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Abstract
Liquid film will be produced when the liquid jet impacts onto a plate. The phenomenon plays
an important role in the pre-film of the atomization of gas turbines. Researchers found that a
special rim appears with the film, and explained it as hydraulic jump. It has been proved that
the appearance of the rim does affect the atomization.
A liquid film generator is built to expose the typical shape of the liquid film rim with the help of
the PLIF method during the experiment. It is found by the experiment that the cross-sectional
shape of the rim is not a semicircle, but an irregular leaf. In addition, the cross-sectional shape
of the rim is quite different from that of the typical hydraulic jump. The analysis of the rim is
carried out, based on the experiment, to reveal the mechanism of the rim. In order to explain
the formation of the leaf-shaped rim, the cross-sectional shape of the rim is divided into two
arcs with different curvatures. It is also found that the rim is formed by various factors
simultaneously, such as gravity, surface tension and viscosity. A semi-empirical model is
established for the description of the rim.
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Introduction
Liquid film will be produced when the liquid jet impact onto a plate. The phenomenon plays an
important role in the pre-film of the atomization of gas turbines and liquid-propellant rocket
engines. It is wildly known that the liquid film will affect the atomization directly and affect the
subsequent combustion indirectly[ 1 ]. Moreover, according to the observation of the
experimental phenomenon[2], it is found that the liquid film is not a thin sheet, there is a rim
around it[3]. The rim contains most of the fluid in the liquid film when the jet velocity is low[4],
making it difficult to break-up or atomize. Some researchers defined the rim as the hydraulic
jump[5], while some assumed the rim is a simple border with a circular cross section jump[6]
and even observed the unstable fluctuations above the rim[7].
The study on the film formed by liquid jet impact onto a plate in this paper, contains both the
experiment and mechanical analysis. The result of the experiment distinguishes between the
liquid film rim formed by the jet impact and the rim formed by other similar methods. A semiempirical model is established to describe and predict of the rim. Moreover, the shape and the
size of rim are derived in the form of explicit equations, which reveal the formation mechanism
of the film rim.
Experimental setup and operating conditions
To get a typical film with legible rim, a jet impinging system is established. The schematic
experimental system is shown in Figure 1. A high pressure nitrogen cylinder is used to direct
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the liquid from a reservoir to flow into a 1mm diameter nozzle steadily. A piece of intact film
will appear, when the jet that came from the nozzle, is impinging onto a horizontal plate.
The acquisition of data mainly relies on the way of taking photos. A digital camera is right
above the plate to obtain the width of the rim. The PLIF method is used to get the typical crosssectional shape of the rim, with the help of a CCD camera and a Nd: YAG lamellar laser shown
in Figure 2. The red light with the wavelength of 590 nm will be reflected, when the green laser
with the wavelength of 532 nm shines into the transparent liquid. Meanwhile, the CCD camera
has the capability to receive the light with the wavelength of 590 nm only with the help of the
filter[8].

Figure 1. The layout of the primary test equipment.

Figure 2. The layout of the primary PLIF equipment.

There are 3 primary operating conditions shown in Table 1. No.1 is the standard operating
condition in which pure water is the working substance. No.2 magnified the dynamic viscosity,
based on No.1. No.3 reduced the surface tension coefficient, based on No.1.
Table 1. Experimental operating conditions.

No
1
2
3

𝜃,°
30.0
30.0
30.0

𝑉0 ,m/s
9.6
9.6
9.6

𝜌𝑙 ,kg/m3
1001.6
1142.8
1001.6

𝜇,mpa·s 𝜎𝑙 ,mN/m
0.92
72.80
9.51
68.53
0.92
26.46
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All the experiments shown in Table 1 use the same horizontal plate made by plexiglass and
the same nozzle made by aluminum. The processing accuracy of the plate is 1μm, so as to
avoid the experimental error caused by the processing accuracy and the roughness of the
surface. The orifice of the nozzle is drilled by laser, and the depth-diameter ratio is more than
10, so that the velocity profile of the jet that comes from the orifice, is fully developed Poiseuille
flow. The whole experiment is carried out under 1 standard atmospheric pressure.
The velocity can be controlled by adjusting the needle valve, the impact angle can be
controlled by adjusting the nozzle fix angle, the surface tension coefficient can be controlled
by adjusting the concentration of inorganic salts in the liquid, the dynamic viscosity can be
controlled by adjusting the concentration of glycerine in the liquid.
Typical phenomena
Figure 3 shows the typical film caused by the jet impact onto a horizontal plate. The leafshaped film is right spread on the plate, and is accompanied with the rim. The description of
the film is shown in Wang[9], who divides the liquid film into two border lines(inner and outer
border lines) and two zones(thin-layer and raised zone) .

