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ransition Boiling Heat Transfer of
roplet Streams and Sprays
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n experimental study was performed to characterize the transi-
ion boiling heat transfer rate from a surface to a stream of im-
inging water droplets and to extrapolate this information to pre-
ict the transition boiling heat transfer of a dilute spray. First,
ransition boiling heat transfer data were gathered for a continu-
us stream of monodispersed water droplets striking a polished
ickel surface. From these data, empirical correlations were de-
eloped to describe the heat transfer rate and heat transfer effi-
iency for droplet velocities between 1.0 m s−1 and 7.1 m s−1,
roplet diameters ranging from 0.250�10−3 m to 1.002
10−3 m, and surface temperatures covering 110–240°C. By

roperly accounting for the hydrodynamic differences between a
pray and a single droplet stream, the empirical single droplet
tream heat transfer correlations were effectively extrapolated
nto a model for predicting the transition boiling heat flux of dilute
prays �Q��0.5�10−3 m3 s−1 m−2�. �DOI: 10.1115/1.2764090�

eywords: droplet, spray, transition boiling, heat transfer

ntroduction
The transition boiling heat transfer regime plays an important

ole in materials processing, power generation, and electronic
ooling applications. However, because of its complex and un-
teady behavior, it has historically been the least studied of the
arious boiling regimes. Furthermore, the multifaceted aspects of
pray hydrodynamics add further difficulty to the study and un-
erstanding of spray transition boiling heat transfer.

The basics of spray boiling heat transfer and the definitions of
he four distinct heat transfer regimes are best described by the
ransient quenching curve, as shown in Fig. 1. At relatively high
urface temperatures the film boiling regime exists. In this regime,
iquid-solid contact is very brief as the liquid becomes separated
rom the surface by an insulating vapor layer, resulting in low heat
uxes and slow cooling rates. The lower temperature limit of the
lm boiling regime is referred to as the Leidenfrost point, which
eparates the film and transition boiling regimes. Within the tran-
ition boiling regime, the liquid droplets make partial and ex-
ended contact with the solid surface, as evident by the higher heat
uxes and faster cooling rates. Unique to the transition boiling
egime, the heat transfer rate is inversely proportional to the sur-
ace temperature. As the surface temperature decreases in the tran-
ition boiling regime, the droplet-to-surface contact time increases
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along with a corresponding increase in the surface heat flux. At
the lowest temperature limit of the transition boiling regime, the
critical heat flux �CHF� point is encountered. At this point, the
liquid droplets make efficient contact with the surface, and boiling
heat fluxes as well as cooling rates are at their highest values.
Below CHF, the nucleate boiling regime exists. In this regime, the
liquid droplets effectively wet the surface and the heat fluxes are
large, rapidly decreasing with surface temperature to the lower
limit, termed the bubble incipience point. Below this limit, heat
transfer occurs by single-phase convection.

Figure 1 is quite general, and the shape of the plot is highly
influenced by fluid thermal and hydrodynamic properties, the
heated surface characteristics, and surface orientation. Missing
from Fig. 1 are the influential aspects of the droplet hydrodynamic
parameters including diameter, velocity, frequency, and volumet-
ric flux, as well as the surface properties.

Several qualitative studies have been performed to investigate
the many parameters that influence the transition boiling behavior
of individual impinging droplets. Chandra and Avedisian �1� used
flash photography to investigate the influence of surface tempera-
ture on the droplet spreading structure for n-heptane droplets im-
pinging upon a polished stainless steel surface. Inada et al. �2�,
Takeuchi et al. �3�, and Makino and Michiyoshi �4� all used high
speed photography to study the influence of various droplet and
surface parameters on the transition boiling behavior of impinging
water droplets. More recently, Bernardin et al. �5,6� used high
speed and still photography to develop photographic libraries and
droplet regime maps to identify the effects of droplet velocity,
surface temperature, and surface roughness on the spreading and
heat transfer characteristics of impinging water droplets. Bernar-
din et al. also made heat transfer measurements to estimate the
CHF and Leidenfrost points, the boundaries of the transition boil-
ing regime.

