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Abstract

:

Thrust, propulsion, vector control of supersonic jets has been applied to jet and rocket engines, ejectors, and other many devices. In general, there are two approaches to this type of control, namely mechanical moving systems and fluidic thrust vector control systems without moving parts, with mechanical moving systems being the most common. However, generally speaking, these systems are very complicated, and more simple methods and devices are desired. In this study, an extremely simple method for the thrust vector control of a supersonic jet by a fluidic Coanda nozzle (FC-nozzle) using the entrainment of the surrounding fluid and Coanda effect is newly proposed. The FC-nozzle consists of a pipe nozzle (Pi-nozzle), spacer, and linearly expanded Coanda nozzle (Co-nozzle) with eight suction pipes (Su-pipes) installed to surround the jet from the Pi-nozzle. The jet from the Pi-nozzle flows straight with the entrainment flow of the surrounding fluid. When some Su-pipes are closed, the pressure between the jet and Co-nozzle wall decreases, and subsequently, the jet deflects to the closed side of the Su-pipe and reattaches to the wall by the Coanda effect. The flow characteristics and deflection characteristics of the supersonic jet from the FC-nozzle are examined by the visualized flow pattern using the Schlieren method and measurements of the velocity distribution. As a result, it is shown that by changing the number of Su-pipes and the locations at which they are closed, the deflection angle and circumferential position of the jet from the Pi-nozzle can be easily controlled.
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1. Introduction


Supersonic jets are widely used in the industrial field, in applications such as jet and rocket engines, ejectors, gas-atomization, and many other devices. There has been significant research on the flow characteristics of supersonic under-expanded jet flows (SSU-jets). Donaldson and Snedeker [1] and Kojima and Matsuoka [2] showed the flow structure of the SSU-Jet by measuring the pressure and velocity distributions, and Nourl and Whitelaw [3], Zapryaggaezet et al. [4], and Shakouchi et al. [5,6] (2019, 2020) investigated the flow characteristics of the SSU-Jet by visualizing its flow pattern with the Schlieren method and measuring the pressure and velocity distributions to show the applications of this device. Shadow et al. [7] investigated the spreading rate of the SSU-jet, and Gutmark et al. [8] studied the aeroacoustics of turbulent jets and noise reduction by the chevron nozzle.



The vector control of jet thrust through propulsion is an important research subject. Thrust vector control of the SSU-jet is mainly applied to the altitude control of aircrafts by a jet engine or rocket engine. There are two approaches in general, namely mechanical moving systems and fluidic thrust vector control systems without moving parts, with mechanical moving systems being the most common. Recent typical examples of such systems are the mechanical thrust vector control system of the jet engine in V/STOL aircrafts and rocket engines. However, this is a very complicated system, and simpler methods and devices are desired. Some fluidic systems without moving parts have been proposed. Deere [9] summarized the research on a fluidic thrust vectoring system without moving parts conducted at the NASA Langley Research Center and showed that the throat shifting method provides the most efficient thrust control of the fluidic thrust vectoring methods, but larger thrust vector angles can be obtained with the shock vector control method. Additionally, Páscoa et al. [10] reviewed studies on thrust-vectoring in support of a V/STOL non-moving mechanical propulsion system and introduced the idea that, generally speaking, there are three major systems based on mechanical approaches: the two main bulk streams of the Coanda nozzle and the fluidic control concepts. Fluidic vector thrust control systems with co-flow [11,12], counter-flow [13], a synthetic jet actuator [14,15], shock vector control [16], and sonic throat skewing [17] were introduced and explained. Allen and Smith [18] presented a jet vectoring technique with a novel spray method called Coanda-assisted spray manipulation. The primary jet flows through the center of a rounded collar. The control jet is parallel to the primary jet flow and is adjacent to the convex collar according to known Coanda effect principles and entraining and vectoring of the primary jet, resulting in controllable radial-peripheral directional spraying. However, further research on the thrust vector control of supersonic jets is required. Porhashem et al. [19] and Yan, et al. [20] investigated thrust control by fluidic injection and the flow field characteristics of the SSU-jet. Trancossi et al. [10,21,22,23,24] analyzed the use of the aerial Coanda high-efficiency orienting nozzle (ACHEON) for aircraft propulsion based on the dynamic equilibrium of two jet streams. Conventional fluidic vector control systems without moving parts also require seconday control jets.



