms occurring during the
lifetime of the impinging droplet at every Weber num-
ber and in every boiling regime.

(3) From the photographic records, plots depicting

the history of liquid spread following impact should
be generated. These plots enable the determination of
the portion of the surface area undergoing cooling at
every instant following the impact.

(4) The above work should be repeated for a stream
of droplets in order to ascertain the effects of droplet
frequency on heat transfer.

(5) Step 4 above should be repeated for a number
of droplet streams impacting simultaneously different
portions of the surface to simulate a spray.

The primary objective of this study is to develop a
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general understanding of the physical mechanisms of
droplet impact and to display results in an informative
and compact manner. The above five steps are pre-
cisely the framework for this study. Excepting the last
step (the focus of future studies), still and high-speed
video photography are employed to accomplish the
above steps by generating detailed impact regime
maps which can be employed by future researchers
for the purpose of both obtaining a consolidated
understanding of impact behavior and assessing
theoretical models describing specific features of the
impact. In addition, heat transfer measurements of
water droplets impinging on a small preheated disk
are used to measure the surface temperatures cor-
responding to CHF and the LFP for different Weber
numbers and surface temperatures.

2. EXPERIMENTAL APPARATUS AND
PROCEDURE

The apparatus shown in Fig. 2a was constructed to
record the impact behavior of a single droplet or a
droplet stream on a hot surface. The apparatus con-
sisted of a fluid delivery system, an impact module, a
droplet detector, a stroboscope and a still camera.

The fluid delivery system consisted of a reservoir, a
magnetically driven centrifugal pump, stainless steel
and Tygon tubing, stainless steel fittings, and a needle
valve. The droplets were formed by free fall from
a 0.58 mm (0.023 in) diameter hypodermic needle
connected to the outlet of the needle valve. The work-
ing fluid, deionized water, was replaced frequently to
avoid any significant changes to properties due to
contamination.

Two droplets impact modules were employed. The
first was used in photographic studies of a single drop-
let impacting a constant temperature surface, and the
second in transient heat transfer experiments involv-
ing quenching of a surface by a stream of droplets.

Photographic methods

Figure 2a depicts the impact module employed in
the photographic study of single droplet impact. This
module was fabricated from aluminum and mounted
in an insulating housing made from G-7, a fibreglass
plastic capable of withstanding surface temperatures
exceeding 300°C for short durations. The impact sur-
face was carefully polished ; subsequent surface analy-
sis using a profilometer showed its arithmetic average
roughness was about 100 nm. Heat was generated by
a cartridge heater embedded in the aluminum block,
and a chromel-alumel (type K) thermocouple located
just beneath the impact surface was used to monitor
the surface temperature. A temperature controller was
used to manipulate the power input to the cartridge
heater in order to maintain the desired surface tem-
perature. The entire heater assembly was mounted on
a micrometer translation platform to fine tune the
instant of impact associated with the detector circuit
as described below.
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The entire history of a droplet impact on a surface
can be as short as a few milliseconds. To capture
events occurring within such a short interval, a Kodak
Ektapro 1000 video motion analyzer, capable of
speeds up to 1000 full frames per second and 6000
partial frames per second, was used in conjunction
with a 200 mm zoom lens and a high intensity light
source. While this motion analyzer provided vital
information concerning such details of the impact as
film spreading, vapor production, and droplet
breakup, the resolution of the individual video frames
was limited.

To capture crucial instances of the impact with high
resolution, a 35 mm camera equipped with bellows
and a 200 mm zoom lens was employed. Sharp and
high contrast photos were possible by using a high
resolution film, Kodak P3200, and a high intensity,
short pulse flash from a General Radio Strobotac
1538-A stroboscope. The key to capturing a sequence
of photos depicting the crucial stages of impact was
timing of the flash to coincide with a given instant of
the impact. A droplet detection technique similar in
principle to one used by Chandra and Avedesian [18]
was utilized to trigger the flash.