The characterization of droplet heat transfer is typically accom-
plished by measuring the average heat flux, average heat transfer
coefficient, or droplet heat transfer efficiency, the latter of which
is defined by

� =
Qsd

Qmax
=

Qsd

� f

�d0
3

6
hfg�

�1�

Araki et al. �7� developed an analytical model and incorporated
empirical data to estimate the transition boiling heat transfer co-
efficient for a stream of water droplets impinging upon a heated
surface. Inada et al. �2� employed transient temperature measure-
ments and a two-dimensional �2D� analytical model to determine
the transition boiling heat flux to impinging water droplets over a
wide range of liquid subcooling. Takeuchi et al. �3� and Senda et
al. �8� used similar transient quenching techniques of a hot surface
by a stream of water droplets to measure the heat transfer rate and
heat transfer efficiency over a range of surface temperatures as
well as droplet velocities and frequencies.

Deb and Yao �9� used a dimensional analysis to develop the
following heat transfer efficiency for a single impinging drop in
the transition and film boiling regimes:

�sd = 0.0273 exp�0.081�ln�We/35 + 1�
�B + S/60.5�1.5 �

+ 0.2109KB exp	 − 90

We + 1

 �2�

where the dimensionless parameters are We=� fuo
2do /�, B

=cp,g�Ts−Tsat� /hfg, K=kg / �cp,g�g�, and S= �k�cp�s
0.5 / �k�cp�steel

0.5 −1.
The droplet studies discussed here provide important qualitative

and quantitative information concerning the heat transfer charac-
teristics of individual droplets. However, they do not provide the

tools to directly predict the heat transfer rate of a spray.

NOVEMBER 2007, Vol. 129 / 160507 by ASME
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The primary influential parameters for a transitional boiling
eat transfer rate in sprays have been reported to include surface
emperature, droplet diameter, droplet velocity, and spray volu-

etric flux �9–13�.
The droplet diameter has been reported to be of minor influence

n the spray transition boiling heat flux. Mudawar and Valentine
14� as well as Klinzing et al. �10�, using full cone spray nozzles,
bserved the heat flux to decrease slightly with an increase in
roplet Sauter mean diameter over a range of 0.633
10−3–1.350�10−3 m. Yao and Choi �13� and Deb and Yao �9�,

tilizing an impulse droplet atomizer to create a spray of uniform
roplets, saw little or no influence of droplet diameter on the
ransition boiling heat flux.

The transition boiling heat flux was consistently observed to
ncrease with droplet velocity for a variety of studies covering a
ide range of spray parameters �9–13�. In all cases, the relation-

hip between the heat flux and droplet velocity was highly non-
inear and very much dependent on the surface temperature and
olumetric spray flux.

The second most dominant parameter in spray transition boiling
eat transfer is the spray volumetric flux. In Refs. �9,12,13�, the
ffects of volumetric spray flux were isolated by utilizing a mono-
ispersed spray generator to maintain a uniform droplet diameter
nd velocity while adjusting the volumetric spray flux. From the
ata presented in those studies, the heat flux appeared to increase
inearly with increasing volumetric spray flux �0.000091�Q�

0.0021 m3 s−1 m−2�. Klinzing et al. �10� employed a full cone
pray nozzle and also found heat flux to increase with volumetric
pray flux, although the relationship depended on whether the
pray was dilute �Q��0.0035 m3 s−1 m−2� or dense �Q�

0.0035 m3 s−1 m−2�. It should be noted that although no quan-
itative categorization of dilute and dense sprays exists, studies
9,10,13,15� have reported liquid volumetric spray flux values in
he range of 0.0002–0.0035 m3 s−1 m−2 as the boundary between
he two spray regimes.

Empirical spray transition boiling heat transfer correlations
ave been developed for water sprays �10,11,14� over a range of
pray conditions. Klinzing et al. �14� presented the following cor-
elation for the transition boiling heat flux qtrans� , for full cone

ig. 1 Temperature-time history of a surface during spray
uenching with a subcooled liquid
ater sprays based on local spray hydrodynamic parameters of

