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Abstract: 

The method for controlling the direction of primary jets by secondary flow is 

called fluid thrust vectoring. It was originally studied for application in aircraft 

attitude control, where it was expected to reduce fuel consumption and improve 

motion performance. It has been demonstrated that the direction of the primary 

jet can be adjusted by adjusting the momentum of the secondary flow generated 

near a curved surface (Coanda surface), such as a cylinder. However, there is 

limited research applying the abovementioned method to fields such as aviation 

for flows other than external flows. To use this method for internal flows, such 

as airflow control in a room, knowledge of the geometric boundaries near the 

jet flow is required. That is, the interference problem between the jet and wall 

boundaries must be investigated to realize jet direction control using secondary 

flows in various fields. Thus, this study investigated the effects of wall length 

and step height (offset ratio) on the flow characteristics of jets controlled by 

secondary flow near the Coanda surface. Typical flow patterns are presented 

in this paper, and the jet deflection characteristics are discussed primarily 

through flow visualization and velocity distribution measurements. 
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1. Introduction 

 

Fluidic thrust vectoring [1-17], which is achieved by adjusting the momentum of a secondary flow generated near a 

cylindrical surface, is a control technique that utilizes the Coanda effect, in which the jet adheres to a curved surface. 

It has attracted attention because of its advantages over conventional mechanical thrust vectoring, such as reduced 

equipment weight and a large deflection angle.  

 

Mason and Crowther [1] attempted to control the direction of the primary jet using a continuous jet in a secondary 

flow near a Coanda surface and investigated the effect of the momentum ratio on the deflection characteristics through 

experiments and CFD. Their findings categorized the deflection characteristics of the jet into three: dead zone, control 

region, and saturation region. Recently, Watanabe et al. [2] and Tamanoi et al. [3] investigated the relationship 

between jet deflection angle and momentum ratio for various jet width ratios under the conditions of a constant 

Coanda surface radius and jet/suction secondary flow. The suction secondary flow was shown to be more suitable for 

jet deflection angle control than jet flow, and the effect of geometry on the jet deflection characteristics was also 

discussed. 
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In addition, when a sidewall exists near the jet, the jet is attracted to the wall side, forming a recirculation zone and 

becoming a wall-attached jet, which is widely known as the Coanda effect [4-7]. In the future, fluidic thrust vectoring 

is expected to have applications outside the aeronautical field; in such situations, there will likely be many cases in 

which boundaries exist in the vicinity of the jet. For example, when applying fluidic thrust vectoring to internal flows, 

such as airflow control in homes and factories and in fluid machinery, the effect of sidewalls on the flow 

characteristics of the jet must be considered. Last year, experiments were conducted to clarify the flow characteristics 

of a jet near a plane wall by applying a steady jet, steady suction, and synthetic jet to a secondary flow with a 

cylindrical Coanda surface. It was found that the deflection angle of the jet near the plane wall can be controlled by 

the suction and synthetic jets, which are a steady secondary flow and secondary flow, respectively. Moreover, the jet 

can be deflected to the opposite side of the plane wall under certain conditions [6, 7]. However, the effectiveness of 

fluidic thrust vectoring near the sidewalls remains unclear. 

 

This study is fundamental for the application of fluidic thrust vectoring near flat sidewalls. Furthermore, it attempts 

to elucidate the effect of finite-length flat sidewalls on the flow characteristics of a primary jet controlled by a 

secondary flow with a Coanda surface. The relationship between the jet deflection characteristics, relative length of 

the flat sidewalls, and offset ratio (the distance from the slot to the flat sidewall, which is nondimensionalized based 

on the slot width) was experimentally investigated under constant momentum ratios of the primary and secondary 

jets. Flow visualization observations were performed. 

 

2. Experimental Methods 

 

Fig. 1 shows a schematic of the experimental apparatus with air as the working fluid. It illustrates the equipment 

configuration used when applying a steady jet as the primary jet and steady suction as the secondary flow. For the 

primary jet, the flow was generated by a blower (U75-2-R313, Showa Denko) and emanated from the slot through a 

plenum tank and nozzle. A Coanda surface and a slot for the secondary flow were provided on the opposite direction 

to the plane wall of the slot outlet, and a steady secondary flow was generated by suction with a vortex blower (U2V-

70S, Showa Denko). Because hysteresis generally occurs in jet phenomena, the experimental procedure in this study 

was unified as follows. First, a primary jet was generated by a blower. After confirming that the flow field was 

sufficiently developed, a secondary flow was suctioned by a blower. The momentum of each flow was regulated 

using an inverter and a valve. 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 in the z-axis. The length C and offset distance S of the 

flat sidewalls in the test section were variable parameters. 

