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a b s t r a c t

Understanding multicomponent drop breakup during impact with walls is critical to the prediction and
optimization of fuel-air mixture distribution in combustion systems. In combustors, drops impact walls
over a range of wall temperatures and drop velocities, resulting in complex outcomes. In this paper, the
regimes of drop impact are characterized for bicomponent and multicomponent fuel drops impacting hot
walls. Mixtures of n-heptane and n-decane were used to represent low and high boiling point fuel com-
ponents, respectively. The wall surface temperatures were varied from 27 to 400 �C with drop Weber
numbers ranging up to �700 for a range of mixing ratios of n-heptane and n-decane. The drop impact
events were recorded using high-speed imaging, allowing the identification of impact outcomes and clas-
sification into regimes of film deposition, nucleate boiling, and rebound at low Weber numbers, and
splashing and breakup at high Weber numbers. In bicomponent mixtures of n-heptane and n-decane,
increasing the fraction of the volatile component (n-heptane) results in secondary film breakup at low
wall temperatures and a shift in the classified regimes of impact. The droplet size distribution following
this secondary breakup was determined, and results show a decrease in the mean droplet size with
increasing volatile concentration. Finally, commercial gasoline and diesel fuel drops were examined over
similar wall temperature and Weber number ranges. The impact regimes are comparable to those iden-
tified for the well-defined bicomponent liquid mixture, in which more volatile components promote
rebound and disintegration of the liquid.

� 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Many industrial spray processes involve small sub-millimeter-
scale drops impinging on solid walls. In particular, spray cooling
and sprays in combustion systems exhibit liquid drops or sprays
interacting with solid surfaces that may be well above the liquid
boiling temperature. In both cases, identifying the controlling
physical parameters is essential to optimize the heat transfer rate
or vaporization duration. In spray cooling, liquid sprays impinge on
heated surfaces to facilitate rapid cooling by undergoing phase
change. The liquid deposits as a film and the phase change occurs
primarily in a nucleate boiling regime [1,2]. The rate of cooling
depends on the extent of heat transfer between the wall and drop,
and is controlled by the rate of vapor formation near the wall [2]. In
combustion sprays, multicomponent fuels such as gasoline or die-
sel fuel are injected at high pressures to achieve improved fuel
economy and lower exhaust emissions [3,4]. These injection pres-
sures result in atomization of the liquid fuel into micrometer-scale
droplets and allow for desirable vaporization and mixing for opti-

mal combustion. After injection, droplets span a wide range of
velocities and sizes. In certain operating conditions fuel drops
can impinge on piston surfaces. These wall temperatures vary peri-
odically because of the changing operating speed and load condi-
tions, adding to the complexity of modeling spray-wall
interactions. Variations in wall temperature and the resulting
drop-wall interaction can impact overall combustion performance
and pollutant emissions [5–7]. For example, increased unburned
hydrocarbon emissions have been attributed to the formation of
a thin liquid film at the wall [7].

For combustion and spray cooling applications, both the liquid
and wall properties control the ultimate outcome of drop-wall
interactions. Several dimensionless parameters have been used to
characterize the outcomes of drop-wall interactions. A number of
studies have examined the influence of the dimensionless Rey-
nolds, Weber, and Ohnesorge numbers on the outcome of a drop
impact on the wall [8–10]. The Reynolds number,

Re ¼
q‘Ud0

l‘

; ð1Þ

is defined as the ratio of inertial to viscous forces using the liquid
density (q‘), drop diameter (d0), liquid viscosity (l‘), and the
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relative velocity at impact (U). The Ohnesorge number, which is the
ratio of viscous forces to the combined inertial and surface tension
forces is defined as

Oh ¼
l‘
ffiffiffiffiffiffiffiffiffiffiffiffiffi

q‘rd0

p ; ð2Þ

with r the liquid-vapor surface tension. From these, another dimen-
sionless parameter, the Weber number, can be formed describing
the relative effect of fluid inertia and surface tension:

We ¼ Oh � Re2 ¼
q‘U

2d0

r
: ð3Þ

These parameters have been used successfully to establish regimes
of drop-wall interaction using a critical splashing parameter (Kc)
with the form Kc ¼ OhRe

n. Various correlations of this form have
been proposed by Stow and Hadfield [11], Mundo et al. [12], Cossali
et al. [13], and van der Wal [14]. These empirical relations success-
fully predict the onset of splashing for drops impacting a cold wall,
with small droplets produced at the perimeter of the expanding liq-
uid film. In addition, empirical correlations for drop spreading rate
have been proposed with bothWe and Re. The maximum liquid film
spread on cold, dry walls has been shown to increase with increas-
ing drop momentum [15–17]. Correlations were established to
quantify the influence of drop diameter, liquid viscosity, and surface
tension on the film spreading rate and maximum spread [17]. For
the same Weber number but different Reynolds numbers, higher
liquid viscosity and smaller drop diameter (low Re) were shown
to decrease the maximum spread. However, for the same Reynolds
number but increased Weber number, the relative increase in sur-
face tension resulted in a reduction in the total spread of the liquid
film [17].