606 / Vol. 129, NOVEMBER 2007
liquid volumetric flux �0.6�10−3�Q��9.96�10−3 m3 s−1 m−2�,
mean droplet velocity �10.6�um�26.5 m s−1�, Sauter mean drop
diameter �0.434�10−3�d32�2.005�10−3 m�, and surface tem-
peratures up to 400°C,

qtrans� = qCHF� −
qCHF� − qmin�

�	TCHF − 	Tmin�3 �	TCHF
3 − 3	TCHF

2 	Tmin

+ 6	TCHF	Tmin	T − 3�	TCHF + 	Tmin�	T2 + 2	T3�
�3�

where

qCHF� = 122.4�ghfgQ��1 + 0.0118	�g

� f

0.25	� fcpf	Tsub

�ghfg

�

�	 �

� fQ�2d32

0.198

�4�

and

	TCHF = TCHF − Tf = 18���ghfgQ��	 �

� fQ�2d32

0.198�0.180

�5�

and qmin� and 	Tmin are given in Eqs. �6� and �7� for dilute sprays
�Q��3.5�10−3 m3 s−1 m−2�,

qmin� = 33.244 � 105Q�0.544um
0.324 �6�

	Tmin = 204.895Q�0.066um
0.138d32

−0.035 �7�
Reviews of the literature have revealed that while there have

been several qualitative and quantitative studies of the transition
boiling characteristics of droplets and sprays, a comprehensive
model that possesses the ability to accurately model and predict
the transition boiling heat transfer rate of a complex spray is still
unavailable. The object of the present study is to construct a spray
transition boiling heat transfer correlation based on the heat trans-
fer characteristics of a single droplet stream and the statistical
droplet distributions of sprays. To achieve this goal, quantitative
assessments are made regarding the significance of droplet diam-
eter, droplet velocity, and surface temperature on the transition
boiling heat transfer rate for a single stream of impinging droplets.
The empirical correlations that capture these quantitative assess-
ments are then combined with a basic analytical spray heat trans-
fer model to arrive at a semiempirical model for the transition
boiling heat flux of a spray. Finally, the spray heat transfer model
is compared to empirical spray transition boiling heat transfer cor-
relations to demonstrate its effectiveness and limitations.

Experimental Apparatus and Procedures
Figure 2 displays the experimental apparatus used to study the

transition boiling heat transfer from a heated surface to a con-
trolled single stream of water droplets. The apparatus is comprised
of a water delivery system, a droplet generator and associated
electronics, a heater module with instrumentation, and a data ac-
quisition system. Complete details for all of the experimental
equipment can be found in Refs. �16,21�, and thus only a brief
summary is given here.

The droplet generator �16–19�, developed to produce monodis-
persed droplets, was equipped with one of four stainless steel
orifice plates possessing orifice diameters of 0.130�10−3 m,
0.249�10−3 m, 0.343�10−3 m, and 0.533�10−3 m, to produce
droplets with respective diameters of 0.244�10−3 m, 0.468
�10−3 m, 0.645�10−3 m, and 1.002�10−3 m �21�. The droplet
generation process is achieved by forcing liquid through a narrow
orifice to develop a laminar jet, which is then mechanically vi-
brated over a narrow frequency range and forced to disintegrate
into a periodic stream of uniformly sized droplets. Rayleigh �20�
demonstrated that an axisymmetric disturbance, whose wave-
length is greater than the circumference of the laminar jet, would

overcome surface tension forces and cause the jet to break up into

Transactions of the ASME
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series of uniform droplets. Bernardin and Mudawar �16� showed
hat the optimum jet breakup frequency f0 can be related to the
roplet velocity u0, droplet diameter d0, most unstable wavelength
opt, or jet diameter D by

f0 =
u0


opt
=

u0

2.35d0
=

u0

4.44D
�8�

A piezoceramic crystal, powered by a signal generator and
ower amplifier, was used to produce the mechanical vibrations
or the droplet generator. As shown in Fig. 2, an oscilloscope was
onnected to the output of the power amplifier to precisely deter-
ine the electric field frequency. Furthermore, a strobe light, con-

ected parallel to the output signal, was used to visually verify the
uccessful breakup of the liquid jet into discrete droplets and to
erify that the prescribed electrical disturbance frequency
atched the droplet frequency. As discussed in Ref. �16�, the

roplet velocity was set by adjusting the flow rate to the generator
or a given orifice diameter. This droplet generation technique
reated very stable and consistent droplet streams where no
roplet-droplet interaction was witnessed prior to impact with the
eated surface.

