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Summary. The fluidic thrust vectoring method uses a curved surface and secondary flow to 

enhance the Coanda effect near the surface. This approach does not require mechanical parts, 

resulting in a lighter, simpler system with reduced maintenance and repair costs. In the present 

study, the outflow of a plasma torch controlled by the fluidic thrust vectoring method has been 

investigated. Numerical simulations were conducted over a 6-second flow period for operating 

conditions of 50 SLPM flow rate and 500 A electrical current. The fluidic thrust vectoring 

method was examined for three Coanda surfaces radius, three secondary flow heights, and three 

gaps between the secondary and primary jets. A 3D numerical simulation of the plasma torch 

was performed, obtaining velocity, temperature, and other properties at the torch outlet, which 

were then used as inputs for the final geometry. A two-dimensional solution was carried out to 

investigate the effects of the Coanda surface and secondary flow on the deflection of the plasma 

jet. The results demonstrate that increasing the mass flow ratio without considering the 

geometry leads to an increase in the thrust vector angle, which is also dependent on geometry. 

Changes in the dimensions can cause either a decrease or increase in the dead zone, thereby 

delaying the positive jet deflection angle. 
 

1 INTRODUCTION 

Thrust vectoring (TV) is a method commonly used in aerospace vehicles to alter and control 

the direction of thrust trajectory [1,2]. Thrust vectoring techniques comprise the fluidic thrust 

vectoring (FTV) and mechanical thrust vectoring (MTV) which are two distinct approaches for 

controlling the attitude and trajectory of aerospace vehicles. Mechanical thrust vectoring 

involves mechanical components to deflect the direction of the flow of the exhaust gases. The 

fluid-based thrust vectoring is a more recent method and has advantages over the mechanical-

based thrust vectoring such as simplicity and lower weight [3]. FTV employs secondary jets to 

manipulate the primary exhaust flow and uses the injection of a tangential flow (co-flow thrust) 

to control the main jet direction. This allows to perform the flow trajectory control without 
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using mechanical components which reduced the weight and momentum losses of the system 

[4]. For achieve this, co-flow thrust vectoring control uses the Coanda effect at the nozzle exit 

to efficiently deflect and vectorize the outlet jet. When a fluid flow moves near a curved surface, 

the kinetic movement of the flow creates a pressure gradient near the wall which, in turn, leads 

the fluid to attach to the surface naturally. This phenomenon was firstly revealed by Henri 

Coanda and, due to that, is commonly designated as Coanda effect [4,5]. For improving the 

knowledge about the Coanda effect, Newman [6] conducted basic experimental investigations 

on jets deflection around a circular cylinder. His study indicated that the Coanda phenomenon 

is a direct consequence of the balance of centrifugal force and radial pressure produced by the 

interaction of the fluid and the curved wall surface [7,8]. Several experimental and 

computational investigations were conducted in order to study the Coanda effect generated in 

flows around cylinders or curved walls with different radius, at different Reynolds numbers and 

different slot widths [9–12]. These works demonstrated that to change the angle of deviation 

(or separation), the momentum of the main flow should be reduced or the radius of the Coanda 

surface should be changed. Juvet proposed a configuration for controlling high Reynolds 

number round jets with a secondary flow between the main jet and the Coanda surface. He 

carried out tests for various momentum ratios with constant slot width and Coanda surface 

radius. They concluded that for momentum ratios between 0- 0.1 Coanda surfaces have a low 

effect on the primary jet but by increasing the momentum ratios above 0.1 the primary jet could 

be effectively vectored [13]. Mason & Crowther [14] explained that there are three important 

zones of control response in fluidic thrust vectoring. At low momentum flow ratios, the jet is 

vectored in reverse direction and these zones are called the dead zones. By increasing the 

momentum flow ratio, the vectoring angle is increased and can be controlled in the desirable 

direction. This second zone of operation is designated as active zone. The third and last zone is 

called the saturation zone, since in this zone the vector angles will no longer increase with the 

