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Abstract

The limitation of flow control for a bistable fluidic valve has been investigated. The physical model of the fluidic valve 

includes two main flow outlets and two control flow inlets. The experiments were conducted with pressure regulators, mass 

flow meters, and piezo sensors to analyze flow switching characteristics of the fluidic valve. The experimental data such as 

pressure and mass flow rate of control flows and the switching time of the main flow was obtained with various operating 

conditions. The operation limit of the fluidic valve is identified, and a model equation for pre-estimating the minimum control 

pressure to switch the direction of the main flow has been proposed.
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Nomenclature

γ Specific ratio

E  Mach number

P  Absolute pressure (kPa)

W Nozzle width (mm)

δ Diffuser angle (degree)

Subscripts

m main

c control

c1 control 1

c2 control 2

d1 diffuser 1

d2 diffuser 2

1. Introduction

Fluidic vector control system (FVCS) is a very efficient 

technique to change or divert flow-direction using only 

secondary control flow but without any additional mechanical 

device [1]. It is much simpler to manufacture and lighter 

than the mechanical control system, which can improve the 

performance of the vehicle and result in more aerodynamically 

efficient [2]. The fluidic vector control system can control 

small size thrust accurately and directionally and be used for 

multidirectional control, posture control, and so on. Because 

of these advantages, there are currently considerable interests 

in FVCS to improve it simpler and lighter in the fields of small 

and light vehicles [3-8]. The essential idea of FVCS implements 

Coanda effect (an incident flow tends to remain attached to 

a nearby surface) to keep the direction of the switched flow 

maintained even after the supply of control flow is halted [9]. 

The fluidic valve has been recently investigated by the 

experiments and the numerical analysis. Wang et al. studied 

a bistable fluidic oscillator which can produce pulsed jets 

with 200 m/s velocity for flow separation control [10]. The 

piezoelectric fluidic actuators are applied on delta wing 

for stall and roll control [11]. In addition, a different type of 

the fluidic valve called a vortex valve has been developed 

and investigated. Kasselmann et al. controlled warm gas 

flow with the vortex valve [12], and Lin et al. analyzed it for 

airflow control [13]. Microfluidic valve for flow control at low 

Reynolds numbers and fluid flow control in automobiles 

like exhaust gas after-treatment control were proposed [14, 
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15]. Lift and separation control on wind turbine blades 

was studied [16]. And new fluidic-oscillator concept for 

flow separation control was described [17]. However, the 

switching characteristics of main flow and the limitation 

conditions to change the main flow direction have not been 

well established yet. 

In this study, a bistable fluidic valve, which has two stable 

state outlets, using the control flow injecting perpendicularly 

to the main flow is investigated by experiments. The direction 

of main flow has been controlled by the pressure ratio of the 

control flow to main flow. The operating condition and its 

limitation of the fluidic valve are addressed, so faster and 

reliable control can be possible with the fluidic valve.

2. Model Description

2.1 Configuration and experimental setup

An experimental device of a bistable fluidic valve, as 

illustrated in Fig.1, was used for this study. The experimental 

device consists of three parts; bistable fluidic valve stand, air 

feeding system, and data acquisition system. The bistable 

fluidic valve is shown in the middle box of Fig. 1. The 

diameters of the main and control chambers are 60 mm and 

30 mm respectively. Also, the main width (WM) is 4 mm and 

the control width (WC) is changeable like 1 mm to 4 mm for 

various experiments. The splitter which has a concave shape 

in the middle separates the diffuser with two outlets, and the 

diffuser angle (δ) is fixed as 25 degrees for the present study. 

