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Abstract: 

Fluidic thrust vectoring, a method for controlling jet direction with no moving 

parts, has attracted attention as it does not require changing the geometry of the 

device, thus reducing the number of parts in the device. The application of 

synthetic jets as secondary flows has recently been proposed to adjust the 

deflection angle arbitrarily. However, studies regarding the relationship 

between the plane wall boundary and the flow characteristics of jets while 

applying fluidic thrust vectoring are scarce. In this study, we applied synthetic 

jets generated by a speaker to a secondary flow with a Coanda surface. We 

elucidated the influence of the oscillation characteristics of the secondary flow 

on the deflection angle of the primary jets near a plane wall. By adjusting the 

dimensionless frequency, the jet deflects toward the opposite side of the plane 

wall surface, even for the jet near the plane wall surface.  In this condition range, 

we can set the maximum jet deflection angle to approximately 20 deg when the 

momentum ratio between the primary and secondary flow at slot is 0.08 and 

dimensionless frequency 0.11. 
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1. Introduction 

The method of controlling the direction of a primary jet by a secondary flow is called fluidic thrust vectoring and has 

been investigated extensively. In general, fluidic thrust vectoring is implemented by adjusting the secondary flow 

momentum generated near the cylinder surface [1-12]; a large deflection angle can be achieved. This method was 

originally proposed in the field of aeronautics [1-5] and is expected to save energy and improve the performance of 

next-generation aircraft in the development of tail wings. Mason and Closer [1] used an injection jet as a secondary 

jet to study the effect of the momentum ratio between the primary jet and secondary flow on the jet deflection 

characteristics by conducting experiments and CFD analysis. The results show that using the injection flow as a 

secondary flow can provide a good deflection ability. The “dead zone” region can be narrowed at certain shape 

parameters. Kobayashi et al. [3] proposed a method using a synthetic jet as the secondary flow. They reported that 

the deflection angle of the jets depended on the momentum ratio between the primary and secondary jets and the 

dimensionless frequency of the synthetic jets. Recently, Tamanoi et al. [8, 9] discussed the effect of jet width on        

jet deflection characteristics as a fundamental study of fluidic thrust vectoring. The effects of the co-flow                      

and counterflow near the Coanda surface on the deflection characteristics of the primary jet using different momentum 
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ratio, jet widths, etc., were parametrically investigated. The results showed that the degree of jet deflection depended 

on the jet width when the secondary flow was a counterflow. However, the jet width did not affect the deflection 

angle when the secondary flow was a co-flow. 

 

Despite the aforementioned research, few studies have investigated the effects of wall surfaces on the flow 

characteristics of jets when synthetic jets are used as secondary flows. The phenomenon of jets near a wall being 

attracted to a wall surface [13, 14] is a basic jet flow characteristic widely known as the Coanda effect. In actual 

situations, boundaries are ubiquitous; often, boundaries exist in the vicinity of the jets. For example, there are ceilings 

and sidewalls near air conditioner vents in a room and blades and shrouds near the slots for jets when casing treatments 

are performed in fluid machinery. In such cases, interference between jets and wall boundaries is a significant issue 

that must be resolved when attempting to control the direction of jets. A significant problem must be solved: the 

interference between the jets and wall boundaries for the jet deflection control. 

 

As the first step to solve the aforementioned problem, this study attempts to control the flow characteristics of the 

reattached flow to the plane wall due to the Coanda effect by the secondary synthetic jet in addition to steady injection 

and suction flow with a cylindrical Coanda surface in the case of a certain geometry (offset ratio and plane wall 

length) conditions. Applying a secondary flow showed that the jet attracted to the plane wall can be deflected to the 

opposite side of the plane wall. We also discuss the influence of the dimensionless frequency on the jet deflection 

characteristics under the condition of a certain momentum ratio. 

2. Experimental Methods 

Figure 1 shows the schematic of the experimental apparatus. The working fluid in this experiment was air, and we 

applied a continuous jet as the primary flow. Figures 1(a) and 1(b) show the apparatus configuration when the 

secondary flow was steady (continuous jet or continuous suction) and a synthetic jet, respectively. We generated the 

primary jet and steady secondary flow using blowers (U75-2-R313 and U2V-70S, Showa Electric Co.). A steady 

secondary flow was generated on the opposite plane wall side with injection and suction using a vortex-type blower 

(U2V-70S, manufactured by Showa Electric Co.). We switched the injection and suction modes of the secondary 

flow by exchanging the discharge and suction ports of the blower. We then generated the secondary synthetic jet 

using a signal generator, amplifier (Classic Pro V3000), and speaker (DIECOOK DD-15L). We supplied a secondary 

flow after injecting the primary jet and developing the flow field sufficiently. The flow field in the test section was 

sandwiched between two acrylic plates with dimensions of 1.0 m × 1.0 m in the x-y plane and 7.0 × 10-2 m along the 

z-axis. The length of the wall surface and the distance from the centerline of the slot to the wall surface were set to 

2.5 × 10-1 m and 5.0 × 10-2 m, respectively, referring to the analysis results by Borque and Newman [13].  
 

