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ABSTRACT 
The effect of several parameters on the shape of the film 

formed by an impinging jet on a flat plate is examined. The 
film can be divided into two parts, i.e. a thick boundary and 
an inner thin flat film. Parameters including the jet velocity, 
impinging angle between the jet and the plate, the viscosity 
of liquid are investigated on the shape of the inner thin flat 
film. The impinging jet could be regarded as the combination 
of two jets, a jet vertical to the plate and the other one 
parallel to the plate. Larger impinging velocity and smaller 
viscosity of liquid result in larger area of thin flat film. If the 
jet velocity increases to doubled, the area of the film would 
increase to four times of the previous one. A linear 
relationship is obtained between biggest length in the 
horizontal component vector of the jet and liquid dynamic 
viscosities. Larger impinging angle means that the jet 
impinges on the plate nearly vertical, leading to the uniform 
parameters of the film in different azimuthal angles. The 
ratio of the biggest spanwise length to the biggest horizontal 
length of the film increases linearly with the increasing of 
impinging angle. However, when the impinging angle 
becomes too small, the distance between impingement point 
and the boundary at the reverse direction of horizontal 
component vector of jet is close to zero. 

INTRODUCTION 
Air transportation growth has increased continuously 

over the years. The general increase in air transport activity 
has been accompanied by a rise in the amount of energy used 
to provide air transportation services. Along with the 
increase in air transport activity and energy consumption 
increased environmental impacts are assumed[1]. 

In recent years, there are increasing concerns about the 
health problem for humans due to aviation emissions. The 

International Civil Aviation Organization(ICAO) has 
established a series of strict standards to control pollutant 
emissions[2]. In order to reduce the pollutant emissions, many 
researchers have proposed many types of new technologies 
to achieve this goal. Based on the research by Lefebvre[3], 
pollutant emissions are closely linked to the Sauter mean 
diameter(SMD) of the fuel. There are many types of injectors 
applied in aircraft engine combustors to obtain desired SMD, 
such as pressure swirl atomizer, airblast atomizer, rotary 
atomizer, vaporizer, etc. The pre-filming type of injector 
belongs to airblast atomizer, which means that a jet 
impinging on a plate to generated thin continuous liquid film 
on the plate and then subjected to the atomizing action of 
high-velocity air[4]. Pre-filming type of injector could 
strengthen the atomization process effectively based on its 
big contact area to ambient air to obtain high Weber number.  

In this paper, the shape of the film generated by 
impinging jet is studied, which is significant to understand 
the law of thickness distribution and further relate to the 
SMD of droplet. There are many studies involved this. 

Lefebvre et al.[5]-[8] did a series of research on pre-
filming type of injector, including its thickness, spray SMD. 
He focused on the influence of air velocity on thickness of 
film, SMD of spray, and the interaction effect between 
thickness and spray SMD. He found that larger velocity of 
air results in thinner thickness of film, smaller SMD of 
sprays, and thinner thickness leads to smaller SMD. 

The liquid film is applied in both gas turbine 
combustors for aircraft and Diesel engine for vehicles. 
Different from the film applied in aircraft engines, the jet in 
vehicle engines works in pulse method. Mathews et al.[9]-[11] 
did experimental investigation on film image, SMD of 
secondary droplet, film thickness varied in different 
impinging angles in different time. The width of the film 
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deceases with the increasing of impinging angle. When the 
distance to the impinging point on the centreline gets larger, 
and SMD of spray and the thickness of film get larger.  

Similar to the film formed by wall-impingement, the 
film formed by two impinging jets are investigated by many 
researchers. Taylor et al.[12]-[16] is the pioneer in both theory 
and experiment among them. He considered that the film 
thickness is inversely proportional to the distance to 
impinging point. It had been regarded as the basic model on 
the research of thickness in film formed by two impinging 
jets. 

