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Gasoline Spray Characteristics Impinging onto the Wall Surface in
Suction Air Flow
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This study investigates the spray characteristics before and after wall impingingment of
gasoline spray in suction air flow. For this study, a rectangular model intake port was made of
acrylic glass, and suction air was generated by using the forced air blower contrariwise. The
injector for this study was a pintle-type port gasoline injector in which an air-assist adaptor is
installed to supply assisted air. A PDPA system was employed to simultaneously measure the
size and velocity of droplets near the wall. Measured droplets are divided into "pre-impinging
droplets" with positive normal velocity and "post-impinging droplets" were negative normal
velocity for the suction flow. The velocities, size distributions and Sauter mean diameter (SMD)
of pre- and post-impinging droplets for varions injection angles and air-assists are comparative
ly analyzed.
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1. Introduction

In the port fuel injection system of gasoline
engines, a fuel spray injected into the port impin
ges onto the surface of the intake valve and the
port-wall under a cold start. Then, some fuel
droplets, atomized smaller by impingement,
bound away from the wall. The other droplets
form "wall flows" because fuel droplets cannot be
vaporized easily with a "cold" port wall. Some of
the wall flows are atomized to small droplets by
the fast air flow entrained into the cylinder
through the narrow path between the valve and
the valve seat in process of suction. However,
most are entrained into the cylinder and form
nonuniform fuel-air mixture (Kelly-Zion et al.,
1995). The nonuniform fuel-air mixture in a
cylinder is burned incompletely, resulting in the
reduction of combustion efficiency and unburned
hydrocarbon emission (I wano et al., 1991). To
solve these problems, the atomization improve
ment of a fuel injector as well as the fuel injection

: Before impingement
: After impingement

Nomenclature -------------
d : Orifice diameter of injector (5mm)
D : Droplet diameter
F(D) : Number probability density dis-

tribution of droplet size
: Number probability density dis-

tribution of normal velocity
: Air assist pressure
: Streamwise velocity of suction air
: Normal velocity of suction air
: Flow velocity of suction air
: Axis of coordinates
: Injection angle of fuel spray
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Fig. 1 Schematic diagram of experimental set-up

Fig. 2 Configuration of air assist injector
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tern, and combines with the injector housing. An
air compressor was employed to pressurize the
fuel tank to supply fuel to the injector with a
constant pressure, Moreover, some of the pressur
ized air was used as an air assist through the air
inlet of the injector housing. The supplied fuel
pressure and the assisted air pressure were mea
sured by a digital pressure converter using the
pressure sensor. The fuel injection time and dura
tion were controlled by a computer interfaced
through the fuel injection controller.

Suction air flow is generated by using a forced
air blower contrariwise to simulate the opening
condition of the intake valve. A 4-hole pitot tube
with a digital micro manometer was inserted into
the model intake valve to determine the suction
air velocity. The intake port was made of rectan
gular acrylic glass plate on port, had a 70mm
width, 50mm height and 460mm length. A 50mm
X l70mm optical window was installed on both
sides of the model intake port to measure the fuel
spray behavior. The PDPA system to measure

2.1 Experimental apparatus
Figure I shows the schematic diagram of the

experimental set-up for this study. The fuel in
jector in this study, as shown in Fig. 2, is an air
assisted injector. This installs the adaptor for the
assisted air to fuel spray using the pintle-type fuel
injector employed in the electronic control fuel
injection system, MPI (Multi-point injection) sys-

2. Experimental Apparatus and
Method

under the condition that the suction air flow is
occurred, that is intake ,valve is opening, are
considered.' The small fuel droplets formed by
atomization improvement easily followed the suc
tion air flow into the combustion chamber. Ther
efore, the unburned hydrocarbon emission is
reduced, (Fox et a., 1992), Accordingly, studies
that investigate the wall flow visualization (Fur
uyama et al., 1994) and characteristics of fuel
spray (Arcoumanis et al., 1997; Kihm et aI., 1995;
Wagner et aI., 1997; Brenn et aI., 1995; Nemecek
et aI., 1995) in the intake port have been perfor
med. These are, however, limited to the visualiza
tion of the spray flow and the investigation of
restricted spray characteristics.

