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Abstract—The characteristics of a single stream of monodispersed water droplets impacting a horizontal,

upward facing flat surface have been investigated. The objective was to determine the effect of droplet

diameter, impact frequency and impact velocity on the critical heat flux (CHF). A generalized correlation

has been developed for the nondimensional CHF as a function of the Weber and Strouhal numbers of the

impacting droplets. The Weber and Strouhal numbers ranged from 175 to 730 and 7.00 x 1073-3.00 x 1072,

respectively. With a confidence level of greater than 95% differences between predicted and experimental
CHF values were less than +22%. © 1997 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

Extremely high heat fluxes can be dissipated when a
surface i{s impacted by a spray or a stream of liquid
droplets. Common systems involving droplet impact
heat transfer include the evaporation of fuels in auto-
mobile injection systems and the quenching of metals
in foundries. Droplet impact cooling may prove effec-
tive in cooling electronic components, high power
lasers and the leading edges of high speed aerospace
craft. Droplet cooling promises significantly higher
heat fluxes than conventional alternatives such as pool
boiling. However, its application presents additional
complexities associated with droplet generation and
impact, as well as the evaporation and stability of the
resulting liquid layer.

Droplet impact cooling can be subdivided into two
categories: (1) sprays; and (2) single streams of
uniform, or monodispersed, droplets that strike a spot
in sequence. In either category, droplet cooling pro-
vides high heat flux through the continuous formation
and evaporation of a thin liquid film on a hot surface.
Several studies of both categories have been under-
taken, an extensive literature review is given in Ref.
[2]. Streams of ronodispersed droplets provide. a
more simplified approach to understanding the basic
characteristics of droplet cooling. Still, several inves-
tigators have studied sprays. Among these are Toda
[3], Bonacina et al. [4], Tilton and Chow [5], and Pais
et al. [6].

Other investigators have chosen to study droplet
streams. A few of the early experiments were carried
out by Wachters and Westerling [7], McGinnis and
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Holman [8] and Pedersen [9]. Another work is that of
Valenzuela et al. [10, 11]. Using droplets of about 91
um, they achieved a critical heat flux (CHF) of 324 W
cm~? at a wall superheat (i.e. Tyu—T..) of 37°C.
More recently, Halvorson et al. [12, 13] examined the
effect of impact frequency, subcooling and ambient
pressure on the CHF for large (3—4 mm) droplets.

The objective of the present investigation was to
empirically examine the effects of droplet diameter,
impact frequency, and velocity on the critical heat flux
for a horizontal, upward facing flat surface. The aim
was to identify trends leading to CHF enhancement
and to develop a generalized correlation for CHF as
a function of the relevant parameters.

EXPERIMENTAL APPARATUS

The experimental apparatus used in this inves-
tigation consists of three systems. These include a
heater system, an instrumentation system and a fluid
delivery system. The fluid delivery system was
designed to provide a single stream of monodispersed
water droplets to the heat transfer surface. The system
was designed so that each parameter, namely, impact
frequency, velocity and droplet diameter, i.e. mass
flow rate, could be varied independently while the
others are kept constant. This design allowed the effect
of each parameter on CHF to be clearly identified.
Thermocouples within the heater monitor the result-
ing heat transfer, which is recorded via a computer-
based data acquisition system. The heater, instru-
mentation and fluid delivery systems are described
below.

Heater
The primary component of the heater system is an
internally heated copper cylinder, illustrated in Fig. 1,
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NOMENCLATURE
CHF  critical heat flux [W cm 7] We Weber number for falling droplet
CHFf¥ Kutateladze number [1] used to (pp " v} *d/ay).
nondimensionalize adjusted CHF
according to equation (3)
¢ specific heat [J (kg-°C)™] Greek symbols
d droplet diameter before impact [mm] ) spreading ratio for impacting droplet
D maximum diameter to which a (D/d)
droplet initially spreads after impact u dynamic viscosity of water [kg
[mm] (m-s)7]
f frequency of the impacting droplets P density kg m ]
[Hz] g surface tension of water [N m™'].
e heat of vaporization of liquid water
kg™
m mass flow rate of water [kg s™'] Subscripts
PTFE polytetraftuoroethylene (Teflon®) i at impact, measured normal to the
0 rate of heat transfer [W] surface of impact
Re Reynolds number for falling droplet L liquid, at room temperature
(oL v d/uy) sat at saturation
St Strouhal number for the impacted wall at heat transfer surface or at
droplet (/- d/v)) temperature of heat transfer
T temperature [°C] surface
v velocity of droplet [m s™') water  supply water.

