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The interaction of single water droplet impacting on immiscible liquid surface was focused with the temperature
varying from 50 °C to 210 °C. The impact behavior is recorded with a high-speed camera running at 2000 frames per
second. It is found that droplet diameter, oil temperature, and Weber number have important influences on impact behaviors.
Three typical phenomena, including penetration, crater-jet, and crater-jet—secondary jet, were observed. Penetration only
occurs when the Weber number is below 105. With Weber number increasing to 302, the jet begins to appear. Moreover,
to gain deeper physical insight into the crater formation and jet formation, the energy of droplet impingement onto the
liquid pool surface was estimated. The oil temperature has a significant effect on the energy conversion efficiency. High
temperature is beneficial to improve energy conversion efficiency.

Keywords: droplet impact, crater-jet, weber number, immiscible liquid

PACS: 68.05.—n, 47.55.dr, 47.55.db

1. Introduction

The interaction between a single droplet and solid surface
or liquid surface has attracted more research attentions,!!~!4l
such as spray cooling,®! inkjet printing,!'® water spray

I7.181 and enhanced heat transfer, efc. Droplet

extinguishing,!
impacts were first studied by Worthington!!°! over one hun-
dred years ago. Droplet-surface interactions are mainly fo-
cused on liquid-liquid and liquid—solid interactions. Previ-
ous studies have found some interesting phenomena, including
bounce, jet, and surface bubble?*2?! when the droplets im-
pact on the liquid surface. The impact phenomena are mainly
affected by the physical and chemical properties of the im-
pinged liquid, the impact Weber number, the temperature of
the oil pool, the depth of the oil pool, and so on.

1.123-251 gystematically investigated the impact

Liang et a
behaviors of a single water droplet impacting on inclined solid
surfaces with the thin liquid film. They pointed out that wa-
ter droplet surface tension, viscosity, and the impact angle
affected the impact behavior of droplets on sloping wet sur-
faces or wet cylindrical surfaces. Zou et al.[*%2"] studied the
phenomenon of water droplets impacting on the surface of re-
stricted liquid, and found that with the increase in Weber num-
ber, water droplets could be observed to float, jump, condense,
and splash. Fan et al.?®! carried out the experiments on the
single droplet impacting on heptane pool with the dimension-

less depth from 1.8 to 10.8, and pointed out that there is a

DOI: 10.1088/1674-1056/abf34b

clear correlation between the impact behavior and the depth
of the liquid pool. Penetration occurred when the dimension-
less depth of less than 3.6, and crater-jet—secondary jet just
could be seen when the dimensionless depth exceeded 5.4.
Hasegawa et al.'*") studied three kinds of single droplets with
different densities, viscosities, and surface tensions to impact
the liquid pool. They found that the observed impact phe-
nomenon was affected by the impact velocity. In the estima-
tion of the energy balance of the water drop impacting on the
surface of the liquid pool, it is found that regardless of the na-
ture of the liquid, about 28% of the impact energy is used for
the formation of the cavity. The remaining energy is likely to
be dissipated or consumed on the surface.

However, most of the above studies are carried out at
room temperature, mainly focusing on the effects of different
types of fuel, pool depth, and impact velocity, etc. At present,
some studies are mainly focused on a single droplet impacting
on the hot surface from the fire suppression perspective. Typ-
ically, Xu et al.’%) investigated the impact of water droplet
on the burning ethanol oil pool, discussed in detail the criti-
cal conditions for the occurrence of three typical phenomena:
crater-jet, crater-jet—secondary jet, and surface bubble, and de-
rived the theoretical values of the central jet length scale and
maximum crater depth from energy conservation.

Although the impact behavior of single droplet onto mis-
cible liquid has been extensively studied,?%28:30-321 the behav-
ior and mechanism of droplet interaction with the immiscible
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liquid is still unclear, and especially the effect of oil pool tem-
perature on the impact characteristic parameters have not been
clarified. For obtaining insight into the interaction between
water droplet and liquid surface at various temperatures and
the fire extinguishing mechanism of water spray, high viscos-
ity engine oil was used as the fuel in experiment. Engine oil
is widely used in industry, and its viscosity, density, and sur-
face tension changes with the temperature, which affects the
performance of engine oil. A series of the experiments was
carried out on the impact of a single water drop on the heat
engine oil pool, and the impact behavior was analyzed and the
related parameters were discussed.