NOMENCLATURE  
D = diameter of jet [m] 
h = liquid sheet thickness [m] 
R0 = radius of jet [m] 
m  = mass flow rate [kg/s] 
ρ  = density of liquid [kg/m3] 
A  = area of the exit of injector [m2] 

r = distance from imping point [m] 
V0 = velocity of jet [m/s] 
a = biggest length in the horizontal  

component vector of jet 
[m] 

b = biggest length in spanwise direction [m] 
θ  = impinging angle between jet and plate [rad] 
φ  = azimuthal angle [rad] 
µ  = viscosity of liquid [N.s/m2] 

METHODOLOGY 
The schematic experimental system is shown in Fig.1. A 

high pressure N2 cylinder with a pressure reducing valve is 
used to direct liquid from a reservoir to enter into the liquid 
injector stably. When the jet flows out of the injector, it 
impinges on a plate made by Plexiglas. In order to exclude 
the influence of gravity, the distance between the exit of 
injector and the impinging point is only 7mm. The injector is 
made by aluminium, and its inner diameter D is 1mm. A 
camera (Nikon D7000) is right above of the plate to obtain 
the shape of the liquid film. There is a water tank under the 
plate to collect the liquid that flows out of the plate.  

 
Fig.1 Schematic of experiment system 

The operation conditions are divided into three groups 
according to three different parameters, i.e. jet velocity V0, 
impinging angle θ  and viscosity of liquid µ . The jet 
velocity ranges between 7.6m/s and 11.5m/s, which is 
controlled by a needle valve and monitored by a precise 

pressure gauge. When the jet velocity is greater than 12m/s, 
the jet may involve in wind-induced breakup. Due to the 
valid span of the pressure gauge, the jet velocity should 
larger than 7.5m/s. A regulator is used to change the 
impinging angle. With the limitations of experimental 
device, the impinging angle varies from 25.9 degree to 60 
degree, while the other parameters keep unchanged at the 
same time. Glycerol is used to change the viscosity of liquid. 
The mass fraction of glycerol ranges from 0% to 70%, 
enough to obtaining wide range of viscosities variations. The 
viscosity used in the experiment at 23degrees Celsius and 
1atm, which were taken from Vargaftik[17] and National 
research council[18], ranging from 0.94mPa.s to 19.90mPa.s. 
The operation conditions are listed in table 1. 

Liquid D 
(mm) 

θ
(  ) 

p∆
(Pa) 

V 
(m/s) 

ρ  
(kg/m3) 

µ  
(mPa.s) 

water 

1 

30 

30000 7.6 

997.3 0.94 

40000 8.6 
50000 9.6 

60000 10.6 

70000 11.5 

25.9 

50000 

9.6 

41.2 

50 

60 
25% 

glycerol 

30 

60000 1052.6 1.89 

60% 
glycerol 

10400
0 1141.1 9.6 

70% 
glycerol 

13600
0 1169.1 19.90 

Table 1 Summary of test conditions  

RESULTS AND DISCUSSIONS 
Flow calibration 

The flow calibration is used for calculate the nominal 
velocity at the exit of injector correspond to different gauge 
pressure. For a given gauge pressure, with the help of the 
balance and stopwatch, we can obtain the quality of the 
liquid flow in a period of time, and calculate the mass flow 
rate. The area of the injector outlet can be gained by the 
diameter of the injector outlet. In addition, the density can be 
obtained by relevant form[17]. According to the flow rate 
expression,  

              m VAρ=               (1) 
the nominal velocity at the exit of injector can be gained  
under a specific pressure.  

For a given injector, the nominal velocity of the injector 
could be obtained as 

V k p= ∆               (2) 
where p∆ is the pressure difference across the injector. 
Hence, V is proportional to the square root of the pressure 
difference across the injector, i.e. the pressure measured by 
precise pressure gauge. As expected in Eq.(2), an excellent 
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linear relationship is obtained, from whose slope the 
coefficient k can be gained.  

