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Liquid-fueled combustion systems demand optimal performance over a range of operating conditions—
requiring predictable fuel injection events, spray breakup, and vaporization across a range of tempera-
tures and pressures. In direct injection combustors, these sprays impinge directly on combustion chamber
surfaces. Although the outcome of fuel droplets impacting a wall is primarily driven by the wall temper-
ature and the Leidenfrost effect, the shifting liquid-vapor saturation point with pressure may influence

Keywords: the droplet-wall heat transfer rate and transition from nucleate to film boiling. In this paper, the role
DFOP-Wéll impact of ambient pressure on the droplet impact regimes, spreading rate, and droplet rebound velocity during
Film boiling impact are explored for representative low boiling point and high boiling point pure hydrocarbon liquids

Leidenfrost effect (n-heptane and n-decane). High-speed image sequences of the drop-wall impact were acquired for ambi-

ent pressures of 1-20 bar and wall temperatures ranging from 35-300 °C with a drop Weber number of
~ 50. Droplet impact sequences were recorded using a high-speed CMOS camera and were processed to
measure the droplet spread, droplet rebound velocity and track the droplet centroid motion. The dynam-
ics of the drop spreading and rebound show similar behavior across a range of ambient pressures with
the largest differences observed for wetted versus non-wetted cases (above the Leidenfrost temperature).
For both fluids, the onset of drop rebound remains bounded by the saturation temperature (shifting with
ambient pressure) and the thermodynamic limit of liquid superheat. This leads to a decrease in the su-
perheat temperature above the saturation point as the critical pressure is approached.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Gas-turbine combustors and internal combustion engines oper-
ate over a range of high ambient pressure and temperature condi-
tions. In compression-ignition systems (Diesel), typical in-cylinder
pressures vary from 35-150 bar during the compression cycle and
piston wall temperatures range from 200-300 °C [1]. Similarly, in
gas turbines, chamber pressure and temperature vary from 10-50
bar [2]. In these combustors, fuels such as gasoline, diesel, or avi-
ation kerosene (Jet-A) are typically multicomponent and are in-
jected at high pressure to achieve rapid mixing and combustion-
necessary for high fuel economy and cycle efficiency. These high-
pressure injections result in rapid atomization of liquid fuel into
microscale droplets and ensure high surface to volume ratio for op-
timal vaporization, mixing, and heat release [3,4]. Following injec-
tion, droplets travel at a range of velocities to impinge on the hot
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valve stem (indirect fuel injection) or piston crown walls (direct
fuel injection). The outcome of the spray impingement on walls
across a range of temperatures and ambient pressures can signifi-
cantly influence the ultimate air-fuel mixture quality, as individual
droplets may wet the wall, rebound, or breakup upon impact. The
ultimate rebound or deposition of these drops on the combustor
wall can also play a significant role in the overall pollutant emis-
sions from the combustor. For cold-start operation, the formation
of a thin fuel film on the inlet valve surface or piston crown top
contributes to unburned hydrocarbon emissions in the engine ex-
haust [3,5]. Understanding the drop-wall impact dynamics and ul-
timate outcomes is necessary to establish predictive modeling ca-
pabilities for the full range of ambient pressure and wall tempera-
ture conditions.

Drop-wall impact outcomes on high temperature walls have
been examined for a number of fluids and impact conditions,
allowing classification into a small number of distinct regimes
[6-11]. These regimes can be classified into those where vapor
formation at the wall limits liquid-wall contact and may result in
rebound (i.e., Leidenfrost effects), cases where the drop wets the
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wall, and cases where the drop momentum is sufficient to drive
secondary breakup and atomization. Splashing and drop breakup
occurs for sufficiently high impact velocity at both low and high
wall temperature [6,12,13]. To summarize the classification of
impact regimes previously identified at atmospheric pressure, four
distinct categories have been identified for a single fluid and fixed
saturation temperature [14]. By comparing fluid-specific tempera-
ture points with the wall temperature, these are classified as film
evaporation (Ty < Tsqt); nucleate boiling (Tsgr < Tw < TNL,k,-yama);
transition boiling (Tyykiyama < Tw < Tp); and film boiling (Tw > Tp).
Here, T, is the wall temperature and Ty, is the liquid saturation
temperature. T; is the Leidenfrost temperature corresponding to
the temperature of minimum heat flux for a near-stationary drop,
and Tyykiyama COTTesponds to the maximum heat flux [15]. In the
film evaporation regime, where the wall temperature is below
the saturation temperature, the droplet spreads on the surface
and forms a thin liquid film [10,16]. As the wall temperature
increases to the saturation temperature, small-scale droplets are
ejected from the surface of the liquid film as the result of bubble
formation at wall nucleation sites, defining the nucleate boiling
regime. The film boiling regime is characterized by the presence
of a vapor layer between the hot wall and the liquid film and
results in drop rebound for low impact momentum. This point is
often identified with the Leidenfrost temperature or the dynamic
Leidenfrost temperature, where the heat transfer rate reaches a
minimum as all heat conducts through the vapor layer.