Due to the concave shape of the splitter, the rotating flow is 

produced inside of the diffuser and helps the main flow turn 

to the target outlet. In addition, the fluidic valve thickness is 

1 mm, and its overall size is 130 mm×300 mm. The air feeding 

system of experimental device has two parts. The primary 

chamber pressure is controlled by a pressure regulator 

(FR2000 from Tescom), which is capable of supplying a flow 

capacity within main pressure range from 150 kPa through 

300 kPa. Especially for the control flow, the second chamber 

of 120 liters is used to supply stabilized pressure and mass 

flow rate under the condition of lower pressure. The supply 

flow rate of the control is controlled by electric solenoid 

valves (HDW from HSE), and a relay is operated by the 

control signal to switch on the electric solenoid valves. The 

distance between the electric solenoid valves and the control 

chamber is 250 mm. Each control flow is perpendicularly 

injected from both sides of the main jet after passing the 

control chamber. The data acquisition system is setup for 

pressure, mass flow rate, and switching time. Piezoelectric 

pressure sensor (PG-35 from Copal Electronics) is used in 

the main chamber. And the control chamber pressure is 

measured in the center of each chamber by the pressure 

gauges (PTCD from Sensys), which have the range of -101 

kPa ~ 101 kPa, since the pressure inside of the control 

chamber can be lower than atmospheric pressure because 

the main flow injects the control flow inside of the control 

chamber. Moreover, another two pressure transducers 

are placed at the both sides of diffuser wall to obtain the 

pressure to change the direction of the main flow. The mass 

flow rates of each main and control flow are measured by the 

mass flow meters (EL-FLOW from Bronkhorst). Also, piezo 
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chamber. Moreover, another two pressure transducers are placed at the both sides of diffuser wall to 

obtain the pressure to change the direction of the main flow. The mass flow rates of each main and 

control flow are measured by the mass flow meters (EL-FLOW from Bronkhorst). Also, piezo films, 

that produce the voltage depending on how much bent, are attached at the end of the diffuser for 

measuring the switching time. Signals from the experimental device are digitally recorded by a 

terminal module (NI USB-6341 from National Instruments) at a 10 kHz sampling rate. 
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films, that produce the voltage depending on how much 

bent, are attached at the end of the diffuser for measuring 

the switching time. Signals from the experimental device are 

digitally recorded by a terminal module (NI USB-6341 from 

National Instruments) at a 10 kHz sampling rate.

2.2 Fluidic valve operating sequence

The bistable fluidic valve operating sequence to 

investigate the characteristics is shown in Fig. 2. First, only 

the main flow is supplied for a second (Fig. 2 (a)) and can 

be randomly attached to right or left wall. Then, the control 

valve on the right (Cont.1) is opened for one second and 

closed (Fig. 2 (b), (c)). Then there is a break time that only 

the main flow remains for a second. After the break time, 

the left control valve (Cont. 2) is opened for a second and 

stopped as the right one does (Fig. 2 (d), (e)), and there is 

another break time for a second again. This procedure is 

continuously carried out once again to verify the repetitive 

for each experiment.

3. Results and discussion 

3.1 Characteristics of switching the main flow direction

Figure 3 shows pressure at control chamber and diffuser 

side wall and piezo sensor voltage after control valve is 

opened at a typical condition; main and control pressures are 

300 kPa and 133 kPa respectively. The control flow signal is 

input at 3 sec. Then control chamber pressure builds up and 

blows to the main flow to switch of the main flow direction. 

The piezo film at the end of fluidic valve branch generates a 

voltage by bending due to the switched main flow. Therefore, 

the difference time between the starting point of pressure 

buildup (Red plot in Fig. 3) and the sudden change of 

piezo sensor voltage (Pink plot in Fig.3) is decided to be the 

response time for changing the direction of main flow, and it 

is indicated as response time in Fig. 3. In this experiment, the 

response time is 7.4 ms when the main and control pressures 

are 300 kPa and 133 kPa, respectively. Also, the pressures in 

diffuser both side walls (Pd1 and Pd2 in Fig. 1) are influenced 

by the switched main flow. The diffuser side wall pressure 2, 

Pd2 (at the wall where the main flow is attached), is lower at 

control valve open. It is considered that the size of the main 

flow nozzle area is decreased by the control flow imping to 

main flow, so the pressure becomes lower due to increasing 

velocity of the main flow. After that, the direction of the main 

flow is switched, pressure is increased to the atmospheric 

pressure because main flow is detached from the side wall. 