increase of the momentum ratio. Banazadeh et al. [15] studied the deflection of the exhaust jet 

on a small gas turbine by implementing the co-flow method. The maximum deflection angle 

obtained was 23 degrees for a 57 mm Coanda surface radius and 1.4 mm secondary flow slot 

height. In addition, they concluded that by increasing the secondary flow rates, the jet deflection 

angle increases as well. Al-Asady and Abdullah [16] carried out an experimental and numerical 

investigation on various mass flow ratios, secondary flow heights, and Coanda surface 

diameters for a 3D rectangular duct. The results showed that increasing the secondary mass 

flow ratio led to an increase in the jet deflection angle, but the secondary gap height showed an 

inverse relation with the jet deflection angle. Both the experimental and computational results 

corroborated this trend. Mason and Crowther [17] also performed experiments using co-flow 

TVC method but, in their study, they focused on swept and non-swept nozzles at different low 

Mach numbers. They verified that the swept nozzle presented a more linear influence over a 

range of blowing ratios, while the non-swept nozzle showed a non-linear control region. They 

concluded that swept nozzles have better effectiveness and efficiency than non-swept nozzles. 

Ahmad et al. [18] presented numerical and experimental results related to a co-flow method 

fluidic thrust vectoring concept. They studied different ratios of Coanda surface radius (R) and 

secondary slot height (h), at constant primary flow height, for different mass ratios of secondary 

to primary jets. The results indicated that as the ratio R/h increases, the angle of primary jet 

deflection becomes steeper, and the response speed of the vectored jet gets quicker. The 

experimental results were compared with the predictions of numerical analyses and 
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demonstrated a good agreement. Fig. 1 shows a schematic of the co-flow fluidic thrust vectoring 

system and identifies the main geometrical parameters that, according with the literature stated 

above, have higher influence in the effectiveness of the outlet jet vectorization. As represented 

in Figure 1, the main geometrical parameters are the Coanda surface ratio (R), the secondary 

flow height (h), the primary flow hydraulic diameter (D) and the gap between the primary and 

secondary flow (g). 

 

Figure 1: Schematic of the co-flow FTV system. 

During the recent years plasma technologies have gained an increased interest for different 

types of applications [19–22]. Plasma technologies are commonly divided in two distinct 

groups: thermal plasmas and non-thermal plasmas [23–25]. Thermal plasmas are nearly fully 

ionized, achieve temperatures extremely larger than non-thermal plasmas and the electrons, 

ions, and neutral particles are in thermal equilibrium. On the other hand, non-thermal plasmas 

are only partly ionized and present a significant temperature difference between the electrons 

and the heavy particles [26–28]. Non-transferred arc plasma torches (thermal plasma) are 

technologies that use plasma as a heat source for plasma spray coating, chemical and powder 

synthesis, and toxic waste treatment [29]. In these technologies, plasma jets are used as directed 

sources since they present very high energy and momentum. A conventional plasma torch 

consists of a nozzle that acts as an anode and a cathode that is located coaxially with of the 

anode. Plasma torches can also be used in space applications, where light, small, and efficient 

propellants are needed [30]. In this case, DC or AC arc discharge in the nozzle exiting area can 

be used for obtaining momentum and induce a flow velocity usually higher than with chemical 

thrusters. Thermal energy is converted into kinetic energy when expanding through a nozzle 

like other conventional systems. Although this working principle is very similar to chemical 

thrusters, higher velocities can be achieved due to the independence of the content of the 

propellant energy source. Plasma jet can produce almost twice as much thrust as chemical 

thrusters and by that they allow to reduce weight, which is very important in space applications 

[31]. However, the control of the plasma jet direction is very challenging since, due to high 

temperature of thermal plasma, if the jet hits the nozzle walls, it will lead to fast degradation 

and erosion of the it. 