whose upper, horizontal face acts as a heat transfer
surface for the impacting water droplets. The 17 kg
copper cylinder provides a conductive path between
four cartridge heaters and the heat transfer surface.
The cylinder is 30.5 cm (12 inches) in total length. It

TC location T1
TC location T2

is 10.2 cm (4 in.) in diameter at its base and tapers to
a 1.5 cm diameter region, which ends at the heat
transfer surface. The reduced diameter increases the
heat flux passing through the upper surface. The
heater system was previously used by Bockwoldt et

Heat Transfer Surface

PTFE Plate
Insulating Board

Insulation
Fig. 1. Schematic of the heated copper cylinder showing its thermocouple locations. The height is 30.5 cm;
the heat transfer surface is 1.5 cm in diameter.
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Fig. 2. The upper region of the heated copper cylinder with the thermocouple locations of the heat rate
calorimeter shown.

al. [14] and Messana [15]. An electrical power input
of 1800 W was used for the experiments. The power is
consumed in threz ways : heat transfer to the droplets,
heat storage in the cylinder and heat loss to the sur-
roundings. The power delivered to each of these three
‘sinks’ is measured with the aid of numerous ther-
mocouples installed throughout the cylinder. Ther-
mocouples at twe elevations directly beneath the heat
transfer surface form a heat rate calorimeter. These
locations are designated as T1 and T2 in Fig. 2. The
calorimeter monitors the temperature of the surface
and the heat transferred to the impacting droplets.
Level T1 contains two thermocouples 180° apart, 0.32
cm (1/8 in.) below the heat transfer surface. Level T2
contains three thermocouples 90° apart, 1.59 cm (5/8
in.) below the heat transfer surface. All thermocouples
are inserted to a radial depth of 0.51 cm (0.20 in.)
from the outer edge of the reduced diameter region
(i.e. approximately 0.24 cm from the centerline).

An insulated box houses the cylinder. To inhibit
water from flowing along the side of the cylinder, a
0.32 cm (1/8 in) PTFE plate is tightly fitted beneath
the edge of the heat transfer surface. Originally, white
PTFE was used, but graphite-impregnated black
PTFE was found to provide a far superior background
for the video images.

Prior to the experiments, the heat transfer surface
was nickel plated to provide corrosion resistance and
to stabilize its performance. The surface was cleaned,
on the average, once every 10 experiments with a
strong surfactant followed by an acetone rinse. The
use of distilled water during the experiments prevented
minerals from being deposited on the surface. The
suitability and corrosion resistance of the nickel plat-
ing was verified by conducting ‘control experiments’,
i.e. experiments with identical conditions. These con-
trol experiments were executed in order to confirm
the consistency and repeatability of the data and to
monitor the possible effect of the aging of the heat

transfer surface. Eleven control experiments were
interspersed among the 71 total experiments reported
herein. The system performed consistently with 90%
confidence bands of only +14%, as measured with
respect to the mean of the entire control set.

Instrumentation

The instrumentation consists of a data acquisition
system (Keithley-Metrabyte DAS-8 and EXP-16)
installed in a personal computer and thermocouples
located throughout the heater. A gain of 200 on the
system’s instrumentation amplifier provides a res-
olution of +0.3°C. Data are recorded to disk via a
BASIC program which consists of vendor-supplied
subroutines and a user interface developed by Halv-
orson [12]. The program allows the user to monitor
temperatures throughout the heated cylinder and to
observe heat transfer results during an experiment.
To reduce the influence of random fluctuations, 30
thermocouple readings are averaged for each data
point. The averaged thermocouple readings are rec-
orded every 3 s.

Fluid delivery

The goal of the fluid delivery system was to produce
a single continuous stream of monodispersed water
droplets. A schematic of the entire fluid delivery sys-
tem is presented in Fig. 3. With this system, droplet
impact frequency, velocity and diameter, i.e. mass flow
rate, can be varied independently. The overall range
of parameters obtained with the fluid delivery system
is given in Table 1.