In this paper, a new and simple method for the vector control of supersonic jets is proposed. This method involves a fluidic Coanda nozzle (FC-nozzle) and uses the entrainment of the surrounding fluid and the Coanda effect [6]. The FC-nozzle consists of a pipe nozzle (Pi-nozzle), spacer, and linearly expanded Coanda nozzle (Co-nozzle) with eight suction pipes (Su-pipes) installed to surround the jet from the Pi-nozzle. The jet from the Pi-nozzle flows straight with entrainment of the surrounding fluid. When some suction pipes are closed, the pressure between the jet and Co-nozzle wall decreases, and subsequently, the jet deflects to the closed side of the Su-pipe and attaches to the wall by the Coanda effect. The flow characteristics and deflection characteristics of the supersonic jet from the FC-nozzle were investigated by the visualized flow pattern using the Schlieren method and measurements of the velocity distribution. We show that by changing the number of Su-pipes and the locations at which they close, the deflection angle and circumferential position of the jet can be controlled. Furthermore, when there is no fluid to be entrained by the jet, that is, when the surroundings are in a vacuum state, the same type of control can be performed by blowing small amounts of fluid and air from the Su-pipe. This new fluidic thrust vector control system of the supersonic jet is extremely simple compared to other conventional methods that require control with additional devices, such as secondary jets.




2. Experimental Apparatus and Procedure


2.1. Schematics of the Fluidic Coanda Nozzle


Figure 1 shows a schematic diagram of the fluidic Coanda nozzle (FC-nozzle) with no moving parts. The FC-nozzle is an extremely simple system that consists of a pipe nozzle (Pi-nozzle), spacer, and linearly expanded Coanda nozzle (Co-nozzle) with eight suction pipes (Su-pipes) installed to surround the jet from the Pi-nozzle. The diameter of the Pi-nozzle is d0 = 4.0 mm, and the inlet diameter, length, and expansion angle of the Co-nozzle are dic = 5.0 mm, Lc/dis = 2.4, and α = 20°, respectively. On the circumference of the Co-nozzle, eight Su-pipes (n = 8) with diameters of dis = 2.4 mm are installed. The thickness of the spacer is 2.0 mm, and the inlet and outlet diameters are 4.0 and 4.7 mm, respectively. The origin of the coordinates is at the center of the Pi-nozzle exit, and the direction of jet flow is along the x axis. The directions perpendicular to it are the r and r’ axes, as shown in Figure 1.




2.2. Experimental Procedure


The compressed air from the air compressor is supplied to the Pi-nozzle after passing through a dryer and flow control valve, and supersonic jets are issued from the Pi-nozzle or FC-nozzle to the ambient air. A static pressure hole with a diameter of 0.8 mm is installed on the pipe wall connected to the upstream side of the Pi-nozzle, and the pressure there is used as the supply pressure, P0. The supplied pressure changes from P0 = 0.1 to 0.48 MPa. In the current study, most of the experiments were carried out at a supply pressure of P0 = 0.38 MPa, which is sufficient to obtain a supersonic jet. The flow pattern was visualized by the Schlieren method (KATO KOKEN, ss150, Japan) and the image was recorded. The total and static pressures in the flow field were measured with Pitot tubes, and the velocity distribution was obtained using their values, taking into account the effect of air compressibility. The outer and inner diameters of the total pressure tube were 1.0 mm and 0.8 mm, respectively, and the diameter and hole diameter of the static pressure tube were 1.0 mm and 0.6 mm, respectively.





3. Propulsion Vectoring Method


When all 8 Su-pipes are opened, the jet entrains the surrounding fluid from the Su-pipes and around the jet, and flows downstream along the nozzle axis, as shown in Figure 1a. On the other hand, when some Su-pipes are closed, the jet cannot entrain surrounding fluid from their sides, and subsequently, the pressure between the outer edge of the jet and the wall of the Co-nozzle decreases, and then, the jet deflects to the closed side of the Su-pipe by the Coanda effect, as shown in Figure 1b. Therefore, arbitrary circumferential vector control of the jet from the Pi-nozzle can be performed by changing the number of Su-pipes and the locations at which they are closed. If these Su-pipes are opened and closed using a solenoid valve and a computer control system, dynamic thrust vector control becomes possible.



There does not necessarily have to be eight Su-pipes. All that is necessary is to block part of the circumference of the jet from the Pi-nozzle.




