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Chapter

Experimental Investigations on
Fuel Spray and Impingement for
Gasoline Direct Injection Engines

Hongliang Luo

Abstract

Spray-wall impingement is a widespread phenomenon applied in many fields,
including spray-wall cooling system, spray coating process and fuel spray and
atomization in internal combustion engines. In direct-injection spark ignition
(DISI), it is difficult to avoid the fuel film on the piston head and cylinder surfaces.
The wet wall caused by impingement affects the air-fuel mixture formation process,
which finally influence the subsequent combustion efficiency and performance.
Therefore, the fuel spray and impingement under gasoline engine-like conditions
were characterized. Mie scattering technique was applied to visualize the spray
evolution and impingement processes in a high-pressure and high-temperature
constant chamber. Meanwhile, the adhered fuel film on the wall was measured by
refractive index matching (RIM) under non-evaporation and evaporation condi-
tions considering the effects of different injection pressures, ambient pressures
and ambient temperatures. Additionally, the fuel film formation and evaporation
evolution models were proposed with the help of these mechanisms.

Keywords: fuel spray, impingement, fuel film, non-evaporation and evaporation

1. Introduction

Generally, compared to port fuel injection (PFI) engine, direct-injection spark
ignition (DISI) engines as a greatly potential alternative become more and more
widely used for their significant advantages [1, 2]. However, owing to the short
impingement distance and high injection pressure, spray impingement on the
cylinder wall and piston head is quite difficult to avoid. The impingement affects
the fuel-air mixture prior to combustion, which is a possible source for unburned
hydrocarbon (UHC) and particulate matters (PM) [3]. Tanaka et al. [4] showed
the relationship between the deterioration ratio of engine particle number (PN)
emissions and fuel film volume, indicating that PN emissions increases with the
increasing of fuel film on the wall.

As we known, when fuel immediately out of the nozzle hole, the spray breakup
occurs. Two processes of fuel breakup can be involved. The first breakup is also
called the primary breakup, leading to large droplets and liquid ligaments near
the nozzle to form the dense spray [5, 6]. Under the high injection pressure condi-
tion, the cavitation and turbulence are generated from the injector holes, which
should be the main reason for this mechanism. Then the following breakup process
is named as secondary breakup, indicating these existing droplets break up into
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smaller ones owing to aerodynamic forces caused by the relative velocity between
droplets and surrounding ambient gas. During the secondary break-up, more and
more liquid droplets are formed and move downstream of the spray. Although
considerable researches were done for the spray and atomization mechanisms, the
spray and impingement are less discussed, let along the fuel film formation after
impingement. By considering the competitions from the pure electric vehicle (EV)
and concerns on environmental pollution, it is urgent to understand the interaction
of liquid droplet and piston wall thoroughly to improve the spray atomization in
engine work process.

The target of this study is to investigate the characteristics of gasoline spray
impingement and fuel film formation experimentally. The specific objectives of this
study are shown as follows:

* Analyze the impinging spray evolution characteristics which belongs to the
single-hole nozzle under the non-evaporation and evaporation conditions.

* Model the fuel film formation to provide an insightful understanding of the
interaction between spray and wall.

In this study, Mie Scattering technique was implemented to obtain the observa-
tions of gasoline spray emerging from single hole injector under different condi-
tions. RIM technique was adopted to analyze the formation process of fuel liquid on
the wall qualitatively and quantitatively under both non-evaporation and evapora-
tion conditions.

2. Experimental apparatus and measurement methods

As shown in Figure 1, a quartz glass (Sigma Koki, DFSQ1-50C0O2) was used
as the impingement wall with a diameter at 50 mm and thickness at 2 mm.
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Figure 1.
Schematic of injector and flat wall.
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The coordinate system is established and defined, and the intersection point o of
the nozzle center axis and the flat wall is decided as the impingement point. The
positive y axis is along the lateral direction of the spray after impingement, and

the positive x axis is pointing out of the figure. The impingement angle was 45 deg.
and the impingement distance was 22 mm from the nozzle exit to the impingement
point of the flat wall along the spray axis. Moreover, the surface roughness was
measured at Ra 7.0 pm by a portable high-performance surface roughness and wavi-
ness measuring instrument (Kosaka Laboratory Ltd., SE300).

The experiment was performed in a constant high-pressure chamber filled with
nitrogen gas. A single hole mini-sac injector was used with length at 0.65 mm and
hole diameter at 0.155 mm. The test conditions are listed in Table 1. Toluene was
selected as a substitute for gasoline. The fuel temperature (before injection) was
regulated by a cooling system to maintain it at room temperature. The injection
pressure changes among 10, 20 and 30 MPa, resulting in the different duration at
2.9, 2.1, and 1.7 ms for fuel injection, which satisfies the constant injection mass
at 4.0 mg by considering the real injection mass in each hole. In order to study the
influence of ambient pressure, pressures between 0.15 and 0.74 MPa were tested at
evaporation condition (T,mp = 433 K). Meanwhile, the equivalent non-evaporating
conditions (P, = 0.1 MPa, T, = 298 Kand P,y = 0.5 MPa, T, = 298 K) were
determined by maintaining the ambient density at 1.95 and 5.95 kg/m?, respectively.
One thing should be pointed out that the saturated temperatures (T,) of toluene
under P, = 0.15 MPa is 398 K, and it is cleat to see that Ts,; <T,mp. While under
P.mp = 0.74 MPa, T, is 472 K, higher than T,,,.