In this study, a pintle-type injector which was
useful to install the adaptor to supply the assisting
air without any manufacturing was used to inves
tigate the characteristics of wall impingement for
the spray condition of fuel injected into the intake
port. The injector was installed into the model
port and assisting air was supplied to improve
spray atomization. Moreover, the suction flow
velocity was varied to simulate the intake air
flow. The injection angle was varied by changing
the installed angle of the injector. Droplets were
measured by using a PDPA System, The system
can simultaneonsly measure droplets velocities
and sizes near the impinging wall surface. Mea
sured droplets were them divided into "pre
impinging droplets" with positive normal veloc
ities and "post-impinging droplets" with negative
normal velocities, Thus, the droplets velocities,
size distributions, and SMD before impingement
.and after impingement were compared.
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droplet size and velocity simultaneously use an
air-cooled Ar-ion laser (DANTEC, 300mW).
The Bragg cell, which makes it possible to mea
sure the velocity direction as the laser beam trans
mitted from the laser generator is shifted to
40MHz frequency, is set up in the transmitting
optics. The transmitting optics and receiving
optics were installed in a fixed bench of three
dimensional traverse at 58° and traversed accur
ately by computer.

2.2 Experimental method
The center of the fuel injector exit is set for

origin, and normal direction, streamwise direc
tion of suction air and radial direction of spray
flow are set for Z, X and Y respectively, as shown
in Fig. 3. The fuel injection duration is set to be
5 ms with an injection pressure of 300kPa. The
injection is intermittently made every 100 ms. To
improve atomization, fuel spray injection angles
are set at 30° and 45°. In addition, the case of
non-air assist and the amount of assisted air of a
real engine are considered in the air assist adaptor
used in this study, The pressure of assisted air is
set at 25kPa. Considering the cross section into
the intake port and the cross section of the cylin
der bore by using the average piston velocity
which corresponds to 2800rpm of a small gasoline
engine (1500cc), the suction air velocity ( Vs) in
the port is fixed at 30m/s in this experiment. To
investigate the behavior of the spray after impin
gement onto the bottom of the wall, the spray is

Injector

Optic window
region

SideView :il

Top View

Fig. 3 Measuring points in model intake port

measured at an interval of 5 mm from the spray
center line of the cross section which is 5mm away
from the bottom to the location which is 5mm
away from the observation window for the nor

mal direction (Z), and from X/d= 10 to X/d=25
for the streamwise direction (X). In this case, the
region where the spray does not reach is excluded
from the measurement.

3. Results and Discussion

3.1 Spray angle and penetration
Figure 4 shows the spray angle and penetration

vs. time after starting injection. A large spray
angle is formed early, because the spray length
from the front end of the spray is short and the
spray is diffused throughout the steady environ
ment. However, the spray angle is suddenly de
creased, and then it becomes steady from 4.0 ms
after starting injection. In the case of non-air
assist, the spray angle is approximately 20° in the
steady region after 4.0 ms. At the assisted an
supply pressure of 25 kPa, the spray angle is
maintained at about 30°. The spray penetration
increases linearly for non-air assists, but it in
creases more due to the momentum increase by
the assisted air for air assist. Similar to the study
of the air assist fuel injection in the cylinder by
Das and Dent (1994), the penetrating distance in
this study is proportional to the square root of
time.
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Fig. 4 Variation of spray angle and penetration
after start of injection



Gasoline Spray Characteristics Impinging onto the Wall Surface in Suction Air Flow 1379

1510o 5

V (m/s)
n

-5

(a) Non-air assistt Pa =OkPa)

0.3

0.4

0.1

0.0

-10

>c 0.2
Ii:'

0.20 16.0

0.15 1-4.0

0.10 12.0
-i

> = 3'
u:- (II

0.05 10.0 '3
.e-

0.00 8.0

8.0
-15 -10 -5 0 5 10 15 20

V
o

(m/s)

Fig. 5 Distribution of the normal velocity near a
wall(Xjd=15.0, Zjd=9.0, Yjd=O.O, 8=W)