The detector mechanism was composed of a He—
Ne laser and a dark-activated detector circuit iflus-
trated in Fig. 2b. The operation of the detector was
as follows. As the droplet fell from the hypodermic
needle and passed through the laser beam, the laser
light was scattered and prevented from reaching a
photoresistor in the detector circuit. The lack of
illumination greatly increased the photoresistor’s
resistance which caused an optical switch to trip a
second circuit, sending a 1 V trigger pulse to a signal
generator. Once this occurred, the signal generator
delivered a 1V peak-to-peak square pulse to the
stroboscope, which fired a short duration flash on the
downside of the square pulse. The time delay from the
instant the droplet passed through the laser beam to
the time the stroboscope fired was controlled by vary-
ing the width of the square pulse from the signal
generator. The time constants associated with the
photoresistor, diodes, and optical switch were several
orders of magnitude smaller than the delay time and
thus did not have to be accounted for in setting the
delay. The reference delay time corresponding to the
commencement of droplet impact was set by trial and
error. The different subsequent stages of impact were
captured by increasing the time delay from the signal
generator and by moving the impact surface vertically
in small increments with the aid of the micrometer
translation platform shown in Fig. 2a.

A consistent procedure was followed in obtaining
photographic sequences of single droplet impact
except for variations in droplet velocity and surface
temperature. First, the high speed video system was
used to record several droplet impacts at 20°C surface
temperature decrements from 280 down to 100°C and
Weber numbers of 20, 60 and 220. These Weber num-
bers correspond to droplet velocities of 0.70, 1.21 and
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Fig. 2. Schematics of (a) test apparatus and (b) droplet detector and stroboscope trigger circuitry.

2.34 m s™!, respectively, and a fairly constant droplet
diameter of about 3.0 mm. The droplet diameter and
velocity were determined from a static force balance
between gravity and surface tension and free fall
kinetics, respectively. These values were then verified
with the Ektapro motion analyzer to within 10%.
Upon completing the high-speed video segments,
the 35 mm camera was used in conjunction with the
detector mechanism to obtain high resolution still
photos of several stages of the impact for each of the
three Weber numbers and surface temperatures of
125, 180 and 280°C. The still photos were obtained in

a dark laboratory because the camera shutter was
open several seconds prior to the impact and the cor-
responding strobe pulse. Following the triggering of
the strobe flash, the shutter was closed and the film
advanced. Several photographs were taken for a single
set of operating conditions before adjusting the time
delay to capture a later stage of the impact. The sep-
arate impact photos obtained with the 35 mm camera
were later pieced together to construct a complete
history of the impact and verified with the high-speed
video segments. Key to acquiring a meaningful photo-
graphic sequence of the impact was to ensure repeat-
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ability in droplet generation since each photo in an
individual sequence was taken of a different droplet.

Heat transfer measurements

The second impact module, shown in Fig. 3, was
composed of a thin gold-plated copper disk mounted
in a larger G-7 insulating disk. The copper disk was
made thin enough to ensure isothermal conditions
throughout the disk at every instant during the
quench, and its diameter was chosen to be slightly
larger than the maximum spreading diameter achieved
by the impinging droplets. The disk was preheated by
a 650°C air stream supplied from a heat gun.

The disk temperature was measured by a type K
thermocouple bonded to the disk underside. For the
thermocouple type, size and bonding method used in
the present study, a time constant, defined as the time
required for the center of the thermocouple bead to
reach 63.2% of an instantaneous change in the tem-
perature of the disk, was estimated at 1.95 ms. Since
the largest temperature response of the disk in the
present study was about 50°C s™', it is estimated that
the thermocouple response (based on four time con-
stants) would lag the true disk temperature by only
0.39°C.

The heat transfer measurements commenced by set-
ting the needle-to-surface distance and the droplet
frequency. A deflector mechanism shown in Fig. 2a
was positioned to prevent the droplets from striking
the surface prior to heat-up. The copper disk tem-
perature was raised with the aid of the heat gun and
monitored by a computer-driven Keithley 500 data
acquisition system. Upon reaching a temperature of
280°C, the droplet deflector was removed and the data
acquisition program initiated. The transient tem-
perature data were recorded every 20 ms until the disk
temperature fell below 100°C. A computer code was
used to convert the recorded temperature-time cooling
curve similar to the one shown in Fig. 1b to a boiling
curve, Fig. 1a, assuming the disk behaves as a lumped
mass, from which the temperatures corresponding to
CHF and the LFP were determined. This procedure

Note: All dimensions
in millimeters
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was repeated for droplet Weber numbers of 20, 60
and 220, and frequencies of 40, 75 and 150 droplets
per minute (dpm). To insure reproducibility, six tests
were conducted for each set of experimental
conditions.