2.1 Mie scattering method

In order to observe the spray development process, the Mie scatting experiment
was performed, and the specific experimental apparatus are shown in Figure 2.
A high-speed video camera (Photron FASTCAM SA-Z) was utilized to observe
the spray with a frame rate at 20,000 frames per second (fps) and a frame size at
512 x 512 pixels. A xenon lamp (Ushio SX-131 UID501XAMQ ) was set in a direction
perpendicular to the camera to illuminate the spray, and it was placed in the same
plane with the camera.

The spray tip penetration (S) and impinging spray height (H;) are widely used
to investigate the characteristics of the spray-wall impingement [7, 8]. These
values were experimentally obtained from raw images by determining the edge of

Non-evaporation conditions Evaporation conditions
Test Fuel Toluene
Fuel Temperature 298K
Injection Mass 4.0 mg
Ambient Gas Nitrogen
Injection Pressure 10, 20, 30 MPa
Injection Duration 29,21,1.7ms
Ambient Temperature 298K 433K
Ambient Pressure 0.1and 0.5 MPa 0.15and 0.74 MPa
Ambient Density 1.95 and 5.95 kg/m’ 1.95 and 5.95 kg/m’

Table 1.

Test conditions.
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Figure 2.
Experimental apparatus.

Spray Tip Penetration § = Lw + Lr

Figure 3.
Experimental extraction of S and H,.

the impinging spray using inhouse code created in MATLAB software as shown

in Figure 3. The dotted line represents the wall surface. S and H; are defined. S

is defined as the distance from the nozzle exit to the spray tip. Generally, before
impingement, S is just the distance from the nozzle exit to the spray tip. However,
after wall impingement, S is defined as the sum of the distance to wall (L,,) and the
radial distance (L,) [9]. H; is the maximum distance from the wall surface to the
edge of the impinging spray. All the results were calculated five times under each
specific set of experimental conditions, and the average values were presented.

2.2 RIM method

The RIM experimental equipment in the current study is shown in Figure 4.
Some differences can be found in the optical system with Mie scattering. The xenon
lamp was placed at the side window to emit continuous light with an incident angle
at 15 deg. Under the flat wall, a reflection mirror was positioned directly. Fuel film
images were observed by a high-speed video camera through this mirror. Further,
the high-speed video camera was set at a frame rate of 10,000 fps and at a frame
size of 512 x 512 pixels.

RIM method is applied to measure the fuel film thickness. The image process-
ing is shown in Figure 5. First, the image without fuel film named as “dry image”
is acquired. After fuel adhering on the wall, it is subtracted by the “dry image”
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Figure 4.
Experimental setup for fuel film measurement.

(a) Dry Image

Thickness (um)
2.5

20 Calibration
1.5 curve
1.0 &

05 5%

0 M

Figure 5.
Image processing.

to obtain the only adhered film image. Using the calibration result, the thickness
distribution can be obtained. With the scale (0.106 mm/pixel) got from the obser-
vation, the film area is calculated by integrating the available pixels. While, for the
mass, the thickness can be added up if larger than 0.1 pm. Then the film mass can be
calculated through the scale and density of toluene (867 kg/m’). Additional details
about RIM method and calibration can be seen in the previous publications [10-13].

3. Impinging spray under evaporation conditions

3.1 Effect of temperature

To discuss the spray characteristics under different ambient temperatures, the
images of spray and fuel film at 1.5 ms and 4.0 ms after start of injection (ASOI)
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under T,y = 298 K are presented in Figure 6(a). The sprays are displayed as
binary images acquired from the Mie scattering experiment, and the fuel films
are shown in pseudo-color images obtained from the RIM experiment. During
injection, the fuel film is incomplete and invalid owing to the mie scattering
effect caused by the illumination of the droplets above the wall. While, the
fuel film becomes complete and thus available after injection. Therefore, all
the results related to the adhesion are shown and discussed after fuel injection.
Besides, it is clear to see that the impinging spray height at 4.0 ms ASOI is a
little larger than that at 1.5 ms ASOI. And more droplets accumulated at the
downstream should be one possible reason for it. Furthermore, the fuel film at
impingement region (called Region I) is thicker than that at the periphery region
(called Region II) and the thickness decreases along y direction. This is due to
different mechanisms in the formation of fuel film, which will be explained
detailly in the following section.

The images of spray and fuel film at 1.5 ms and 4.0 ms ASOI under T, = 433 K
can be seen in Figure 6(b). Under condition of high ambient temperature, the
impinging spray height is shorter than that under T, = 298 K, owing to the
evaporation of fuel droplets. This phenomenon is more obvious at 4.0 ms AOSI.
Moreover, the spray area is smaller in contrast to that observed under T, = 298 K,
which can be also explained by the evaporation of droplets during spray. By com-
paring Figure 6(a) and (b), it is evident that evaporation is more significant at the
periphery than that observed on Region I.