At elevated pressure, Temple et al.[17], Hiroyasu et al.[18], and
Emmerson and Snoek|[19] examined the Leidenfrost point behav-
ior of pure fluids. These studies reported increasing Leidenfrost
temperature with increasing pressure based on the total duration
of liquid drop vaporization on a hot wall. Temple et al.[17] re-
ported two distinct outcomes: a contact mode and a spheroidal
evaporation mode [17]. In the contact mode (T < Tsqt), the drop
remains in contact with the wall and maintains a convex shape
through the vaporization process. In the spheroidal evaporation
mode (Ty > Tsq), the drop floats over the vapor cushion as the
wall temperature is significantly higher than the Leidenfrost point.
Interestingly, several of these studies examined the excess wall
temperature above the saturation temperature (T, — Tgq) as a func-
tion of pressure, and found minimal variation. These studies fo-
cused on the duration of wall contact based on the global heat
transfer rate, but did not examine the dynamics of the drop-wall
interaction. Buchmidiller et al.[20] also reported the impact of water
drops for pressures of 1-25 bar and wall temperatures from 100-
460 °C for near-stationary drops (We of 5). These results showed
four impact outcomes (wetted, wetted boiling, transition boiling,
and rebound) and their results suggest a decrease in the range
of transition boiling with increasing pressure. These experimental
studies have yet to establish consensus on the Leidenfrost temper-
ature trend with increasing pressure, particularly across multiple
pure fluids and large ambient pressure ranges.

For prediction of the Leidenfrost temperature corresponding
to maximum heat transfer rate or the temperature of rebound
(the Leidenfrost temperature in this study), consideration of the
maximum temperature of liquid superheat is of interest. There
are two relevant definitions which have been examined in some
detail: the thermodynamic limit of superheat and the kinetic limit
of superheat [21-23]. These concepts are relevant to phenomena of
rapid depressurization (bubble nucleation in cavitation) and rapid
heating (liquid superheating in boiling) and define the existence
limit for a metastable, superheated liquid state. We will limit our
discussion to the thermodynamic limit of superheat, defined by
g—’;h, which is reviewed by Katz and Blander [22]. As reviewed by
Liang and Mudawar in the context of the Leidenfrost temperature,
the limit of liquid superheat has not been found a sufficient
predictor of the Leidenfrost temperature, but nevertheless gives

an indication of the upper limits for liquid metastable states [21].
Eberhart examined n-alkanes using two-constant equations of
state, and found a limit of superheat of approximately 80 percent
of the critical temperature. The idea of the superheat of the liquid
also governs heat transfer, and correlations based on the Jakob
number are often used [24,25]. The Jakob number (Ja) represents
the ratio of the sensible heat to the latent heat of vaporization,
while the Stefan (Ste) number represents the fraction of energy
available for complete phase transition. They are given by
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where T represents the liquid superheat temperature, Ts, repre-
sents the saturation temperature, hy, the enthalpy of vaporization,
and pf and pg the saturated liquid and saturated vapor density,
respectively.

The dynamics of drop impact are also important in the context
of heat transfer modeling and combustion spray-wall modeling.
At low impact velocities and high wall temperature, drops recoil
and rebound, but at higher impact velocities secondary droplets
are generated due to prompt/corona splashing and disintegration
of the vapor-cushioned liquid film above the hot wall [10,13,16,26].
These outcomes are the result of complex interplay of thermal,
fluid and momentum parameters. To consider the effects of varying
ambient pressure, it is useful to examine the variation of physical
properties. The non-dimensional parameters typically used to char-
acterize drop-wall interactions consist of the Reynolds, Ohnesorge,
and Weber numbers. The Reynolds number, defined as
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wy

describes the ratio of inertial to viscous forces acting on the drop,
where physical quantities are the liquid density (oy), the initial
drop diameter (dp), the liquid viscosity (uy), and the wall normal
velocity at impact (Ug). The Ohnesorge number describes the ra-
tio of viscous forces to the combined inertial and surface tension
forces and is defined as

K
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where o is the liquid-vapor surface tension. The third non-
dimensional parameter commonly used in classifying drop-wall in-
teractions is the Weber number, which describes the relative ef-
fects of the liquid drop inertia and surface tension. It can be ex-
pressed in terms of Oh and Re as

Re (3)

Oh = (4)

We = Oh - Re? = (5)
Over the ambient pressure range under study here (1-20 bar) and
ambient temperature (25 °C), the variation in Weber number due
to surface tension, liquid viscosity, and liquid density is approxi-
mately 8%, with the surface tension reducing by ~ 14 %. As a re-
sult, the variation in outcomes was expected to be dominated by
the enthalpy of vaporization and shifting saturation temperature,
as opposed to variations in the liquid physical properties.