Thin-layer
zone

Raised zone
(Rim)

Inner border
line

Outer border
line

Figure 3. The top view of the film.

The raised zone is exactly the rim in the phenomena. In this experiment, the PLIF method is
applied to reveal the rim. Figure 4 is the processed photos that come from the PLIF method,
which takes the cross-sectional photo of both the left and right rims of the film. The dot line is
the centre symmetry line. It is found that the difference between the left and right rims is small.
Therefore, only the right rim is researched in this paper. The solid line is the dividing line
between the thin-layer zone and the rim.

Figure 4. The cross-sectional shape of both the left and the right of the film.

It is found that the rim will be thicker and wider when the rim is closer to the downstream. The
shape of the rim has little change when the azimuthal angle, the impingement velocity, the
impingement angle, the viscosity and the surface tension are different.
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Figure 5. The diagrammatic drawing of cross-sectional right rim.

According to Yang[10], the rim in the previous assumption is drawn in Figure 5 with red line.
The red cross section is a standard semicircle, and the surface tension plays a key role in the
case. According to Avedisian[11], the hydraulic jump is drawn in Figure 5 with green line. The
cross section is a sudden fluctuation, and the inertial force plays a key role in the case.
According to McConley [7], the rim of the film formed by the impinging-jets are drawn in Figure
5 with blue and purple line. The cross sections are oblate circle or peanut. Both the surface
tension and the instability make different cross sections in the case. However, the cross
section of the rim in this experiment seems like a half-leaf.
Semi-empirical model
Figure 6 is a hand-drawn axonometric view of a liquid film rim in a typical azimuthal angle 𝛾.
The film spreads from point O, which called the impingement point[12]. The liquid will pile up
in the end, generating the rim, which is surrounded by the inner and outer border line.

Figure 6. The hand-drawn axonometric view of a liquid film.

The width of the rim at azimuthal angle 𝛾 is the function of the distance 𝐿 shown in Figure 6.
The azimuthal angle 𝛾 = 0, when the direction of the flow tube is fully pointed downstream of
the film.
The length 𝑙 shown in Figure 6, is the distance of the stream tube at azimuthal angle 𝛾. The
rim thickness 𝐻 shown in Figure 6, is between the highest point on the rim contour line and
the point directly below. Moreover, the length of the unit volume that overlaps with the inner
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border line is (𝑙 − 𝐿)𝑑𝛾, and the length of the unit volume that overlaps with the outer border
line is 𝑙𝑑𝛾.

Figure 7. The circumferential cross section of the rim.

Based on Figure 7, the contour of the rim shape of the film can be considered as two arcs.
Therefore, the shape of the rim can be divided into two parts, named part 𝑅𝑖 and part 𝑅𝑜 , by
the pair of arcs which are shown in Figure 7.
Part 𝑅𝑜 whose central angle of the profile is α𝑜 , is close to the outer border line. Part 𝑅𝑖 whose
central angle of the profile is α𝑖 , is close to the inner border line. The distance between the
highest point M of the unit volume and the point N that is the projection of point M on the plate
is 𝐻. The point M is just the highest point of both the 𝑅𝑜 and 𝑅𝑖 parts. Therefore, the direction
of the surface tension (𝑇𝑖 = 𝜎𝑙 (𝑙 − 𝐿)𝑑𝛾 and 𝑇𝑜 = 𝜎𝑙 𝑙𝑑𝛾) of the pair of arcs can be obtained, as
shown in Figure 7. The pressure difference ∆𝑝 between the inside and the outside of the liquid
rim can be expressed as
∆𝑝 = 𝜌𝑙 𝑔𝐻

(1)

The pressure difference ∆𝑝 is balanced by the surface tension 𝑇𝑖 and 𝑇𝑜 as
∆𝑝𝜒𝐴 = 𝑇𝑖 𝑠𝑖𝑛𝛼𝑖 + 𝑇𝑜 𝑠𝑖𝑛𝛼𝑜