3.2 Mean velocity distribution
Figure 5 indicates the probability density dis

tribution and the variation of normal velocity of

fuel droplets vs. time after starting the injection of

the fuel spray without air assist in the center

region (X/d= 15.0) of the spray for the suction

velocity of 30m/s and spray angle of 45°. Normal

velocities of the suction air flow have a high

frequency at approximately - 2m/s and Sm/s.
Furthermore, for the variation of time after start

ing the injection, fuel droplets which have the

negative normal velocity are appeared earlier

than which have the positive velocity. Therefore,

it can be realized that positive and negative

normal velocity obtained at measuring points

(X/d=9.0) which are 5mm away from the bot

tom of the wall are similar to the PDPA data of

Nagaoka et al. (1994) obtained it by wall

impingement experiment of fuel in the atmosphere

to wall impingement numerical analysis of the

gasoline spray. It is confirmed that droplets boun

ced away from the wall after impingement exist

considerably, as many droplets which have nega

tive velocity are investigated in the region near

the wall.

To analyze more clearly, the probability den

sity distribution of normal velocities of droplets

in the spray centerline which is 5 mm away from

the impinging wall along the suction air

streamwise distance is shown in Fig. 6. These

normal velocities of droplets were obtained under

the condition of suction air streamwise velocity of

30m/s. In the case of non-air assist, as shown in

Fig. 6(a), the peak values of both positive and

0.4
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Fig. 6 Number probability density distribution of
normal velocity along suction air streamwise
distance for spray centerline (B =45°)

negative normal velocities are investigated at each

measuring point. In addition, normal velocities

which have the maximum frequency in the nega

tive and positive velocity near the downstream of

the suction flow gradually decrease, but the

decreasing rate of negative normal velocity is

relatively less. Negative normal velocity has a

greater frequency than positive except for in X/d

= 14.0, which means the frequency of measured

droplets bounded away after wall impingement

increases more than before impingement. For air

injection pressure of 25kPa, as shown in Fig. 6

(b), positive normal velocity has a lower max

imum frequency but has a wider velocity distribu

tion width compared with the case of non-air

assist. Therefore, the small droplets formed by the

supply of assisted air have a wide range of the

normal velocity distribution. The negative normal

velocity distribution also has a similar tendency.

Thus, the droplets bounced away from the wall

after wall impingement regardless of air-assist.

As can be seen from above, the droplets near
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the impinging wall of the spray are clearly divid
ed into droplets with positive normal velocityies
and those with negative normal velocityies. Ther
efore, the former group is defined as "pre-imping
ing droplets" and the latter is described as "post
-impinging droplets".

Figures 7 and 8 indicate the mean normal
velocity distribution and the mean suction
streamwise velocity distribution of pre- and post
impinging droplets for spray centerline to inves
tigate flow characteristics of pre- and post-impin
ging droplets at measuring points near the impin
ging wall Under the suction air streamwise veloc
ity of 30m/s. The more the suction air streamwise
distance approaches downstream, the more in
clined the mean normal velocityies of pre- and
post-impinging droplets decrease regardless of
injection angle (Fig. 7). The stream wise distance
of droplets is altered by the strong suction air
flow to that of suction air, as droplets move the
downstream. Mean normal velocities of droplets
after and before impingement are higher at the
injection angle of 45° than at 30°. Furthermore, as
injection angle becomes larger, mean normal

velocity for air Injection pressure of 25kPa has
higher values than for non-air assist along the
suction air streamwise distance.

Unlike the normal velocity, mean suction air
stream wise velocities (Fig. 8), both after and
before impingement gradually increase as dro
plets move downstream. Also, the stream wise
velocity decreases as the injection angle goes up.
As a result, it is confirmed that the differences in
suction air streamwise velocity between pre- and
post-impinging droplets along suction streamwise
distance are almost uniform irrespective of injec
tion angle and assist-air.

Figure 9 shows the mean velocity ratio of
droplets bounded away from the wall after impin
gement and before impingement along the suction
air stream wise distance under each spray condi
tion. Normal velocities of post-impinging dro
plets are about half as fast as those of pre-imping
ing droplets for injection angle of 300 and non-air
assist, as shown in Fig. 9 (a). Also, the mean
velocity ratio for air injection pressure of 25kPa is
lower than that for non-air assist. However, the
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difference in mean velocity ratio, between injec
tion pressures of OkPa and 25kPa, is nearly uni
form for injection angle of 45°. In the case of
non-air assist, normal velocities of post-imping
ing droplets maintain high values at 50% of those
of pre-impinging in the suction air streamwise
distance of the early stage of impingement, but
these gradually decrease for the increasement of
the distance, and maintain 30% of normal veloc
ity of pre-impinging droplets from X/d= 17.0.
The suction streamwise velocity distributions
(Fig. 9 (b)) are uniform (80-90%) along the
suction streamwise distance irrespective of injec
tion angle and air-assist. Therefore, it would be
expected that normal and suction streamwise
velocities of pre- and post-impinging droplets
near the wall are affected by the strong suction
flow of 30m/s. In addition, it can be confirmed
that the difference in mean normal velocity
between after and before impingement IS

