
Theoretical and Applied Mechanics Letters 13 (2023) 100462 

Contents lists available at ScienceDirect 

Theoretical and Applied Mechanics Letters 

journal homepage: www.elsevier.com/locate/taml 

Letter 

The effect of gravity on self-similarity of Worthington jet after water entry 

of a two-dimensional wedge 

Yan Du 

a , b , ∗ , Jingzhu Wang 

a , b , c , Zhiying Wang 

a , Yiwei Wang 

a , b , d 

a Key Laboratory for Mechanics in Fluid Solid Coupling Systems, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China 
b School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, China 
c Guangdong Aerospace Research Academy, Guangzhou 511458, China 
d School of Future Technology, University of Chinese Academy of Sciences, Beijing 100049, China 

a r t i c l e i n f o 

Keywords: 

Wortington jet 

Self-similarity 

Jet shape 

PIV 

a b s t r a c t 

The effect of gravity on the self-similarity of jet shape at late stage of Worthington jet development is investigated 

by experiment in the study. In addition, the particle image velocimetry (PIV) method is introduced to analyze 

the development of flow field. There is a linear scaling regarding the axial velocity of the jet and the scaling 

coefficient increases with the Froude number. 
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Fig. 1. The development of an open cavity and the generation of Worthington 

jet after the impact of a two-dimensional wedge. The initial time is set to the 

time when the pinch-off happens. Negative time means the time before pinch- 

off. 
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When an object impacts a free surface, an open cavity is usu-

lly produced. After the cavity pinch-off, a liquid column called Wor-

hington jet forms as shown in Fig. 1 . The jet moves rapidly upward

esulting in the violent deformation of the water surface which oc-

urs widely in nature and engineering application and has increased

ttentions. 

The investigations of Worthington jet have been carried on for

early a century since Worthington [1] recorded the production of

et after water entry using single-spark photography for the first time.

he jet also exists in the fields such as drop impact [2–8] and bubble

ursting [9–11] . There are two main concerns in the studies of Wor-

hington jet, i.e., the formation mechanism and dynamic characteristics

f the jets. Gekle et al. established theoretical models to describe the

auses of jet formation [12] and to predict the velocity and shape of

et [13] . Jamali et al. [14] studied the influences of liquid viscosity

n the shape, velocity and maximum height of the jet. Guleria et al.

15] investigated the jet development induced by water entry of the

phere with different sizes and impact velocities and found that the

ettability of the sphere surface is also an important factor affecting

he pattern of the open cavity and subsequent generation of the jet

y changing the contact lines among the phases of air, liquid, and

ir. McKown [16] studied the effects of hydrophilic and hydrophobic

urface on formation mechanism of the jet via experiments. Fan et al.

17] argued that the pinch-off model of the open cavity directly affects

he formation of the jet. The formation and development of the jet

nduced from the interfaces between different liquids have also been

tudied [18–21] . In addition, the geometry of subject entering water

lso brings differences to the dynamics of Worthington jet [ 22 , 23 ]. 
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Fig. 2. The experiment setup for measuring the velocity field of the jet via PIV method after the impact of a two-dimensional wedge. 

Fig. 3. The jet shape evolution with time based on high speed photography. (a1) and (a2): Fr = 15; (b1) and (b2): Fr = 40; (c1) and (c2): Fr = 65. The first row: the 

initial shape of the jet over time. The examples of height and radius of jet base zb and rb are shown. Noting that the jet base varies with time. The second row: the 

corresponding jet shape nondimensionalized by the radius of jet base rb . Here Fr is abbreviation of Froude number, Fr = 𝑈 2 
0 ∕𝑔𝐿 where U0 is the velocity of water 

entry and L is the length of top edge of the wedge, g is the gravitational acceleration. 
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Self-similarity is an important characteristic for Worthington jet.

ekle et al. [13] found that the shape of Worthington jet shows self-

imilarity to some degree when normalized by the radius of jet base (the

owest position of the jet, see Fig. 1 ). Van Rijn et al. [24] experimentally

nalyze the fluid flow inside the jet using particle image velocimetry

PIV) and found that the velocity profile is self-similar when the effect
2 
f gravity can be ignored. Although the mentioned-above studies about

elf-similarity ignore the effect of gravity, the gravity takes responsible

he behaviors of the jet in the later stage of the development, i.e., when

he jet starts to decelerate. Consequently, it requires to obtain detailed

nformation on the shape and velocity of the jet. It is challenging to

easure the flow field via PIV method because of complicated factors
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Fig. 4. The velocity fields of the jet obtained with PIV method: (a) Fr = 40 (b) Fr = 65. The amplitudes of the axial velocity u are presented by the color bars, while 

the direction is indicated by the arrows. 
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uch as the distortion caused by three-dimensional gas-liquid interface,

he strong reflection of laser at interface [25] and the narrow shape of

et. Wang et al. [26] conducted an experiment of quasi-two-dimensional

avity to prevent the effect of three-dimensional interface on particle

mage which we follow in this paper. 