This paper presents experimental characterization of drop-wall
impacts of pure fluids (n-alkanes) with hot walls (35-300 °C) for
ambient pressures from 1-20 bar. These conditions span ambient
pressure conditions seen in internal combustion engines and gas
turbine combustion systems. Impact sequences of n-heptane and

psU§do
—



A. Chausalkar, CM. Kweon and S.-C. Kong et al./International Journal of Heat and Mass Transfer 153 (2020) 119571 3

n-decane are mapped for a range of wall temperatures and am-
bient pressures. The morphological changes of the drop, the dy-
namic spreading of the liquid film, and the rebound regime bound-
aries are compared for n-heptane and n-decane, which serve as
analogs for low- and high-boiling point liquids typically found in
transportation fuels. The onset of drop rebound is compared to the
limit of liquid superheat. The dynamics of drop spreading and re-
bound at elevated pressure are also examined to provide experi-
mental data for drop-wall modeling over a range of ambient pres-
sure conditions.

2. Experimental setup

Experiments were carried out in a constant-volume pressure
vessel rated to 100 bar, as shown in Fig. 1. The vessel consists
of a 175-mm inner diameter cylinder with a height of ~ 450
mm, and has four-sided optical access. The vessel walls are 316
stainless steel and the total volume is 0.01 m3. Optical access for
backlit imaging was provided through opposed 76-mm diameter,
19-mm thick quartz windows. For high pressure operation, a safety
relief valve was set at 30 bar and nitrogen gas was supplied from
a N, compressed gas cylinder. A micro-precision orifice with a
0.226-mm diameter was used to maintain a sweep gas flow rate of
10 L/min to evacuate any residual fuel vapor within a few minutes.
A syringe pump (New Era NE-8000) was used to generate drops
with diameters of 1.8-2.0 mm from a 28-gauge needle (nominal
inner diameter 0.159 mm). The volume of the drop generated was
3.68 mm?, with minimal variation in diameter and volume with
ambient pressure changes. The needle was set 75 mm above the
wall surface. After generation, the droplet fell through the ambient
gas onto a smooth aluminum substrate of 25.4 x 25.4 mm? with
a thickness of 12.5 mm. Based on five measurement sets, the
substrate roughness parameters R;, and R, are 1.53 pm, 12.768
pm respectively. The roughness of the test surfaces was measured
using an 3D optical surface profiler (Zygo, NewView 7100). The
aluminum substrate is heated to a temperature of up to 400 °C
by a square-profile 1-kW heater of the same area (254 x 25.4
mm?2) with a thickness of 2.48 mm (CER-1-01-00002). The wall
and heater assembly are shown in the inset of Fig. 1.

The aluminum substrate and flat heater were secured inside a
ceramic insulator to limit heat transfer to the surrounding gas and
achieve the maximum possible wall temperature. The heater was
controlled with an embedded K-type thermocouple and a Watlow
PID controller. The wall temperature was verified using three
1.58-mm K-type thermocouples embedded in the aluminum
substrate with a vertical spacing of 6.3 mm to confirm one-
dimensional, steady-state heat transfer. Three additional ther-
mocouples were installed at different locations in the vessel to
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Fig. 1. Schematic of constant-volume pressure vessel showing the high-speed back-
lit imaging system and droplet injection apparatus. The inset shows a detailed view
of the drop injection and substrate. Thermocouple locations are indicated by TC.

monitor the vessel ambient gas temperature, the temperature of
the liquid injector cooling jacket, and the gas temperature near the
injection location. The location of these thermocouples is shown
in Fig. 1. In order to maintain constant liquid injection tempera-
tures, a counterflow cooling jacket was designed to maintain the
temperature of the liquid at room temperature. The cooling jacket
consisted of the fuel tube surrounded by two additional concentric
tubes. The liquid temperature was maintained by circulating air
at a mass flow rate between 70-100 slpm to maintain the liquid
injection temperature. The cooling jacket was designed using
two stainless tubes of inner diameter 19.05 mm and 3.175 mm,
respectively. The cooling jacket was installed in the pressure vessel
top flange using a bulkhead compression fitting. The temperatures
reported in the paper are steady-state values, measured over 60
s prior to drop injection. All thermocouple temperatures were
recorded with a data acquisition system (LabJack T7-Pro).