2. Experimental setup

The experiment system is demonstrated in Fig. 1. The
main components include an image acquisition device, a water
droplet generator, a temperature collecting device, a heating
plate and an oil pool. The droplet generator was composed of
injection pump syringes and needles in a steady injection rate
of 0.1 ml/h of the injection pump. The small droplet formed
slowly at the needle tip and then the droplet was free to fall
under its own gravity. In order to eliminate the contamina-
tion of the oil pool by falling water, the oil is replaced af-
ter each impact. The whole impact behaviors were recorded
by an NAC high-speed photography camera with 2000 FPS,
equipped with a 100-mm Tokina macro lens. According to
the time-dependent images in each test, the drop diameter
D and impact velocity v were determined by image process-
ing. To acquire the droplet diameter and other parameters,
pixel analyzing was conducted with the software Photoshop
CC 2018 and a reference ruler. The error is 1 pixel with size
of 0.082 mm. The light source was provided by a 1000-W
halogen lamp. The temperature distributions of the oil pool
were measured by the K-type thermocouples with an accu-
racy =1 °C. Four K-type thermocouples were located at 1 mm,
17 mm, 33 mm, and 49 mm beneath the oil surface to monitor
the temperature. It can be seen from the temperature profile
with time that, from the bottom of the pool to the liquid sur-
face, the temperature varied with about 2+ 0.5 °C. The pool
bottom temperature is slightly higher than the liquid surface

temperature. A heater plate, which could adjust the oil tem-
perature ranging from 20 °C to 600 °C, was used to heat the
engine oil to a target temperature. The liquid pool was made
of transparent quartz glass resistant high temperature with a
thickness of 2 mm and a length, width and height of 75 mm,
75 mm, and 80 mm. In this study, the great wall brand en-
gine oil was used as the impacted liquid while pure water was
used as droplets. Tables 1 and 2 show the liquid properties.
The water droplet that formed at the needle is still approxi-
mately spherical under the gravity effect. Similar to previous

studies, 3334

| the mean drop diameter is determined by image
and can be expressed as D = (D2Dy) '3 where D, and D, rep-
resent the horizontal and vertical diameters. By changing the
needle diameter, the water droplet diameter D was varied be-
tween 2.8 nm and 4.5 mm, with a measuring error of £0.1 mm.
Meanwhile, by adjusting the impact height 4 between the nee-
dle tip and the engine oil level was changed from 10 cm to
90 cm, the impact velocity v was varied between 1.24 m/s and
4.16 m/s, with an accuracy of +0.05 m/s. The thickness of
the liquid pool was fixed at 50 mm, so as to avoid interference
from the pool and container wall. The Weber number can be
expressed as We = (D/c)pv?, where D, o, p, v are the ini-
tial diameter, surface tension, density, and velocity of water
droplet, respectively.

droplet . ‘

syringe pump

thermocouple pool
diffuser

high-speed digital camera 1000-W light

Fig. 1. Schematic diagram of experimental apparatus.

Table 1. Physics properties of engine oil.

Physics properties 50°C 70 °C 90 °C 110°C 130°C 170 °C 210°C

Density (kg/m?) 854.5 837.1 819.2 811.0 791.7 751.3 723.4
Surface tension (mN/m) 26.9 24.9 22.8 19.7 19.3 16.2 14
Viscosity (mPa-s) 120.9 423 9.2 6.9 5.1 3.6 1.8

Table 2. Physical properties of water (T = 20 °C).

Fluid Density (kg/m?)

Surface tension (mN/m)

Viscosity (mPa-s) Boiling temperature (°C)

Distilled water 997 72

1.002 100
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3. Results and discussion
3.1. Impact behaviors

In experiment, the research focused on the effects of dif-
ferent temperatures of hot engine oil on the droplet impact be-
haviors. The oil temperature ranges from 50 °C to 210 °C, and
resultantly three kinds of typical phenomena can be observed,
including penetration, crater-jet, and crater-jet—secondary jet.

Figure 2(a) shows the behaviors of the single water
droplet impacting on the hot engine oil surface with the tem-
perature of 50 °C and We = 105. Time ¢ = 0 is the moment
of droplet impingement on the oil surface. Because of the
droplet with high velocity impacting on the oil surface, an ob-
vious crater structure is formed on the surface of the oil pool
at 9 ms. At 20 ms, the crater continues to expand outward un-
til the crater structure reaches its maximum depth. At 35 ms,
the unbroken droplet passes through the crater with the help of
its kinetic energy and then continues to move downwards. Fi-
nally, it sticks to the bottom of the pool, no splash, crown and
jet structure appear in the whole process. The whole behavior
is called the penetration.