  
(a) Schematic of the experimental apparatus for 

continuous secondary flow 

(b) Schematic of the experimental apparatus for 

secondary synthetic jet 

 

Fig. 1. Schematic of experimental apparatus 
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Figure 2 shows a magnified view of the slot geometry. The slot widths h1 and h2 of the primary and secondary jets 

are 1.0 × 10-2 m and 2.0 × 10-3 m, respectively, and the slot width ratio is constant at h2 / h1 = 0.2. The direction of 

the jet flow was controlled by interfering with the primary jet and secondary flow and installing a cylindrical Coanda 

surface with a radius R = 1.5 × 10-2 m and a flat plate wall of 2.5 × 10-1 m length in the vicinity of the jet. In this 

study, we measured the representative velocities of the primary and secondary flows U1 and U2 at the slot center of 

its width and span. U1 at 8 m/s. To obtain values of M2 / M1 of 0.08, U2 was tested at 5.06 m/s. The dimensionless 

frequencies, f*, are 1.3 × 10-2, 3.8 × 10-2, 6.3 × 10-2, 8.9 × 10-2, and 1.1 × 10-1. This experiment was conducted under 

fixed geometric conditions. The Reynolds number, Re, based on the primary jet velocity U1 and slot width h1 is 

considered Re = 5.3 × 103. The velocity of the secondary synthetic jet is expressed as Equation (1) [3]: 

 

𝑈2 =  √
1

𝑇
∫ 𝑈𝐴

2
𝑇

0

sin2
2𝜋

𝑇
𝑡𝑑𝑡 (1) 

 

Velocity measurements were performed at the center of the slot outlet using an I-type probe (Kanomax 0251R-T5) 

on a hot-wire anemometer (Kanomax Smart-CTA 7250). The probe was placed parallel to the z-axis. For the velocity 

measurement, we confirmed that the deviation from the calibration curve was within 1.6%, with a velocity range of 2.9–

15 m/s. 

 

In addition, the maximum time resolution of the hot-wire anemometer was 20 kHz, and we measured it at 10 kHz. 

Therefore, the time resolution was sufficient compared with the time characteristics of the flow fluctuation. In the 

visualization experiment, the smoke generated by a smoke generator was introduced through the blower inlet of the 

primary flow. A halogen light was used as the light source downstream from the jets and captured these phenomena 

using a digital camera (SONY VLOGCAM ZV-1) operating at 480 fps. In the velocity distribution measurement 

experiment, the velocity distribution |v| = √𝑢2 + 𝑣2 on a circular arc of radius rm = 1.5 × 10-1 from the slot center 

(origin) was measured at 2° intervals in the range -18° ≤ θ ≤ 90°. For the deflection angle calculation method, 

assuming that |v| > 0.3 |Umax| is a distinct jet structure, the flow center is calculated as an integral over the range from 

θa to θb, and the angle corresponding to the flow center is defined as the jet deflection angle θC, as in Equation (2) 

[15]. 

 

𝜃𝐶 =  
1
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3. Results and Discussion 

Figures 3-5 show examples of the visualized jet behavior near a wall surface with an offset ratio of 5.0. Figure 3 

shows only the primary jet (no secondary jet). Under these conditions, the jets are attracted to the wall surface owing 

to the Coanda effect caused by the flat wall surface, indicating that the jet was attached to the wall near x / h1 = 25. 

This result is in close agreement with the experimental results obtained in previous studies [13, 14].  

 

Figures 4 and 5 show examples of the observed behavior when the secondary flow is activated with a momentum 

ratio of M2 / M1 = 0.08. Figure 4 shows the case of steady secondary flow under the (a) injection and (b) suction 

conditions. Figure 5 shows the behavior when the secondary flow is a synthetic jet: (a) for f* = 1.3 × 10-2 and (b) for 

f* = 1.1 × 10-1. 

 

In Figure 4 (a), in the jets are attracted toward the wall under the secondary flow jet condition, and the reattachment 

point distances were approximately the same as those in Fig. 3. This result corresponds to the fact that this condition 

was located within the dead zone in a previous study. However, under condition (b), where the secondary flow is a 

suction flow, the jet is deflected toward the antiplate wall. Under these conditions, the suction caused a pressure drop 

near the cylinder, suggesting that the Coanda effect is due to the cylinder being larger than that due to the flat plate 

wall. 

 

Figure 5 shows a typical flow pattern when the secondary flow is a synthetic jet. Figures 5(a) and 5(b) were captured 

under the typical low-frequency condition f* = 1.3 × 10-2 and typical high-frequency condition f* = 1.1 × 10-1, 

respectively. In the low-frequency condition (a), the jet is slightly deflected toward the antiplate side but generally 

flows parallel to the x-axis. In contrast, in the high-frequency condition (b), the jet is significantly deflected toward 

the antiplate side, indicating that the direction of the jet can be controlled by the cylindrical Coanda surface and 

secondary flow even when the plate wall exists near the slot and that the degree of deflection can be adjusted by the 

dimensionless frequency when the secondary flow is a synthetic jet. 
 

