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Abstract : This paper is concerned with an experimental investigation on plane submerged 
water jets discharged into quiescent water in an open channel. Flows are visualized by using 
hydrogen bubbles, solid particles and dye. The results show that the jets attaching to the water 
surface by the Coanda effect are classified into six types according to their behavior after 
issuing from the nozzle, and that the self-induced vibration of the jet, which is one of six flow 
patterns, occurs under the condition of the reduced Froude number Fr��0.7�1.0. An 
additional analysis of the photographs reveals that the self-induced vibration of the jet is 
caused by attachment of the jet to the water surface and the ensuing bifurcation of the jet at an 
attachment point, and that the frequency of vibration is independent of the water level. 

Keywords : Flow Visualization, Hydraulic Jump, Self-Induced Vibration, Water Jet. 

1. Introduction 
In engineering we often encounter cases in which a water jet is propagated through an open channel, 
such as in the case of water jets from sluice gates, dams, and manufacturing or waterpower plants. A 
simplified diagram of the propagation of a jet in an open channel is given in Fig. 1, which shows the 
longitudinal section of a channel; a jet is discharged into the channel at the dead end with an initial 
thickness of the jet h and with a constant velocity Uo ; the other end of the channel has a weir. As we 
move away from the initial section AA’, the thickness of the zone in which the jet mixes with the 
surrounding water is enlarged, and the constant velocity core in the jet is narrowed; beyond the initial 
area of the jet the velocity of the jet q drops as the distance from the initial section increases. The jet 
ordinarily deflects to the surface of the water (free surface) or the bed of the channel (solid surface) by 
the Coanda effect and attaches to the surface at a certain section BB’; a portion of the jet turns 
upstream and a circulating flow occurs in front of the section BB’; the rest of the jet turns 
downstream and flows down with the surrounding water. When the jet attaches to the water surface, 
a part of the water surface rises (see Fig. 1). 

There have been many studies on such flows, for example, the studies of hydraulic jump (e.g., 
Rajaratnam and Subramanya, 1968) and the switching mechanism of a jet in fluid control devices (e.g., 
Murao and Sudo, 1990). But very little is known about the details of the effect of a free and a solid 
surface on a water jet, as far as the authors are aware. 
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The purpose of this study is to investigate 
the flow field in an open channel formed by a 
water jet discharged into quiescent water and to 
obtain the characteristic features and quantity of 
the flow. To achieve this purpose, we used the 
methods of injecting tracer particles, dyes and 
hydrogen bubbles into the water. 

In the following, the swell of the water 
surface upon the collision of the jet is referred, for 
convenience, to as hydraulic jump after the hydraulic jump occurs just down an overflow and an 
underflow gate, although they are in essence different. 

2. Experimental Apparatus and Procedure 
2.1 Experimental Apparatus 
Schematic diagrams of an experimental apparatus and a system of coordinates are illustrated in 
Fig. 2. The apparatus consists of a pipeline supplying test fluid (city water at 18�) and a test channel. 
Water is delivered to a head tank mounted at about 4 meters above the test channel by a pump and is 
driven by a head of water. Water from the head tank passes through a control valve and a float-type 
flow meter, and issues horizontally from a two-dimensional� contraction nozzle into the test channel. 
The nozzle mouth has a rectangular cross section measuring 5(height h)�150(width B)mm, with the 
aspect ratio being 30 (see Fig. 2(c)). A rectifier is installed in front of the nozzle. The test channel is 
made of transparent acrylic plates. Its cross section is rectangular and the interior is 150mm wide, 
1200mm high and 1400mm long. A false bed is placed above the real bed of the channel and a weir is 
mounted at the rear end of the channel. Both are movable upward and downward and therefore the 
distances, H and D, can be adjusted suitably to the required values, H and D denoting the vertical 
distance from the nozzle to the downstream water surface and to the real or false bed of the channel, 
respectively. In what follows, H and D are referred to as the rear water level and the depth of water. The 
section of the channel exceeding x=1400mm, however, is enlarged to a width of 600mm so that water flows 
down steadily over the weir. The flow rate of water is controlled and measured by the valve and the float-type 
flow meter set up below the head tank. 