High-speed backlit image sequences of each drop impact were
recorded with a high-speed complementary metal-oxide semicon-
ductor (CMOS) camera (Photron FASTCAM SA-X2). A 1500-grit
ground glass diffuser and a halogen lamp (500 W) were used
for back illumination of the droplets. Images were recorded using
an f/2.8 105-mm focal length lens with a 72-mm lens extension
(Nikon Nikkor). The measured field of view and depth of field were
24 x 22 mm? and 22 mm, respectively. Images were acquired as
uncompressed TIFFs at a frame rate of 20 kHz and with a shut-
ter exposure of 26 ps, yielding a frame size of 1020 x 672 pixels2.
Image processing was implemented in MATLAB for measurement
of the spread of the liquid film and centroid location of the drop.
Images were normalized using a background image, and the liquid
location was identified using edge detection by a Canny algorithm
[27]. Edges are dilated and eroded, and the resulting closed object
is used to track to liquid extent and position. The time of first con-
tact (t = 0 s), where droplet is about to impact the wall, is iden-
tified by tracking the droplet centroid acceleration or the second
time-derivative of the major and minor axes. The velocity and drop
diameter prior to impact were measured from the backlit images.
The liquid spread extent is determined by the maximum extent of
the identified object. A similar image processing procedure is used
to identify the centroid and velocity of the rebounding drop.

For testing, the desired ambient pressure was first established
in a cold vessel with a regulated N, gas supply. After the pressure
of the vessel was steady, the wall temperature was raised to the
test temperature. After achieving steady-state conditions, droplets
were generated using the syringe pump at the liquid flow rate of
0.4-0.5 mL min~!. The fuel flow rate was kept constant through-
out the experiment. Test conditions with n-heptane and n-decane
spanned wall temperatures from 21-300°C and pressures from
1-20 bar.

3. Results

In this section, experimental results of single-component liquids
impacting walls are presented for two fluids over a range of wall
temperatures (21-300 °C) and ambient pressures (1-20 bar). In all
cases, the impact velocities are low, with a corresponding Weber
number of ~ 50. First, the impact outcomes of experiments with
n-heptane are compared for ambient pressure and elevated pres-
sure. These outcomes are mapped onto a regime diagram, showing
the onset of nucleate boiling and drop rebound for a range of am-
bient pressures. The transition in outcomes with increasing ambi-
ent pressure is compared to the thermodynamic limit of superheat,
and variation of the dimensionless Jakob number. The extent of
liquid film spreading and total drop rebound times are compared
across these conditions in the subsequent section. The outcome of
the drop-wall interactions will be described in Section 3.1, and the
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Fig. 2. Image sequences showing n-heptane drops impacting an aluminum sub-
strate for wall temperatures of 35, 150, and 300 °C at 1 bar ambient pressure.
1ms 5ms 10 ms

w 9O ... e & § x
10 bar ‘ pea - ‘ ‘

Fig. 3. Image sequences showing impact dynamics of n-heptane drops on an alu-
minum wall at a temperature of 200 °C in the ambient pressure range of 1-20 bar.
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dynamics of the drop spreading and rebound will be described in
Section 3.2.

3.1. Characterizing the impact of single-component liquids at elevated
pressure

The impact of n-heptane drops on an aluminum wall are clas-
sified by the regimes mentioned previously, where rebound was
observed for elevated wall temperatures (T, > > Tgqt). At low
wall temperature, the liquid drop contacts the wall, spreads as a
thin film, and undergoes slow evaporation. At higher temperatures
(well above the saturation temperature), phase change at the inter-
face results in rapid vapor production and the ultimate rebound of
the drop. Fig. 2 shows a series of stills from high-speed image se-
quences of n-heptane drops impacting at 1 bar ambient pressure.
In the top row, the sequence shows film spreading for a wall tem-
perature of 35 °C. At T, = 150 °C, the drop recoils but does not
rebound, and at T, = 300 °C, the drop spreads, recoils, and then
rebounds away from the wall. This result corresponds closely with
the dynamics and onset of drop rebound reported in the literature
for n-heptane, and is classified as a film boiling regime [10,16,28].
The rebound temperature for a near-stationary n-heptane drop on
a stainless steel surface has been previously reported as 200 °C,
with the corresponding saturation temperature at 1 bar of 98.5 °C
[16].

As the ambient pressure is increased, these outcomes shift
to higher wall temperatures as expected from the variation in
thermodynamic saturation point and liquid superheat limit. At
a wall temperature of 100 °C for pressures of 1-20 bar (just
above the saturation temperature at 1 bar), the drop impacts and
deposits as a liquid film on the wall. At higher wall temperatures
(above 100 °C), the effect of ambient pressure becomes prominent
as the saturation temperature shifts. Fig. 3 shows comparison
sequences for T, =200 °C, where the outcome shifts from film
boiling (droplet rebound) at 1 bar to the film evaporation at 10
and 20 bar. Still frames from 1-20 ms after impact are shown in
Fig. 3 where each row corresponds to a different ambient pressure
case. In the upper row (p =1 bar), the n-heptane drop spreads on
the wall, then recoils and finally rebounds away from the wall. At
10 bar (the second row), bubble nucleation is evident in the liquid
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Fig. 4. Image sequences showing n-heptane drops impacting a 300 °C aluminum
wall with varying ambient pressure (1-20 bar). Increase in ambient pressure delays
the onset of drop rebound.

bulk for frames after 10 ms. Droplet ejections from the boiling
liquid are observed late in time although not shown in these time
snapshots, and the regime is characterized as nucleate boiling. The
last row of Fig. 3, at 20 bar and a wall temperature of 200 °C, is
classified as film evaporation. Here, the the liquid film spreads and
recoils slowly, but remains deposited on the wall. This shift in the
regime for a wall temperature of 200 °C with increasing ambient
pressure corresponds to the saturation temperature variation from
98.5 °C (1 bar) to 245 °C (20 bar).