Considering the potential of fluidic thrust vectoring control methods to manipulate flows, 
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the purpose of this research is to implement the control method to deflect the plasma jet using 

a secondary flow. By using a secondary co-flow along with outlet Coanda surfaces, the plasma 

jet can be vectorized and controlled and, in simultaneous, the secondary flow avoids the direct 

contact between the plasma and the nozzle walls, increasing the durability and reliability of the 

device. Initially, tridimensional and transient simulations of the plasma torch Will be 

performed. These initial simulations will allow to obtain the properties as velocity and 

temperature which will used as boundary conditions for the simulations of the co-flow control 

over the plasma jet. Thus, in the second part of the study, the outlet flow control of a plasma 

torch under the influence of the Coanda effect will be investigated. The influence of geometrical 

and flow variables will be studied, which include the radius of the Coanda surface, the height 

of the secondary flow, the gap between the secondary and the main flow and the mass flow rate 

ratio between the two flows. 

 

2 MODEL DESCRIPTION 

The main purpose of this study is to investigate the outlet flow of a plasma torch under the 

influence of the Coanda effect. In this study, the geometry includes a main flow that exits from 

the plasma torch, the Coanda plane is concentric with the torch and the secondary flow enters 

from the upper side of the main flow. The diameter of the plasma torch outlet (D) is 8 mm while 

the height of the secondary flow (h), the distance between the main and secondary flow (g), and 

the collar radius (R) will be variable (Fig. 1). This system is designed to control the direction 

of the jet without using mechanical moving parts and by using a secondary flow control along 

with Coanda effect.  

2.1 Model Assumptions for plasma 

For the simulations the continuum assumption and the quasi-neutrality condition are 

considered, meaning that the plasma is assumed as a compressible perfect gas in local 

thermodynamic equilibrium (LTE). Gravitational effects and viscous dissipation are considered 

negligible, and the plasma is optically thin. In the plasma arc region, the induced electric field 

is negligible in comparison with the applied electric field intensity. Because of the lower electric 

conductivity near the cold boundary of the electrode, the vicinity of the anode (within a distance 

of 0.1 mm) is artificially considered as a medium with high electrical conductivity of 104 S/m. 

2.2 Governing Equations 

Based on the foregoing assumptions, the governing equations for the 3D time-dependent 

model for the arc plasma can be written as follows: 

Conservation of mass: 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌�⃗� ) = 0 

(1) 

Conservation of momentum: 

𝜌 (
𝜕�⃗� 

𝜕𝑡
+ �⃗� ∙ 𝛻�⃗� ) = −𝛻𝑃⃗⃗⃗⃗  ⃗ + 𝜇𝑒𝑓𝑓𝛻2 ∙ �⃗� + 𝑗 × �⃗�  

(2) 
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Conservation of energy: 

𝜌𝑐𝑝 (
𝜕𝑇

𝜕𝑡
+ �⃗� ∙ 𝛻𝑇) = 𝛻 ∙ (𝜅𝑒𝑓𝑓𝛻𝑇) +

𝐷𝑃

𝐷𝑡
+ 𝑗 ∙ �⃗� − 𝑆𝑟  

(3) 

Maxwell electromagnetism equations: 

∇ ∙ (𝜎∇𝜙) = 0 (4) 

�⃗� = −𝛻𝜙 (5) 

∇2
𝐴 = −𝜇o𝑗  (6) 

�⃗� = ∇× 𝐴  (7) 

Ohm’s law: 

𝑗 = 𝜎�⃗�  (8) 

 

where ρ is gas mass density, t the time, �⃗�  the velocity, 𝑗  the electric current density, �⃗�   the 

magnetic induction vector, P the gas pressure, μ the dynamic viscosity, Cp the specific heat at 

constant pressure, �⃗�  the electric field, 𝑆𝑟 the volumetric net radiation losses, k the gas thermal 

conductivity, σ the electric conductivity, ϕ the electric potential, 𝐴  the magnetic vector potential 

and μ0 the permeability of free space. The thermodynamic and transport properties of the plasma 

gas are taken from Murphy & Arundelli [32] and Colombo et al. [33] . 