(a)Construction of experimental apparatus

1 Head tank  2 Control valve  3 Flowmeter  4 Nozzle
5 Test channel  6 Movable solid surface  7 Movable weir
8 Measuring tank  9 Bottom tank  10 Pump
11 Particle reservoir

�Rectifier  	Nozzle  
Movable solid surface  �Movable weir
�Test channel  Rear channel  �Light source  �Mirror
�Slit light  �Camera & Video
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Fig. 2. Schematic diagrams of experimental apparatus. 

 
2.2 Measurement Method 
In this study, the flow has been visualized by three methods using hydrogen bubbles, dye and tracer 
particles. The hydrogen bubble method is used to grasp the whole flow field and to classify the flow 
according to its mechanism, the dye injection method to clarify the flow behavior around the water 
surface to which the jet attaches and the tracer particle method to obtain the velocity vectors of the 
flow. In the hydrogen bubble method, four tungsten wires with a diameter of 100�m, are placed as 
the cathode at the center of the nozzle exit, while a fine stainless steel bar is placed as the anode in 
the nozzle.  When the voltage of approximately 500V D.C. is applied between two poles, hydrogen 
bubbles arise with a roughly homogeneous density. On the other hand, in the dye injection method, 
the dye (red or black ink) is injected into the stream through a thin tube in the rectifier and, in the 
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Fig. 1. Diagram of flow in an open channel. 
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tracer method, spherical white 
polystyrene particles with a 
diameter of about 1mm and the 
specific gravity of about 1.03 are 
added to water at the rectifier inlet. 
These dyes or particles are spouted 
from the nozzle into the test channel 
along with the test fluid.  

The outline of the flow 
visualization is shown in Fig. 3. The 
visualization and the measurements 
are made on the x-y plane in the 
central part of the channel. In the hydrogen bubble and tracer particle method, the light from a 
source (150W) is transformed to a slit light of 20mm wide and thrown into the test section through 
the channel bed. Photographs of bubbles or tracer particles illuminated by the light are taken through 
a sidewall by an ordinary and a video camera. When photographing non-steady flows, the timer with 
accuracy of 10-2 seconds and the electric circuit shown in Fig. 4 are used, time being counted from the 
time when the hydraulic jump reaches its maximum and a switch closes. A switch is made of a thin 
aluminum plate and is placed, according to the preliminary experiment, such that it closes at the 
maximum hydraulic jump. The shutter speed of the camera is adjusted in accordance with the 
velocity of the flow in the test section, and the velocity vector is calculated from the length and 
direction of a particle path line on the photograph  (Sudo et al., 1999). 

 
2.3 Experimental Conditions and Procedure 
Before the experiment, a preliminary test was conducted to check the influence of the weir and the 
sidewalls of the channel on the flow. It was found from the test that the weir installed at the distance 
x exceeding about x/hh =100 does not influence the flow in the test section, and that the velocity 
measurement by a hot-film shows the flow to be two-dimensional in the central region of the channel. 

First, the deflection direction of the jet discharged from the nozzle was examined under the 
condition of various rear water levels H, while the Reynolds number Re�=Uoh/�; �: kinetic viscosity 
of water� and the depth of water D were fixed. Similar experiments were repeated by changing the 
Reynolds number and the depth of water one after another. The results show how the deflection 
direction and the point of attachment of the jet vary with the dynamic condition of the initial jet and 
the geometric condition of the flow field. 

Second, the visualization of the flow was conducted in detail under various values of the 
Reynolds number Re, the depth of water D and rear water level H, and the relationships among the 
flow pattern and the dynamic and geometric conditions were examined by analyzing many 
photographs. 

In the experiment, it was found that the jet oscillates periodically by itself and induces, in 
consequence, the oscillation of the water surface under a certain condition as will be mentioned later. 
This phenomenon was of great interest to us from the reason that this was different from the sloshing 
and other fluid oscillation (e.g., Okamoto et al., 1991), and so detailed photographs were taken under 
the conditions listed in Table 1 in order to clarify the mechanism of the self-induced vibration of the 
surface, that is, of the jet, Fr )( 0 gHU�  being the Froude number. These photographs enable us to 
understand the maximum displacement of hydraulic jump from the rear water level, Amp (hereafter, 
referred to as the amplitude of oscillation, for convenience) and the frequency of oscillation fz, in 
addition to providing a key to clarifying the mechanism of oscillation. 