So this point is called a main flow switching start-point. The 

difference between main flow switching point and switching 

start-point is an actual switching time. But the response 

time for operating fluidic valve is determined by the time 

difference between the control valve open and the main flow 

switching point. In result, it takes about 50 ms to stabilize 

the main flow switching. The switching direction of the main 

flow by the control flow is visually presented as the piezo film 

sensor bended in Fig. 4. 

3.2   Minimum control flow pressure and operation 
limit

The experiments of the various main pressures are 

conducted to determine the minimum control pressure. Fig. 

5 shows the control pressure with each main flow pressure, 
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control valve open and the main flow switching point. In result, it takes about 50 ms to stabilize the 

main flow switching. The switching direction of the main flow by the control flow is visually 

presented as the piezo film sensor bended in Fig. 4.  
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from 150 kPa through 300 kPa, by increasing 25 kPa. As the 

control flow pressure increases, the control mass flow rate 

also increases at same main flow pressure. The minimum 

control pressure, however, should increase to switch the 

direction of the main flow as the main flow pressure increases. 

Also, the control mass flow rate decreases with same control 

flow pressure when the main flow pressure increases. This 

is due to the reason that the difference between the control 

chamber pressure and the main flow pressure at nozzle 

becomes smaller: the pressure at the nozzle also increase 

when the main flow pressure increase. In results, the 

operation limit to switch the direction of the main flow could 

exist as shown in Fig. 6. Atmospheric pressure can switch the 

direction of the main flow under the condition of less than 

200 kPa, and the control pressure that is possible to switch 

rises linearly with higher than 225 kPa of main flow pressure. 

These results indicate the control flow pressure to switch the 

main flow can be decided by the expansion of main flow at 

the nozzle throat as an equation (1). 
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Fig. 7 Main pressure versus control pressure, pressure ratio, and mass flow rate ratio 

 
3.3 Response of main flow switching 

The response time is evaluated by the time difference between the control valve open and the main 

flow switching. When the main flow pressure is 150 kPa, the response time is relatively slow, 

approximately 14.7 ms with a large standard deviation, 4.7 ms, because of the unchoked condition at 

nozzle throat. After the choking condition, the response time becomes relatively faster. The fastest 

response time, 5 ms, is obtained at main flow pressure, 225 kPa, but it is not much distinctly different 

to main flow pressure if it becomes choked. In addition, a large deviation at extreme conditions 

relatively decreases as shown in Fig. 8. The experiments were repeated more 10 times for each cases 

for repeatability.  

Fig. 7.  Main pressure versus control pressure, pressure ratio, and mass 
flow rate ratio
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3.3 Response of main flow switching

The response time is evaluated by the time difference 

between the control valve open and the main flow 

switching. When the main flow pressure is 150 kPa, the 

response time is relatively slow, approximately 14.7 ms with 

a large standard deviation, 4.7 ms, because of the unchoked 

condition at nozzle throat. After the choking condition, 

the response time becomes relatively faster. The fastest 

response time, 5 ms, is obtained at main flow pressure, 

225 kPa, but it is not much distinctly different to main flow 

pressure if it becomes choked. In addition, a large deviation 

at extreme conditions relatively decreases as shown in Fig. 

8. The experiments were repeated more 10 times for each 

cases for repeatability. 

4. Conclusion

The operating limitation of a bistable fluidic valve have 

been experimentally investigated. And a model equation 

is proposed to determine a minimum control pressure for 

switching main flow. The summary of the study follows 

as;

1.   The direction of the main flow in the fluidic valve can be 

switched to one of the two outlets and is maintained by 

the Coanda effect.

2.   Atmospheric pressure can change the direction of the 

main flow under the condition of less than 200 kPa, and 

for the condition of higher than 200 kPa, the minimum 

control pressure rises linearly. 

3.   The model equation to find out the control pressure to 

change the direction of the main flow is proposed. 

4.   The minimum mass flow rate of control flow is less than 

4 % of the main flow to switch the direction of the main 

flow.
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