2.3 Computational Domain and Boundary Conditions 

The geometry used in the current work for simulating the plasma torch is based on Huang et 

al. [34] shown in Fig. 2. The computational domain formed by the region inside the torch is 

limited by the cathode, the gas flow inlet, the anode, and the outlet as shown in Fig.2.  

 

Figure 2: Computational domain, mesh and boundary sides. 



M. Modanloujoubari, F. Dolati, M. Abdollahzadeh, H. Deylami, J. Páscoa and F. Rodrigues. 

 6 

The computational domain is meshed using 252,480 hexahedral cells. In this study, for gas 

flow calculations, the Standard k-ε model is employed. The governing equations are solved by 

FLUENT with the SIMPLE algorithm. As seen in Fig. 2, the boundary of the computational 

domain is divided into 4 different faces to allow the specification of boundary conditions. Table 

1 shows the boundary conditions used in the simulation. 

Table 1: Boundary conditions 

Boundary P(Pa) V T ϕ A 

Inlet 111325 50 SLPM 300 k 𝜕𝜙

𝜕𝜂
= 0 

𝜕𝐴

𝜕𝜂
= 0 

Cathode 𝜕𝑃

𝜕𝜂
= 0 

0 T(r) j(r) 𝜕𝐴

𝜕𝜂
= 0 

Anode 𝜕𝑃

𝜕𝜂
= 0 

0 qa 0 𝜕𝐴

𝜕𝜂
= 0 

Outlet 101325 𝜕𝑉

𝜕𝜂
= 0 

𝜕𝑇

𝜕𝜂
= 0 

𝜕𝜙

𝜕𝜂
= 0 

𝐴 = 0 

 

Where: 

𝑇(𝑟) = 300 + 3000 exp (− (
𝑟

𝑅𝑐

)
𝑛𝑐

) 
(9) 

𝑗(𝑟) = 𝑗𝑐𝑎𝑡ℎ0
𝑒𝑥𝑝 (− (

𝑟

𝑅𝑐

)
𝑛𝑐

)  
(10) 

 

After simulating the plasma torch, a second part of the work was performed for 

understanding the ability of using fluidic thrust vectoring method to control the plasma jet. The 

computational grid used for this second part of the study is presented in Figure 3. As can be 

seen, for ensuring the accuracy of the results without excessively increase the computational 

cost, the mesh was refined in the regions where larger gradients are expected.    

 
 

 

 
Figure 3: Computational grid (a) Full computational grid (b) mesh around the nozzle outlet and Coanda surface. 

A 
 

A 
 

a) b) 
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In this study, the influence of geometrical and flow variables on the outlet flow of a plasma 

torch was investigated. The geometrical variables include the radius of the Coanda surface, the 

height of the secondary flow, and the gap between the secondary and the main flow. The 

variation of the mass flow rate of the secondary flow was also considered for the analysis. To 

compare the results, the deviation angle has been computed as described in the following 

equation: 

𝜃 = 𝑡𝑎𝑛−1 (
𝐹𝑦

𝐹𝑥

) = tan−1 (
∑ �̇�𝑉𝑦
∑ �̇�𝑉𝑥

) 
(11) 

To determine the effect of the key parameters on plasma jet vectorization, numerical 

simulations were carried out. The study considered the application of about 6 different mass 

flow ratios between 0.0625-0.116, various Coanda surface radius ratios (1, 2 and 4), different 

secondary flow height ratio (0.125, 0.1875 and 0.25) and various gaps between the secondary 

and primary jet ratio (0.0625, 0.125 and 0.1875). 

3 SIMULATION RESULTS AND DISCUSSION 

3.1 Flow Fields Inside the Torch 

The current density distribution inside the plasma torch calculated by the LTE model is 

shown in Fig. 4(a). Fig. 4(b) shows electric potential distribution inside the plasma torch at 

420μs. The gas temperature and velocity distributions inside the plasma torch are shown in Fig. 

5.  

  

  
Figure 4: Distribution of a) electric current density and b) electric potential inside the plasma torch at t= 420μs. 