Table 1 summarizes the mean droplet diameters, velocities, and
requencies used in this study. Droplet diameters and velocities
ere measured with a Kodak Ektapro 1000 video motion analyzer

n conjunction with a 200 mm zoom lens and a graduated ruler.
easured droplet diameters and velocities were within 10% and

%, respectively, of the values listed in Table 1.

Fig. 2 Droplet heat transfer apparatus

Table 1 Single droplet stream test parameters

Test
number

do�103

�m�
Qss�109

�m3 s−1�
uo

�m s−1�
f

�s−1�

1 0.250 40 3.0 5218
2 0.250 63 4.8 8311
3 0.250 78 5.8 10,162
4 0.250 94 7.1 12,327
5 0.468 74 1.5 1372
6 0.468 97 2.0 1817
7 0.468 120 2.5 2233
8 0.645 144 1.6 1032
9 0.645 177 1.9 1265
10 1.002 227 1.0 432
11 1.002 253 1.1 481
ournal of Heat Transfer
The heater module was designed to measure the heat transfer
rate to a single stream of droplets impinging upon the polished
nickel-plated surface. Wrapped around the circumference of the
heater assembly was an electrical resistance heater �200 W at
120 V ac�, which was powered by a variable ac voltage trans-
former. The heater assembly employed four calibrated type-K
thermocouples �±0.2°C� to measure the heat conducted to the
surface and dissipated by the droplet stream. The thermocouples,
made from 0.076 mm �0.003 in.� diameter wires and inserted into
0.343 mm �0.135 in.� ceramic tubes, were placed at a depth of
3.99 mm �0.157 in.� and a spacing of 2.54 mm �0.10 in.�. This
heater configuration ensured a one-dimensional heat flow along
the instrumented section �16,21�. A one-dimensional curve fit to
the thermocouple readings allowed for an extrapolation of the
surface temperature and heat flux. An error analysis based on
uncertainties in geometry, thermocouple calibration values, copper
thermal conductivity, and heat losses resulted in a maximum error
of 7% in heat flux measurements �16,21�.

Distilled water was used as the working fluid for all tests. To
minimize the risk of contamination, the liquid was never recircu-
lated in the flow apparatus. The clean fluid and intermittent repol-
ishing of the test surface minimized the likelihood of changes in
the heater surface conditions.

For a detailed description of the experimental test procedure,
the reader is directed to Ref. �16�.

Results

Experimental Measurements and Data Correlation. Figure 3
shows three data sets, typical of the experimental results obtained
in this study. The plot displays the surface heat flux versus the
temperature difference between the heater surface and the droplet
for three different droplet stream conditions. These data sets en-
compass the transition boiling regime, from the CHF point to the
Leidenfrost point. Additional data corresponding to the nucleate
and film boiling regimes were obtained to identify the boundary
points of the transition boiling regime but were omitted from Fig.
3 �16,21� for data correlation purposes.

Similar to the approach used in Ref. �16� for film boiling heat
transfer, the transition boiling heat transfer rate for a single droplet

Fig. 3 Empirical data of heat flux from a heated surface to a
single stream of droplets with a given diameter and velocity
stream was correlated in this study to the following form:

NOVEMBER 2007, Vol. 129 / 1607
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qss = a1	Tf
a2d 0

a3u0
a4 �9�

here a1–a4 are empirically determined coefficients. Using a lin-
ar least squares fitting technique, the following form of the cor-
elation was obtained:

qss = 7.7 � 107	Tf
−1.279d0

1.073u0
0.595 �10�

here qss, 	Tf, d0, and u0 have the units of W, °C, m, and m s−1,
espectively. Figure 4 displays this correlation against the empiri-
al data and indicates that the majority of the data lies within a
/−15% bracketed band about the correlation. Given this data

catter and the uncertainties in the droplet diameter, droplet veloc-
ty, and heat flux measurements, it is estimated that Eq. �10� has a

ean uncertainty of 11%.
While Eq. �10� describes the transition boiling heat transfer rate

o a droplet stream, it does not indicate the efficiency of the heat
ransfer process. Droplet heat transfer efficiency, as defined previ-
usly in Eq. �1�, is the ratio of the actual to the maximum possible
mount of heat transferred from a surface to a droplet. For a single
roplet stream, this can be represented by

�ss =
Qsd

Qmax
=

qss

f� f

�d0
3

6
hfg�

�11�

Substituting Eqs. �8� and �10� into Eq. �11� gives the transition
oiling heat transfer efficiency of the single droplet streams inves-
igated in this study,

�ss =
3.46 � 108

� fhfg�
	Tf

−1.279d0
−0.927u0

−0.405 �12�

Equation �12� corresponds to a closely packed or high fre-
uency stream of droplets where a significant interference from
uccessive drops occurs during the impact and heat transfer pro-
ess on the heater surface. Consequently, the efficiency predicted
y Eq. �12� will be lower than those obtained for single droplets
r dilute sprays.