This transient technique was adopted because of its
simplicity and relatively short measurement duration
as compared to steady state methods; both methods
are known to produce the same CHF temperature [19,
20].

3. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental results are presented in three sec-
tions. First, the droplet impact regime maps and cor-
responding photo sequences are presented along with
experimental measurements of the time-dependent
spreading of the liquid film. Next, heat transfer
measurements are presented to show the heat transfer
characteristics associated with the individual boiling
regimes and determine the boundary temperatures
between these regimes. Finally, the film spreading data
are used to assess several of the models and cor-
relations discussed earlier in the literature review.

Impact regime maps and droplet spreading charac-
teristics

Three Weber numbers, 20, 60 and 220, were used
to categorize the impact behavior of individual water
droplets. The impact is described in three different
ways: (1) impact regime temperature-time maps, (2)
time records of droplet spreading radius, and (3) rep-
resentative photo sequences of the impact.

Each impact regime map, corresponding to a par-
ticular droplet Weber number, presents detailed infor-
mation concerning impact history and the associated
fluid and heat transfer interactions as observed using
the high-speed motion analyzer. Figure 4 provides
details on how to read such a map using a droplet
Weber number of 20 as an example. At a given surface
temperature {ordinate), the history of the impact and
associated heat transfer mechanisms is described by

Gold-Plated
Copper Disk

Air Gap

b G-7 Insulation

MMM

—

50.78

Thermocouple Leads

Fig. 3. Construction of droplet impact module used in heat transfer measurements.
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following a horizontal line across the regime map cor-
responding to the lifetime of the impinging drop. At
various times along this line, two types of symbols are
used to describe the impact: (1) small solid circles
describing the impact behavior such as durations of
film spread, liquid rebound, and/or complete droplet
breakup; and (2) several additional symbols listed in
the map legend which describe transitions in the heat
transfer mechanisms. For instance, at a surface tem-
perature of 280°C, the maximum extent of the spread-
ing film and the rebound of the droplet are identified
by small solid circles. The extent of liquid—solid inter-
action, defined as a condition of liquid contact with
the solid surface during the initial stage of the impact,
is represented by an open circle. This interaction
extends until sufficient vapor is produced to prevent
further liquid-solid contact. For a surface tem-
perature of 130°C, the impact characteristics are quite
different from those at 280°C, as noted by a different
arrangement of symbols and drastic differences in the
total droplet lifetime.

The spatial extent of the spreading droplet, which
is not evident in the regime maps, is presented in an
accompanying plot of film radius vs time from the
instant of impact. The information used to construct
both the regime maps and droplet spreading plots was
obtained from high-speed video footage, which is also
represented by the still photo sequences. The liquid—
solid interaction periods around and above the LFP
(noted in the impact regime maps) were substantiated
by the use of an electrical circuit and storage oscillo-
scope described in ref. [1]. The oscilloscope readings
revealed intermittent liquid—solid contact occurred

Extent of Film Spread ——
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during most of the droplet spreading time of 3—-6 ms,
depending on the droplet Weber number. The droplet
spreading plots and photo sequences correspond to
surface temperatures of 280, 180 and 125°C which
fall within the film, transition and nucleate boiling
regimes, respectively. For the 125°C case, the impact
and boiling behavior was very similar for the three
Weber numbers, thus only one sequence of still
photos, corresponding to a Weber number of 220, is
given for this temperature. For the 180 and 280°C
cases, photo sequences are presented for each of the
three Weber numbers.

Low Weber number results. Figure 5a—5c shows,
respectively, the impact regime map, droplet spread-
ing plot, and photo sequences corresponding to a rela-
tively low Weber number of 20 for which surface
tension forces play a major role in resisting droplet
breakup. Noted in the impact regime map are the
dominant characteristics of the droplet during its life-
time for various temperatures. Also noted are the four
distinct heat transfer regimes of film boiling, transition
boiling, nucleate boiling, and thin film evaporation,
as well as the LFP and CHF temperatures determined
from the quench experiments described later.