  

  
Figure 5: Distribution of a) temperature and b) velocity inside the plasma torch at t= 420μs. 

Potential Electric(V): -100 -75 -50 -25 0Electric Conductivity(1/ m): 0 2750 5500 8250 11000

Velocity(m/s): 0 200 400 600 800 1000

Velocity(m/s): 0 200 400 600 800 1000Temperature(k): 0 4000 8000 12000 16000 20000 24000 28000

Current density (A/m) 

a b 

b Old arc root 

New arc 
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As can be seen, the two arc roots are formed and after that, the electric current goes through 

the old arc root and the new one simultaneously. As time elapses, the old arc root disappears 

and only the new one will remain. It indicates that the temperature distributions of arc bend and 

deviate to the contrary side because the electrical current passes mainly through the arc root. 

The fluctuations of plasma gas temperature and velocity are the main causes of plasma jet 

fluctuation. For the plasma jet conditions of argon gas, 500 A electric current and 50 SLPM gas 

flow rate, the maximum gas temperature achieves more than 14000K and the velocity reaches 

more than 1000 m/s. The values obtained for Tave and Vave are 9500K and 700 m/s, respectively. 

The results herein obtained will now be used as boundary conditions for the simulations of 

applying the fluidic thrust vectoring method to control the direction of the outlet plasma jet. 

3.2 Plasma Jet deflection using Co-flow FTV method 

3.2.1 Influence of the Coanda surface radius 

Two-dimensional numerical simulations of plasma jet control by co-flow nozzle are 

conducted to predict the jet deflection. When the secondary flow is not applied, the main flow 

enters the environment without any change or deviation. With activation of the secondary flow, 

according to the mass flow ratio applied, the deviation of the main flow can be controlled. The 

secondary flow also disturbs the force balance of the flow. On the side that the secondary flow 

is applied, less pressure is generated near the wall compared to on the other side of the jet. Due 

to that, the jet begins to deflect towards the Coanda surface. Figure 6 shows the jet deflection 

angle at different mass flow ratios and different Coanda surface radius. In addition, the velocity 

distribution related to the mass flow ratio of 0.116 for three Coanda surface radius is shown in 

Fig. 7. 

 

Figure 6: Jet deflection angle at different mass flow and Coanda surface radius ratio at constant h/D=0.125 and 

g/D=0.0625. 

If the pressure is low enough, the jet remains attached to the curved surface. The effects of 

flow entry and surface friction reduce the flow velocity, which leads to a gradual increase in 

surface pressure and a decrease in the radial pressure gradient. When there is a flow with high 
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momentum next to the tangential flow, it causes the tangential flow to be pulled towards itself. 

By increasing the ratio of mass flow rate to 0.0715, the deviation angle increases for all three 

tested radiuses. However, depending on the radius of the outlet Coanda surfaces the variation 

will present different trends. For a radius of R/d=4 the increase of the jet deflection angle due 

to the growth of the mass flow ratio it is quite more steep and abrupt. As the results indicate, 

this behavior has a direct relationship with the increase of the Coanda surface radius. Up to the 

mass flow ratios of 0.09, the variation of the deviation angle with the increase of the mass flow 

ratio is almost linear. Above this value, for all 3 radius ratios, the deviation angle starts to 

increase faster following a different evolution trend. For R/d=4, by increasing the mass flow 

ratio from 0.09 to 0.107, the flow deviation increases about 8 times, following more an 

exponential trend. However, the value of this nonlinearity depends on two parameters, the ratio 

of radius to diameter and the value of mass flow ratio.  

 

   
R/D=1 R/D=2 R/D=4 

 
Figure 7: Jet deflection angle at different mass flow and Coanda surface ratio. 

3.2.2 Various secondary flow height ratio 

Fig. 8 shows the relationship between the angle of the thrust vector for different height 

between the primary and secondary flows for various mass flow ratios. When the secondary 

flow is not applied, the plasma jet exits from the plasma torch device without any deviation. 