The variation with ambient pressure is also shown for n-
heptane drops impacting at T, = 300 °C in Fig. 4. Each horizontal
row shows the drop evolution for indicated pressures of 1-20 bar.
At all ambient pressures, the drop ultimately rebounds (film boil-
ing regime), but the rebound is significantly delayed for increas-
ing ambient pressure (for 15 and 20 bar, the drop rebounds after
20 ms). During liquid film spreading, the temperature of the lig-
uid portion in contact with hot wall vaporizes to film a thin vapor
layer cushion. After achieving the maximum extent, the liquid film
begins to slip over the newly formed thin vapor layer resulting in
a recoil motion. There are two factors contributing to the delayed
rebound of drops at elevated pressure (but temperatures still above
the Leidenfrost point): First, at constant wall temperature, the rate
of vapor formation decreases with increasing pressure (and corre-
sponding increase in the saturation temperature). Second, the local
gas density has increased by an order of magnitude, leading to a
shift in the force balance between the evolved vapor at the wall
and the ambient gas. This variation in rebound characteristics will
be discussed further by comparing the centroid location of the lig-
uid mass after wall contact in Section 3.2.

The behavior of n-heptane drops impacting a heated wall are
summarized by a regime map, as shown in Fig. 5. Here, the am-
bient pressure was varied from 1-20 bar and the wall tempera-
ture was varied from 35-300 °C while holding the impact veloc-
ity and Weber number constant (We ~ 50). In the regime map,
impacts are classified into the three typical outcomes: film evap-
oration, nucleate boiling and transition, and film boiling as indi-
cated by the symbols. Each point indicated on the regime map
was confirmed by at least ten impact sequences at identical wall
temperatures and ambient pressures. Also indicated are the satura-
tion temperature (dashed line) and enthalpy of vaporization for n-
heptane (dotted line)[29]. The saturation temperature closely cor-
responds to the observed onset of nucleate boiling, with the en-
thalpy of vaporization vanishing as the critical point is approached.
The transition boiling regime, which some studies identify, is not
classified here due to the difficulty in observing near-wall behav-
ior due to the refractive index gradients near the wall—particularly
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Fig. 5. Regime diagram showing outcomes of n-heptane drop impact for wall tem-
peratures of 35-300 °C and ambient pressures of 1-20 bar. The saturation temper-
ature for n-heptane is indicated by the dashed line. The thermodynamic limit of
superheat estimated based on Redlich-Kwong equation of state is shown by solid
black line. The variation of the enthalpy of vaporization with ambient pressure is
shown by purple dashed line.

at high pressure conditions. A second thermodynamic limit is con-
sidered in the regime diagram shown in Fig. 5: the liquid super-
heat limit. The superheat limit defines the existence of metastable
superheated liquid states, as discussed previously. The superheat
limit or liquid spinodal determined from the Redlich-Kwong equa-
tion of state is indicated by the solid line in Fig. 5. From the regime
map of Fig. 5, the onset of rebound or Leidenfrost temperature is
bounded by the liquid spinodal (superheat limit temperature) and
liquid binodal (saturation temperature) for n-heptane.

As expected, the region below the saturation temperature re-
sults in film evaporation for all ambient pressures. Nucleate boil-
ing is observed for temperatures above the saturation tempera-
ture, however at elevated pressures the prevalence of small ejected
droplets is decreased. The film boiling regime, which is identified
by the inception of rebound of the drop, begins at wall temper-
ature of 180 °C for 1 bar ambient pressure (Tys = 98.5 °C). Mov-
ing to higher pressure, the difference between the liquid super-
heat limit and the saturation temperature continues to decrease,
and the same trend is evident in the observed onset temperature
of drop rebound. At 20 bar, rebound of the drop occurs at a wall
temperature of 265 °C (Tsqr = 245 °C). At 15 and 20 bar just before
the inception of film boiling, there exists a wall temperature range
in which the drop does not fully rebound, but a prominent vertical
liquid column forms. This might be classified as a transition drop
impact outcome where there exists only partial liquid contact at
the wall, but the high-ambient-pressure environment complicates
the classification of these transition regions.