During the drop-wall interaction, differences in the drop surface
temperature (Ts) and the wall temperature (Tw) have also been
shown to result in different outcomes. A number of studies report
variations in impact behavior depending on both the hydrody-
namic regime and wall temperature [18–20]. These outcomes can
be grouped into four regimes based on the wall temperature
[9,21,22]:

� Film evaporation (Tw < Tsat)
� Nucleate boiling (Tsat < Tw < TNukiyama)
� Transition boiling (TNukiyama < Tw < TLeidenfrost)
� Film boiling (Tw > TLeidenfrost)

Here, the wall temperature (Tw) and the liquid saturation tem-
perature (Tsat) are well defined for a pure fluid. For a given liquid
and wall substrate, two other temperatures are reported in the lit-
erature defining boundaries between the observed regimes: the
Leidenfrost temperature, corresponding to the temperature of min-
imum heat flux for a near-stationary drop (TLeidenfrost), and the
Nukiyama temperature, corresponding to the maximum heat flux
(TNukiyama) [23].

In the case of film evaporation, where the temperature is below
the liquid saturation temperature, the drop spreads on the solid
surface and forms a thin liquid film which wets the wall. This
regime is characterized by slow evaporation of the liquid without
the observation of bubble nucleation at the wall. A previous study
described the variation in maximum spreading rate and the rate of
recoil with wall temperature using n-heptane for a low impact
Weber number of 43 [24]. However, this investigation was limited
to a single component fuel, and the author recommended the use
of high-speed image sequences to capture the fast dynamics of
drop spread and rebound in future studies. Similar studies have
examined the variation in spread factor for a range of wall temper-
atures but have focused on single-component liquids at lower

Weber numbers [24–26]. In the film evaporation regime (low tem-
perature), the role of fuel composition on the spread and recoil of
the liquid film was examined recently [27]. In the study, the
spreading of both single and bicomponent fuel drops were compa-
rable, and the vaporization times decreased with increasing wall
temperature [27].

As the wall temperature increases to the saturation tempera-
ture, a nucleate boiling regime is observed, with bubbling/boiling
phenomena beginning shortly after the drop impact. The onset of
the nucleate boiling regime is characterized by rapid vapor nucle-
ation and the ejection of small-scale droplets as bubbles emerge
from the liquid surface. The wall serves as a site for heterogeneous
nucleation, and vapor bubbles formed at the wall-liquid interface
dominate the vaporization. As the wall temperature continues to
rise, the heat transfer rate to the drop is sufficient to cause vapor-
ization prior to the drop reaching the wall surface. Above a certain
temperature, the formation of a vapor layer results in rebound of
the drop without direct contact between the liquid and the wall
surface, and this is referred to as a film boiling regime. This tem-
perature is defined by a minimum value of the heat flux between
the wall and the drop and is referred to as the Leidenfrost temper-
ature (TLeidenfrost) [28,29]. For low impact momentum, the drop will
rebound without breaking up. At higher impact momentum,
breakup may take place, but vapor formation limits direct liquid-
wall contact [30].

Between the nucleate-boiling and film-boiling regimes, a transi-
tional regime is observed where evidence of a vapor layer is
observed but direct liquid-wall contact still takes place. This period
is of interest as the rate of drop heating and morphology of the
vaporizing liquid drop vary significantly during the transition. An
additional temperature can be used to describe the onset of this
transition boiling regime. The Nukiyama temperature (TNukiyama),
as previously described, is defined by the minimum time to com-
pletely vaporize a low-momentum drop. Few studies report transi-
tion regimes for single and bicomponent fuel mixtures; therefore,
there is a need to experimentally identify boundaries for both sin-
gle and bicomponent fuel mixtures.

In addition to high wall temperature, combustion and spray
cooling applications may have significant variations in drop veloc-
ity at the time of wall impact. As the drop impact velocity varies for
cold walls, characteristic outcomes range from deposition without
splashing to deposition with splashing. The outcomes have been
summarized with regime diagrams by showing a Oh and Re bound-
ary between non-splashing and splashing outcomes. At elevated
wall temperature, the majority of prior studies have focused on
low and moderate momentum drops impacting hot walls. A num-
ber of studies have comprehensively identified disintegration lim-
its for drops on hot walls for a number of pure components [30–
32]. In addition, the surface roughness amplitude has been shown
to decrease the disintegration of drops and generation of secondary
droplets. Increased roughness generates fewer secondary droplets,
which is attributed to vapor formation in surface roughness voids/-
valleys [31]. Moita et al. correlated secondary droplet size with the
Sauter mean diameter, Weber number, and Reynolds number in
the film boiling regime [32]. However, the correlations established
were only valid for surface roughnesses (Ra=d0) smaller than

2� 10�3. For larger surface roughnesses, the authors suggest addi-
tional investigations as insufficient data is available in the litera-
ture to establish reliable correlations.

In this paper, we examine the combined role of fluid dynamics
and physical properties in the interaction of single drops with hot
walls. This paper presents the results of drop-wall impact for
single-component, bicomponent, and multicomponent liquid mix-
tures with a range of boiling points temperatures. The outcome of
the drop-wall impact is characterized for a range of Weber number
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(27–800) and wall temperatures (25–300 �C) spanning cold ambi-
ent wall conditions to high temperature wall conditions typical of
combustor surfaces. The drop wall impact is characterized phe-
nomenologically, and regime maps are presented for the single-
component fuels. Subsequently, the impact of bicomponent drops
consisting of n-heptane and n-decane are examined to characterize
the role of the volatile component in the timescale and outcome of
the drop-wall impact. Results are presented in regime diagrams,
indicating the demarcation between different physical outcomes.
Finally, the behaviors of typical multicomponent fuel drops are
presented and compared with those of the bicomponent surrogate
mixtures.