In the present study, we carry out an experiment of water entry of

wo-dimensional wedge and introduce the PIV method to analyze the

evelopment of the Worthington jet. The results show that the gravity

ill make the self-similarity of jet shape disappear in later stage of jet

evelopment. In addition, the scaling law of jet velocity including the

ontribution of the gravity is obtained. The study can provide a new

nsight to analyze the Worthington jet. 

The experiment setup for measuring the velocity jet via PIV method

s shown as Fig. 2 . The system of water entry launch is conducted based

n the study by Wang et al. [29]. In the experiments, a two dimensional

edge with top edge of 10 mm, deadrise angle of 45° and the spanwise

ength of 150 mm is used. The size of water tank is 150 mm in width and

00 mm in length and 800 mm in height. The cavity interface created by
3 
ater entry of the wedge is almost two-dimensional since its spanwise

s the same as the width of water tank. Therefore, the problem that the

articles images distorted by 3D interface will not happen. A 2D planar

IV measurements are conducted in the water tank with a pulsed laser

527 nm, 40 mJ, Beamtech Optronics Co., Ltd.). Fluorescence particles

ith diameter of 20 μm are seeded in water. The corresponding Stokes

umber is much smaller than 1 which meets the requirements of particle

election. Flow fields and jet shape is recorded by a high-speed camera

Phantom V1612, Vision Research) with a SIGMA 105mm/f2.8 macro

ens. The frame rate is set to 1000 fps with resolution of 1280 ×800

ixels. 

The self-similarity of jet shape studied by Gekle et al. [13] is at the

arly stage of development when the effect of gravity can be ignored.

igure 3 a1-c1 show the evolutions of jet shapes with time based on high-

peed photography for Fr = 15, 40 and 65 at the later stage. The abscissa

 and ordinate z are the radial direction and the axial direction, respec-

ively. After the jet forms, it widens and elongates in the radial and ax-

al directions, respectively. The height of the jet base zb increases firstly
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Fig. 5. Distribution of the axial velocity u in z direction with time and the corresponding rescaled velocity profile. (a1) and (a2): Fr = 40; (b1) and (b2): Fr = 65. 
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nd then almost remains while the radius of jet base rb continuously

ncreases with the time. The jet shapes are nondimensionalized by the

adius of jet base referring to the study by Gekle et al. [13] , as shown

n Fig. 3 a2-c2. At Fr = 15 and 40, the outlines at t = 0.05 s and t = 0.07

 are similar, but the shape at t = 0.10 s shows difference. For Fr = 65,

he dimensionless jet shapes for the three moments deviate from each

ther which indicate that the similarity disappears. The time when grav-

ty starts to affect the similarity is different, for Fr = 15 and 45, is after

 = 0.05 s and before t = 0.07 s; for Fr = 65, is before t = 0.05 s. 

The flow fields of the jets at Fr = 40 and Fr = 65 are shown in Fig. 4 .

t can be seen that the axial velocity increases continuously from the

ottom to the top for the jet. The velocity section at the bottom of the jet

as larger radial velocity, and the radial velocity decreases at the upper

ortion, the velocity tends to be uniform in the axial direction. To further

xplore the evolutions of axial velocity, we extract the variation of the

xial velocity u at the axis of symmetry ( r = 0) with the axial coordinate

 as shown in Fig. 5 a1 and b1. It shows that the velocity decreases with

ime at the same value of z . 

Van Rijn et al. [24] experimentally verified a linear scaling between

/t3/2 and u/t1/2 when gravity contribution can be ignored and the slope

f the scaling line is equal to 1. Considering the effect of gravity, we

lot the variation of u/t1/2 with ( z/t3/2 - gt1/2 /2) for different Froude

umber as shown in Fig. 5 a2 and b2. The results show that a linear

caling between u/t1/2 with ( z/t3/2 - gt1/2 /2) occurs at different Froude

umbers. Furthermore, the slopes are higher than 1 when considering

he effect of the gravity. In addition, the slope increases with the Froude
4 
umber. Based on the scaling law between ( z/t3/2 - gt1/2 /2) and u/t1/2 ,

ne can calculate velocity at certain height for a given time. In this

ay, even though the velocity field of the upper part of the jet cannot

e obtained by PIV because of the low quality of particle images, we can

redict it by the scaling relation. 

In conclusions, the effect of gravity on the self-similarity of Wor-

hington jet is analyzed. The results of high-speed photography show

hat the self-similarity of jet shape disappear as the effect of the gravity

ominates the development of the jet. The velocity fields of Worthing-

on jet are obtained by the PIV method. It is found that there is a linear

caling between u/t1/2 and ( z/t3/2 - gt1/2 /2) when considering the effect

f the gravity. The scaling law provides a new thought to predict the

elocity which is hard to be got by experiment. 
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