For a surface temperature of 280°C, corresponding
to the film boiling regime, Fig. 5a and c¢ shows the
droplet spreads into a relatively thick, intact film dur-
ing the first 4 ms of impact. Electrical contact measure-
ments revealed the liquid film makes some contact
with the surface during the first 6 ms, even at this
film boiling surface temperature, after which the film
becomes separated from the surface by a thin vapor
layer. Strong surface tension forces at this low Weber
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Fig. 4. Schematic aid for reading droplet regime maps.
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number cause the liquid to regroup as a distorted
droplet which rebounds from the surface over the next
10 ms. This behavior is characteristic of all tem-
peratures in the film boiling regime above the LFP
temperature of about 225°C.

The impact behavior for the transition boiling
regime varies drastically over the temperature range
0f225-130°C. At the high end of this range, the impact
behavior is somewhat similar to that of film boiling,
however, more extensive liquid-solid contact begins
to occur. Near the midpoint of the transition regime,
represented by the photo sequence in Fig. 5¢ cor-
responding to a surface temperature of 180°C, the
liquid film becomes highly disturbed but remains
intact for the first 5 ms, after which it begins to break
up into several ligaments. Surface tension forces still
manage to regroup most of the liquid, but allow small
satellite droplets to break free. At temperatures below
the LFP, liquid-solid contact decreases the liquid—
vapor free surface area and hence weakens the surface
tension forces which resist the liquid spread. Figure
5b reveals liquid—solid contact enhances the spreading
rate and extent of the liquid film in the transition
boiling regime as compared to the film boiling regime.
At the lower end of the transition regime, from 160 to
130°C, the droplet lifetime on the surface is greatly
extended. During the initial film formation, boiling
incipience, observed as vapor bubble formation and
represented as a dashed line on the regime map, is
delayed several milliseconds. Following incipience,
vigorous boiling occurs over a period of up to several
hundred milliseconds, followed by thin film evap-
oration of the remaining liquid up to over a thousand
milliseconds.

The nucleate boiling regime exists over a small tem-
perature range from 130-110°C, the higher of which
corresponds to the CHF temperature. Figure 5b indi-
cates that for a surface temperature of 125°C, the
droplet initially spreads into a thin film at a rate nearly
identical to a droplet at 180°C. Upon reaching its
maximum radial extent in about 6 ms, the film experi-
ences boiling incipience, followed by vigorous boiling,
and finally thin film evaporation. During the final
stages of nucleate and transition boiling, vapor bubble
nucleation and growth both cease as thin and broken
films of liquid begin to dissipate heat by conduction
and evaporation.

The droplet impact characteristics shown in the
impact regime map and photo sequences of Fig. 5
reveal behavior similar to that reported in Fig. 11 of
Chandra and Avedisian [14] for low Weber number
(We = 43) impact of n-heptane droplets on a polished
surface stainless steel surface. The relatively stable
impact reported in both studies is to be expected since
such low Weber numbers correspond to fairly stable
droplets where surface tension forces tend to over-
come the breakup effects of inertia and pressure. This
consistent behavior supports the generality of the cur-
rent study since n-heptane has properties considerably
different from those of water.

Intermediate Weber number results. The layout for
Fig. 6a—, corresponding to a droplet Weber number
of 60, resembles those of Fig. 5a-c. The main differ-
ences, which become apparent from the droplet
spreading plot and still photo sequences, are the
dynamics and stability of the spreading film. For
T, = 280°C, the moderate initial momentum of the
droplet causes the spreading rate and extent of intact
radial film spread to be nearly 50% greater than those
for We = 20. Breakup of the liquid film is believed to
be promoted by liquid ejection and interfacial insta-
bilities caused by the formation of a number of vapor
bubbles during liquid-solid contact, as was suggested
by Inada and Yang [21] in their study of the breakup
of sessile water droplets. These rapidly forming bub-
bles are ejected up through the spreading liquid film,
creating a fine mist of small droplets and a series of
larger liquid ligaments as shown in Fig. 6¢c. At roughly
6 ms after impact, the film breaks up into a number
of small droplets which continue to break up upon
the surface up to 9 ms after which the finer droplets
are completely ejected from the surface.