Table 1. Experimental conditions. 
D/h 

 
20 40 60 80 

5000 Fr=1.84, 2.0 Fr=1.77, 1.84, 2.0 Fr=1.84, 2.0, 2.1 Fr=1.84, 2.1 
7500 Fr=2.26, 2.3, 2.4 Fr=2.3, 2.4 Fr=2.25, 2.24 Fr=2.2, 2.25, 2.4, 2.56, 2.66 

10000 Fr=2.4, 2.5, 2.6 Fr=2.5, 2.6, 2.7, 2.85 Fr=2.6, 2.7, 2.85 Fr=2.6, 2.7, 2.85, 2.9 
12500 Fr=2.8, 2.9, 3.0 Fr=2.8, 3.0, 3.1 Fr=2.9, 3.0, 3.1 Fr=2.8, 2.9, 3.0, 3.1 

Re 

15000 Fr=3.1, 3.2, 3.3, 3.4 Fr=3.1, 3.2, 3.3, 3.4 Fr=3.1, 3.2, 3.4 Fr=3.1, 3.2, 3.3, 3.4 
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 Fig. 3. Method of photographing. Fig. 4. Measurement of hydraulic jump.
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3. Results and Discussion 
3.1 Outline of the Flow Field 
The jets issuing from the nozzle are classified into two types according to the deflection direction, a 
free jet being the exception here. As mentioned in the introduction, one is the case where the jet 
deflects and attaches to the water surface, and the other, where is attaches to the channel bed. 
Typical flows of the two types are shown in Figs. 5 and 6, respectively. In each figure, (a) is the 
photograph visualized by the hydrogen bubble method and (b) is the schematic diagram of 
streamlines. 

In both cases, a clockwise or counter-clockwise circulating flow is formed in the area in front of 
the point of attachment, that is, of flow bifurcation, while the flow rotating in the opposite direction to 
the upstream circulating flow is induced in the area to the rear of the bifurcation point. 

The jet attaching to the water surface shows various patterns, which are divided into six types 
as shown later. Any flows attaching to the channel bed, however, change their pattern only negligibly. 

3.� Deflection of the Jet  
The deflection direction and the attachment point of the 
submerged jet must be dependant upon the dynamic 
condition of the jet and the geometric condition of the flow 
field. Figure 7 shows the influence of the rear water level 
H and the depth of water D on the deflection of the jet for 
the case of the Reynolds number Re from 2.4�103 to 104. 
The flow is roughly classified into three types as seen in Fig. 7: 
(1) For the case where H is sufficiently larger than D, 

that is, for H/h �� 2.2D/h , the jet deflects to the 
channel bed and attaches to it. 

(2) For the case where H is sufficiently smaller than D, 
that is, for H/h �� (0.27D/h+4.2), the jet deflects to 
the water surface and attaches to it. 

(3) For the case where H and D are roughly parallel, 
that is, for (0.27D/h +4.2) �� H/h �� 2.2D/h , the 
deflection of the jet is not fixed. 
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Fig. 7. Influence of H and D on deflection 
direction of jet (Re=2.4�103�104). 

 

 

 
 
(a) Photograph (Hydrogen bubble method: 

  exposure 1/8 at f.1.2) 
(b) Schematic diagram of flow pattern 

Fig. 5. Flow attaching to free surface (H/h=30, D/h=30, Re=4500). 

 

 

 
 
(a) Photograph (Hydrogen bubble method: 

  exposure 1/8 at f.1.2) 
(b) Schematic diagram of flow pattern 

Fig. 6. Flow attaching to solid surface (H/h=30, D/h=30, Re=4500). 

(a) (b) 

(a) (b) 
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As shown in Fig. 7, the deflection direction of the jet depends significantly on H and D but only 
negligibly on the Reynolds number Re, if anything. 