 
Fig.2 The relationship between the two is shown in Fig.2. 
The formation of the film 

Fig.3 shows the film formed by impinging jet on the 
plate. The film can be divided into two parts, i.e. the thick 
boundary and the inner thin film. Fig.4 shows the schematic 
of the inner thin film. The horizontal component of the film 
is defined as X axis. The spanwise direction of the film is 
defined as Y axis. Considering the motion of a liquid 
molecule, the molecules next to it which move faster will 
push it to accelerate, while the molecules which move slower 
will stop it and make it decelerate. These two types of forces 
are driving force and dragging force, respectively. Assumed 
that flow in the inner thin film is subjected to its own 
directionφ , it wouldn’t flow into other azimuthal angle. The 
molecules that moves faster are from the upstream or the 
upper place under the same r andφ . On the contrast, the 
molecules that moves slower are from the downstream or the 
lower place in the same r andφ . Due to the wall friction of 
worked on the film, the farther the molecule moves, the 
larger the momentum dissipates. And the momentum is 
transported by the interaction of driving forces and dragging 
forces. In addition, driving force imposed by the upstream 
liquid molecules is proportional to the square of the local 
velocity. When the diving force becomes too small to drive 
the liquid molecules, the liquid molecules almost stops at the 
boundary. Then, liquid accumulates at the boundary, 
resisting the film to expand. The boundary also changes the 
primary direction of the flow and forces the liquid to flow 
along the tangent line of the boundary. Because of the flow 
converges to the point on X positive axis, the width of 
downstream boundary is larger than upstream boundary.  

 
Fig.3 A typical film ( 41.2 9.6 /v m s waterθ = =a ) 

 
Fig.4 Schematic of inner thin film 

The characteristic of the film 
In general, the whole film is symmetric about the 

horizontal vector of jet. As shown in Fig.4, the film extended 
furthest along X axis. As the azimuthal angle φ  becomes 
larger, the distance between impinging point O and boundary 
at a given azimuthal angle becomes shorter. This distance 
reaches minimum when 180φ = a .In addition, it could be 
seen that the thickness of the inner film is much smaller than 
the boundary. 

In order to study the shape of film further, the 
impinging jet can be divided into two components. One is 
vertical to the plate, the other is parallel to the plate and 
along with the X positive axis. As for the vertical 
impingement, all parameters, such as velocity, thickness are 
almost the same in all azimuthal angles.  

Based on the analyses of the formation of film, it could 
be concluded that the shape is relevant to velocity 
distribution, viscosity of fluid, and wall friction closely. 
Thus, impinging velocity V0, impinging angle θ  and 
viscosity of liquid are chosen as independent variables in this 
paper. Other factors affecting the shape of film, such as the 
inner diameter of injector, the surface tension of liquid, etc. 
will not be discussed in this paper. 
The effect of impinging velocity on the inner thin film 
shape  

Fig.5 shows the shape of the inner thin film varies in 
different velocities ranging from 7.6m/s to 11.5m/s 
schematically, when the impingement angle is 30°. As the 
impinging velocity V0 increases, the area of the inner thin 
film increases. As illustrated in Fig.6, an excellent linear 
relationship is obtained between biggest length a in X axis 
and jet velocity. Meanwhile, the ratio of the biggest length b 
in spanwise direction to the biggest length a in X axis is 
almost the same as showed in Fig.7. It approximately equals 
to 0.38. Hence, if the jet velocity increases to doubled, the 
area of the film would increase to four times of the previous 
one. As it is mentioned above, the flow velocity decreases 
along with the flow distance r due to the wall friction. 
Supposed that the film stops to boundary at a certain velocity 
in a given condition, the bigger initial velocity would result 
in longer distance. In addition, when the impinging velocity 
increases, the ratio of initial velocity at different azimuthal 
angle φ to the velocity in X axis doesn’t alter. And the ratio 
wouldn’t change until the film get through the boundary if 
the wall viscosity doesn't change. Hence, the altering of 
impinging velocity doesn’t change the value of b/a.  
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Fig.5 Influence of velocity variation on the shape of the inner 

thin film (water 30θ = a ) 