2. Experimental setup

This section presents details of the experimental setup and pro-
cedures and gives a description of image processing routines.

2.1. Drop generation and imaging setup

A schematic of the high-speed backlit imaging setup is shown in
Fig. 1 consisting of the high speed camera, drop generator, and
optics. A 1500-grit ground glass diffuser and a halogen lamp
(500W) were used for back illumination of the drops. A variable
volume pipette (10–300 lL) was used to generate drops. The
height of the pipette was changed to vary the impact velocity
and corresponding Weber number. The pipette generated a single
drop of approximately 1.8-mm diameter. During the drop impact,
image sequences were recorded with a high-speed complementary
metal-oxide-semiconductor camera (CMOS, Photron FASTCAM SA-
X2). Images were obtained using a Nikon 105-mm focal length lens
and 32 mm extension. The field of view and depth of field in these
studies were 24 � 22 mm2 and 22 mm, respectively. Images were
captured at a rate of 20 kHz and with a shutter exposure of
48 ls, yielding a frame size of 1020 � 672 pixels2. The imaging sys-
tem results in a magnification of 19 lm per pixel. Images of the
drop-wall impact were recorded from the side with the stage
height set to the center of the frame.

After generation, the drop accelerated through ambient air onto
a heated steel substrate (34 � 34 mm2) held on a ceramic hot plate
(171 � 171 mm2) to obtain surface temperatures from 30 �C to
540 �C. The surface temperature was monitored for each test using
a 3.175-mm K-type thermocouple with a tolerance of 2.2 �C (ASTM
E230-ANSI). To ensure even heating of the test substrate, the sur-
face temperature was measured at three different locations on
the test substrate for each wall temperature set point. Thermocou-
ples were in direct surface contact, and the locations consisted of
the point of impact and two locations approximately 3 mm from
the impact location. All image sequences were captured when the
surface temperature had reached the desired steady-state value.

Stainless steel(SS 304) was used as a test substrate due to high
resistance to thermal deformation. The surface roughness was con-
trolled using blast media treatment. The roughness of the test sur-
faces was measured using an 3D optical surface profiler (Zygo,
NewView 7100) and the roughness of the substrate surface is
shown in Fig. 1(b). The measured Rz and Ra values for were
7.43 lm and 1.25 lm, respectively. Rz is the sum of the average
peak values of tallest and lowest valleys from a mean line across
the test substrate. Ra is the mean the amplitude across the mea-
sured line.

For the calculation of Weber numbers at impact, which will be
used throughout the results, properties for the mixtures are esti-
mated from the NIST REFPROP at a temperature of 21 �C [33]. Prop-
erties for the mixtures are calculated in REFPROP using data from
Lemmon et al. and Rolo et al. [33,34].

2.2. Image processing

Image processing was implemented in MATLAB and used for
measurement of the spread of the liquid film upon impact and
the size of droplets resulting from secondary breakup. The image
processing routine consisted of a normalization using a back-
ground image, followed by edge detection and measurement. In
order to establish a consistent timebase across sequences, the time
of impact was determined by tracking the centroid location rela-
tive to the surface. The time of impact is defined as the time when
the centroid location of the drop reached a position equal to the
drop radius. The drop velocity and diameter for each event were
measured by identifying the centroid and extent in the 20 frames
prior to impact. A Canny algorithm [35] is used to identify the
edges of the drops and spread of the liquid film along the wall.
Before applying the Canny algorithm, the image of the liquid film
spread is background-subtracted, cropped, and dilated. After iden-
tifying the objects and edges in the image, the object with largest
area is selected. The spread is defined as the total horizontal extent
of the drop, as determined by this object.

A second routine was implemented in MATLAB to measure the
secondary droplet number and size distribution after film breakup.
The normalized image is subtracted from the background image,
cropped, and filtered using a Gaussian kernel prior to edge detec-
tion (Fig. 2a, b). The Canny algorithm is applied after dilation to
identify the edges of the secondary droplets (Fig. 2c). The centroid,
major axis, minor axis, solidity, and effective diameter of the iden-
tified objects are measured for each detected object. In order to
reliably detect single drops, the ratio of the major to minor axis
is considered. Selecting objects with axes ratios of dmax=dmin < 2
in the routine ensures that the detected objects are approximately
spherical and limits many of the overlapping droplets. Overlapping
objects are challenging in image detection, so the reported droplet
diameter distributions are made late in time, after the secondary
drops have separated. The detected droplets are limited to sizes
larger than approximately 50 lm. The system resolution was lim-
ited due to the necessity of capturing a relatively large field of view

Fig. 1. (a) Schematic of high-speed backlit imaging setup used to record impact
sequences at 20 kHz. (b) Interferometric surface profile measurement of the
stainless-steel test surface.
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and depth of field. As with all imaging experiments, identification
of drops can suffer from several potential biases. These include the
fairly to detect small drops due to image magnification or the
inability to resolve these drops. In processing, we intentionally lim-
ited the smallest detectable size to 50 lm due to the system reso-
lution. In addition, droplets in different planes may overlap,
leading to undercounting or biases in the detected size. Finally,
additional biases may exist if drops are non-spherical. Overall,
these biases are relatively minor, but we limit the cases where
sizes are measured directly to situations where the overall drop
density is low enough so that shadowing is minor and drops are
far from the wall.