The transition boiling portion of the map in Fig. 6a
is similar in appearance to that presented earlier in
Fig. 5a except for the existence of film breakup for
We = 60. The breakup is depicted in the photo
sequence in Fig. 6¢ corresponding to 7, = 180°C. The
breakup occurs within several milliseconds of impact
producing a spectrum of droplets which are dispersed
in every direction. The enhanced boiling and increased
momentum of the higher Weber number droplets is
believed to be the cause of this violent breakup. In
comparing Figs. 5b and 6b, it appears the increased
velocity for We = 60 enhances both the spreading rate
and extent of film spread. The breakup behavior of the
liquid film was observed over most of the transition
regime, but at the lower temperatures of 160-130°C,
a thin evaporating film remained after breakup and
dispersion of the fine drops. The nucleate boiling
regime was identical to that discussed in reference to
Fig. Sa.

High Weber number results. Figure 7a— display,
respectively, the regime map, droplet spreading plot,
and photo sequences for We = 220. Again, the regime
map possesses the same layout as those presented
earlier, but as the droplet spreading plots and photos
indicate, the impact characteristics are significantly
different from those at the two lower Weber numbers.
In the film boiling regime, the photo sequence in Fig.
7c corresponding to T, = 280°C shows excessive boil-
ing and instabilities throughout the film for the first
few milliseconds of impact. The liquid film rapidly
breaks up into a large dispersion of fine droplets,
completing the exchange of heat from the surface
within only 4 ms after impact.

The transition boiling regime is characterized by
increasing droplet impact lifetimes with decreasing
surface temperature. At 180°C, the midpoint of the
transition regime, the droplet spreads into an unstable
film in less than 4 ms, during which vapor is produced
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within the film. This vapor production eventually
causes the film to break up into a large array of drop-
lets which spread radially outward. This behavior
exists at all temperatures down to CHF. In the tem-
perature range from 180~-130°C, boiling incipience is
further delayed and thin film evaporation becomes
significant with decreasing temperature as indicated
in Fig. 7a.

Nucleate boiling exists between 130 and 110°C and
is represented in the photo sequence of Fig. 7¢ cor-
responding to 7, = 125°C. As mentioned earlier,
droplet impact behavior in the nucleate boiling regime
is similar for all three Weber numbers. The droplet
first strikes the surface and spreads into a fairly stable
film. Upon reaching its maximum radial extent, bub-
bles begin to nucleate within the film and burst at the
film interface. Gradually, more bubbles form which
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consume virtually all of the liquid in about 1500 ms.
A characteristic difference between the high Weber
number droplets and those with lower Weber numbers
is the relatively large radial film spread dependence
on surface temperature for high We. For We = 220,
the droplet spreading rate and extent both increase
with decreasing surface temperature. As suggested
earlier, the liquid-vapor surface tension forces which
resist the liquid film spread become weaker as surface
temperature decreases and more liquid-solid contact
occurs. This behavior, observed previously in Fig. 5b
for We = 20, is even more pronounced in Fig. 7b
corresponding to We = 220. These data reveal the
film spreading rate and extent are dependent on both
Weber number and surface temperature.

Several important general observations can be
inferred from the regime maps. First, each map por-
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trays distinct temperature dependent heat transfer
regimes. As will be discussed in the next section, the
boundaries to the boiling regimes, CHF and the LPF,
are nearly independent of droplet Weber number. On
the other hand, the droplet dynamics and cor-
responding heat transfer mechanisms are charac-
teristically different for each of these regimes.
Additionally, the impact characteristics within each
regime, such as film stability, spreading rate, and
droplet breakup, are highly dependent on droplet
Weber number.

Heat transfer measurements

The CHF and LFP boundaries which separate the
transition boiling regime from the nucleate and film
boiling regimes, respectively, in the impact regime
maps were determined from heat transfer measure-
ments of a stream of droplets impacting the small
gold-plated copper disk illustrated in Fig. 3. Figures
8-10 show the transient cooling curves and cor-
responding boiling curves for the three Weber num-
bers and impingement frequencies of 40, 75 and 150
dpm, respectively. The boiling curves are plotted vs
excess surface temperature, T, — Ty, where Ty = 23°C.
Each of the cooling and boiling curves in Figs. 8-
10 is representative of six sets of experimental data
obtained for each set of operating conditions.