4. Results and Discussion


First, the flow characteristics of under-expanded supersonic jet from the Pi-nozzle are investigated using the visualized flow pattern and measurements of the velocity distribution.



4.1. Jet Flow from the Pi-Nozzle


4.1.1. Visualized Flow Pattern


The visualized flow pattern of the under-expanded supersonic jet from the pipe nozzle (Pi-nozzle) (Figure 1) produced by the Schlieren method is shown in Figure 2. The supplied pressure is P0 = 0.38 MPa. The black and white colored areas in the jet are compression and expansion regions, respectively, and white colored x shaped pseudo-shock waves can be seen in the shock cell. The dotted lines in the figure indicate the approximate jet boundary derived from the measurements of the cross sectional velocity distributions at x/d0 = 2.1, 4.2, 5.4, 8.3. The jet boundary is at the position of r at u/uc = 0.1. The jet expands at the nozzle exit and the jet width increases almost linearly in the range of x/d0 > 3.0.




4.1.2. Jet Centerline Velocity Distribution


The jet centerline velocity uc is indicated by a circle in Figure 5 shown later. This was obtained from the measurements of the total and static pressure distributions. The jet repeatedly expands and compresses and reaches the maximum value at x/d0 = 5.8. In the downstream area of x/d0 > 12.5, uc decay occurs slowly.





4.2. Jet Flow from the FC-Nozzle


Next, the flow characteristics and vector control of the jet issued from the FC-nozzle with the Co-nozzle were investigated using the visualized flow pattern and measurements of the velocity distribution.



4.2.1. Visualized Flow Pattern


Figure 3a shows the visualized flow pattern of the FC-jet issued from the FC-nozzle when all the Su-pipes are opened, 0-close. The supplied pressure is P0 = 0.38 MPa. The jet flows straight to the downstream entraining the surrounding fluid from the Su-pipes and around the jet (Figure 1a). The shock waves can be seen in the jet, and the white and black colored areas from the nozzle exit represent the expansion and compression shock waves, respectively. However, the FC-jet with 0-close decays faster than the Pi-jet shown in Figure 2, because the entrainment of surrounding fluid is suppressed by the Co-nozzle.



Figure 3d shows the case in which Su-pipes ①–③ and ⑥–⑧ are closed (6-closed). The entrainment from those Su-pipes is prevented, and the pressure between the outer edge of the jet from the Pi-nozzle and the wall of the Co-nozzle decreases. Consequently, the jet deflects and reattaches to the wall of the Co-nozzle by the Coanda effect. The deflection angle is β = 10°, which is the same as the opening angle of the Co-nozzle.



Figure 3b,c show the 2- and 4-closed cases, respectively. Figure 3e shows the 8-closed case, where the jet flows straight to the downstream area; however, since the jet cannot entrain the surrounding fluid from the Su-pipe and the flow resistance of the nozzle increases, the jet velocity is slower than those of the others.




4.2.2. Deflection Angle, β


Figure 4 shows the deflection angle, β, and the number of closed Su-pipes, nc. β increases as nc increases and has a maximum value of β = 10° at nc = 6. In the figure, the results for the greater supply pressure, P0 = 0.46 MPa, are also shown for reference, and both values are approximately the same. By changing the number of Su-pipes and the locations at which the Su-pipes close, the deflection angle and circumferential position of the jet can be controlled.




4.2.3. Practical Operation


In practical applications, it is conceivable to use a computer-controlled solenoid valve to change the number of Su-pipes and the locations at which they close.





4.3. Velocity Distribution


In order to clarify the flow characteristics of the straight and deflected jets, the jet center line and cross-sectional velocity distributions were measured.



4.3.1. Jet Centerline Velocity Distribution


Figure 5 shows the centerline velocity distribution of the jets uc at P0 = 0.38 MPa. The velocity was obtained by measurements of the total and static pressure distributions with consideration of the compressibility of the fluid, air. In Figure 5, the position of the nozzle exit of the FC-nozzle is x/d0 = 3.5 (the distance in the x-direction from the exit of the FC-nozzle: s/d0 = 0.0). The Pi-jet flows downstream with a large fluctuation of uc, corresponding to the expansion and compression shock waves of the flow, and uc decreases monotonously in the region of x/d0 > 11. In the 0-closed case, uc is smaller than in the Pi-jet due to the large flow resistance of the Co-nozzle. Moreover, as the number of closed Su-pipes increases, the entrainment of the surrounding fluid from the Su-pipe decreases. The uc of the 8-closed condition decreases monotonously, and it approximately equals that of the 6-closed case in the region of x/d0 > 8.
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Figure 5. Jet centerline velocity distribution, uc (0-, 6-, 8-closed jets and Pi-jet, P0 = 0.380 MPa): The uc of the 0-closed nozzle is smaller than that of the Pi-jet owing to the large flow resistance of the Co-nozzle. 