2.3. Test parameters and sample information

Liquids included in these test consist of single-component rep-
resentative hydrocarbons (n-heptane and n-decane) and bicompo-
nent mixtures of these alkanes. Typical multicomponent fuels
(gasoline, #2 diesel) have wide ranges of molecular weights and
boiling points—potentially leading to complex behavior during
impact with hot walls. As an example, the light and middle distil-
late fractions of a representative 91 AI gasoline consist mainly of
alkanes [36]. The distillation curves of gasoline and diesel fuels
used in the experiments are provided in the supplementary sec-
tion. The distillation characteristics have been obtained using
ASTM D86 test method [37]. The test consists of a 100 mL batch
distillation at atmospheric pressure, during which the condensed
volume is measured. The final result is expressed as percent recov-
ered versus temperature.

In the studies presented, two alkanes were chosen which span
the typical distillation fraction of gasoline. N-heptane serves as a
low molecular weight/low-boiling point surrogate (at 20% of the
distillation) with a boiling point of 98.5 �C. Furthermore, in model-
ing studies n-heptane is a well-accepted representative of gasoline
[38,39]. N-Decane is a high boiling point alkane (174.5 �C) and is
miscible with n-heptane, allowing a homogeneous binary mixture
spanning a range of fuel-relevant boiling points. Binary mixtures
were varied from 0 to 100% n-heptane by volume to allow study
of the fuel composition effects on drop-wall impact. As previously
described, wall temperatures are varied from 21 to 300 �C to span
the nucleate boiling and film boiling regimes. These temperatures
also span typically operating conditions in internal combustion
engines. For example, piston crown temperatures of 300 �C have
been reported for full load conditions [40,41].

3. Results

The outcome of experimental studies with fluids ranging from
single-component to multicomponent fuels are compared for a

range of impact Weber numbers on a dry heated wall. First, n-
heptane is examined to establish distinct regimes as a function of
wall temperature and the impact Weber number. Spread measure-
ments with varying Weber number are presented, but these are
limited to moderate wall temperatures before significant rebound
and film boiling effects are evident. Using the regimes identified for
single component drops, the role of the volatile component in a
mixture of n-heptane and n-decane is examined. The size and
number of secondary droplets generated for these cases are charac-
terized for a range of mixtures. Finally, the impact of typical mul-
ticomponent fuels (gasoline and diesel) are discussed.

3.1. Impact of a pure single-component liquid (n-heptane)

The impact of single-component liquids with hot walls was
extensively studied to characterize impact regimes, but some rep-
resentative sequences are selected here for both varying wall tem-
perature and varying impact velocity. Fig. 3 shows the outcomes
for a range of wall temperatures (27, 100, 200, and 300 �C) for
two conditions: low momentum impact with We ¼ 27 and higher
momentum impact with We ¼ 664. Velocities of the n-heptane
drops at impact are 0:8� 0:1 m/s, and 3:8� 0:2 m/s, respectively
where the listed bounds reflect the experimental variation over a
number of impact events.

A single drop-wall impact event is depicted in each horizontal
row of frames in Fig. 3. For the We ¼ 27 cases depicted in panel
(a), the evolution is fairly slow and the time snapshots shown
range from 2 ms after initial contact to 40 ms after initial contact.
Examining the low-temperature case, at a wall temperature of
27 �C, the drop initially deposits as a liquid film on the wall surface
and spreads to a maximum extent by 20 ms. As the wall tempera-
ture increases to 100 �C, near the saturation temperature of n-
heptane (98.5 �C), the thin liquid film spreads to a maximum
extent and then recoils slightly. After 40 ms, the liquid film under-
goes nucleate boiling, as evident from the intense droplet ejections
observed (not depicted).

Continuing to increase the wall temperature (Tw) results in total
rebound of the drop at approximately 200 �C. This defines a Lei-
denfrost temperature for n-heptane of �200 �C, consistent with
the results of Chandra et al. [24] for n-heptane at a Weber number
of 43. In the Fig. 3, the drop occasionally breaks up into a few frag-
ments at Tw ¼ 200 �C, but at significantly elevated wall tempera-
tures (Tw ¼ 300 �C), a complete rebound of the drop takes place
with no additional breakup. Fig. 3(b) represents the outcomes for
the same range of wall temperatures, but for an impact Weber
number of 664. This impact velocity is moderate, so for cold wall
conditions, no splashing is observed. However, increasing the wall
temperature to the identified Leidenfrost temperature shows a sig-
nificant change in behavior: first, splashing is observed at the edge

Fig. 2. Sample image processing sequence. (a) Raw image showing secondary breakup of n-heptane for Tw ¼ 300 �C. (b) Background-subtracted and filtered image. (c) Edge
detection result using a Canny algorithm.
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of the spreading liquid film; second, the liquid film undergoes
rapid breakup into a series of much smaller droplets which remain
cushioned from the wall by vapor formation. Note that this occurs
rapidly as compared to the sequences shown in Fig. 3(a), with
splashing at the liquid film edge initiating prior to 2 ms and film
breakup complete by 6 ms. Comparing the low and moderate We

sequences at elevated wall temperature, increasing the impact
momentum results in rapid spreading of the liquid film. At high
wall temperatures, this results in vapor formation below a thin liq-
uid film, and the subsequent film breakup occurs within a few
milliseconds.