The fluid delivery system consists of three parts: a
liquid supply, a droplet generator and a selector wheel.
The liquid supply provides a constant-pressure source
of liquid for the droplet generator. Constant pressure
is achieved by using an over-flowing water reservoir.
The generator was designed based on Rayleigh’s
analysis of the break-up of a cylindrical liquid jet
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[16, 17]. A single, continuous stream of uniform or
monodispersed water droplets is produced by forcing
a nozzle with an audio speaker coil. The coil is driven
by a fixed frequency square wave. The forcing fre-
quency dictates the droplet production frequency. The
impact velocity of the droplets is controled by varying
the elevation of the generator relative to the heated
surface and is calculated using the equation for a free-
falling object.

Because the generator produces an excess quantity
of droplets, a slotted, rotating disk, referred to as a
selector wheel, has been built to meter the droplets.
The selector wheel is placed between the droplet gen-
erator and the heat transfer surface and is driven by
a stepping motor. Only a prescribed fraction of the
droplets pass through the slots of the wheel; the
remainder strike the wheel and are recirculated. To
maintain a consistent time and phase relationship, a
single source ultimately clocks both the stepping
motor driver and the droplet generator, as indicated
in Fig. 3. The stepping motor driver is clocked at one-
half the frequency of signal source. The same source
frequency is divided by 10 with a walking ring counter
and is then amplified before reaching the generator.

Table 1. Range of experimental parameters

impact velocity 2446ms!
impact frequency 12-42 Hz

droplet diameter 1.5-2.7 mm

mass flow rate 79 and 194 mg s™'
Weber number 175-730

Strouhal number 7.00 x 10-3-3.00 x 102
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The 5: 1 ratio between the two signals keeps the selec-
tor wheel and the droplet generator properly syn-
chronized. The walking ring counter maintains the
50% duty cycle of the source signal. The original
droplet generator and selector wheel were based on
designs by Messana [15]. Other designs were
developed and built to achieve the required range of
parameters and to improve performance. Aided by the
digital ‘gearing’ and the amplification of a specialized
electronic circuit, the liquid supply, droplet generator,
and selector wheel perform as an integrated fluid deliv-
ery system, producing a continuous stream of mon-
odispersed droplets. Additional details regarding the
design and operation of the experimental apparatus
may be found in Ref. [2].

RESULTS AND DISCUSSION

CHF trends

Single stream droplet impact cooling experiments
were conducted in the low superheat regime and were
concluded when the critical heat flux was reached.
Distilled water at room temperature, 25°C, was used.
The parameter set has been previously provided in
Table 1. With the apparatus used, droplet impact fre-
quency, velocity and diameter, i.e. mass flow rate,
were varied independently. This independence of all
three parameters is unique as compared to most other
experiments. Trends were compiled by varying a single
parameter from one experiment to the next, and a
generalized correlation for the normalized CHF was
obtained.

An experiment begins by adjusting the droplet pro-
duction system to provide the desired impact
frequency, velocity and droplet diameter. The heaters
within the copper cylinder are energized and the cyl-
inder temperature begins to rise. Initially, the heat
transfer surface is near the saturation temperature of
the liquid. Little heat is removed by the impacting
droplets and most of the energy input is stored within
the cylinder. As the surface temperature rises, the heat
flux to the impacting droplets rises and nucleate boil-
ing is observed. Eventually the temperature and heat
flux rise to the point that the droplets can no longer
wet and spread across the surface. At that point heat
flux plummets and the surface temperature rapidly
increases. The maximum heat flux achieved just prior
to this cooling crisis is the critical heat flux (CHF).
Once the CHF is achieved, the experiment is
terminated.