 

 
 

Fig. 1. Schematic of the experimental apparatus 
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Fig. 2 shows a magnified view of the slot section. The slot widths of the primary and secondary jets are h1 = 1.0 × 

10-2 m and h2 = 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 and secondary flows near a cylindrical Coanda surface with radius 

R = 1.5 × 10-2 m. In this study, the flow velocity measured at the center of the slot width and span was defined as the 

primary flow velocity U1. U1 = 10.0 m/s was constant, and in the presence of a secondary flow, U2 = 3.16 m/s was 

tested with a momentum ratio M2 / M1 = 0.02. The primary jet flow velocity was set 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 velocity 

setting of the secondary flow was subject to fluctuations owing to the mutual interference caused by the simultaneous 

suction of the primary jet and secondary flow. Therefore, a Venturi tube was installed between the secondary slot and 

the blower. Moreover, the differential pressure was measured with a manometer to determine the flow velocity at the 

slot outlet by measuring the flow rate in real time while the primary jet was blowing. The differential pressure 

manometer had a measurement range of 0 to 200.0 Pa and an accuracy of ± 0.25FS % ±1 dig. The I probe was placed 

parallel to the y- and z-axes when measuring the x-directional component of the jet and the overall velocity |v| = 

√𝑢2  +  𝑣2, respectively. 

 

The Reynolds number Re, which was based on the primary jet velocity U1 and slot width h1, was Re = 6.7 × 103. The 

maximum time resolution of the hot-wire anemometer was 20 kHz however was measured at 10 kHz. Although the 

flow focused on in this experiment was turbulent, the temporal resolution of the measurement device was sufficient 

because only time-averaged values were used. In the visualization observation experiment, the smoke generated by 

the smoke generator was fed from the blower inlet to the primary flow. The phenomena were captured using a 480-

fps digital camera (SONY VLOGCAM ZV-1) with an exposure time of 1 / 50 s, employing a PIV laser as the light 

source.  

 

3. Results and Discussion 

 

Figs. 3-6 show the flow visualization observations obtained under the conditions of R = 1.5 × 10-2 m, h1 = 1.0 × 10-2 

m, h2 = 2.0 × 10-3 m, and U1 = 10.0 m/s. Fig. 3 shows the flow patterns without flat sidewalls, with (a) showing the 

case of a single primary jet (no secondary flow) and (b) depicting an example of jet direction control by a secondary 

suction flow (M2 / M1 = 0.02). In (a), the flow field is generally symmetrical about the x-axis; therefore, the jet moves 

straight ahead. By contrast, in (b), the primary jet flows along the Coanda surface due to the negative pressure created 

by the secondary suction flow. The jet is deflected, which is consistent with the results of previous studies [2-7, 13-

16]. 

 

 
 

Fig. 2. Geometric shape of the slot 
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Fig. 4 shows an example of a typical flow pattern in the presence of a flat sidewall (c = 4.0 × 10-2 m, s = 2.0 × 10-2 

m) near the slot. As shown in the previous figure, (a) and (b) show a single primary jet and an example of jet direction 

control (M2 / M1 = 0.02) by a secondary suction flow, respectively. In (a), the primary jet is deflected toward the flat 

sidewall of the plate due to the Coanda effect, whereas in (b), the secondary suction flow deflects the primary jet 

toward the opposite direction to the plane wall, even when a plane wall is present. 

 

Fig. 5 (a) and (b) show the flow visualization observations highlighting the effect of the plane wall length on the flow 

pattern under the same offset ratio (S = 2.0 × 10-2) as that in Fig. 4. Fig. 5 (a) shows an example with short sidewalls 

(C = 2.0) and (b) shows an example with long sidewalls (C = 20.0). In (a), the phenomena were photographed with 

an exposure time of 1/50 s, because the flow is essentially steady; while in (b), the flow pattern was photographed 

with an exposure time of 1 s, because unsteady phenomena are observed. Fig. 5 shows the velocity distribution (u/U1) 

in the x-direction measured by the hot-wire anemometer. To clarify the jet deflection characteristics, the jet centers 

(the location of the maximum jet velocity) are as indicated by the red circles, and the time-averaged trajectory of the 

jet center are shown. However, since the flow direction cannot be determined by the hot-wire anemometer, the 

position of the maximum jet velocity near the slot cannot be regarded as the jet center in case (b). This reflects the 

complex behavior, and therefore, based on comprehensive judgment based on the photographs and movie obtained 

from the preliminary experiment, the position of the second peak occurrence in the x-directional velocity distribution 

are plotted as the position of the second peak in the x-directional velocity distribution, as indicated by the yellow 

circles. Here, it is assumed that this position is the time-averaged jet center. Under condition (a), the primary jet 

immediately flows along the cylinder surface due to the Coanda effect after slot exit, and is deflected to a higher 

degree to the opposite side of the plane wall without significant influence from the flat plate wall. By contrast, under 

the condition (b), the jet flows along the cylinder surface immediately after the slot due to the Coanda effect; however, 

it is pulled back downstream to the plane wall side. In condition (b), the jet is pulled back toward the plane wall 

immediately after the slot due to the Coanda effect, resulting in the smaller degree of jet deflection. 