As exhibited in the sequences of Fig. 3(b), there are two charac-
teristic formation mechanisms for secondary droplets during
impact on a heated surface for n-heptane. Initially, secondary dro-
plets are formed during a splashing event. These droplets are
formed at the edge of the spreading liquid film, and can be termed
corona splashing at the case shown: We ¼ 664 at Tw ¼ 200 and
300 �C, where prompt splashing has occurred prior to the frames
shown at 2 ms in 3(b). The size of the secondary droplets formed
due to prompt and corona splashing is notably smaller than those
formed due to liquid film disintegration. Rioboo et al. also reported
secondary droplet formation from splashing on dry cold walls at
intermediate and high impact drop velocities [42]. For n-heptane,
both prompt and corona splashing occur at wall temperatures well
above the saturation temperature and at or above the Leidenfrost
temperature (where rebound is observed for low-momentum
drops).

After the initial splash, a liquid film spreads on the wall, but the
higher momentum results in a thin liquid film (e.g. at 2 ms in Fig. 3
(b)). For higher wall temperatures, this liquid film begins to
undergo breakup into secondary drops. At high wall temperatures,
the film breakup occurs as rapid vapor formation at the liquid-wall
interface results in a vapor cushion. Here, growth of instabilities
can be considered as a shear layer instability with air on the upper
liquid surface, and a thin vapor film on the lower surface. The

growth of instabilities in free liquid sheets in air were examined
first by Squire, who established a criterion for instability based
on Weber number, We > 1, where the Weber number is defined
by the relative velocity of the liquid film U and film height h as

We ¼ qlU
2h=r [43]. Clark, Dombrowski, and Taylor extended this

analysis to the prediction of sinusoidal waves and showed good
agreement in breakup lengths for conical and planar liquid sheets
from spray nozzles [44]. Rangel and Sirignano analytically and
computationally showed the existence of two distinct length scales
related to dilational and sinous wave growth [45]. Here, the liquid
film is spreading and the stability criteria established previously
indicates a region of liquid film breakup [45]. During the breakup
of the liquid film/sheet, the continuous formation of vapor near
the hot wall results in the levitation of the liquid film. The mecha-
nism of liquid film levitation on a hot substrate is explained by
Roisman et al. [46]. After the drop impact, the outer part of the liq-
uid levitates first as the liquid/vapor interface continues to expand
away from the center of the liquid film. At this instant, most of the
heat flux from the wall contributes towards evaporation of the liq-
uid sheet. Bubbles grow, coalesce, and form a continuous layer of
vapor between the liquid film and the hot wall [46,47]. This vapor
flow separates the film into wetted and non-wetted (levitating)
areas. Constant heat flux from the wall in the wetted area contin-
uous to evaporate, developing a thermal boundary layer within the
film. The liquid film/lamella detaches from the wall and levitates
when the thermal boundary layer within the film reaches the free
surface of the liquid film [46]. During the levitation of the liquid
film, both sheet breakup and ligament breakup result in the forma-
tion of secondary droplets.

The results of n-heptane impacting on a dry, heated wall are
summarized for a range of Weber number and wall temperature
conditions in Fig. 4. The regime diagram shows a series of symbols
along with a corresponding legend showing phenomenological
classification. To summarize, first consider the behavior at low
Weber number (We < 100). As described previously, at low wall

Fig. 3. Comparison of droplet impact sequences of n-heptane for (a) Weber number of 27 and (b) Weber number of 664 at wall temperatures ranging from ambient to above
the Leidenfrost temperature.
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temperatures (Tw < Tsat), the drop contacts the wall and deposits,
spreading into a thin liquid film. This liquid film has some maxi-
mum spread extent, and may ultimately recoil as the drop momen-
tum dissipates through viscous losses at the wall and surface
tension causes a return to a more spherical shape. As the wall tem-
perature reaches and exceeds the saturation temperature
(Tw > Tsat), the drop begins spreading on the wall, but significant
bubble nucleation takes place and a fine cloud of droplets may
be ejected from the liquid surface as these nucleation bubbles grow
and collapse. Finally, at elevated wall temperature (Tw > TLeidenfrost)
for the low We case, there is rapid vapor formation near the wall,
and the drop recoils and rebounds as a single drop from the wall.
This is characterized as a Leidenfrost effect, and for consistency
with much of the literature, we refer to a Leidenfrost temperature
as the point where these low-velocity drops rebound, although the
strict definition considers purely heat transfer rates for near-
stationary drops.