(mm)
Binary Image (Mie Scattering) 20 Binary Image (Mie Scattering)
1.5 ms ASOI 4.0 ms ASOI

+Fuel Adhesion lni.ag'e‘jm.h_'

Binary Image (Mie Scattering) Binary Image (Mie Scattering)
1.5 ms ASOI 4.0 ms ASOI

2.0 I Fue_l Adhesion Image (RTM) Fuel Adhesion Image (RIM)
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Figure 6.
Spray impingement and fuel film during and after injection. (a) Ty, = 298 K. (b) Ty = 433 K.
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For clarifying the effect of ambient temperature on fuel film thickness distribu-
tion along different lines, which were clearly defined to express them concisely. As
illustrated in Figure 7, the coordinate system is created by setting the impingement
point as the origin 0. As fuel film is almost symmetric along the y axis, thickness
distribution can be only discussed at different y linesaty = —2.5, 2.5, 7.5, and
12.5 mm, and the thickness at these lines was described as H_, 5, H, 5, H75, and Hy s,
respectively. The results of H 5, H, 5, H75, and Hyy 5 at 5 and 50 ms ASOI under
Tamb = 298 K and 433 K are depicted in Figure 8, respectively. The horizontal axis is
from —15 to 15 mm, and the vertical axis denotes fuel film thickness.

The results at 5 ms ASOI are shown in Figure 8(a). The thickness under
Tamb = 298 K is larger than that under T, = 433 K due to non-evaporation. For
all cases except of Hj; s, thickness distribution can be divided into three parts as
“initially increases, remains constant, and finally decreases”. For the constant value,
H _,sand H, s under 298 K are similar to those under 433 K, but H;5 under 433 K
is slightly smaller than that under 298 K. Then as the constant values under 298 K
and 433 K are similar, this region is defined as Region I. While for the other region,
whose value is variable is defined as Region II. The boundary to separate Regions I
and II can be detected through the constant value in thickness using our in-house
code made in the MATLAB, which is marked in Figure 7(a). And it is depicted
that the Region I under 298 K is almost the same as that under 433 K. A similar
observation can be seen in Figure 7(b), although difference can be seenin H ; 5, as
H_,5under 433 K evaporates for a quite long time at 50 ms ASOI, leading to a sharp
reduction. Regions I and II are presented in Figure 7(b) by using the same criterion.
It is worth noting that Region I at 5 ms and 50 ms ASOI are similar as well.

Overall, the mechanisms of fuel film formation are illustrated in Figure 9 by
applying the divided Regions I and II as mentioned above.

Region I also can be named as primary impingement region. The spray impinges
on the wall directly, leading to some fuel sticking on it to form the film.

Region II also can be named as secondary impingement region. After fuel spray
impingement, most of the fuel splashes off it. The splashing droplets are re-depos-
ited on the wall to form the film because of coalescence and air force.

During injection: When fuel is ejected from the nozzle, liquid fuel breaks up into
ligaments and large droplets. Through the spray propagation, the ligaments and
large droplets break up into small ones owing to the interaction between the liquid
fuel and ambient gas. In the case of T, = 298 K, after the primary impacting, some
liquid fuel deposits on the wall to form Region I, and other fuel splashes off the
wall. However, the splashed droplets may collide and coalesce with others, causing a
change in velocity. Finally, these droplets may redeposit on the wall to form Region II.
Furthermore, under high temperature conditions, less fuel can be seen on Region II,
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Figure7.
Fuel film under different ambient temperatures. (a) 5 ms ASOI (b) 50 ms ASOL
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Figure 9.
Mechanisms of fuel film formation in different regions. (a) During injection. (b) After injection.

and the decreases in impinging droplets and fuel film evaporation should be the
reasons for it.

After injection: Although no fuel spray can be seen, some tiny droplets are still
in the air above the wall. Under Ty, = 298 K, the entrainment air changes the veloc-
ity of the splashing droplets. As a result, these droplets may re-impact on the wall to
form Regions I and II. Under Ty, = 298 K, the same phenomena can be expected.
But with considering the evaporation effect, the splashing droplets evaporate so
quickly that few droplets can redeposit on the wall to from Region II. The fuel film
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on Region I is mainly formed by the initial impingement, less effect can be seen on
Region I, causing only periphery of film evaporating, which leads to fuel film on
Region I almost the same as that under room temperature.

To summarize, the fuel film on Region I is caused by the direct impinging spray,
affected less by the high ambient temperature. However, film on Region II is mainly
caused by the redeposition of the splashing droplets. Under high temperature
condition, the splashing droplets evaporate easily before reattaching the wall.

Even some can redeposit to form film on the wall, it evaporates quickly due to the
strong heat and mass transfer. As a result, fuel film on Region I is similar under
Tamb = 298 K and 433 K, but varies greatly on Region II, as shown in Figure 7.