As observed in the regime map of Fig. 5, the difference be-
tween the saturation temperature (at a given pressure) and the
wall temperature at which the onset of film boiling is observed
decreases with increasing ambient pressure. This trend for the
excess temperature (T — Tge¢) iS summarized in Fig. 6 for both
n-heptane and n-decane, where these n-alkanes represent typical
boiling points in multicomponent fuels. Both experimental curves
decrease as the critical pressure is approached, but do not reach
zero-the wall temperature required for rebound as the critical
pressure is approached can remain above the critical temperature

120 ¢
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_ golm sh sat
f,-’ —Tsh - Tsat Heptane
S 60
=
= 40 b
20
0 ]
0 0.2 0.4 0.6 0.8 1

P/p,

Fig. 6. Symbols represent the difference between the film-boiling inception and
saturation temperature (T, — Ty,r) with varying ambient pressure for n-heptane, n-
decane. The two curves indicate the difference between the liquid superheat tem-
perature and saturation temperature (Ty, — Tsr) for the same reduced pressures.

Table 1
Critical temperature and pressure for fluids considered [29].
Substance Critical Critical Critical
Pressure (bar) | Temperature (°C) Volume (I/mol)
N-heptane 27.4 267 0.428
N-decane 211 344.8 0.624

due to temperature gradients in the liquid mass and the wall.
Also shown are two curves representing the difference between
the thermodynamic limit of superheat and saturation temperature
(Tgn — Tsar) for both fluids. This difference approaches zero at the
critical pressure for both fluids, but falls below the experimental
observation by several degrees (°C). As mentioned, this may be
attributed to unsteady temperature gradient in the wall and liquid
mass during interaction. In addition, two-constant equations of
state are not sufficiently accurate for proper estimates of the liquid
superheat limit and saturation temperature [23], but give a qual-
itatively correct trend for the liquid superheat limit. For reference,
the critical parameters for both fluids are shown in Table 1 [29].
The degree of superheat for the liquid may also be considered
for the dimensionless Jakob number, which represents the fraction
of the energy available for the complete phase transition. In the lit-
erature, Jakob number has been extensively used to classify liquid
breaking mechanism during flash evaporation, explain transition
criteria between flashing liquid jet regimes, and establish relation-
ship with the flash evaporation efficiency [24,25]. Fig. 7 shows the
experimental Jakob number decreasing to ~ zero as the reduced
pressure approaches unity. For n-heptane, Ja and the correspond-
ing Ste at 1 bar are 117.74 and 0.65, respectively, whereas at 20
bar these values are 2.54 and 0.55. In practice, homogeneous nu-
cleation occurs between Ste = 0.5-0.8 [24]. At higher pressure of
20 bar, based on Ja and Ste value (0.55) nucleation is expected to
occur supporting the notion of significant phase change. The por-
tion of the drop which is in immediate contact with the hot wall
is superheated to result in the formation of a vapor layer even
at high ambient pressure. For both n-heptane and n-decane, the
Jakob number can thus be used to separate the Leidenfrost (drop
rebound) behavior for nucleate boiling. For example, for n-heptane
at p/pc = 0.4, Ja > 30 implies a film boiling outcome and drop re-
bound. At any value of Ja < 10 at pressure ratio of 0.4, the drop
will not rebound. Although the data here is shown only for two
pure n-alkanes, this serves as a guideline for multicomponent fuel
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Fig. 7. The onset of Leidenfrost/drop rebound in terms of the dimensionless Jakob
number-determined based on the wall temperature and saturation temperature
with varying reduced pressure for n-heptane and n-decane. Rebound occurs for
points above the curves, while nucleate or film evaporation takes place below the
curves.

drops, although additional characterization should be undertaken
at relevant ambient pressures for realistic fuel mixtures.

3.2. Drop spreading and rebound characteristics (n-heptane and
n-decane)

In addition to the characterization of drop-wall outcomes by
behavior, the high-speed image sequences were used to examine
the evolution of the drop spreading, rebound, and contact time the
the wall. As in the prior section, cases presented are limited to low
impact velocity, with a Weber number of ~ 50.

During wall impact, the spreading of the liquid film was exam-
ined through the evolution of the speading liquid film diameter,
d(t). Both the normalized spread factor (d(t)/dy) and normalized
maximum spread (dmax/dg) are shown in Fig. 8. The liquid film
spread was defined based on the typical side-view as shown in
Fig. 2, with each defined as the liquid film extent as viewed from
the side. Panels (a) and (b) shows the variation in spreading of n-
heptane for wall temperature cases in the film evaporation regime
(100 °C) and film boiling regime (300 °C), respectively, for several
ambient pressures. The points indicate the mean value of the nor-
malized spread at a given time instant after impact, with error bars
indicating the variance over at least 6 trials. At both low and high

(a) (b)

wall temperature, the change in the ambient pressure from 1 to
20 bar does not significantly influence the maximum spread, lig-
uid film spread, or the recoil rate for n-heptane. However, at late
times, there is a clear trend in both cases: the normalized spread
increases with ambient pressure. This is consistent with a decreas-
ing surface tension [30]. In addition, the time of maximum spread
is delayed for the 10 and 20 bar ambient pressure cases, as com-
pared to the 1 bar case. This may be attributed to the density ratio
of gas to liquid increase of approximately twenty-fold when the
pressure is increased to 20 bar—resulting in increased resistance
by the dense gas.