For higher impact momentum (We > 100) several additional
phenomena are observed. For the results presented for cold wall
conditions, the outcome remains deposition up to the maximum

of We ¼ 700. As the work of Chandra et al. and Rioboo et al. has
shown, continuing to increase We on cold walls leads to splashing
[24,26]. For increasing wall temperature, similar nucleate boiling
phenomena are observed for Tsat < Tw < TLeidenfrost , where the Lei-
denfrost temperature is that of the near-stationary drop. Near
the Leidenfrost temperature, the film tends to breakup (deemed
disintegration), but there is still no evidence of splashing. Finally,
for the highest wall temperatures, two distinct mechanisms for
breakup of the primary drop are observed, as detailed previously.
First, prompt splashing (or corona splashing) leads to small sec-
ondary drop production; and second, the liquid film disintegrates.
The following sections will detail this disintegration behavior with
attention to the role of the Leidenfrost temperature and the boiling
point of the liquid. One additional note is the presence of a
dynamic Leidenfrost temperature, previously explained by Yao
et al. and Castanet et al. [48,49].

To examine the rate of spreading of the liquid film for n-
heptane drops, a number of cases are shown in Fig. 5. Here, the
spread factor (x=d0) is determined from the maximum extent of
the liquid feature measured following the edge detection proce-

Fig. 4. The outcomes of n-heptane drops impacting a dry, heated wall are summarized for varying Weber number and wall temperature. At low temperature, the drops
deposit on the wall without splashing. As the wall temperature increases, nucleate boiling and film breakup are observed. This is followed by rebound phenomena
characterized by intact drop rebound at low We and prompt splashing and liquid film breakup at We > 100.

Fig. 5. Comparison of spread factor of n-heptane at Weber numbers of 27–664 at wall temperatures of (a) 27 �C and (b) 100 �C. (c) Comparison of spread factor of n-heptane
at surface temperature of 150 �C and Weber numbers of 27–105.

690 A. Chausalkar et al. / International Journal of Heat and Mass Transfer 141 (2019) 685–695



dure outlined in the description of the experiment. Note that x is
the distance between the two extreme ends of the liquid film
spread. From left to right, the panels of Fig. 5 show the extent of
spreading during impact normalized by the initial drop diameter
for wall temperatures of 27 �C, 100 �C and 150 �C, respectively.
Here, the increase in impact momentum is shown for representa-
tive impacts corresponding to Weber numbers of 27–664. For the
highest wall temperature shown, 150 �C, the maximum We shown
is limited to 105, as above this splashing takes place and the mea-
surement of the spread of an intact liquid film is unclear. In each
case, the extent of maximum spreading occurs earlier with higher
We. From the time-resolved measurement, the maximum extent
for a low We ¼ 27 case occurs near 10 ms, while for We ¼ 664,
the maximum extent occurs around 4 ms. For wall temperatures
of 27 and 100 �C, the recoil (decrease in maximum spread) is min-
imal over the 10 ms interval shown. These results indicate that
predominant effects such as the spread of the liquid film are min-
imally impacted by changes in the liquid properties (e.g. liquid vis-
cosity, surface tension). At elevated wall temperatures,
approaching the point where Leidenfrost behavior is evident, the
recoil of the drop becomes more prominent, and comparing
150 �C to 27 �C, the liquid film never reaches the maximum extent
observed for the cold wall impact.

The spread factor for three different mixture compositions is
shown in Fig. 6 at wall temperatures of 27 �C and 100 �C for the
same moderate Weber number of �484. In the film evaporation
regime (Tw = 27 �C), the decrease in the concentration of n-
heptane reduces the maximum spread. This moderate difference
we attribute to the variation in surface tension of the liquid, as
n-heptane has a reduced surface tension. At 20 �C, surface tension
of n-decane is approximately 21% higher than n-heptane [34]. For
elevated wall temperature (100 �C), the difference between mix-
tures is further reduced. As can be seen by comparing Figs. 5 and
6, the Weber number variation leads to much larger differences
in the spreading rate and maximum spread than the mixture
variation.

3.2. Impact of bicomponent drops (n-heptane and n-decane)

For bicomponent mixtures, the experimental results presented
are focused on the aspects of the liquid film, rather than the onset
of splashing. As a result, consideration of a range of We regimes
gives a representative view. At low We (< 100), the results of the
addition of a n-heptane to n-decane show little phenomenological
difference with that of the pure n-decane. The predominant effects
are the earlier onset of a Leidenfrost effect (rebound). As men-
tioned in the experimental discussion, the Weber numbers are

estimated for ambient temperature conditions, and the mixture
variation leads to a Weber number variation of 10% or less for
the same impact velocity.

At moderate Weber number, the spreading of the liquid film
results in additional unique behavior for a bicomponent mixtures.
Considering the representative sequences in Fig. 7, a range of mix-
tures are shown spanning from pure n-decane to pure n-heptane,
from left to right. The cases shown are at a wall temperature of
200 �C and We ¼ 484. This wall temperature would be classified
as below the Leidenfrost point for n-decane, but above the Leiden-
frost point for n-heptane (200 �C). As a result, there is a transition
between the two sets of phenomenological behaviors as the mix-
ture concentration is varied from 0 to 100% n-heptane. For pure
n-decane, the drop deposits, spreads as a thin liquid film, but exhi-
bits no secondary drop formation either through splashing
(prompt) or film breakup (delayed). With the addition of 30% n-
heptane by volume, there is a distinct change in outcome: a small
amount of splashing is evident, nucleate-boiling-like phenomena
are observed by the small atomized drops at 3.7 ms, and a film
breakup occurs in the liquid film by 10 ms, although the resulting
droplets do not appear to be vapor-cushioned but stay attached to
the wall. By increasing the more volatile n-heptane concentration
to 50% and 60%, several phenomena becomemore prominent. First,
splashing during initial impact is much more prevalent, promoted
(as seen in pure components) by the formation of the vapor layer
near the surface. Second, film breakup occurs within a few mil-
liseconds. Third, increasing the volatile concentration increases
the rebound height of the collection of drops after film breakup.