3.2 Effect of injection pressure

Figure 10 shows S under different injection pressures varying among 10, 20 and
30 MPa. Results at T, = 298 and 433 K are depicted by solid and open data. The
horizontal axis represents time after start of fuel injection, and the vertical axis is S.
The impingement distance is shown by dotted line. Owing to the fuel evaporation,
S at Tymp = 433 K is slightly lower than that at T, = 298 K before impingement.
Nevertheless, the difference becomes obvious after impingement, which can be
attribute to the impingement facilitating fuel breakup and atomization. Moreover,
larger difference in S can be found under Pj;; = 10 MPa. And the longer time for
spray propagation and evaporation may be one possible explanation for it. Although
high injection promotes better atomization, the accelerated fuel spray shortens
the spray development time, which might be another reason for explaining larger
difference existing at low injection pressure.

H; can be seen in Figure 11. The dotted line represents the end of injection
(EOI) with the injection duration depicted. The impingement timing can be
advanced under high injection pressure because of high momentum. At EOI, H;
at Py = 30 MPa is larger than that at 10 MPa under both evaporation and non-
evaporation condition. The larger Weber number induced by high injection pres-
sure results in more splashing droplets should be the reason for it. Although high
injection pressure promotes better atomization, leading to fast evaporation of fuel,
the stronger splashing phenomenon cannot be hindered. Furthermore, after EOI
at Tymp = 433 K, as no fuel supply, H; under Pj,; = 30 MPa decreases more sharply
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Figure 10.
Spray tip penetration under diffevent injection pressuves.
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Impinging spray height under different injection pressures.

than that under 10 MPa. And the better atomization and fast evaporation should be
responsible for it.

In order to discuss the effect of injection pressure on the fuel film evolution,
different timing at 5, 20, and 40 ms ASOI are selected to show at different injection
pressures under Ty, = 298 K and 433 K, as shown Figure 12. The cross symbol is
used to present the impingement point, and color bar is applied to show the thick-
ness from 0 to 2.0 pm. It is important to see the maximum thickness is only 2 pm,
and some reasons can be involved to explain it. Firstly, when liquid droplets impact-
ing on the wall, various behaviors can be concluded such as “stick”, “spread” and
“splash”, which are determined by the Weber number of the incident droplets [14].
Therefore, most droplets after impacting could splash off the wall, left
few adhering on the wall. Secondly, the rough surface of the wall also promotes
the droplets breakup and splashing of droplets after impingement [15]. Thirdly, the
formed fuel film may be destroyed by incoming droplets and carried away by the
air flow, leading to the maximum thickness at 2 pm. In addition, Ding et al. [16] and
Maligne et al. [17] also obtained the similar observation.

Figure 12(a) shows fuel film evolution at different injection pressure from 10 to
30 MPa under T, = 298 K. It is clear to see that the film area increases with higher
injection pressure. High injection pressure promotes better atomization, as a result,
the splashing droplets may re-impact on the wall with the help of the air entrain-
ment and vortex. Besides, the film on Region I decreases under high injection
pressure. It was confirmed by Bai et al. [14, 18] that droplet behaviors change from
“stick” to “splash” with lager Weber number. And high injection pressure acceler-
ates velocity thus enlarging Weber number. As a result, more fuel splash off the wall
after impingement, leading to less film on Region I. Moreover, the similar conclu-
sion can be drawn from Mie scattering results in Figures 10 and 11 that both S and
H; increase by elevated injection pressure because of droplets splashing. It should
be noted that these splashing droplets may re-deposit on the wall to accumulate the
film on Region II. Furthermore, film thickness increases with time on both regions
as the secondary breakup droplets re-deposit, again.

Figure 12(b) shows fuel film evolution at different injection pressure from 10
to 30 MPa under T, = 433 K. Same as Figure 12(a), film on Region I decrease
with an increase in injection pressure as the splashing behaviors. Compared to
Tamb = 298 K, fuel film on Region II decreases significantly owing to the fuel evapo-
ration. Moreover, the thickness only becomes larger on Region I. The competition

10
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Figure 12.
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between droplets depositing and evaporation can be purposed. Maligne et al. [17]
observed that film evaporates from thin to thick part due to heat transfer. Under
high ambient temperature, the tiny droplets evaporate already before impacting.
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Even the secondary droplets re-deposit on Region II to form film, it evaporates very
quickly, thus only droplets accumulated on Region I can be observed owing to less
heat transfer.