Periodic jumps which coincide with the arrival of
the droplets are apparent in both the cooling curves
and corresponding boiling curves. These jumps are
most evident in Fig. 8a corresponding to We = 20.
The horizontal portion of the step corresponds to the
slow free convection cooling to the air between droplet

impacts, while the sharp vertical portion of the step
corresponds to the rapid cooling associated with the
impact. This trend is visible in the boiling curve as
well, where the dips correspond to the low heat trans-
fer rates between droplet impacts, or the horizontal
portions of the steps in the cooling curve. The peaks
on the individual jumps in the boiling curves cor-
respond to the rapid cooling associated with the inter-
mittent droplet impact. Since the heat fluxes during
impact correspond to large temperature drops, the
peaks in the boiling curves are wider than the dips
which correspond to the small temperature drops
experienced between droplets. Figures 8-10 reveal the
periodicities increase in number but damp out in mag-
nitude as the droplet frequency is increased, approach-
ing a smooth continuous curve at 150 dpm. These
fluctuations in the boiling curve resulted in a +10°C
uncertainty band in the determination of the CHF
and the LFP temperatures. It should be noted that, as
the disk cooled to 100°C in each experiment, the drop-
let deflector shown in Fig. 2a was repositioned to
deflect the droplet stream. This caused the warmer
insulation to reheat the disk slightly, which explains
the small increase in the disc temperature toward the
end of the quench in Figs. 9a and 10a.

The shape and extent of the boiling curves and, in
particular, the small heat flux variation over the surface
temperature range corresponding to film boiling are
similar to results presented by Senda er al. [15] and
Pedersen [22] who used much higher droplet frequencies
than those employed in the present study. The increase in
heat flux in film boiling with increasing droplet velocity is
also in agreement with the findings of Pedersen.
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The temperatures corresponding to CHF and the
LFP, obtained from the boiling curves in Figs. 8-10,
are displayed in Fig. 11. While the CHF temperature
was easily identified as the point corresponding to
maximum heat flux on the boiling curve, the LFP was
more difficult to ascertain due to the shallow slope
of the film boiling portion of the curve. The LFP
temperature was defined as the point at the lower end
of the film boiling regime where a sharp rise in heat
flux began with decreasing surface-to-liquid tem-
perature difference, T, — T;. These LFP values are con-
sistently higher than those obtained by the authors in
a current study of sessile droplet boiling behavior on
similar surfaces. The cause of this difference is specu-
lated to be the result of the higher liquid-solid inter-
facial pressure which accompanies impinging com-
pared to sessile droplets.

The temperatures given in Fig. 11 are averaged from
six experimental runs with error bands of + 10°C. The
two shaded bands in Fig. 11 extend 10°C above the
highest temperature and 10°C below the lowest tem-
perature for the respective CHF and LFP data. An
unexpected trend that is apparent from the data is
CHF and the LFP are relatively insensitive to both
droplet impact frequency and velocity. Senda er al.
[15] and Halvorson et al. [20] reported the CHF tem-
perature for water droplets striking a heated surface
showed only modest increases with increasing
frequency, from 125-145°C and 135-150°C, for fre-
quency increases of 150-900 and 6000-60000 dpm,
respectively. In neither case, however, were the tem-
perature uncertainties reported, but it is difficult to
ascertain the CHF temperature from the boiling
curves provided by Senda et al. with any accuracy
better than +5°C. Interestingly, Senda et al. also
reported a CHF temperature of 145°C for sessile drop-
lets, revealing a relative insensitivity of the CHF tem-
perature to droplet velocity. Furthermore, the CHF
temperature ranges reported in Refs. [15, 20] cor-
respond closely to those of the present study despite
the much higher frequencies used in the two previous
studies.

Pedersen [22] suggested the LFP temperature could
be influenced by droplet impact velocity and surface
roughness, but did not provide any supporting exper-
imental evidence. Senda et al. presented experimental
data to show that a LFP temperature of 240°C for
water droplets impacting a chrome-plated copper sur-
face was independent of droplet frequency. While no
temperature uncertainties were provided in their
study, it is apparent from their boiling curves esti-
mates of the LFP temperature could be no better than
+10°C. Senda et al. also indicated the LFP tem-
perature for impinging droplets was 10°C greater than
that for sessile droplets on an identical surface, sug-
gesting a small influence of droplet velocity on the
LFP temperature.