maintained uniformly in the downstream region
of suction air jets for large injection angles.
However, the difference in the mean suction air

(b) air assist(P.=25kPa)

Fig. 10 Normal velocity contour for pre- and
post- impinging(8=45°)

streamwise velocity is uniform along the suction
streamwise distance regardless of injection angle
and air-assist.

Figure 10 indicates the normal velocity contour
of suction air flow for pre- and post-impinging
dropeets at injection angle of 45°. Droplets
bounded away from the wall after impingement
exist throughout the wider region for 8=45°. The
normal velocity distribution of pre-impinging
droplets is almost uniform along the lateral direc
tion of the spray regardless of air-assist. As can
be considered from above, the normal velocity
gradually goes down near the downstream of the
suction flow owing to the influence of suction air
jets. However, the normal velocities of post
impinging droplets are somewhat different in
accordance with their measuring point, but nearly
similar.
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0.16 ,------------------,

0.16 r-------------- tribution is the highest near 30,um and droplets in
size between 60 and 100,um for non-air assist do
not appear. In the case of injection angle of 45°,
the post-impinging droplets distribution is quite
different from the case of non-air assist in the
droplet frequency, and droplets in size above 60,u

m almost do not exist. Pre-impinging droplet
distribution is the highest near 45,um, and its
frequency is different compared with the case of
injection angle of 45° and air-assist but similar to
the post-impinging droplet distribution. Thus, the
droplets between 20 and 30,um are mainly dis
tributed by the secondary atomization after
impingement. Moreover, small droplets are
produced by improvement of atomization for
large angles with air assist and they follow the
suction air flow well. Therefore, the impinging
points of spray front end move to suction
stream wise and impinging force that small dro
plets are received from the wall is small, so that
the frequency of droplets bounded away from the
wall is dramatically reduced.

Figure 12 shows the droplet size distributions
of pre- and post-impinging droplets with air
assist and without air-assist along the suction
streamwise distance on the spray centerline (e =

45°). In Fig. 12(a) which represents the case of
non-air assist, large size droplets are distributed
in the upstream of suction streamwise for pre
impinging. However, small droplets increase
downstream because the smaller droplets follow
the suction air flow better. Thus, they are moved
farther downstream. On the other hand, as shown
in the post-impinging droplet size distribution,
droplets between 20 and 30,um form the peak
frequency irrespective of the suction air
streamwise distance, and droplets above 60,umare
not distributed almost. The case of pre-impinging
dropeets with air-assist pressure of 25kPa (Fig.
12(b) is similar to Fig. 12(a) except that droplet
size and frequency are reduced by air-assist. The
small droplets distribution goes up approaching
downstream. Droplets above 60,um are not dis
tributed for post-impinging (Fig. 12(b)), which
has a similar tendency to the case of non-air
assist, Fig. l2(a), except for the decrease of fre
quency for droplet size. Thus, assisted air irn-
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3.3 Droplet size distribution and SMD dis
tribution

To consider droplet size distribution of pre
and post-impinging droplets, the number proba
bility density distribution of droplet size on the
spray centerline at Xjd= 18.0 is shown in Fig. II.
For the injection angle of 30° and non-air assist
(Fig. II (a», the peak frequency for the pre
impinging droplets is approximately 85,um, and
the large droplets above 150,um are distributed.
However, the post-impinging droplets, distribu
tion is the highest near 25,um, and the large
droplets between 60 and lOO,um are also distribut
ed. For the injection angle of 45° and air-assist,
the frequency of small post-impinging droplets in
a range of20-25,um is higher than that of55-60
,urn droplets which have the peak value for pre
impinging. That is, comparing with the case of
injection angle of 30°, the distribution of small
droplets increases. For the injection angle of 30°
and air injection pressure of 25kPa, shown in Fig.
II (b), the droplets between 40 and 60,um have
the peak frequency. Post-impinging droplets dis-