Figure 5. Jet centerline velocity distribution, uc (0-, 6-, 8-closed jets and Pi-jet, P0 = 0.380 MPa): The uc of the 0-closed nozzle is smaller than that of the Pi-jet owing to the large flow resistance of the Co-nozzle.
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4.3.2. Cross-Sectional Pressure and Velocity Distributions


	1.

	
Total Pressure Distribution







Figure 6a shows the total pressure distributions, Pt /P0, in the cross-section at x/d0 = 4.2 (s/d0 = 0.7) for the 0-closed condition as an example. The jet of the 0-closed case flow straight to the downstream area, and the profile is axisymmetric and dented at the center. In comparison, the 6-closed case has a small maximum total pressure because of the large flow resistance of the Co-nozzle and the asymmetric profile.



Figure 6b,c are the results at x/d0 = 5.4, 8.3, respectively. The profile at x/d0 = 8.3 for the 0-closed case is axisymmetric, and the maximum value is approximately twice that of the 6-closed case.



	2.

	
Static Pressure Distribution







Figure 7a shows the static pressure distribution, Ps/P0, in the cross section at x/d0 = 5.4 (s/d0 = 1.9) for the 0-closed case. The profile is dented at the center by the expansion shock wave [2].



Figure 7b shows the results for the 6-closed case and Figure 7c is a three-dimensional drawing of Figure 7b. The profile is asymmetric, because the jet deflects and reattaches to the wall of the Co-nozzle, and consequently, the shape of the jet deforms. The jet reattaches to the wall of the Co-nozzle at the +r’-axis side and entrains the surrounding fluid from the –r’-axis side because of negative pressure.



	3.

	
Sectional Velocity Distribution







Figure 8 shows the velocity distribution obtained with the total and static pressure measurements under the consideration of the compressibility of the fluid in the cross-section at x/d0 = 5.4. The velocity profile of the 6–closed case is smaller than that of the 0-closed case because of a larger flow resistance of the Co-nozzle.



Figure 9 shows the velocity distribution in the cross section at x/d0 = 4.2, 5.4, and 8.3 for the 0-, 6-, and 8-closed cases. In Figure 9a, the results for the Pi-jet are also shown for reference. The velocity was obtained by taking the static pressure, Ps, as the ambient pressure, i.e., the atmospheric pressure, Pa. The velocity distribution of the 0-closed case at x/d0 = 5.4 and the results shown in Figure 8a are approximately the same, because the static pressure is much smaller than the total pressure, as shown in Figure 6 and Figure 7. In this case, it seems that the velocity may be obtained by using Ps as Pa.



The maximum velocity of the 0-closed case is approximately equal to that of the Pi-jet and larger than that of the 8-closed case, because the flow resistance of the Co-nozzle for the 8-closed case is greater than those of the others.



The flow characteristics of the straight and deflected flows were made clear by the velocity measurements.




4.3.3. Thrust, Approximate Estimation


The deflected jet has an asymmetric velocity profile, as shown in Figure 9b. The thrust, F, of the jet was calculated by the following equation under the assumption that the cross-section of the jet is approximately circular. At this time, the mean values of the x-r and x-r’ planes were taken for the asymmetric velocity distribution. The density, ρ, was estimated approximately using the equation of the state of gas.