Assessment of models
The dependence of the film spreading charac-
teristics on surface temperature and Weber number is
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clearly evident in the regime maps. However, only a
few attempts have been made in the past to completely
and accurately account for these variables in film
spreading models and correlations. Table 1 gives a
representative summary of such efforts. Figure 12

compares the film spreading characteristics predicted
according to Bolle and Moureau’s model [8] and Mak-
ino and Michiyoshi’s semi-empirical model [18] for
film boiling to the present experimental data given
earlier in Figs. 5b, 6b, and 7b. The geometrical model
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of Bolle and Moureau does not account for fluid
properties or surface temperature, which explains the
considerable error in predicting the film spreading
characteristics. Makino and Michiyoshi’s semi-
empirical model, which is valid for low velocity water
droplets (3.1 < We < 5.6), shows reasonable agree-
ment with the spreading characteristics for only the
lowest Weber number of the present study (We = 20),
which illustrates the model’s weakness in modeling
large droplets and high impact velocities.

Table 2 compares several impact parameters pre-
dicted according to the models and correlations given
in Table 1 with experimental data of this study. The
Weber numbers and surface temperatures listed in the
table correspond to the present experimental con-
ditions which are within, or as close to as possible to
the parametric ranges for the different models and
correlations. Special notes are provided for each case
where the experimental conditions of the present study
fall outside of the recommended parametric ranges of
the respective model or correlation. The percent errors
for the maximum spreading radius, R, and cor-
responding time, £,,, range from 0.0 to 106.9% and
3.3 to 44.4%, respectively. Predictions of contact
period, 1., and incipience time, t;, are in considerable
error. Good agreements are evident for certain impact
parameters, alas only for specific conditions. For
example, the R, ., predictions by Akao et al. [9] are in
excellent agreement with the present measurements
for Weber numbers of 20 and 60, but in poor agree-
ment for We = 220. It is apparent from these com-
parisons there is a need for improvement of accuracy
as well as broadening of the parametric ranges of
droplet impact studies.

The limitations of the existing models and cor-
relations are a major impetus for developing the
impact regime maps presented earlier in this study.
Empirical maps have been widely adopted in the two-
phase literature to determine, for example, the flow
pattern corresponding to different operating
conditions. The two-phase flow pattern maps have
served both as simple tools for engineering cal-
culations as well as a basis for assessing the validity
of theoretical models governing transitions between
two-phase flow regimes. The droplet impact regime
maps presented in this study were developed to serve
a similar purpose. They constitute a convenient guide
for identifying important parameters which govern
the spreading and breakup of droplets, describing the
impact behavior, determining the duration of each
mode of liquid-solid interaction during the droplet
lifetime, as well as to serve as a basis for assessing the
validity of future theoretical or numerical models of
droplet impact.

4. CONCLUSIONS

Two types of studies were performed to explore the
liquid spreading behavior and heat transfer regimes
associated with droplet impact. They included photo-
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graphic studies of single droplets impacting a hot iso-
thermal surface, and quenching of a small surface by
a droplet stream. These studies encompassed three
Weber numbers and surface temperatures cor-
responding to the film, transition, and nucleate boiling
regimes of sprays. Key accomplishments from this
study are as follows:

(1) Both still and high-speed video photography
were used to construct impact regime maps as well as
the history of droplet spread. The maps were designed
to serve several important purposes including (a)
determining the impact behavior of droplets for
different surface temperatures and different Weber
numbers, (b) ascertaining the important transitions in
liquid—solid interaction during the lifetime of a droplet
and (c) serving as a basis for assessing the validity
of future theoretical or numerical models of droplet
impact.

(2) For each Weber number, distinct temperature
dependent heat transfer regimes were identified, each
possesses different droplet impact characteristics and
corresponding heat transfer modes.

(3) Droplet Weber number has a strong influence
on the spreading characteristics and integrity of the
droplet. In the film boiling regime, strong surface ten-
sion forces in low Weber number droplets (We = 20)
preserve the liquid continuum, causing rebound of
the entire droplet following impact. Increasing Weber
number in all boiling regimes decreases the spreading
time and increases the instabilities responsible for
liquid breakup.

(4) The CHF and LFP boundaries determined
from the quench experiments are fairly insensitive to
both droplet Weber number and frequency over the
ranges of the present study.

Studies are ongoing to investigate the effects of sur-
face roughness on impact behavior and to accurately
measure the heat transfer rates during droplet impact ;
work which will further enhance the droplet regime
maps of the present study.
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