To summarize the behavior for both n-heptane and n-decane,
the maximum spread factor was determined from the time-
resolved spread factor data and is presented in Fig. 8(c). For both
n-heptane and n-decane, the maximum spread showed minimal
dependence on the ambient pressure. As previously established in
literature, the maximum spread of the liquid film is mainly influ-
enced by the liquid surface tension, viscosity, and contact angle
[31,32]. The gas viscosity also plays a key role in determining the
maximum liquid film spread [33,34]. For a cold wall case, Roisman
et al. solved the coupled mass, momentum, and energy balances
to predict the dependence of the maximum spread diameter on
the Weber and Reynolds numbers in two distinct regimes: capil-
lary and viscous. For the viscous regime, the maximum spread was
shown to scale with Re®? [35]. Another refined model based on
the energy balance approach predicts well the maximum spread
diameter of a drop as a root of a cubic equation consisting of We-
ber number, Reynolds number and contact angle [36]. For a heated
wall case, Ajaev et al. incorporated coupled effects of evapora-
tion, disjoining pressure, Marangoni stress, surface tension, ther-
mocapillarity and gravity using lubrication approach to conclude
that droplet spread depends on the value of superheat [37]. How-
ever, these studies were limited to atmospheric ambient pressures.
Table 2 presents a detailed comparison between the estimated and
experimentally measured values of maximum spread based on two
separate cases: hot wall, and cold wall. The values are estimated on
the basis of empirical relations proposed in the models. The val-
ues normalised by the drop diameter have been employed for the
purpose of comparison at 1 bar pressure. Readers can refer to the
direct sources for additional details about the model.

To our knowledge, no model exists in the literature to estimate
the maximum liquid film spread at higher ambient pressure. For
the case of a cold wall, the estimated maximum liquid film spread
based on the Tang et al. [38] correlation matches closely with
the experimental value of 3.4 + 0.011. The relation proposed by
Tang et al. is a function of Weber and Ohnesorge number and is
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Fig. 8. Time-evolution of liquid film spreading for n-heptane drops at a wall temperature of (a) 100 °C and (b) 300 °C. Error bars indicate the variance in normalized spread-
ing d(t)/dy over 10 separate impacts. (c) Comparison of maximum spreading of n-heptane and n-decane for a range of wall temperature and ambient pressure conditions.
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Table 2

Comparison of experimental maximum liquid film spread with empirical correlations for cold and hot wall conditions for n-heptane.

Cold wall, T,, = 25°C

Reference
Tang et al. [38]

Sen et al. [39]
Seo et al. [40]
Roisman et al. [35]
Chandra et al. [16]

Reference
Antonini et al. [41]

Parameters

25 < We < 971
2192 < Re < 13495
1 < We < 1000

12 < We < 1600
560 < Re < 15000
2 < We < 561

670 < Re < 11366
We = 43, Re = 2300

Parameters
1 < We <100

Conditions

Fluid: water, ethanol
Surface: SS

Fluid: biofuel
Surface: SS

Fluid: gasoline, heptane, ethanol

Surface: Al

Fluid: water, glycerin
Surface: glass, wax
Fluid: heptane
Surface: SS

Hot wall, T, > T;

Conditions
Fluid: water, glycol

dmax/do (MOdeU
3.5

2.99
5.00
2.82
3.2

dmax/dO (MOdEl)
2.39

dmax/do (Expt. at 1 bar)
34 + 0.011

34+ 0.011
34 + 0.011
34+ 0.011
34 + 0.011

dmax/do (Expt. at 1 bar)
3.0 £ 0.0078

Surface: Al, CO,(solid)

Castanet et al. [42] 4 < We < 160
Surface: Nickel

2 < We < 265

111 < Re < 4197

2 < We < 600

Liang et al. [43]