(2)
𝛾
𝜋

where the empirical parameter 𝜒 ≈ 0.38 + 2.52 shows the non-uniform distribution of the
liquid in the rim.
The bottom area of the unit volume of the rim 𝐴 is
𝐴=

(2𝑙 − 𝐿)𝑑𝛾
𝑑𝛾
𝐿𝑐𝑜𝑠
2
2

(3)

The element 𝑑𝛾 is so small that cos(𝑑𝛾⁄2) ≈ 1. Ignoring small elements, the area is
𝐴 = (𝑙 − 0.5𝐿)𝐿𝑑𝛾 ≈ 𝑙𝐿𝑑𝛾

(4)

where the length of streamline 𝑙, according to Wang [9].
Thus, the rim thickness 𝐻 of the rim can be expressed as
𝐻=

𝑇𝑖 𝑠𝑖𝑛𝛼𝑖 + 𝑇𝑜 𝑠𝑖𝑛𝛼𝑜
𝜌𝑙 𝑔𝜒𝐴

where the central angle 𝛼𝑜 =

(5)
𝜋−𝛾
4

and 𝛼𝑖 =

𝜋−𝛾
.
3

Then, the geometric relationship of the rim cross-section shape shown in Figure 7 is
established as
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𝐿=

𝐻𝑠𝑖𝑛𝛼𝑜
𝐻𝑠𝑖𝑛𝛼𝑖
+
1 − 𝑐𝑜𝑠𝛼𝑜 1 − 𝑐𝑜𝑠𝛼𝑖

(6)

in which the rim width 𝐿 can be obtained.
Model validation and analysis
The exact thickness and width of the rim in the experiment while the azimuthal angle 𝛾 is 30°,
60°, 90°, 150°, are shown in Figure 8 and Figure 9, respectively. Meanwhile, the prediction
result of the semi-empirical model with the same operating conditions is also plotted in the
same picture, for the benefit of the comparison.

Figure 8. The thickness of the rim.
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Figure 9. The width of the rim.

It is obvious that the law of the variation of both the thickness and width in the experiment is
the similar as that comes from the semi-empirical model, when the azimuthal angle 𝛾 is
between 30°and 150°. However, the relative error is unacceptable, when the azimuthal angle
𝛾 is in other positions.
According to the experiment, both the thickness and width of the rim are close to infinitesimal,
when the angle is larger than 150°. At this very moment, the central angle 𝛼𝑜 and 𝛼𝑖 are linear
no more.
According to the experiment, the width of the rim is keeping increasing, however, the thickness
of the rim is keeping constant, when the angle is smaller than 30°. The surface tension of the
liquid has reached the limit which it can withstand liquid mass no more.
Conclusions
The experiment with the liquid film generator is conducted. The typical shape of the rim is
revealed, with the help of the PLIF method. According to the experiment, a semi-empirical
model contained gravity, surface tension and viscosity simultaneously, is established, which
has good accuracy.
⚫ It is found by comparing the experimental phenomenon in this paper with other similar
experimental phenomena that the cross-sectional shape of the rim is neither an assumed
semicircle, nor the typical hydraulic jump, but an irregular leaf.
⚫ The thickness and the width of rim that can be deduced by dividing the cross-sectional
shape of the rim into two arcs with different curvatures, are expressed as 𝐻 =
𝑇𝑖 𝑠𝑖𝑛𝛼𝑖 +𝑇𝑜𝑠𝑖𝑛𝛼𝑜
𝜌𝑙 𝑔𝜒𝐴

𝐻𝑠𝑖𝑛𝛼

𝐻𝑠𝑖𝑛𝛼

and 𝐿 = 1−𝑐𝑜𝑠𝛼𝑜 + 1−𝑐𝑜𝑠𝛼𝑖 .
𝑜

𝑖
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⚫

Both the thickness and width of the rim are close to infinitesimal, when the angle is larger
than 150°. The width of the rim is keeping increasing, however, the thickness of the rim is
keeping constant, when the angle is smaller than 30°.

Nomenclature
𝛾
azimuthal angle [rad]
𝐿
rim width [m]
𝑇
surface tension [N]
𝐻
rim thickness [m]
𝑙
length [M]
𝛼
central angle [°]
∆𝑝

pressure difference [Pa]

𝜒

empirical parameter [-]

𝜌
𝜎
𝐴
𝑔

density [kg m-3]
surface tension coefficient [N m-1]
area [m2]
acceleration of gravity [m s-2]
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