 
Fig. 3. Visualization of flow patterns using only primary jet 

( h1 = 1.0 × 10-2 m, U1 = 8 m/s ) 

     
(a) Injection              (b) Suction 

Fig. 4. Visualization of flow patterns for continuous flow as the secondary flow under the condition 

of M2 / M1 = 0.08 ( h1 = 1.0 × 10-2 m, h2 = 2.0 × 10-3 m, U1 = 8 m/s, U2 = 5.06 m/s, Re = 5.3 × 103 ) 
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(a) f* = 1.3 × 10-2 ( f = 10 Hz)      (b) f* = 1.1 × 10-1 ( f = 90 Hz) 

Fig. 5. Visualization of flow patterns for synthetic jet as the secondary flow under the condition 

of M2 / M1 = 0.08 ( h1 = 1.0 × 10-2 m, h2 = 2.0 × 10-3 m, U1 = 8 m/s, U2 = 5.06 m/s, Re = 5.3 × 103 ) 

 

Figure 6(a) shows the time-averaged velocity distribution measured on the arc for the momentum ratio M2 / M1 = 0.08 

under the same geometric conditions as those shown in Figs. 3-5. The conditions of the primary flow alone and the 

injection jet as the secondary flow showed similar velocity profiles. The jet deflection is greatest when the secondary 

flow is under steady suction. The results also show that the angle θ of the jet center position (the angle of maximum 

velocity) increases with increasing dimensionless frequency f* when a synthetic jet is used for the secondary flow. 

 

Figure 6(b) shows the relationship between the deflection angle θC and the dimensionless frequency f*. The secondary 

suction flow exhibited the best deflection ability. Moreover, the deflection angle θC increases as the dimensionless 

frequency of secondary synthetic jets f* increases, confirming that the deflection angle θC depends on the 

dimensionless frequency f*. 

 

Jets near the plane wall are generally attracted to the plane wall side because of the Coanda effect. However, the 

above results indicate that the direction of the jet near the plane wall can be controlled on the opposite side of the 

plane wall by applying steady suction or a synthetic jet to the secondary flow. In particular, the deflection angle can 

be adjusted using the dimensionless frequency when the secondary flow is the synthetic jet.  
 

  
(a) Dimensionless time-averaged velocity distributions (b) Relationship between dimensionless frequency and 

deflection angle 

Fig. 6. Velocity distribution and deflection angle for various dimensionless frequency f* under the condition of 

M2 / M1 = 0.08 
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4. Conclusion 

In this study, steady injection, steady suction, and synthetic jets were applied to the secondary flow with a cylindrical 

Coanda surface to elucidate the flow characteristics of jets near a plane wall.  

1. The deflection angle of the jet near the plane wall can be controlled by a steady secondary flow of the suction and 

secondary synthetic jets, which can deflect the jet toward the opposite side of the plane wall under certain 

conditions. 

2. The jet deflection characteristics depend on the dimensionless frequency f* of the synthetic jet under the shape 

parameters used in this study. 

3. The jet-deflection characteristics depend on the dimensionless frequency f*. Under the present geometric 

condition, the direction of the jet can be controlled up to approximately 20 ° when the synthetic jet is set in the 

secondary flow with a momentum ratio M2/M1 = 0.08. 

Nomenclature 

f : Frequency [Hz] 

f:* : Dimensionless frequency (= fh1/U1) [-] 

h1 : Primary slot width (= 1.0×10-2) [m] 

h2 : Secondary slot width (= 2.0×10-3) [m] 

M : Momentum of primary or secondary flow at slot exit (= ρU2h) [N] 

R : Radius of Coanda surface (= 1.5×10-2) [m] 

Re : Reynolds number (= U1h1/ν = 5.3×103) [-] 

rm : Radius of velocity measurement arc (= 1.5×10-1) [m] 

t : Time [s] 

T : Period of velocity oscillation (= 1/f) [s] 

u : Velocity in the x-direction [m/s] 

U : Velocity of primary or secondary flow at slot exit [m/s] 

UA : Amplitude of velocity oscillation for secondary synthetic jet [m/s] 

Umax : Maximum velocity of velocity distribution[m/s] 

v : Velocity in the y-direction [m/s] 

|v| : Absolute value of the velocity at an arbitrary point [m/s] 

x, y, z : Coordinate axes 

zh : Height of test section (=7.0×10-2) [m] 

θ : Clockwise angle from x-axis [deg] 

θa : Angle of the first point of intersection between 0.3Umax and velocity distribution [deg] 

θb : Angle of the second point of intersection between 0.3Umax and velocity distribution [deg] 

θC : Jet deflection angle [deg] 

ν : Kinematic viscosity (=1.5×10-5) [m2/s] 

ρ : Fluid density [kg/m3] 

 

Subscripts 

1 : Primary jet 

2 : Secondary jet 
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