 

Fig. 6 shows examples of the observed behaviors for different offset ratios. The length of the flat sidewall is C = 1.2 

× 10-1 m. In (a), the offset ratio of the flat sidewall is relatively small (S = 2.0 × 10-2 m), whereas in (b), the offset 

distance of the flat sidewall is relatively large (S = 6.0 × 10-1 m). Similar to Fig. 5, both jets are deflected toward the 

opposite side of plane wall immediately after slot exit. However, in (a), the entrainment flow is limited owing to the 

presence of the flat sidewall. Conversely, in case (b), the flat sidewall is far from the slot, and significant deflection 

toward the opposite side of plane wall is observed. This indicates that sufficient entrainment flow is supplied to the 

jet flow due to the reduced flat sidewall effect. 

 

  

(a) Conditions with primary jet only (b) Conditions with secondary suction flow applied 

 (U2 ＝3.16 m/s, M2 / M1 ＝ 0.02) 

 

Fig. 3.  Examples of the visualization observation of a typical flow pattern in the absence of flat sidewalls 

( h1 = 1.0 × 10-2 m, h2 = 2.0 × 10-3 m,  U1 = 10.0 m/s ) 
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(a) Conditions with primary jet only (b) Conditions with secondary suction flow applied 

 (U2 ＝3.16 m/s, M2 / M1 ＝ 0.02 ) 

 

Fig. 4.  Examples of the visualization observation of a typical flow pattern in the presence of flat sidewalls 

( h1 = 1.0 × 10-2 m, h2 = 2.0 × 10-3 m,  U1 = 10.0 m/s,  

c = 4.0 × 10-2 m, C = 4.0, s = 2.0 × 10-2 m, S = 2.0 ) 

 

  

(a) Conditions with small flat sidewall length 

( c = 2.0 × 10-2 m, C = 2.0 ) 

(b) Conditions with large flat sidewall length 

( c = 2.0 × 10-1 m, C = 20.0, Exposure time 1 s ) 

 

Fig. 5. Examples of the visualization observation showing the effect of relative flat sidewall length  

on jet deflection characteristics 

( h1 = 1.0 × 10-2 m, h2 = 2.0 × 10-3 m, U1 = 10.0 m/s,  

U2 ＝3.16 m/s, M2 / M1 ＝ 0.02, s = 2.0 × 10-2 m, S = 2.0 ) 
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(a) Conditions with small offset distance 

( s = 2.0 × 10-2 m, S = 2.0 ) 

(b)  Conditions with large offset distance 

( s = 6.0 × 10-2 m, S = 6.0 ) 

 

Fig. 6. Examples of the visualization observation showing the effect of offset ratio  

on jet deflection characteristics 

( h1 = 1.0 × 10-2 m, h2 = 2.0 × 10-3 m,  U1 = 10.0 m/s,  

U2 ＝3.16 m/s, M2 / M1 ＝ 0.02, c = 1.2 × 10-1 m, C = 12.0 ) 

 

4. Conclusion 

 

In this study, the effects of the relative length of the flat sidewalls and offset ratio on the deflection characteristics of 

the jet flow were clarified under the condition that the momentum ratio of the primary jet to that of the secondary 

flow is constant. Under conditions where a flat sidewall exists near the slot, the jet is attracted toward the sidewall 

when no secondary flow is used. By contrast, the secondary suction flow deflects the jet toward the opposite side of 

the plane wall, and the flow characteristics of the primary jet depend on the momentum of the secondary flow, relative 

length of the plane wall, and offset ratio. Furthermore, it was found that when the relative length of the flat sidewall 

is large, the jet is deflected toward the opposite side of the plane wall along the Coanda surface immediately. Then, 

the jet flow is pulled toward the flat sidewall again. 
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Nomenclature 

 

c : Length of the plane side wall [m] 

C : Nondimensional length of the plane side wall (=c/h1) 

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

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

i : 1 for primary jet or 2 for secondary flow 

Mi : Momentum of the primary or secondary flow at the slot exit (= ρUi 2hi) [N] 

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

Re : Reynolds number (= U1h1/ν = 6.7×103) [-] 

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

s : Distance from the primary slot to the plane side wall [m] 

S : Offset ratio (=s/h1) 

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

Ui : Velocity of the primary or secondary flow at the slot exit [m/s] 
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Umax : Maximum velocity of the 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 axis 

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

θ : Clockwise angle from the x-axis [deg] 

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

ρ : Fluid density [kg/m3] (=1.5×10-5) [m2/s] 

   

Subscripts 

1 : Primary jet 

2 : Secondary flow 
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