  F   =     ∫  0 ∞  ρ  u 2  2 π r d r   +      P e    −    P a       A e   



(1)







Figure 10 shows the thrust, F, of the FC-jet calculated at x/d0 = 5.4 (s/d0 = 1.9) for P0 = 0.38 MPa. The F of the 6-closed case is smaller than that of the 0-closed case because the entrainment from the surroundings of the 6-closed case is restricted. On the other hand, the F of the 8-closed case is larger than that of the 0-closed case, and this seems to be due to the jet approaching proper expansion. The differences in the F value when the static pressure is atmospheric pressure, and when the measurements were used, the value was ± 6 % for the 0- and 8-closed cases and ±29% for the 6-closed case, respectively. The large difference for the 6-closed case is probably due to the deformation and asymmetry of the jet’s shape. We showed that by changing the number of the Su-pipes and the locations at which they close, the deflection angle and circumferential position of the jet can be controlled, and consequently, the thrust of the supersonic jet can be controlled by a new simple fluidic vector control system.




4.3.4. Thrust Vectoring by Sub Jets


When there is no fluid to be entrained by the jet, that is, when the surrounding area is in a vacuum state, the same control can be performed by blowing a small amount of fluid from the Su-pipe.



Using the same nozzle, the FC-nozzle, to blow sub-jets from the two Su-pipes (2-blow) at a small portion of the total flow rate of Qc = 10 [L/min], the jet supplied with P0 = 0.38 MPa is deflected, similar to the result shown in Figure 3d, at an angle of β = 10° to the side that does not blow out, because the pressure on the blowing side increases. Qc = 10 [L/min] is about 1.8% of the main jet flow estimated under the standard state.



Figure 11 shows the visualized flow pattern, and the number of Su-pipes blowing is nb = 2 from ④ and ⑤ in Figure 3 with all remaining Su-pipes are closed.



	1.

	
Effect of the Blowing Flow Rate Qc on the Deflection Angle β Figure 12 shows the relationship between β and Qc when air is blown from Su-pipes 2, 4, and 6. β increases as Qc increases, and β also increases as the number of blowing nozzles, nb, decreases, because by increasing nb, the blowing flow rate per Su-pipe decreases. The deflection angle has a maximum value of β = 10° at nb = 2 and Qc = 8 [L/min].







	2.

	
Effect of the Number of Blowing Nozzles, nb, on the Deflection Angle β







Figure 13 indicates the relation between β and nb. The deflection angle has a maximum value of β = 10° at nb = 2, and in the 4−, 6−, and 8−blow cases, the deflected angles are 6°, 4°, and 0°, respectively.



It is considered that the deflection angle β can be increased by increasing the opening angle α of the FC-nozzle. However, investigation of the characteristics of the shape of the FC-nozzle, such as the optimal length and α, is a subject for further study.






5. Conclusions


In this paper, thrust vector control of the supersonic under-expanded jet by a non-moving system was examined, and a new and simple vector control method for supersonic jets was proposed. The method uses a fluidic Coanda nozzle (FC-nozzle) entrain the surrounding fluid and the Coanda effect. The FC-nozzle consists of a pipe nozzle (Pi-nozzle), spacer, and linearly expanded Coanda nozzle (Co-nozzle) with eight suction pipes (Su-pipes). The jet from the Pi-nozzle flows straight with entrainment of the surrounding fluid from the Su-pipes and around the jet. When some Su-pipes are closed, the pressure between the jet and Co-nozzle wall decreases, and subsequently, the jet deflects to the closed side of the Su-pipe and attaches to the wall of the Co-nozzle by the Coanda effect. The flow characteristics and deflection characteristics of the supersonic jet issued from the FC-nozzle were assessed by the visualized flow pattern using the Schlieren method and measurements of the velocity distribution.



	(1)

	
By changing the number of the Su-pipes and the locations at which the Su-pipes close, the deflection angle and circumferential position of the jet can be controlled. That is, vector control of the thrust of the supersonic jet can be performed with this new and simple method and apparatus.




	(2)

	
This new fluidic thrust vector control method for supersonic jets is extremely simple compared to other conventional methods that require control with additional devices, such as secondary jets.




	(3)

	
In practical applications, it is conceivable that a computer-controlled solenoid valve could be used to change the number of Su-pipes and the locations at which they close.




	(4)

	
When there is no fluid to be entrained by the jet, that is, when the surroundings are in a vacuum state, the same type of control can be gained by blowing a small amountof fluid from the Su-pipe.