However, by applying the secondary flow, the plasma jet tends to attach to the Coanda surface 

and starts to deflect. The results show that for secondary flow height ratios of 0.125, 0.1875 and 

0.25mass, mass flow ratios below 0.0625, 0.08 and 0.09, respectively, will result in negative 

thrust vector angles. This means that, below the said values, the control method enters in an 

inactive region where it becomes ineffective and might even deflect the flow in an oppositive 

direction.  In such a case, the secondary flow separates from the Coanda surface earlier and the 

inverse Coanda effect occurs (negative vector angle). Due to this effect, the primary jet deflects 

in the opposite direction instead of deflecting in the expected direction. In this case, the primary 

jet with higher velocity entrains the secondary flow inside, and instead of sticking to the surface 

of the Coanda, it separates from the surface. The pressure difference area created on the two 

sides of the main flow causes the main jet velocity distribution to be opposite to the Coanda 

surface.  

By increasing the mass flow ratio, we start operating in the active control region and the 

Coanda effect starts to be achieved as desired. The flow enters the region where the expected 

deviation angle can be increased with the growth of the mass flow ratio and, with that, 

Velocity(m/s) 
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continuous control of the main jet can be achieved. Moreover, the results demonstrate that by 

increasing the secondary flow height a larger plasma jet deviation angle can be achieved.  

 

Figure 8: Jet deflection angle at different mass flow and various secondary flow heights. 

3.2.3 Various gap between secondary and primary flow ratio 

Figure 10 shows the deflection angle variation for different gaps and various mass flow rates 

between the primary and secondary flows. In Figure 9 the velocity contours are shown for 

different gaps and a mass flow ratio of 0.117, since from this was the mass flow ratio that 

demonstrated larger differences between the different gaps tested. Regarding to the gap between 

the two flows, for mass flow ratios up to 0.09 there is no visible influence on the jet deflection 

angle, demonstrating very similar values. However, for mass flow ratios above 0.09, the results 

indicate that lower gaps between the two flows allow to optimize the flow vectorizing effect.   

 

Figure 9: Jet deflection angle at different mass flow ratios and different gaps between secondary and primary 

flows. 
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g/D=0.1875 g/D=0.125 g/D=0.0625 

 

Figure 10: Jet deflection angle at different mass flow and gap between secondary and primary flow. 

The main difference observed for different gaps was found for a flow ratio of 0.117 as it is 

shown in Figure 10 by the velocity distribution contours. As it is shown all the three tested gaps 

allowed to effectively vectorize and control the plasma jet. However, in the case of lower gap, 

we observed that the plasma jet at the outlet is better attached to the surface, and thus, the 

Coanda effect is improved. With this, we conclude that lower gaps between the two flows allow 

to achieve a better control over the outlet flow vectorization. 

4 CONCLUSIONS 

In the current work, the fluidic thrust vectoring method was studied for controlling the 

plasma jet direction at the outlet of a plasma torch device. Therefore, the main purpose of this 

study is the numerical investigation to deflect plasma torch jets using the Coanda effect. A 

tridimensional plasma torch simulation was performed in order to obtain the important 

information about temperature and velocity. The information obtained in the first simulation 

was then used as boundary condition for the bidimensional simulations of the plasma jet at the 

outlet of the nozzle. This approached allowed us to perform the analysis with lower 

computational power. Simulations allowed to study the effect of different important parameters 

on the jet deflection angle. The obtained results allowed to conclude that the deflection angle 

of the main flow increases with the increase of the mass flow ratio. This was observed for all 

the test cases performed independently of the Coanda surface radius, secondary flow height or 

gap between the flows. Furthermore, the results demonstrated that, at fixed mass flow ratio, the 

deflection angle of the main flow increases with the increase in the Coanda surface ratio or with 

the increase of the secondary flow height. In addition, it was observed that for low mass flow 

ratios the gap between the flows has almost no influence on the deflection angle. However, for 

flow ratios above 0.09 the gap will affect the vectorization of the outlet flow and we could 

conclude that lower gaps will allow to achieve larger deflection angles.  
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