CHF represents the uppermost limit of low tem-
perature, two-phase heat transfer from the thin liquid
film formed by droplet impact. Hence, understanding
the limits of droplet impact cooling and knowing how
to maximize these limits are essential aspects of apply-
ing this technique in a practical system. During each
experiment, the surface-averaged CHF was obtained
using the heat rate calorimeter located beneath the
surface of the cylinder. The heat flux was calculated
from the temperature gradient near the heat transfer
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surface as measured by the average temperatures at
the T1 and T2 elevations (Fig. 2). One-dimensional
heat flow was assumed. The limits of uncertainty for
the measured heat flux were evaluated based on the
uncertainties in the thermocouple readings, the
location of the thermocouples, and the thermal con-
ductivity of the copper. The total uncertainty in the
thermocouple readings was + 1.37°C, the uncertainty
in the location of the thermocouples was +0.045 cm,
and the uncertainty in the thermal conductivity was
estimated to be 0.085 W (¢cm °C) ~'. These values were
combined by error propagation analysis to obtain the
predicted limits of accuracy for the measured heat
flux. Based on this analysis, the uncertainty in ther-
mocouple location was the major contributor. The
resulting limits of accuracy were +7.7 W cm ™2 or
+5% for the surface-averaged CHF of a typical
experiment. Surface-averaged CHF values ranged
from 52.0 to 203.1 W cm~? while the heat transfer
effectiveness at CHF ranged from 0.55 to 0.94. The
effectiveness measures the actual rate of heat transfer
to the droplet stream as compared to the maximum
rate of heat transfer possible for the given mass flow
rate:

Qwall
m(hfg + ch(Tsat - Twater)) '

effectiveness =

)

Experimental data indicate that the surface-aver-
aged heat flux, i.e. heat flux based on the entire heat
transfer surface irrespective of what fraction is actu-
ally wetted by the droplets, is insensitive to both drop-
let impact frequency and velocity. The surface-aver-
aged CHF does, however, increase with the mass flow
rate. Clearly, for a given set of parameters, the surface-
averaged heat flux will depend on the system design,
i.e. the size of the heat transfer surface itself. There-
fore, it is inappropriate to present the data in such
a form since they could not be universally applied.
Additionally, the droplet impact frequency and vel-
ocity affect the heat transfer process by influencing
the spreading and stability of the resulting liquid film.
Therefore, the surface-averaged CHF, which is insen-
sitive to these parameters, may not be the best tool
for measuring droplet heat transfer performance.

Due to the apparent inadequacy of surface-aver-
aged CHF to fully characterize droplet heat transfer,
an improved parameter was sought. As higher super-
heats are achieved, the evaporation rate increases, and
portions of the surface become dry between droplets.
During this period, the outer region of the surface
remains dry because an individual droplet does not
typically spread across the entire surface. Radiation
and convection from the dry regions are negligible.
The size of the wetted region varies as droplet size and
impact velocity are varied from one experiment to the
next. Therefore, adjusting the CHF to account for
the partial wetting of the surface is appropriate. The
‘adjusted’ CHF is calculated using an estimate of the
maximum area initially wetted after a droplet impacts
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and spreads across the heat transfer surface. With
portions of the surface remaining dry, the adjusted
CHF is clearly the preferred parameter for per-
formance comparisons since any practical design
would include an array of appropriately spaced
nozzles. Additionally, presentation of the CHF based
on the initially-wetted area would be universally appli-
cable regardless of the size of the experimental heat
transfer surface itself.

To facilitate the calculation of initially-wetted area
and the corresponding values for the adjusted CHF,
an equation originally formulated by Kurabayashi
and later improved by Yang [18] has been employed :

1, 3, Wel w "
EW@—zﬁ |:1+3 R€|:ﬂwau:|
x[ﬁz ln(ﬁ)—¥ﬂ—6. @

This equation implicitly calculates the droplet spread-
ing ratio, f, in terms of the Weber and Reynolds
numbers of the impacting droplet. The spreading ratio
is defined as the ratio of the diameter of maximum
spread after impact to the diameter of the droplet
before impact. Equation (2) assumes that the impact-
ing droplets spread to form disks of uniform thickness.
From the spreading ratio the wetted area may be
estimated. The predicted spreading ratios from the
above equation have been found to be in excellent
agreement with observed values over a wide range of
Weber and Reynolds numbers [11-13, 19]. In the
event that the droplets were predicted to spread
beyond the heat transfer surface, the total area of the
surface was used to calculate the adjusted CHF.