Figure 13 shows the fuel film mass with time after start of injection. The left
vertical axis represents film mass, and right one represents the ratio of film mass
to injection mass. The results under T, = 298 K and 433 K are depicted by solid
and open data. As we known, two processed that spray development and fuel film
formation can be summarized during spray wall interaction [19]. As the strong
splashing phenomenon (see from the results of S and H; above), the maximum
only 13% of fuel adheres on the wall under T, = 298 K. Besides, it provides that
film mass increases gradually with time due to the splashing droplets depositing on
the wall under T = 298 K. However, under Ty, = 433 K, the film mass only at
Py = 10 MPa increases slightly with time. The transition changing from “splash” to
“stick” tends to be responsible for it. More fuel adheres on Region I after impinge-
ment at lower injection pressure, leading to thick film. The splashing droplets
re-deposit on Region I, it is difficult to evaporate as thick film existing, thus increas-
ing mass slightly with time. For mass at Pj,; = 20 and 30 MPa, the initial film mass
on Region I is less in contrast to Pj,; = 10 MPa. Even if the better breakup droplets
re-arrive on the wall to form film, it evaporates immediately, which resultsin a
slight decrease of mass. It is interesting to find that high injection pressure increases
film mass under T, = 298 K but decreases film mass under T, = 433 K. And the
opposite phenomena can be explained by different effect of injection pressure on
fuel film formation under evaporation and non-evaporation conditions. Under
Tamb = 298 K, the better atomized droplets accumulate on the wall easily including
the first and second adhering on the wall, thus increasing mass at a high injection
pressure. However, under T, = 433 K, the better atomized droplets evaporate
easily before impacting on the wall for both incident and re-depositing droplets,
leading to few film lefts. Besides, high-speed airflow also facilitates the film evapo-
ration on the wall to decrease it.

Figure 14 describes the film area, and solid and open data are presented to show
the results under T, = 298 K and 433 K, respectively. Similar to mass, film area
increases with high injection pressure under T, = 298 K, but it decreases under
Tamb = 433 K, which can be attribute to the different effects of injection pressure
under ambient temperature conditions. More importantly, as the film evaporates
from thin to thick, film area decreases with time, which is different to mass under
Pinj =10 MPa.
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Fuel film avea under different injection pressures.

The film mass distribution at the thickness was defined for deeply study. As
illustrated in Figure 15, fuel film thickness is presented as the horizontal axis, and
film mass is shown by vertical axis. The film mass is calculated by each pixel as
shown in the equation below:

M(h)= gh(i) (1)

where the sum of fuel film mass in the thickness fraction between h + 0.5 A &
and % is defined as M (h), and A k is 0.05 pm.

Figure 15 shows the film mass along thickness under different conditions at
40 ms ASOI. The peak value decreases dramatically, and curve becomes short
owing to the evaporation effect when comparing the results of T, = 298 Kand
433 K. It shows that mass under T',,,;, = 433 K at the thickness from 0.1-0.8 pm
decreases to almost 0 in contrast to that under T,,,;, = 298 K, which can be the
evidence that high temperature contributes more effort on the thin film evapora-
tion than thick one, thus improving the film uniformity as the narrow shape under
Tamb = 433 K, which is consistent of the observation in Figure 12. Besides, the role
of injection pressure can be explained more by checking the smallest peak value at
Pipj = 10 MPa under T',1p, = 298 K, but the largest ones under Ty, = 433 K.

For better understanding the uniformity of the fuel film, the probability of mass
should be used, and it must satisfy the normalization conditions:

ZfM(hi)zl (2)

where the f\ () is the probability of M(h).

Asillustrated in Figure 16, the peak value of probability under Ty, = 433 K is
much larger than that of Ty, = 298 K, indicating more uniform film formed on
the wall. No thin film at the periphery should be the reason for it due to evapora-
tion. It is interesting to find that under T, = 433 K, although peak value of mass
occurs at Py, = 10 MPa, but the probability at Py,; = 30 MPa becomes the largest one,
suggesting high injection promotes film uniformity under evaporation condition.
However, under non evaporation condition, less influence of injection pressure can
be detected.
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3.3 Effect of ambient pressure

1.0 12 14

Figure 17 shows the S under different ambient pressures, with results of
Tamb = 298 and 433 K depicted by solid and open symbols. It suggests that the
increased ambient pressure decreases S, and the raised density of the air results in
stronger air-fuel entrainment and less spray momentum should be the reason for
that under both non-evaporation and evaporation conditions. H; under different
conditions are compared in Figure 18. At the initial stage from 0.2 to 1.0 ms ASOI,
H is larger under low ambient pressure. H; generates easily as less resistance from
ambient pressure should be the reason for it. While, H; becomes larger under high
ambient pressure with spray development. The raised ambient gas density from
high ambient pressure results in strong air-fuel entrainment. Therefore, more
air-fuel mixture can be expected after impingement, thus increasing H; under high
ambient pressure. In contrast to that, after EOI, the spray propagates along the wall
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quickly with less air drag force under low ambient pressure, leading to no fuel sup-
ply. Therefore, H; decrease sharply after EOI. Besides, the high ambient temperate
promotes this behavior. However, owing to the slow air-fuel movement under high
ambient pressure, H; can keeps constant and even increases to some extent after
EOI, suggesting high ambient pressure enlarges H;. One thing should be noted that
although the high ambient pressure suppresses Hj, the behaviors of slow movement
accumulating H; cannot be hindered.

In order to discuss the effect of ambient pressure on the fuel film evolution,
different timing at 5, 20, and 40 ms ASOI are selected to show at ambient pres-
sures under Ty, = 298 K and 433 K, as shown Figure 19. The cross symbol is used
to present the impingement point, and color bar is applied to show the thickness
from 0 to 2.0 pm. It has already illustrated in Figure 9 that two regions on the fuel
film on the wall could be separated with different formation mechanism as Regions
I and II. And the ambient pressure has more influences on the film formation on
Region II.