 
Fig.6 Relationship between biggest length a in X axis 

and jet velocity (water 30θ = a ) 

 
Fig.7 Ratio of biggest length b in spanwise direction to 

the biggest length a in X axis (water 30θ = a ) 
The effect of impinging angle on the inner thin film shape  

Fig.8 shows the shape of the inner thin film varies with 
different angles ranging from 25.9 degree to 60 degree 
schematically, when the jet velocity is 9.6m/s. As the 
impinging angleθ increases, film length along the X axis 
direction decreases. On the contrary, the length of the film on 
the opposite direction increases. Meanwhile, the ratio of the 
biggest length b in spanwise direction to the biggest length a 
in X axis increases with the increasing of impinging angle as 
showed in Fig.9. When the impingement angle increases 
from 25.9°to 60°，b/a increases from 0.240 to 0.746.  
Fig.8 shows an approximate linear relationship between the 
value of b/a and the impinging angle. In addition, larger 
impinging angle means that the jet impinges on the plate 
nearly vertically, all parameters trend to be the same at 
different azimuthal angleφ. However, when the impinging 

angle decreases to 25.9 degree, the distance between 
impingement point and the boundary at the reverse direction 
of X axis is close to zero. 

 
Fig.8 Influence of angle variation on the shape of the 

inner thin film (water V=9.6m/s) 

 
Fig.9 Ratio of biggest length b in spanwise direction to 
the biggest length a in X axis (water V=9.6m/s) 

The effect of liquid viscosity on the inner thin film shape  
Fig.10 shows the shape of the inner thin film varies with 

different viscosities ranging from 0.94mPa.s to 19.98mPa.s 
schematically when impingement angle and the jet velocity is 
30°and 9.6m/s respectively. As the viscosity of liquid 
increases, the area of the inner thin film decreases. As 
illustrated in Fig.10, a linear relationship is obtained between 
biggest length a in X axis and liquid dynamic viscosities. 
Meanwhile, the ratio of the biggest length b in spanwise 
direction to the biggest length a in X axis is almost the same 
as showed in Fig.12. In addition, b/a in Fig.12 almost equal 
to the value in Fig.5. Increasing the liquid viscosity could 
increase the resistance force of water molecules, leading to 
shorter distance from the imping point to the boundary in the 
same initial velocity. However, when the viscosity of liquid 
increases with other conditions unchanged, the initial 
velocities in different azimuthal angle φ keep the same. At 
the same time, the viscosity of liquid at every position of film 
is same. It results in the identical velocity distribution 
regardless of the liquid kinds. Hence, changing the viscosity 
of liquid doesn’t change b/a. 
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Fig.10 Influence of viscosity variation on the shape of the 

inner thin film ( 30 9.6 /V m sθ = =a  ) 

 
Fig.11 Influence on biggest length a in X axis and liquid 

dynamic viscosities ( 30 9.6 /V m sθ = =a ) 

 
Fig.12 Ratio of biggest length b in spanwise direction to 

the biggest length a in X axis ( 30 9.6 /V m sθ = =a ) 

CONCLUSIONS 
 The area of the inner thin film increases with the 

increasing of the impinging velocity V0. If the jet 
velocity increases to doubled, the area of the film 
would increase to four times of the previous one. 

 A linear relationship is obtained between biggest 
length in the horizontal component vector of the jet 
and liquid dynamic viscosities. 

 As the impinging angle increases, film length 
along the horizontal component vector of the jet 
decreases while the length of the film on the 
inverse direction increases. 

 The ratio of the biggest length b in spanwise 
direction to the biggest length a of horizontal 
component vector of the jet increases with the 
increasing of impinging angle θlinearly. 
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