(a) T=50 °C and We = 105, penetration
=1 mm
20 ms

(b) T=170 °C and We = 602, crater-jet

0 ms 9 ms 35 ms 76 ms

=1 mm

ms 24 ms 184 ms

40 ms jet

Fig. 2. Impact behavior evolution processes for single water droplet impact-
ing on hot engine oil surface: (a) 7 = 50 °C, We = 105; (b) T =70 °C,
We =603; (c) T =110 °C, We = 1100.

Figure 2(b) shows the behavior of the single water droplet
impacting on a hot engine oil surface with the temperature of
70 °C and We = 603. At 24 ms, the largest crater structure
is formed. Subsequently, the engine oil around the crater wall
begins to flow inward, filling the crater, and then a jet rises
from the oil surface. At 96 ms, the jet structure with the maxi-
mum height is formed. Then, the liquid column collapses and
the jet completely disappears at 184 ms. The whole behavior
is called the crater-jet. Compared with the single droplet im-
pacting miscible ethanol pool,*! a significant difference can
be found. The time when the droplet impacts the ethanol sur-
face to observe the largest crater and the largest jet structure is
earlier than that of the impact on the engine oil surface. More-
over, it is difficult to observe the complete sub-droplet falling
in the ethanol pool after the impact.

Figure 2(c) shows the behavior of the single water droplet
impacting on a hot engine oil surface with the temperature of
110 °C and We = 1100. At 23 ms, a crown structure is formed
on the liquid surface. Subsequently, the crown structure col-
lapses under its own gravity. At 128 ms, an obvious jet struc-
ture can be observed. Then, the jet breaks up, and it should be
mentioned that the energy of the first jet is not dissipated com-
pletely after the droplet falls into the oil pool, so the second jet
is generated above the liquid level of the oil pool. At 248 ms,
the secondary jet reaches its maximum height. The whole be-
havior is called the crater-jet—secondary jet. The maximum
volume of the secondary jet is obviously smaller than that of
the primary jet. In current study, all the studies on jet parame-
ters are represented by the primary jet.

1400
W penetration ¥ penetration or crater-jet @ crater-jet
® crater-jet or crater-jet—secondary jet M crater-jet—secondary jet
1200
] ] ] || ]
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E ] ] & L} L]
600 o ° 8 -]
] ] ] &
400+ o ] ] o =
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Fig. 3. Phase diagram of impact phenomena.

Figure 3 shows the regime diagram of impact phenomena.
Each case was repeated 10 times. The non-dimensional pool
temperature can be expressed as 6 = (T — 7o) /(Thoiting — 1)
(Teo =20 °C, Thoiling = 280 °C). The penetration phenomenon
can be observed for low Weber number because the initial im-
pact energy is small enough and the impact force is very small
when the water droplet reaches the liquid level, so it is difficult
to have enough energy to support the oil surface deformation
and form a complete crater jet structure. For the two tran-
sition regions, repeated experimental data show that the two
phenomena involved in the transition region occur randomly.
For the crater-jet phenomenon, it is seen that the critical impact
Weber number of crater-jet decreases with the increase of oil
temperature. This agrees with the results of Manzello et al. 136!
The jet can be found when the Weber number exceeds 302.
For crater-jet—secondary jet, it is easier to form a secondary
jet for high Weber number and high temperature. Many previ-
ous studies*"37! found the surface bubble phenomenon when
the Weber number was increased to a certain critical value.
At the same time, Xu et al.3® reported that the increase in the
temperature of the impacted oil pool is beneficial to the forma-
tion of the surface bubble. When the Weber number exceeds

116801-3
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530, the surface bubble phenomenon can be observed when
the droplet impacts the ethanol liquid. However, in this work,
no surface bubbles were found.