0.00 ..1'!L..............c!'!IliiiI_........._ ....,,;
o 20 40 80 80 100 120 140 160

D{J.1m)

Fig. 11 Number probability density distribution of
droplet size for pre- and post-impinging on
the spray centerline, X/d= 18.0
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is around 55,um downstream. However, the post

impinging droplets without air-assist have as

SMD of approximately 50,um upstream of the

spray, and they have a uniform SMD of 60,um

downstream, but for air injection pressure of

25kPa have smaller SMD of 40,um. Pre-imping

ing droplets for injection angle of 45° and non-air

assist have an SMD of 130,um upstream of the

spray. With air-assist. the SMD is 80,um and it

declines gradually approaching downstream. The

SMD of post-impinging droplets for air-assist

and non-air assist are 35,um 45,um, respectively.

As a result, the SMD of post-impinging droplets

for the injection angle of 30° and non-air assist

upstream of the suction flow decreases to 35% of

that of pre-impinging droplets and for air-assist

does to 42%. The SMD of post-impinging dro

plets without air-assist declines by 67% and with

air-assist does by 59%. in the case of injection

angle of 45°.

The SMD distribution for pre- and post-impin

ging droplets near the spray impinging wall is

plotted in Fig. 14. The SMD distribution of pre

impinging droplets is high in the outer region of
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Fig. 12 Number probability density distribution of
droplet size along suction streamwisedistan
ce for the spray centerline(Pa=25 kPa. (I=45°)

proves the atomization of pre-impinging droplets,

but does not affect post-impinging droplet dro

plets significantly.

As shown in Fig. 13. mean droplet diameter is

compared by plotting Sauter mean diameters

(SMD) distribution for pre- and post-impinging

droplets along the suction streamwise distance.

For injection angle of 30° and non-air assist in

Fig. 13(a). the maximum value of SMD for pre

impinging droplets is 145,um upstream of the

suction flow, but it decreases gradually down

stream and has a minimum value of 75,um. with

injection pressure of 25kPa. SMD is approx

imately 95,um upstream of the suction flow. but it
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(a) Non-air assist(P.=OkPa)

(b) Air assist(P.=25kPa)

Fig. 14 SMD contour for pre- and post- impinging
(8=45°)

the spray. Post-impinging droplets form a low
SMD distribution with nearly uniform sizes due
to secondary impingement. Therefore, the secon
dary atomization improvement by spray wall

impingement is more clear in the outer region of
the spray than in the center. In addition, as injec
tion angle is large, the SMD distribution of pre
impinging droplets near the wall is high in the

outer region of the spray regardless of air-assist.

4. Conclusions

Pre- and post-impinging droplets are divided

by the positive and negative normal velocity
distributions, which are obtained by using a
PDPA, system. The data are acquired along the

suction air streamwise distance near the spray
impinging wall.

As the suction air streamwise distance in
creases, normal velocities of pre- and post-impin-

ging droplets at the spray centerline gradually

decrease due to the effect of suction air. However,

the suction stream wise velocity has tends to go
up. Moreover, the normal velocities of post

impinging droplets range between 25 and 55% of
those of pre-impinging droplets, and is high for

the large injection angle. However, this is not

quite relative to air-assist. The suction streamwise
velocities of post-impinging droplets range

between 80 and 90% of those of pre-impinging
droplets regardless of injection angle and air

assist.
Without an air-assist, the injection angle has a

strong influence on the droplet size distribution,
but this effect is halved with air-assist. The num
ber of droplets bounded away after wall-impinge

ment are reduced. This result is clue to the
red used momentum of droplets compared with
non-air assist, as the atomization of pre-imping

ing droplets is improved clearly by air-assist.
However, their sizes are not changed. The SMD
of post-impinging droplets declines by between

58 and 67% of that of pre-impinging droplets
owing to the secondary atomization caused by
wall-impingement upstream of the suction flow.
Also, the SMD reduction is greater for large

injection angles and non-air assist in the outer

region of the spray.
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