These results are summarized for a particular Weber number
with varying wall temperature (Tw = 27–300 �C) and bicomponent
concentrations (0–100% n-heptane) in the regime diagram of Fig. 8.
At low wall temperature, deposition and spreading occurs for all
bicomponent mixtures. As the wall temperature exceeds the boil-
ing point of the volatile component (n-heptane), nucleate boiling
is evident. For mixtures from 30 to 100% n-heptane, nucleate boil-
ing phenomena are evident well below the n-decane saturation
temperature. Increasing the wall temperature further promotes
film breakup, but these outcomes again depend on the concentra-
tion. The higher concentration of n-heptane results in earlier film
breakup, as well as increasing the distance of secondary drops
upon rebound. The addition of the low-boiling point volatile com-
pound at 30–70% leads to outcomes much closer to those of the
pure n-heptane and effectively shifts vaporization-driven behavior.
These outcomes indicate the importance of vapor formation effects
in multicomponent fuels, even in cases where a significant volume
fraction of fuel is well below the Leidenfrost temperature for sig-
nificant fractions of the mixture (n-decane).

Fig. 6. Comparison of spread factor for n-heptane, a 50/50 mixture of n-heptane and n-decane, and n-decane is shown for a Weber number of 484 at wall temperatures of (a)
27 �C and (b) 100 �C.
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From the high-speed sequences of these bicomponent drop-
wall impacts, the film breakup phenomena shows significant vari-
ation across mixtures. In order to evaluate the effect of mixture on
the size and number of drops formed by film breakup, the Sauter
mean diameter (d32=d0) is determined from image sequences. As
introduced by Sauter [50,51], the Sauter mean diameter defines
the diameter of a sphere with an equivalent volume-to-surface
ratio as the droplet field:

d32 ¼

PN
i¼1d

3
i

PN
i¼1d

2
i

ð4Þ

Fig. 9 shows the Sauter mean diameter (d32=d0) normalized by
the initial drop size for the two pure component fuels for a wall
temperature of 300 �C and We ¼ 484. The results presented are
limited to high wall temperature cases where a direct comparison
in secondary droplet sizes can be made for all bicomponent mix-
tures. At moderate temperatures (e.g. 200 �C, shown in Figs. 7
and 8) the regime shift is prominent, and in some cases no film
breakup occurs. Taking this into consideration, the evolution of
the normalized Sauter mean diameter for n-heptane and n-

decane is shown in Fig. 9 for time instants from 4 to 15 ms after
initial wall contact. Fig. 9 shows an increase in the normalized
SMD ratio for both n-heptane and n-decane followed by a near-
steady value by 15 ms. At each time-instant, the spread shows
the range of measured normalized SMD over 10 independent
sequences, with the 25–75% range shown as the filled bars and
the mean indicated by the horizontal line. The late-time behavior
shows a consistently higher normalized SMD of 0.17 for n-
decane, compared to the 0.15 value for n-heptane.

At the late stage of film breakup, the drop size distribution is a
function of the composition of the bicomponent mixtures. This is
shown in Fig. 10 for a range of bicomponent mixtures, where the
range of normalized Sauter mean diameter is shown at the time
instant of 15 ms after the initial drop contact when the SMD
reaches a quasi-steady state value. Here, the mean is indicated
by the horizontal line, with the box representing the 25–75% range
of normalized SMD for measurements from 10 independent events.
As the amount of volatile component (n-heptane) decreases from
100% to 0%, d32=d0 increases. The addition of 5% n-decane to n-
heptane has little influence on the Sauter mean diameter (SMD),
but SMD increases by 10–12% when the volume fraction of n-

Fig. 8. Characterization of regimes for impact of bicomponent n-heptane/n-decane drops impacting walls for a moderate Weber number range of (We ¼ 425� 484) for wall
temperatures ranging from 27 to 300 �C. Increasing the volatile concentration (n-heptane) results in a transition to a nucleate boiling and then liquid film disintegration at
lower wall temperature relative to pure n-decane.

Fig. 7. Comparison of drop impact sequences of n-heptane, 60% v/v heptane, 50% v/v heptane, 30% v/v heptane, n-decane in the Weber number range of 425–484 and at
surface temperature of 200 �C.
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decane is increased to 95%. This outcome implies that Sauter mean
diameter of the secondary droplets is a function of low volatile
component concentration in a bicomponent fuel mixture. As
explained previously in Section 3.1, the mechanism of thin liquid
film levitation and its disintegration into secondary droplets
depend on the vaporization of the wetted area of the spreading liq-
uid film. For bicomponent fuel mixtures with a higher percentage
of low volatile component (n-decane in our case), the vaporization
rate is lower and results in slower evolution of vapor layer between
the hot wall and the thin liquid film. As vapor around the levitating
liquid film plays an important role in the disintegration of the liq-
uid sheet into secondary droplets, SMD for mixtures with a higher
percentage of n-decane are higher.