 
3.3 Classification of the Flow Attaching to the Water Surface 
3.3.1 Flow Patterns 
For attaching to the water surface, the jets are propagated in different manners through the channel 
according to the dynamic condition of the jet and the geometric condition of the flow field, and are 
divided into six types according to their flow pattern. 

The respective flow patterns except one are shown in Figs. 8�12. In each figure, (a) is a 
photograph obtained by the tracer particle method, and (b), except Fig. 12(b), is a velocity vector 
diagram obtained by the tracer particle method. 

The outline of the respective flows is as follows: 
(1) �-type (Fig. 8): For the case where the rear water level H is at full height, the jet from the 

submerged nozzle deflects strongly toward the water surface and attaches to it. At this time, the 
water surface near the attachment point rises and the hydraulic jump occurs. In the closed area 
in front of the attachment point, a counter-clockwise circulating flow is induced. The jet 
downstream from the point of attachment flows along the water surface. 

(2) �-type (Fig. 9): For the case where the Reynolds number Re is larger and H is lower than those 
for the case of �-type, the nozzle is level with the water surface and the hydraulic jump reaches 
higher than that for�-type. After attaching to the water surface, the jet meanders up and down 
along the water surface and the water surface changes with the movement of the jet. 

(3) �-type (Fig. 10): For the case where the depth of water D is shallower than that for �-type and 
the rear water level H is high, the high hydraulic jump is made and an intensive clockwise 
circulating flow is induced under the hydraulic jump. The jet turns downward behind the 
hydraulic jump and reattaches to the channel bed, and after that it flows down the channel bed. 

(4) �-type (Fig. 11): For the case where H and D are both lower than those for �-type, the 
hydraulic jump decreases in scale and weakens with decreasing D, and the water surface just 
downstream from the nozzle becomes lower than the rear water level H. The jet from the nozzle 
shoots into the quiescent water and attaches to the channel bed. At this time, a clockwise 
circulating flow occurs at the front corner of the dead end of the channel and the jet moves down 
the channel bed.  

(5) �’-type (Fig. 12): When increasing the Reynolds number of the jet in �-type, the water surface 
just downstream of the nozzle becomes even lower and a space is formed under the jet just 
behind the nozzle.  

In any of the flows mentioned above, a weak flow that rotates in the opposite direction to the 
circulating flow can be induced in the area downstream from the attachment point. 
(6) �-type (Fig. 14): For the case where the jet is in between the �- and �-types flows, it cannot 

grow into a steady flow of either type. In this case, pseudo flows of �- and �-types appear 
alternately as shown in Fig. 14. Therefore, the water surface oscillates with the change of the 
flow type. 

 
3.3.2 Classification of the flow 
The flow pattern is expected to depend on the three parameters of the depth of water D, the rear 
water level H and the initial velocity of the jet Uo. When adopting the reduced Froude number Fr* 
given in Eq.(1), the flow can be classified on the Fr* - D plane as shown in Fig. 13.  

H
hFrFr ��*    � gHUFr /0� � (1) 

The flow changes from �-type to �-type via �-type with the increase in Fr*. For the case of a 
small value of D/h, the flow changes, however, not to �-type but to �-, �- and �-types or to �-, 
�- and �’-types, sequentially.  
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Fig. 14. Typical example of self-induced vibration of free surface, i.e., jet. 
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3.4 Self-induced Vibration of the Jet, i.e., the Water Surface 
3.4.1 Outline of the Flow Field 
The result for Re=4000, H/h=4 and D/h=20 is chosen here as a representative example. Figures 14(1) 
and (2) are successive photographs of typical fluid motion as obtained by the dye injection and tracer 
particle methods, with t being measured from the time when the water surface had recovered its 
initial level. Figure 14(3) shows the velocity vectors of the flow corresponding to the middle 
photographs.  
 