Equations �10� and �12� are valid for water droplet streams of
niform diameter, frequency, and velocity and for the following
arametric ranges: 100�	Tf �220°C, 0.250�10−3�d0
1.002�10−3 m, and 1.0�u0�7.1 m s−1

Dilute Spray Modeling and Assessment. In this section, the
eat transfer correlation for a single droplet stream is incorporated

ig. 4 Correlation of the single droplet stream transition boil-
ng heat transfer rate data
nto the development of a semiempirical model of the transition

608 / Vol. 129, NOVEMBER 2007
boiling heat flux for a dilute spray, qsp� . A spray may be thought of,
in a simplistic manner, as a series of droplet streams impinging
upon a heated area. Furthermore, as pointed out in Ref. �16�, it is
reasonable to expect that the interaction between droplets in a
spray will be different than in a droplet stream. Therefore, to
model a spray as a series of droplet streams, a correction must be
applied to account for differences in heat transfer efficiency of a
spray and of a droplet stream. The entire mathematical develop-
ment of this model and justification of the supporting arguments
parallels that found in Ref. �16� for a similar model of spray film
boiling, and thus the reader is directed to that reference for all of
the supplementary information. Taking the approach outlined in
Ref. �16�, but employing the transition boiling expressions of Eqs.
�10� and �12� of the present study, and replacing the single stream
droplet diameters and velocities with, respectively, the spray Sau-
ter mean diameter d32 and the spray mean droplet velocity um, the
following transition boiling heat flux prediction for a dilute spray
may be obtained:

qsp,pred� = � fhfg� Qsp� �sd	1 −
Qsp�

Qsp,dense�

 + 3.46

� 108	Tf
−1.279d32

−0.927um
−0.405	 Qsp�

2

Qsp,dense�

 �13�

where the spray flux corresponding to a dense spray, Qsp,dense� , was
reported in Refs. �10,16� to be approximately 5
�10−3 m3 s−1 m−2, as the lower limit for a fully dense spray.

The transition boiling heat transfer efficiency for a single im-
pinging droplet, �sd, can be determined directly from Eq. �2�. An-
other approach, which is more applicable to full cone water
sprays, is to divide Eq. �3� by the maximum amount of heat trans-
fer to a spray, �fhfg� Qsp� , and evaluate the result at a dilute volu-
metric spray flux of 0.175�10−3m3 s−1m−2 �16�. This approach
does not account for all aspects of droplet interference that could
exist on a surface being exposed to a medium or dense spray.
However, it is believed that these equations provide a reasonable
characterization of a dilute spray.

Consequently, by knowing the single droplet heat transfer effi-
ciency �sd, the spray parameters �d32, um, Q��, and the excess
surface temperature 	Tf, Eq. �13� can be used to predict the local
spray transition boiling heat flux. This model’s predictive capabil-
ity is best matched over the following parameteric ranges: 100
�	Tf �220°C, 0.250�10−3�d32�1.002�10−3 m, and 1.0
�u0�7.1 m s−1.

Figure 5 displays a comparison of the spray transition boiling
heat flux model Eq. �13� versus two empirical spray transition
boiling heat flux correlations �10,11� for a single set of spray
parameters. Figure 5 allowed for the evaluation of two different
methods that were used to calculate the single droplet heat transfer
efficiency �sd, for Eq. �13�. The first method included direct utili-
zation of Eq. �2�, which is the correlation by Deb and Yao �9�. The
second method involved dividing Eq. �3� by the maximum amount
of heat transfer to a spray, �fhfg� Qsp� , and evaluating the result at a
dilute volumetric spray flux of 0.175�10−3 m3 s−1 m−2. As Fig. 5
indicates, the latter of these two methods yields a closer agree-
ment between the spray heat flux model and the empirical corre-
lations, and thus this approach was employed in all remaining
model assessments. The disagreement between the heat flux
model and the empirical correlation of Ref. �10� at low tempera-
tures is explained in Fig. 6�a�.