Akao et al. [44]
Surface: Copper
Fluid: heptane
Surface: SS

Chandra et al. [16] We = 43, Re = 2300

Fluid: water, ethanol, water-glycol 2.62
Fluid: water, ethanol, butanol 2.60

Fluid: water, ethanol, acetic acid 2.90

3.0 £ 0.0078

3.0 + 0.0078

3.0 + 0.0078

4.54 3.0 + 0.0078

applicable for alkanes in the Weber number range of 25 to 971.
Several other models for cold wall impact are summarized in
the upper rows of Table 2. These predict maximum spreading
values from 2.8-5.0, but were developed for a range of fluids and
surfaces. On a hot wall (above the Leidenfrost temperature), the
existing empirical all models estimate the value close to the exper-
imental value of 3 + 0.0078. Chandra et al. developed relationship
based on a low Weber number and did not consider a wide range
of We or Re. This may have resulted in the over-prediction of the
maximum liquid film spread for the cases of interest. For both hot
and cold walls, the deviation of the estimated maximum spread
value from the measured maximum spread is below 13 %. The
existing models satisfactorily predict the maximum liquid film
spread for cold and hot wall cases at 1 bar pressure. Since, in
our experiments, insignificant influence of ambient pressure was
observed, these models can be used to predict maximum liquid
film spread in the pressure range of 1-20 bar for n-heptane and
n-decane. The comparison also yields another interesting trend
which is the lower maximum spread on a hot wall. In our exper-
iments, at 1 bar, the maximum liquid film spread on hot wall is
around 11.7 % lower than that on a cold wall. At higher pressures
of 10 and 20 bar, maximum liquid film spread is consistently lower
than that on a cold wall. The trend of lower maximum liquid film
on a hot wall holds even at higher ambient pressures. The result
implies that the influence of wall temperature on deciding the
liquid spread extent remains dominant in the pressure range of
1-20 bar for n-heptane and n-decane.

Prior experimental studies have shown that wall temperature
at which the drop or liquid film starts to levitate varies for an
impinging drop, and depends on parameters including the lig-
uid composition, impact momentum, and surface characteristics
[10,45]. For these experiments, the drop centroid was identified
in the high-speed image sequences, and the rebound duration,
velocity, and distance from the wall are shown in Fig. 9 for ele-
vated wall temperature (T, = 300 °C). The upper panel shows the
time evolution of the drop distance from the wall, where t =0
ms corresponds to the initial contact as identified by tracking the
drop centroid. As evident here, the total duration of contact is
determined by the extent of the three curves corresponding to
ambient pressures of 1, 10, and 20 bar. Both the time of initial
rebound and the total rebound duration are determined from
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Fig. 9. (a) Rebound distance and (b) rebound velocity for n-heptane drops at ambi-
ent pressures of 1, 10, and 20 bar and a wall temperature of 300 °C.

the drop centroid position in the side-view image sequences. For
increasing pressure, there is a clear delay in the onset of rebound
(60% increase at 20 bar), along with a decreased duration of
rebound (60% reduction at 20 bar).

For the same high temperature wall case (300 °C) and pres-
sures, the velocity of the drop centroid is shown in Fig. 9(b). The
variation in rebound velocity is similar for all cases of pressure and
the values are in the range of 0.05 to 0.2 m/s. The total rebound
height and rebound duration are affected by two main factors
which are pressure dependent: the evolution of the vapor film at
the wall, and increased aerodynamic resistance. For these rebound
velocities, drag is negligible, as evident by the velocity evolution
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for various ambient pressure conditions. The gas viscosity may
have a role to play at low impact velocities, but studies by Xu et al.,
Stevens et al, suggest important role of the surrounding gas pres-
sure and viscosity in deciding the splashing threshold at moderate
and high drop impact velocities [34,46]. Note that as the impact
velocity of the drop is increased gradually, the rebound dynam-
ics of the drop changes to splashing producing secondary droplets
[13]. The gas pressure surrounding the drop alters the gas viscosity,
and therefore considering the gas compressibility in establishing
drop dynamics criteria have been suggested in the literature [47].

4. Conclusion

The effect of ambient pressure on the impact sequences of n-
heptane and n-decane was presented for an impact Weber num-
ber of ~ 50. These results provide a set of validation data for
modeling high-temperature, high-pressure drop-wall impingement
relevant to spray systems at engine-relevant combustor pressures.
The impact sequences of n-heptane drops at wall temperatures of
35-300 °C and ambient pressures of 1-20 bar allowed classifica-
tion into three distinct outcomes: film evaporation, nucleate boil-
ing, and film boiling where the droplet undergoes complete re-
bound. The inception of the nucleate boiling regime varies with
the liquid saturation temperature, as expected, but we show the
Leidenfrost temperature or onset of film boiling is also bounded by
the thermodynamic limit of liquid superheat. The degree of super-
heat for the liquid can be scaled by the enthalpy of vaporization,
yielding a criterion for drop rebound as a function of the reduced
pressure. We also find that the maximum liquid film spread is not
significantly affected by the gas pressure. A quantitative compar-
ison of maximum liquid film spread with existing models shows
good agreement with consistently lower maximum spread on hot
walls. The rebound dynamics of the drop at different pressure were
quantified, and a delay in the inception of the drop rebound is ob-
served when the ambient pressure is raised from 1 bar to 20 bar.
The results presented in the study can be used to include ambient
pressure effects in developing spray impingement models.
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