Figure 19(a) illustrates that fuel film on both Regions I and II increases with
time elapse, and the re-depositing droplets accumulating on the wall should be
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the reason for it. Moreover, it has to be noted that the film area increases with high
ambient pressure. Three main reasons can be summarized. Firstly, elevated ambient
pressure promotes better atomization, and these atomized droplets re-arrive on the
wall easily by vortex to increase film. Secondly, high ambient pressure decelerates
fuel spray before impingement, leading to decreasing Weber number. Therefore,
the droplet behaviors may change from “splash” to “spread” or “stick” with small
Weber number, causing adhered film increase. Thirdly, under high ambient pres-

sure, the splashing droplets could collide and coalesce with others easily, and finally
re-deposit on the wall to increase the fuel film.
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Evolution of fuel film on the wall. (a) T, = 298 K. (b) Typ = 433 K.
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Figure 19(b) illustrates the fuel film evolution on the wall at T,,,, = 433 K.

It is clear that owing to evaporation, fuel film area decreases obviously with
time. Furthermore, more fuel locates on Region I other than Region II, and the
less heat transfer at thick film should be the reason for it. Under T, = 433 K,
some of the splashing droplets evaporate before re-impacting on the wall.

And the survived re-depositing droplets on Region II evaporate immediately

as strong hear transfer, leading to more fuel film accumulating on Region II

at last. While, the survived ones impact on Region I then form film on it suc-
cessfully. It can be seen that fuel film exist on Region IT at 5 ms ASOI under

P.mpb = 0.74 MPa, and the large droplets re-depositing and adhering on the wall
before evaporation should be the main reason for it. Besides, the fuel film area
under P, = 0.74 MPa is larger than that under P,,,, = 0.15 MPa. In addition to
the reasons discussed above, high ambient pressure hinders the film evaporation
to a certain extent could be another reason. One more interesting thing is that
under P,,,, = 0.15 MPa, fuel film evaporates from periphery until 40 ms ASOI,
and the “collapse” appearing in the film affects the film uniformity, which will be
discussed more in the following part.

Figure 20 shows the fuel film mass with time after start of injection. The
left vertical axis represents film mass, and right one represents the ratio of film
mass to injection mass. The results under T,y = 298 K and 433 K are depicted
by solid and open data. It depicts that film mass increases with time gradually
under Tomp = 298 K. And the re-depositing droplets after splashing should be
responsible for it. Noticed that the increased amplitude of film mass under
P.mp = 0.5 MPa is much larger when compared to of P, = 0.1 MPa. On one
hand, high ambient pressure enlarges and decelerate droplets, leading to more
droplets tend to re-deposit on the wall. On the other hand, the behavior transi-
tion from “splash” to “stich” increases film on the wall. But looking at the mass
under T = 433 K, it decreases with time slightly due to evaporation. Even if
some re-deposited droplets adhere on the wall, the evaporation effect cannot
be ignored. More importantly, mass under P,y,, = 0.74 MPa is larger than that
under P, = 0.15 MPa. As explained in the experimental condition, T, (398 K)
< Tamp under P, = 0.15 MPa, indicating a strong film evaporation. While,

T (472 K) is larger than T, under P,y = 0.74 MPa, and a slow evapora-
tion can be expected. Recently, Schulz et al. [20] found that the time for film
evaporation duration increases at elevated ambient pressure, implying that high
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Fuel film mass under different ambient pressuves.
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ambient pressure has a significant effect on inhibiting evaporation of fuel film.
This founding is confirmed by Kim et al. [21] from their single droplet experi-
ment and Tao et al. [22] from the computational fluid dynamics (CFD)results.
Furthermore, the results that film mass under P,,;, = 0.74 MPa is larger than that
under P, = 0.15 MPa can also demonstrate that high ambient pressure inhibits
the fuel evaporation.

Figure 21 describes the film area, and solid and open data are presented to show
the results under T, = 298 K and 433 K, respectively. As the re-depositing droplets
impact on the same location, leading to large increase in mass but little increase in area.
Therefore, fuel film under T, = 298 K increases with time slightly. Same as film mass,
the area increases with high ambient pressure. Under non-evaporation condition, the
large size, low velocity, “stick” behavior and easy re-deposition should be attribute to
it. Under evaporation condition, in addition to the above factors, the inhibition of film
evaporation under high ambient pressure should be another reason for it.

Figure 22 shows the film mass along thickness under different conditions at
40 ms ASOI. And the results under T, = 298 K and 433 K are shown by solid and
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open symbols, respectively. It reveals that the peak value increases significantly
with high ambient pressure. It should be clarified that under T, = 298 K, tow
peak values at 0.5 and 1.6 pm can be observed for Py, = 0.1 MPa condition,
indicating film accumulated on Region II and the central of region I. However,
by increasing the ambient pressure to 0.5 MPa, it is interesting to find these two
peaks merge into one, indicating more uniform film form under high ambient
pressure.