3.2. Maximum crater volume and maximum jet height

According to Ref. [29], the crater is hemispherical and
its volume can be expressed as: V. = (2/3)nR*Hgy, where R
is the radius of the crater and Hy is the depth of the crater.
The crater is formed after the droplet touches the oil surface,
and the crater volume reaches the maximum at about 50 ms.
Figure 4 presents the crater volume for different oil pool tem-
peratures. Error bars denote the standard deviation of each set
of data. When the oil temperature is 210 °C, the crater volume
growth rate is faster than when the oil temperature is 90 °C, in-
dicating a clear correlation between the cavity volume growth
rate and the oil temperature. The temperature of the oil af-
fects the maximum crater volume, and the increase of oil tem-
perature is beneficial to the increase of crater volume. The
evolution process from the droplet contacting the liquid sur-
face to the formation of the maximum crater volume is about
24 ms—27 ms. With the temperature of the oil pool from 90 °C
to 210 °C, the physical properties of the oil (such as viscos-
ity, surface tension, density, efc.) have changed greatly. It is
obviously found that the formation time of the largest crater
remains nearly constant with the increase of oil temperature,
which means that the physical properties of the oil have little
effect on the formation time of the largest crater. Gray solid
points and green solid points respectively plot the time evo-
lution of water droplet and ethanol droplet impinging on the
water surface. Hasegawaa et al.!?°! reported that the time for
the water and ethanol droplet to form the maximum crater vol-
ume when it impacts the water surface is about 14 ms—18 ms,
which was far less than the time for a droplet to hit the surface
of oil. So the immiscibility of water and oil has an important
influence on the impact process.

Q@ T7T=90 °C
2500 A T=130 °C g
m7T=170 °C i
—~ v T=210 °C Y 2 £
”JE 2000 @ Hasegawaa et al.?% i é
E Hasegawaa et al.[?] v g §
: 1500 F 5
E i
g 1000
g i
© 500 o 0 ©
®) 8 3o ° °
o @@
0 5 10 15 20 25 30

Time (ms)

Fig. 4. Temporal evolution of cavity volumes of water with different oil tem-
peratures.

Figure 5 shows the influence of various droplet diameters
on the maximum crater volume. The increase of droplet diam-

eter induces the increase of the maximum crater volume. This
implies that both the droplet diameter and the temperature of
the oil pool influence the volume of the crater. The larger the
droplet diameter is, the greater the initial kinetic energy is, and
resultantly the more energy can be provided to form the crater.
Furthermore, for the same droplet diameter, maximum vol-
ume increases with the temperature of the oil pool from 90 °C
to 210 °C. The physical properties of fuel have an important
effect on the formation of craters. As the oil temperature in-
creases, the viscosity, surface tension, and density of the fuel
all decrease, so that when a single droplet impacts onto target
liquid surface, the flow resistance is reduced, and the droplet
easily penetrates the target liquid.

2800
@ T=90 °C i
~ 2400} VY T=130°C ]
g mT=170 °C ¥
& 000l A T=210°C 4
o Fy ]
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= 1600} 2
g ]
S 1200 3 §
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< 800f g 2
3
4 1 1 1 1 1
0% 3.2 3.6 4.0 4.4
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Fig. 5. Maximum volume of the crater as a function of droplet diameters.

Figure 6 shows the relationship between the maximum
jet height and the impact Weber number. It was obviously
observed that, when the Weber number varies from 105 to
1100, the maximum jet height increases rapidly with the We-
ber number. The observed impact phenomenon is crater-jet.
For the same Weber number, the increase in oil temperature
can lead to an increase of the maximum jet height. When the
Weber number is increased to 808, the impact phenomena at
the oil temperature of 110 °C and 130 °C turn into the crater-
jet—secondary jet, and the maximum jet height continues to

increase.

Sy 50 °C
- mT=70"°C
é 251 AT=90 °C [ 3
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Fig. 6. Maximum height of the jet as a function of Weber number.
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3.3. Energy conversion and conservation

When the water droplets reach the surface of the oil, the
oil near the impact point is deformed to form a crater cavity
structure. After the crater size reaches the maximum, it begins
to contract inward, and a jet structure appears at the bottom
of the crater and moves upward through the liquid level. As
the jet rises to the maximum height, it collapses due to its own
gravity and finally returns to the target liquid. Here, we mainly
focused on the factors affecting the formation of crater and jet
from the perspective of energy conservation and transforma-
tion.