The adjusted CHF increases monotonically with
increased droplet frequency as shown Fig. 4. Droplet
frequency dictates droplet diameter when the mass
flow rate is held constant. Higher frequencies result
in smaller droplets, which spread to thinner films as
predicted by equation (2). Higher heat fluxes are
anticipated for thinner films [10-13] and, so, the
relationship between adjusted CHF and frequency fol-
lows the expected trend. Figure 5 shows the frequency
results for all the experimental data while Fig. 4 pre-
sents the results for a single value mass flow rate and
three different impact velocities.

The data indicate that the adjusted CHF declines
when the impact velocity is increased, opposite to the
trend expected for the thinner films produced. This
trend is shown for three different frequencies in Fig.
6 and two different mass flow rates in Fig. 7. Perhaps
higher velocities substantially affect the uniformity
and stability of the liquid film formed by droplet
impact.

In this experiment, the impact velocities ranged
from 2.4 to 4.6 ms~' and Weber numbers ranged from
175 to 730. The Weber number provides a measure of
the relative strengths of the competing effects of sur-
face tension and inertial forces. Its significance in
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characterizing the droplet impact process was recog-
nized by Watchers and Westerling [7]. Although their
work focused on the high temperature, non-wetting
regime, the basic concepts are appropriate to the low
temperature regime as well. Therefore, the Weber
number is expected to provide a measure of the effect
of impact velocity.

CHF correlation

A generalized correlation which allows the adjusted
CHF to be determined for a given set of conditions
has been developed. In developing this correlation,
we were guided by the CHF correlation reported by
Monde and Incue {1] for a surface impacted by a
liquid jet. While jet impact cooling differs significantly
from droplet impact cooling, they share some of the
important physical features, namely, the formation
and evaporation of a thin liquid film formed upon
impact with a heated surface. The Kutateladze num-
ber is used to nondimensionalize the adjusted CHF
data as suggested by Monde and Inoue [1]:

CHF*

CHFf=——.
pLhs;

3
The independent variables in this case are the Weber
and Strouhal numbers, which incorporate the charac-
teristic parameters of droplet impact cooling :

_ pLvid
We = —O'L 4)
and
d
St =fv~. (5

Least squares fitting of the data results in the fol-
lowing correlation :

CHF*

= 0.1660We 04138 g70.8906 6
pthgvi € ( )

Figure 8 demonstrates the ability of equation (6) to
characterize the entire CHF data set. The coefficient
of determination was 0.9637, indicating that 96% of
the variation in the data is predicted by the corre-
lation. The limits of accuracy describing the difference
between the predicted and experimental non-
dimensionalized adjusted CHF values was less than
22%. Figure 9 provides a direct comparison between
the experimental and predicted data. These results
indicate that equation (6) provides a reasonable cor-
relation between the CHF data and the parameters
most significant to droplet impact cooling, namely
impact frequency, impact velocity and droplet diam-
eter. Furthermore, using the wetted area to evaluate
the CHF makes the results invariant with respect to
the heat transfer area. So, although the correlation
was developed for a single stream, it may be applicable
to multiple, non-interacting, streams impacting sim-
ultaneously. The data on which equation (6) is based
cover the following ranges of Weber and Strouhal
numbers :

175 < We <730
and

7.00x 1073 < Sr <3.00x 1072, )

CONCLUSIONS

An experimental study has been carried out to
investigate the effect of various parameters on the
critical heat flux for a single stream of monodispersed
water droplets. Adjusted CHF values of nearly 500 W
c¢m~? have been achieved at superheats of only 20°C.
During the study, droplet impact frequency, velocity
and diameter were independently varied. For the
range of parameters examined, the surface-averaged
CHF is insensitive to droplet impact frequency and
velocity. In contrast, the physically-more-significant
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adjusted CHF, based on the initially-wetted area,
increases significantly with impact frequency but
declines with increased impact velocity. The results
suggest that increased impact frequency is advan-
tageous in maximizing CHF, but increased impact
velocity may not be. The CHF results were evaluated
and a generalized correlation was developed. Equa-
tion (6) is the main result of this work: it allows the
critical heat flux to be evaluated for any combination
of droplet impact frequency, velocity and diameter.

The limits of accuracy for the developed correlation
were less than 22%. Using the wetted area to evaluate
the CHF makes the results invariant with respect to
the heat transfer area. So, although the correlation
was developed for a single stream, it may be applicable
to multiple streams impacting simultaneously.
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