Figure 23 shows the probability of film mass along thickness under differ-
ent conditions at 40 ms ASOI, and the results under T,,;, = 298 K and 433 K are
depicted by solid and open symbols, respectively. The probability increases sharply
under evaporation condition, indicating high temperature facilitates uniform film
on the wall. And the evaporation occurs from thin to thick should be the main
reason. Special attention should be taken that not only ambient temperature, but
also ambient pressure can improve the fuel film uniformity. Elevating the ambi-
ent pressure at a certain temperature can increase the density of the ambient gas,
leading to a strong interaction between air gas and fuel. As a result, fuel spray angle
increases, and droplets kinetic energy decreases. Eventually, the droplets attach o
more evenly on the wall, thereby forming a uniform film on the wall. Because of this
reason, under Ty, = 298 K, when ambient pressure increased from 0.1 to 0.5 MPa,
these two peaks merge into one, indicating large improvement for film uniformity.
Similarly, under T, = 433 K, as less film located on Region II, the two peaks
disappear. By increasing the ambient pressure from 0.15 to 0.74 MPa, peak value
increases, suggesting uniformity improved, although not so obvious as that under
non-evaporation condition.

To sum up, Figure 24 displays the relationship between the saturation vapor
pressure curve and the tested conditions. It shows that above the curve toluene is
under the liquid phase but transits to vapor phase below the curve. By increasing
the ambient pressure from 0.1 to 0.5 MPa under Ty, = 298 K, the ambient density
increases. Then, the stronger entrainment and air resistance can be expected,
leading to low velocity and large size of the droplets, and behavior changing
from “splash” to “stick”, which are the reasons for fuel film increase. In addition,
increased the ambient pressure from 0.15 to 0.74 MPa under T,.,,, = 433 K, because
of the transient from vapor to liquid phase, the decrease in evaporation rate as one
more reason increases fuel film on the wall.
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Probability of film thickness under different ambient pressuves.
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3.4 Fuel film evaporation characteristics

Figure 25(a) shows the fuel film evolution at Py, = 0.15 MPa. Different timings at
50, 70, 100, and 150 ms ASOI are selected to depict and the color bar presents thick-
ness from 0 to 2.0 pm with cross symbol being as impingement point (0). Owing to the
fuel evaporation, the film area decreases with time. Furthermore, the film evaporates
from the cross symbol to downstream, making the fuel film “moves downward”. The
film thickness increases from up to downstream due to the interaction of fuel spray
and wall, leading to the fuel film evaporates quickly at the impingement region. Asa
result, it appears the film moving downward. Besides, the increased injection pressure
decreases film area significantly. Three reasons can be concluded. Firstly, the high
injection promotes better atomization, resulting in more tiny droplets evaporate before
impacting on the wall. Secondly, even if some droplets survive to impact on the wall,
with larger Weber number, the trend of “splash” after impingement can be expected.
Thirdly, even though fuel finally sticks on the wall, the air flow with high velocity
improves the evaporation rate, leading to less film left. Noteworthy is that the film
evaporates from the periphery to the central of film firstly as Maligne and Bruneaux
[17] reported, then evaporates from the central causing a “hollow” in the film, which
will be analyzed in the following part. It is interesting that under the elevated injection
pressure, more film can be observed near the cross symbol, especially at 150 ms ASOI.
The increased injection pressure enlarges Weber number, leading to more fuel “splash”
instead of “spread”. Finally, less fuel accumulates at the downstream.

Figure 25(b) shows the fuel film evolution at P,,, = 0.74 MPa. More fuel film can
be seen left on the wall when ambient pressure increased to 0.74 MPa. The same as
Figure 25(a), it is evident that fuel film area decreases sharply against high injection
pressure. In addition, the increased ambient pressure also increases film area. The
droplets are decelerated by stronger air force of high ambient pressure. Therefore,
more droplets tend to “stick” on the wall, resulting in more film formed. Besides, even
some droplets splash off the wall, the splashing droplets tend to collide and then coalesce
with others. Finally, these larger droplets redeposit on the wall more easily, thus
accumulating more film. Moreover, the evaporation rate decreases under high ambient
pressure, leading to more film left. And more discussions about the evaporation rate
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Figure 25.
Evolution of fuel film. (a) Puyp = 0.15 MPa. (b) Py = 0.74 MPa.

will be discussed in the next part. Besides, similar to Figure 25(a), more fuel can be

seen near the cross symbol with an increase in injection pressure at 500 ms ASOL
Figure 26 shows fuel film mass under different conditions with left vertical axis

being mass and right one being the ratio of film mass to injection mass. Results
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Evaporation chavacteristics of fuel film mass.

under P,,, = 0.15 and 0.74 MPa are shown by filled and open data. It is evident
that the mass increases with an increase in injection pressure due to the better
atomization and fast evaporating rate. While, the mass increases with an increase
in ambient pressure. More fuel sticking on the wall and low evaporating rate should
be responsible for it. It should be noted that the film mass firstly increases and
then decreases under only one case of Py, = 10 MPa, P,,, = 0.74 MPa. Although
the injection duration is only 2.9 ms, mass increases until 200 ms ASOL. It should
be attributed to the lowest velocity of liquid droplets and largest size of them. As
described above, under high ambient but low injection pressures condition, the
spray is decelerated causing the impacting droplets arrive at the wall relatively late,
which is the main reason for mass increasing gradually. Moreover, droplets tend

to coalesce into larger more after impingement making it difficult to evaporate. In
addition, droplets re-deposit on the wall easily under this case. It is interesting to
see that the maximum ratio is approximately 4%, while the minimum one is 1.5%,
suggesting most fuel evaporates or splashes off the wall.