Droplet impact behaviors have been classified into three
stages; impact, cavity, and jet. The total energy during the
collision can be written as

Il o T 3, @ 2
E=-Mv*= —pD*?* = ~—cD*We. 1
MV T PP T o e M)

According to the Refs. [30,32,35,39], at the cavity stage, the
crater energy E. is defined as

E. = ngc +Es—, 2

where Eq_ is the gravitational potential energy of the cavity
and E; . is the surface energy. E; . and Es . are expressed
by

Eec— [ peHadv. 3
E, - = oynHg, )

where oy is the surface tension of the fuel. According to the
Refs. [29,40]. At the jet stage, the jet energy is defined as

T2 4
where dj is the maximum jet width and H; is the maximum
jet height. The energy conservation of impact process is com-
puted as

E=E.+E+ =Ej+Ej, (6)

where Ec+ is the dissipated crater energy and Ej« is dissipated
jetenergy. The energy of the collision process with the oil pool
temperature of 50 °C, 70 °C, 90 °C, 110 °C, and 130 °C were
calculated. The relationship between impact energy, crater en-
ergy and jet energy are shown in Figs. 7 and 8. The energy
change trend is consistent with that by Xu et al.1>> Figure 7
shows the relationship between crater energy and initial impact
energy E at different temperatures. When the droplet impinges
on the liquid surface, part of the initial impact energy can be
converted into crater energy, while the rest can be converted
into waste forms such as dissipated viscosity, impingement
sound energy, and wave-swell energy. This shows that as the

impact energy increases, the crater energy increases. The rela-
tionship between E; and E is nearly linear, and the regression
coefficient of the fitted curve is above 99% at all temperatures.
In the oil temperature range of 50 °C—130 °C, the correspond-
ing energy conversion ratio is 31.8%-59.1%. This indicates
that the energy conversion rate increases with the increase of
oil temperature. The main reason is that as the temperature of
the target liquid increases, the surface tension, viscous force,
and density of the target liquid decrease, and other lost energy
(dissipated viscous energy, wave-swell energy, and so on) de-
creases. Figure 8 shows the relationship between jet energy
and initial impact energy at different temperatures. The jet
energy increases with the increase of impact energy, because
the maximum jet height increases with the increase of We-
ber number. The results show that Ej increases linearly with
temperature, and the coefficient of fitting curve is larger than
97% at each temperature. When the oil temperature is 70 °C—
130 °C, the corresponding energy conversion increases from
13.6% to 32.5% (no jet phenomenon can be observed when
the oil temperature is 50 °C). This indicates that the increase
of oil pool temperature is beneficial to the increase of jet scale.

220
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[ v T=90°C L
f 180F y r-110c - -
2 160 v T=130°C v
) ---- fitting line . o e
K 140p ... fitting line v g ¥
> | ---- fitting line gL It
o0 1200 ... fitting line B ; L&
g i fitting line Y - A 4
= 100 T .
3] Pe. e 7 ¥
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© a0}
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Impact energy E (uJ)

Fig. 7. The energy of the crater as a function of droplet initial impact energy.
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Fig. 8. The energy of the jet as a function of droplet initial impact energy.

For energy conversion in the crater-jet process, energy ra-
tios of E./E and Ej/E, where E./E is the ratio of total en-
ergy to crater energy and E;/E is the ratio of total energy
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to jet energy, are calculated as shown in Table 3. It can be
found that there is an obvious correlation between oil pool
temperature and energy conversion rate. The variation of en-
ergy conversion rate with dimensionless temperature is shown
in Figs. 9 and 10. The energy conversion rate is also lin-
early related to the dimensionless pool temperature. The cor-
relation E./E = 0.876(Ty — Tw)/(Tooiling — Tw) +0.232 and
Ej/E = 0.823(T0 — Too)/(Tboiling — Too) —0.0267 is obtained.
This provides a reference for the energy conversion ratio at
different oil temperature conditions. It can be seen that the
energy conversion rate is mainly related to the temperature of
oil and the solubility of droplet and oil. The conversion rate
increases with the increase of temperature. The reason is that
with the increase of temperature, the physical properties of
the oil decrease, including density, viscosity, and surface ten-
sion. With the oil temperature is 50 °C-130 °C, the density
decreases from 854.5 kg/m? to 791.7 kg/m>, surface tension
decreases from 26.9 mN/m to 19.3 mN/m and viscosity de-
creases from 120.9 mPa-s to 5.1 mPa-s. It means that the re-
sistance and viscous dissipation of the droplet impinging the
oil surface decrease. Compared with the droplet impact on

water, [32:41]

it can be predicted that the energy conversion rate
of droplet impact oil is far lower than that of droplet impact
water at room temperature (6 = 0) by the fitting formula of
energy conversion rate and dimensionless temperature. In ad-
dition, compared with the data of Xu et al.,! the energy ratio
growth of engine oil was more sensitive to dimensionless tem-

perature than for energy ratio growth of ethanol.