3.4.2 Mechanism of Self-induced Vibration of the Jet 
A discussion is presented on the occurrence and mechanism of self-
induced vibration of the water surface, i.e., the jet, in the following (with 
reference to Fig. 15): 
(1) The jet discharged horizontally from the nozzle reaches the water 

surface at a certain distance downstream from the nozzle. At this 
time, the water surface is roughly even over the entire range of the 
test section [Fig. 15(a)].�

(2) The pressure in region A shown in the schematic diagram lowers 
since the jet entrains the water in this region. Consequently, the jet 
deflects to the water surface, and this phenomenon is known as the 
Coanda effect. The water surface rises with the deflection of the jet 
and the hydraulic jump is formed �Fig. 15(b)	.�

(3) The water surface of region A goes down with the lapse of time. The 
deflection of the jet makes rapid progress, and finally the level of the 
jump reaches its highest point �Fig. 15(c)	. 

(4) When the jump reaches its maximum, the jet bifurcates before and 
behind the attachment point S. The water level of region A increases 
gradually due to the supply of water by the bifurcation and the 
pressure in this region rises �Fig. 15(d)	
�

(5) The pressure rise in region A reduces the Coanda effect and the 
deflection of the jet becomes weaker. Consequently, the attachment 
point of the jet moves away from the nozzle and the swell of the 
water surface falls to the initial level �Fig. 15(e)	
�

(6) The above-mentioned process is repeated. 
 

3.4.3 Characteristics of Vibration of the Water Surface, i.e., the Jet 
The frequency and amplitude of oscillation of the water surface, fz and 
Amp, which are the arithmetical averages of the results obtained through 
many trials, are plotted against the rear water level H in Figs. 16 and 17, 
respectively. In each figure, (a) shows the results for the various 
Reynolds numbers and a fixed depth D/h=80, while (b) shows the results 
for the case of D/h=20 in which the channel bed has a slight influence on 
the flow. 

As known from Fig. 16, the frequency fz is independent of H and decreases with increasing the 
Reynolds number. The mutual relationship of fz to H or Re is explained as follows: When H is high, 
region A is large and so it takes a long time for the pressure in the region to lower, due to the 
entrainment by the jet. The pressure in region A, however, increases rapidly after the bifurcation of 
the jet because of the large volume of the back-flowing jet. When H is low, the bifurcation of the jet 
begins in a short time, but the pressure rise in region A occurs slowly because the deflection angle of 
the jet is small in this case and the volume of the back-flowing jet decreases. Regarding the Reynolds 
number, the entrainment by the jet becomes stronger according to an increase in Re and so it takes a 
longer time for the volume of water in region A to recover due to the back-flowing jet. This causes the 
decrease of frequency fz ,but fz depends only negligible on Re for Re � 10000. 

Region A

(a)

(b)
Region A

(c)Region A

(d)Region A
S

(e)

Region A

Jet

 
Fig. 15. Schematic diagram
of flow mechanism. 
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 Fig. 16. Frequency of vibration Fig. 17. Amplitude of hydraulic jump. Fig. 19. Amplitude of hydraulic jump. 
 of hydraulic jump.     
 

The amplitude of oscillation Amp decreases with an increase in the rear water level H for a fixed 
Reynolds number Re because the jet, for high H, loses most of the energy necessary for the hydraulic 
jump before arriving at the water surface. It can be explained from the similar discussion that the 
amplitude increases with the Reynolds number. 

The dimensional analysis gives the following equations relative to fz and Amp for the case of D/h
� 30 where the oscillation of the jet is not under the influence of the channel bed: 

�
�

0U
hfz �1�Re� ,�  �

h
Amp

�2�Fr� , (2)�

Here��Re�Uoh �and Fr�Uo gH . Equation (2) is written by determining the functions 
F1 and F2 with the aid of the experimental results:  

5.1

0

2200 ��
�

e
z R
U
hf  �Re�5000�15000, D/h �� 30� , (3) 

425.0 Fr
h
Amp �  (Fr�1.7�3.3, D/h � 30) . (4) 

4. Conclusion 
Two-dimensional submerged water jets were examined experimentally by various methods of 
visualization. The jet is deflected to the free or solid surface by the Coanda effect after issuing from 
the nozzle. 

The jet that deflects to the free surface was classified into six types and a classification map 
was drawn on the Fr* -D/h� plane. 

One interesting phenomenon, which the jet under a certain condition, which corresponds to one 
of six types, oscillates by itself, was observed and the mechanism of the self-induced vibration of the 
jet was clarified by analyzing many photographs. 
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