3.3. Impact of multicomponent fuel drops (gasoline and diesel)

Following the characterization of bicomponent drop-wall
impact, the behavior of two typical multicomponent commercial
fuels were examined. Fig. 11 shows impact sequences for a com-
mercial blend of gasoline fuel at Weber number of 484 for wall
temperatures spanning from 21 to 300 �C. For typical gasoline
blends, the 10–80% volume fraction distillation corresponds to
boiling points from 65 to 175 �C [36]. The actual range of satura-
tion temperature can vary based on location and the refinery
source, but the composition of the fuel used in these studies is
detailed in the Supplementary material. Examining the time
sequences of gasoline drops impacting the dry wall indicates for
general regimes, as was observed in the bicomponent mixtures.
Between the wall temperature of 21 and 50 �C, a liquid film depos-
its and spreads, reaching a steady spreading extent after approxi-
mately 100 ms. Increasing the wall temperature between 100
and 150 �C shows a regime similar in qualitative appearance to
nucleate boiling. Here, fine atomization takes place within a few
milliseconds, but the liquid film remains for a significant duration
(�100 ms). Further increase in the wall temperature begin to show
vaporization-driven phenomena: prompt splashing and film
breakup. From the representative sequence at 160 �C, prompt
splashing and film breakup are evident, although drops from film
breakup remain attached to the surface (characterized as a transi-
tion regime). The surface contact is shown explicitly by the pres-
ence of nucleation-induced atomization for this sequence.
Increasing the temperature to 170 �C, the events are comparable
to the film boiling (Tw > TLeidenfrost) observed in single-component
interactions and in bicomponent mixtures. With higher wall tem-

Fig. 9. Evolution of the normalized Sauter mean diameter of the secondary droplets
for impact of n-heptane and n-decane at We ¼ 484. Bars indicate the middle 50%
and the mean over multiple events is indicated by the horizontal lines. Both fuels
show a stationary distribution after approximately 10 ms.

Fig. 10. Variation of the normalized Sauter mean diameter of the secondary
droplets following impact on a hot wall (Tw ¼ 300 �C, We = 484) at 15 ms.

Fig. 11. Comparison of drop-wall impact sequences of gasoline fuel on for a Weber number of 484 and wall temperature range of 21–380 �C.
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perature, prompt splashing becomes more prominent, and sec-
ondary droplets formed from film breakup increase in velocity
away from the wall.

Fig. 12 shows a representative set of sequences for the impact of
diesel fuel drops at a comparable Weber number of 484 and for
wall temperatures in the range of 21–380 �C. Diesel fuel blends
have typical volume fraction distillations at higher distillation tem-
perature than gasoline: 10–80% by volume corresponding to boil-
ing points between 245 and 325 �C [52]. The impact sequences of
diesel fuel can be similarly classified as film evaporation, nucleate
boiling, transition, and film boiling regimes. Small-scale, promi-
nent droplet ejections characterize the nucleate boiling regime at
a wall temperature of 300 �C. Disintegration modes similar to those
observed for bicomponent mixtures are present for wall tempera-
tures of 320 and 380 �C, with significant drop contact with the wall
evident at 320 �C. At the highest wall temperature (Tw ¼ 380 �C),
the vapor formation results in significant rebound velocities as
vaporization effects dominate the secondary droplet motion. The
wall temperatures for which these regimes are observed are con-
sistently higher than those observed for gasoline, as expected
due to the higher temperature distillation curve of typical diesel
fuel blends. This is consistent to the offset in regime observed with
increasing n-decane concentration in the bicomponent mixtures
for a wall temperature of 200 �C and Weber number of 484
(Fig. 7). In general, the impact sequences for diesel drops take place
on a longer timescales than gasoline–attributed to the comparable
thermal transport timescales and higher saturation temperature of
high molecular-weight components of diesel fuel.

4. Conclusions

In this paper, the role of liquid composition is characterized
during the impact of the drops with hot walls. High-speed imaging
sequences are used to characterize the regimes of drop-wall
impact for single-component, bicomponent, and multicomponent
liquid compositions relevant to combustors. For single component
n-heptane drops, the onset of splashing and liquid film breakup are
observed at elevated wall temperatures and Weber numbers
approximately 200. The impact outcomes of bicomponent mix-
tures are also characterized for moderate Weber number. These
results are used to generate a regime diagram with varying wall
temperature and n-heptane concentration. The increase of the

volatile liquid content is shown to promote rebound of drops and
the promotion of liquid film disintegration at lower wall
temperatures.

The regimes identified for bicomponent liquid mixtures are
compared with the results for conventional multicomponent (com-
mercial) liquid fuels, and the classified regimes are shown to be
comparable to those identified for the well-defined bicomponent
liquid mixtures. The experimental identification of regime bound-
aries and characterization of droplet sizes from prompt splashing
and film breakup will enable validation of detailed spray-wall
and drop-wall models essential for predicting the performance of
combustion performance.
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