A present experimental data
0.8F m Xuetall®
v Ma et al.l3?
@ Michon et al.[4l --m
0.7k -~ E./E=0.8760+0.232R> = 0.96 m_
---E,/E=0.3770+0.428 R = 0.94 -
»’.’
5 0.6 LA
~
3] v R 3
N 05t Bar
04r o &
A
0.3 1 1 1 1 1 1 1 1 1 1
—0.1 0.1 0.3 0.5 0.7 0.9
0

Fig. 9. The ratio of crater energy to the initial impact energy as a function of
the dimensionless pool temperature.

As the oil temperature increases, the viscosity, surface
tension, and density of the impact target liquid all decrease.
When the droplet touches the hot oil surface, part of the ini-
tial total energy (E) is absorbed by the impact target liquid

and converted into crater energy. The smaller the surface
tension, viscosity, and density of the liquid are, the smaller
the energy dissipation is, the more crater energy is absorbed
by the target impacting the liquid, and the energy conversion
ratio increases. Compared to previous studies on miscible
liquid,>*31 when the droplet touches the miscible liquid, the
miscible liquid surface is easier to deform around the impact
point than the immiscible liquid surface, and the energy con-
version ratios of the two are also different during impact. Ta-
ble 4 shows a comparison of the energy conversion ratio (E. /E
and E;/E) between the present calculated data and those in lit-

s132:3341.421 focusing on the interaction between

erature studie
droplet and miscible liquid. Pumphrey et al.!*?! assumed that
the impact energy of droplet impacting on the same liquid
surface can all be converted into crater energy, regardless of
energy loss, which leads to prediction deviation. Michon et
al."! indicated that the energy conversion ratio is about 0.4
at room temperature. Ma et al.3?! presented that the value
of E./E is around 0.54 and E;j/E is around 0.248 for the im-
pact weber number of 204 to 640. However, Michon et al. [41]
only calculated E./E without further calculating the conver-
sion ratios of Ej/E, and the studies by Michon et al*!l and
Ma et al.!¥?! were carried out at room temperature, and the
influence of oil temperature on the energy conversion in the

impact process was not presented. Xu er al.[33

reported that,
for droplet impacting on the ethanol liquid surface with differ-
ent oil temperature, the value of E;/E ranges from 0.512 to
0.745 and E; /E is from 0.159 to 0.535, which are higher than
those calculated in the present work. In other words, there is

more energy loss when the droplet impacts on the immiscible

liquid.
0.6
A present experimental data
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Fig. 10. The ratio of jet energy to the initial impact energy as a function of
the dimensionless pool temperature.

Table 3. Energy ratios of E. /E and Ej/E for temperatures of 50 °C, 70 °C, 90 °C, 110 °C, and 130 °C.

Energy ratio T =50°C T=170°C T =90°C T =110°C T =130°C
E./E 0.318 0.403 0.498 0.531 0.591
E/E - 0.136 0.189 0.256 0.325
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Table 4. Comparison of energy conversion ratio (Ec/E and E;j/E) among present experimental data and those in literature studies. [32,35,41,42]
Experiments Target liquid Condition E./E E;/E
Present engine oil 50°C-130°C 0.318-0.590 0.136-0.325
Xu et al. 13! ethanol 30°C-70°C 0.512-0.745 0.159-0.535
Michon et al.[!] water room temperature around 0.40 -
Pumphrey et al.[*?! water room temperature 1 -
Ma et al.3?! water room temperature around 0.54 around 0.248

4. Conclusion

In this work, the experiments were carried out to study the
influence of the liquid temperature on the interaction behavior
for single water droplet impinging on the immiscible liquid.
The impact Weber number and oil temperature have signifi-
cant influences on the impact behaviors. For different Weber
numbers and oil temperatures, three kinds of impact phenom-
ena, including penetration, craterjet, and crater-jet—secondary
jet were found. As the impact Weber number and the oil tem-
perature increase, the maximum crater volume increases. The
maximum jet height is also related to the oil temperature and
the impact Weber number. Based on the analysis of the energy
transfer at the three stages of the impact behavior (impact, cav-
ity and jet), it is theoretically found that the formations of the
crater and the jet structure are related to the oil temperature,
fuel physical properties, impact Weber number, droplet size,
etc. The increase of oil temperature is beneficial to improve
the energy conversion ratio.
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