Figure 6 compares the spray transition boiling heat flux model
Eq. �13� versus the empirical dilute spray heat flux correlation of
Klinzing et al. �10� �Eq. �3�� for various spray fluxes, droplet
diameters, and droplet velocities. Figure 6�a� shows an excellent
agreement for the low volumetric spray flux �0.5
�10−3 m3 s−1 m−2� and gradual departure in the agreement as the
spray flux is increased. It appears that the model of Eq. �13� is

applicable for very dilute sprays, but begins to lose its accuracy

Transactions of the ASME
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or spray fluxes greater than 1.0�10−3 m3 s−1 m−2. It is specu-
ated that complex droplet interference and interaction effects,
hich occur in medium and dense sprays, can account for the

imited capabilities of Eq. �13� �16�. Nevertheless, Fig. 6�b� and
�c� indicate that the model’s predictive capability is very good
or droplet diameters and droplet velocities over the ranges of
.250�10−3–1.000�10−3 m and 5.0–15.0 m s−1, respectively,
or a volumetric spray flux of 0.5�10−3 m3 s−1 m−2.

onclusions
This investigation focused on the transition boiling heat transfer

ate and the heat transfer efficiency of a single stream of mono-
ispersed water droplets. Furthermore, the study demonstrated
ow the complex behavior of spray transition boiling heat transfer
an be modeled from fundamental observations of the controlled
ingle droplet stream. From the experimental measurements and
nalytical modeling comparisons, the following key conclusions
an be drawn.

1. Empirical correlations were developed for the transition
boiling heat transfer rate and the heat transfer efficiency for
a single stream of uniform droplets impinging upon a pol-
ished horizontal surface. The influential parameters for these
correlations include droplet diameter, droplet velocity, and
surface temperature.

2. By properly accounting for the hydrodynamic differences
between a spray and a single droplet stream, the empirical
single droplet stream heat transfer correlations were effec-
tively extrapolated into a model for predicting the transition
boiling heat flux of dilute sprays �Q��0.5�10−3 m3

s−1 m−2�.

omenclature

ymbol
cp � specific heat �J kg−1 K−1�
D � laminar jet diameter �m�
do � droplet diameter �m�

d32 � droplet Sauter mean diameter �m�
f � frequency �s−1�

h −1

ig. 5 Comparison of the spray transition boiling heat flux
odel to spray heat flux correlations
fg � latent heat of vaporization �J kg �

ournal of Heat Transfer
Fig. 6 Comparison of the spray transition boiling heat flux
model, qsp,pred� , to the spray heat flux correlation of Klinzing et
al. †10‡, qtrans� , for various „a… volumetric spray fluxes, „b… drop-
let diameters, and „c… droplet velocities
NOVEMBER 2007, Vol. 129 / 1609
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hfg� � modified latent heat of vaporization
hfg+cp,f�Tsat−Tf� �J kg−1�

k � thermal conductivity �W m−1 K−1�
Q � total heat transfer �J�, volume flow rate

�m3 s−1�
Q� � volumetric spray flux �m3 s−1 m−2�

q � heat transfer rate �W�
q� � heat flux �W m−2�
T � temperature �°C�

TCHF � temperature at CHF �°C�
Tmin � temperature corresponding to minimum heat

flux �°C�
uo � droplet velocity �m s−1�
um � mean drop velocity in spray �m s−1�

We � Weber number, ��uo
2do� /�

reek Symbol
	TCHF � TCHF−Tf �°C�

	Tf � Ts−Tf �°C�
	Tmin � Tmin−Tf �°C�

� � drop or spray heat transfer efficiency

 � wavelength �m�
� � dynamic viscosity �N s m−2�
� � density �kg m−3�
� � surface tension �N m−1�

ubscript
CHF � critical heat flux condition

dense � dense spray condition
f � property of liquid

fg � difference between liquid and vapor
g � property of vapor

max � maximum
min � minimum heat flux or Leidenfrost point
pred � predicted

s � solid, surface
sat � saturation
sd � single droplet
sp � spray
ss � single droplet stream

trans � transition boiling
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