The effects of the expansion angle and length of the Co-nozzle on jet deflection are issues for further study.
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Nomenclature




	
Ae

	
exit area of the Pi-nozzle




	
dic

	
diameter of the Su-pipe




	
dis

	
inlet diameter of the Co-nozzle




	
d0

	
diameter of the Pi-nozzle




	
F

	
thrust




	
Lc

	
length of the Co-nozzle




	
n

	
number of Su-pipes




	
nb

	
number of blowing Su-pipes




	
nc

	
number of closing Su-pipes




	
Pa

	
ambient pressure (atmospheric pressure)




	
Pe

	
exit pressure of the Pi-nozzle




	
Ps

	
static pressure




	
Pt

	
total pressure




	
P0

	
supply pressure




	
Qc

	
total blowing flow rate




	
r, r’

	
perpendicular directions of the x-axis, respectively (Figure 1)




	
s

	
distance in the x-direction from the exit of the FC-nozzle




	
u

	
velocity in the x direction




	
uc

	
jet centerline velocity




	
x

	
direction of jet flow (Figure 1)




	
α

	
expansion angle of Co-nozzle




	
β

	
jet deflection angle




	
ρ

	
density of fluid (air)




	
Abbreviations




	
Co-nozzle

	
Coanda nozzle




	
FC-nozzle

	
fluidic Coanda nozzle




	
Pi-nozzle

	
pipe nozzle




	
SSU-jet

	
supersonic under-expanded jet flow




	
Su-pipe

	
suction pipe
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Figure 1. FC-nozzle (Fluidic thrust vector control of the Pi-jet by the FC-nozzle with 8 SU-pipes): When all Su-pipes are opened, the jet flows downstream along the nozzle axis, as shown in (a). When some Su-pipes are closed, the pressure between the outer edge of the jet and the wall of the Co-nozzle decreases and then the jet deflects to the closed side of Su-pipe by the Coanda effect as shown in (b). 






Figure 1. FC-nozzle (Fluidic thrust vector control of the Pi-jet by the FC-nozzle with 8 SU-pipes): When all Su-pipes are opened, the jet flows downstream along the nozzle axis, as shown in (a). When some Su-pipes are closed, the pressure between the outer edge of the jet and the wall of the Co-nozzle decreases and then the jet deflects to the closed side of Su-pipe by the Coanda effect as shown in (b).
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Figure 2. Visualized flow pattern of the under-expanded supersonic jet issued from the Pi-nozzle produced by the Schlieren method, P0 = 0.380 MPa: The dotted lines indicate the approximate jet boundary with the position of r at u/uc = 0.1. 
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Figure 3. Visualized flow pattern of the jet issued from the FC-nozzle by Schlieren method, P0 = 0.38 MPa (Effect of suction flow): The deflection angle of the jet was measured using visualized flow pattern. 
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Figure 4. Deflection angle, β (P0 = 0.38, 0.48 MPa): The deflection angle has a maximum value of β = 10° at nc = 6. 
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Figure 6. Total pressure distribution, P/P0, in the cross section (0−, 6−closed jets, P0 = 0.380 MPa). 
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Figure 7. Static pressure distribution, Ps /P0, in the cross section at x/d0 = 5.4 (P0 = 0.38 MPa): The jet reattaches to the wall of the Co-nozzle at the +r’−axis side and entrains the surrounding fluid from the –r’-axis side of the negative pressure. 
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Figure 8. Cross sectional velocity distribution at x/d0 = 5.4 (P0 = 0.38 MPa): The velocity profile of the 6−closed nozzle is asymmetric because the jet deflects and reattaches to the side wall of the Co-nozzle. 
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Figure 9. Cross sectional velocity distribution at x/d0 = 4.2, 5.4, 8.3 (P0 = 0.38 MPa, Ps = Pa): The maximum velocity of the 0−closed case is approximately equal to that of the Pi-jet and is larger than that of the 8−closed case. 
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Figure 10. Thrust, F, of the supersonic jet from the FC-nozzle: The thrust of the 8-closed case is greater than that of the 0-closed case, and this seems to be due to the jet approaching proper expansion. 
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Figure 11. Deflection angle, β, of the 2-blow condition (P0 = 0.38 MPa, Qc = 10 [L/min]). 
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Figure 12. Deflection angle, β and blowing flow rate, Qc (P0 = 0.38 MPa): The deflection angle increases as Qc increases, and β also increases as the number of blowing nozzle nb decreases. 
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Figure 13. Deflection angle, β, and the number of Su-pipes blowing, nb (P0 = 0.38 MPa, Qc = 10 [L/min]): The deflection angle has a maximum value of β = 10° at n = 2. 
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