Figure 27 shows fuel film area under different conditions. Results under
Pamb = 0.15 and 0.74 MPa are shown by filled and open data. Similar to mass, the
elevated injection pressure enlarges film area decreases but ambient pressure
increases it with the same reason as mass. More importantly, different to mass, no
obvious increase in area can be seen under Py, = 10 MPa, Py, = 0.74 MPa, imply-
ing that the impacting droplets arrive at the same location, leading to only mass
increase. Besides, the lifetime of fuel film can be obtained from Figures 26 and 27,
which will be discussed more in Figure 28.

Figure 29 provides the details about the “hollow” development in fuel film
under Py = 10 MPa, P,y = 0.15 MPa. It reveals that film evaporates at periphery
from 60 to 120 ms ASOI, causing it “moving downward” as analyzed in Figure 25.
Generally, evaporation occurs during the film formation, also leading to the film
becomes thin with time for the whole region. At around 140 ms, it shows “hollow”
occurs. With “hollow” development, film becomes less uniform, leading to quick
evaporation at “hollow” until all evaporated.

A conceptual model for fuel film evaporation is proposed here to describe its
mechanism and evaporation dynamic, as shown in Figure 30. Three processed
can be summarized “Evaporate from periphery - Hollow occur - Evaporate from
hollow”. Because the fuel film at the periphery is relatively thin, strong evaporation
can be expected owing to heat transfer in contrast to central part. With the consid-
eration of the flat wall used with roughness, the film is non-uniform initially. Then,
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Fuel film lifetime.

“hollow” appears in the film with evaporation, leading to film “breakup”. With
the “hollow” development, film evaporation is facilitated, and film becomes less
uniform until all evaporates finally.

Figure 28 illustrates the fuel film lifetime under different conditions. Noting that
the lifetime is calculated from the start of injection until all film evaporates, as shown
in Figures 26 and 27. One more thing should be noted that although the lifetime is
quite longer than one cycle of the real working condition in gasoline engine, lifetime is
an important factor to evaluate film evaporation characteristics, especially for validat-
ing the simulation result. The observation shows that injection pressure decreases film
lifetime owing to the enhanced evaporation rate and better atomization. Moreover, the
decreased lifetime from 10 to 20 MPa is more obvious than that from 20 to 30 MPa,
suggesting limitation may exist for the high injection pressure shortening lifetime. But
ambient pressure increases the lifetime mainly due to the liquid/vapor transition by
elevating ambient pressure from 0.15 to 0.74 MPa. The phase transition can decrease
the evaporation rate sharply, leading to longer lifetime of the film. Besides, this may
be another reason for the mass increases with high ambient pressure. But no influence
can be found from the injection pressure on phase changing.
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4, Conclusions

This chapter discussed about the fuel spray and impingement under non-evapo-
ration and evaporation conditions. The impinging spray development and fuel film
formation as well as evaporation characteristics were checked and compared, the
major conclusions are summarized as follows:

1. Different impingement regions were characterized through the formation of
fuel film, known as the primary impingement region (called Region I) and the
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secondary impingement region (called Region II). Furthermore, high ambient
temperature exerts more influence on the fuel film formation for the Region II.

2.During the injection, a high injection pressure accelerates the fuel spray and
favors the atomization of fuel, thus enlarging S and H; of liquid phase under
both Tymp = 298 K and Tymp = 433 K. Under T,pmp, = 298 K, injection pressure
increases the fuel film mass and area. However, under T, = 433 K, injection
pressure decreases the them, and the better atomization and easy evaporation
of the fuel are the main reasons for it.

3.The increased ambient pressure increases the density of the gas, resulting in
strong air-fuel entertainment and less momentum, thus shortening S and
increasing H;. Moreover, higher ambient pressure increases the fuel film mass
and area under both T, = 298 K and T, = 433 K.

4.The fuel film firstly evaporates from periphery, leading to fuel film “moving
downward” Then, “hollow” occurs and develops, resulting in less uniformity
of fuel film. Finally, the fuel film evaporates from the “hollow” until all evapo-
rated. The fuel film lifetime is shortened by increasing injection pressure, but
it extends with an increase in ambient pressure.
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Nomenclature

CFD Computational fluid dynamics
DISI Direct injection spark ignition
RIM Refractive index matching
PFI Port fuel injection

UHC Unburned hydrocarbon

PM Particulate matter

PN Particle number

EV Electric vehicle

Tt Saturated temperatures

fps Frames per second

S Spray tip penetration

H; Impinging spray height

Ly, Distance to wall

L, Radial distance

ASOI After start of injection

EOI End of injection

Tamb Ambient temperature

Py Injection pressure

Panb Ambient pressure
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