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ARTICLE INFO ABSTRACT

Keywords: Thrust Vector Control (TVC) is a technique that allows precise control over the direction and velocity of an aerial
Experimental aerodynamics vehicle. This paper presents a novel approach combining shock wave control and the Coanda effect to apply this
CFD

technique in sonic flows. The objective is to achieve more eligible and operational control over the deviation
angles of the thrust vector. The research is conducted through numerical simulations and experimental tests to
investigate the impact of protuberance location (1, 3.5, and 5 mm), protuberance width (1.5, 2 mm), depth of
penetration (2, 6, and 10%), and nozzle pressure ratio (ranging from 2.1 to 4) on the flow field, thrust vector
angle, and thrust value of the nozzle. The system’s behavior depends on the protuberance location, pressure
ratio, and penetration depth. The location of the protuberance influences the shocks and flow separation from the
Coanda flap. Increasing the penetration depth up to 10% enhances system stability and reduces the protuberance
location’s influence on flow deviation. The study highlights the significant effect of protuberance placement on
thrust loss, with higher penetration depths resulting in a more significant decrease. The system’s behavior in
terms of flow deviation is more stable at specific penetration depths and pressure ratios. The results show that the
proposed technique achieves a maximum deviation angle of 83° for a sonic jet. In addition, the findings
contribute to understanding TVC using protuberances and the Coanda effect. The proposed technique offers
advantages in simplicity, reliability, and control performance. It opens possibilities for efficient and maneu-
verable aerospace vehicles, with applications in UAVs, surveillance, and search and rescue missions.

Compressible flow
Thrust vector control
Protuberance
Coanda effect

outfitted with TVC could be used for surveillance, search and rescue
missions, and various other missions. TVC has significantly impacted the
aerospace industry, allowing for the development of high-performance
aerospace vehicles. Despite the numerous advantages of TVC, its
implementation needs to be improved. The system’s complexity, which
requires precise engineering to ensure that the vehicle remains stable
and controllable, is one of the primary challenges TVC faces. Further-
more, implementing TVC can be prohibitively expensive, limiting its use
to high-performance applications. TVC will undoubtedly play a critical
role in enabling new capabilities and applications as aerospace tech-
nology evolves. As a result, while implementing TVC presents its own
challenges, researchers are working to develop new technologies that
make it more accessible and efficient [1-11]. Examples of these tech-
niques are the use of multiple nozzles, moving nozzles, interference
methods, secondary injection methods, and protuberances. Because
exhaust gasses are scorching, it is imperative that controllers be fabri-
cated from unique and resistant alloys when tabs and vanes are
employed. Furthermore, the persistent presence of these controllers may

1. Introduction

TVC is a mechanism that allows a vehicle to control its direction and
velocity by directing the thrust generated by its engine. This mechanism
operates by directing the thrust produced by the engine without
changing the vehicle’s aerodynamic shape. The thrust vector is critical
during the initial phase of movement or launch when aerodynamic
forces are negligible due to the lack of speed. TVC can also perform
complex aerial maneuvers that would be impossible to be performed
with traditional aircraft control systems. TVC provides increased
maneuverability, stability, and precision control. Engineers can now
design more maneuverable, precise, and stable vehicles than ever
before, opening up new applications and capabilities. TVC has also
helped develop reusable rockets, which are less expensive and more
efficient than traditional ones. Researchers are also investigating the use
of TVC in new applications, such as unmanned aerial vehicles (UAVs),
where TVC could enable new capabilities and applications. UAVs
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Nomenclature

Latin abbreviations

t Time (s)

u x-velocity component (m/s)

v y-velocity component (m/s)

P Static pressure (bar)

Py Total nozzle pressure

NPR Ratio of total pressure to ambient pressure
(dimensionless)

F Force (N)

D* Throat diameter (mm)

H Protuberance height (mm); Pen.

Greek abbreviations

p Density (kg/m3)

u Dynamic viscosity of fluid (Pa.s)

Y Ratio of specific heats

5 Jet deviation angle (degree)

(S} The angle of the pressure holes on the Coanda flap
Subscripts

X Horizontal spatial coordinates

y Vertical spatial coordinates

© Ambient

Fluidic Thrust Vector Control
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The use of secondary fluid injection to create a shock is one of the
most common methods of fluid thrust vector control because the fluid
injected in the sonic and supersonic flow acts like a solid body and
causes shock formation and flow deviation. However, injecting fluid
with a specific flow rate and direction in the flow necessitates special
valves, connections, and mechanisms, which complicate the system and,
because they transfer fluid at high pressure and temperature, wear out
over time, increasing maintenance costs. A solid body is used to cause
shock directly in the protuberance technique, which has no disadvan-
tages as a newer method than the secondary injection method [15-18].

Another FTVC method that has received attention from researchers is
using the Coanda effect of a secondary flow. Secondary flow, either
suction [19-21], blowing [22-25], or both simultaneously [26], can
effectively deflect the primary jet path. However, the application of
secondary flow associated with the Coanda effect has been limited in
supersonic flows [27,28] because supersonic Coanda flows are pretty
complex, with shock structures, and are highly sensitive to nozzle and
flap geometry. A unique TVC technique using auxiliary currents and
taking advantage of the Coanda effect [29] is presented in a proposed
patent plan, in which only simple shut-off valves are used, no mechan-
ical or moving parts are used, and it can create suction. It also does not
require any power to create suction and blow. Two studies on a similar
nozzle were conducted in 2016 and 2018 [30,31], with the researchers
achieving a significant deviation angle of 72° (Fig. 2).

While such extreme angles in the deviation of the thrust vector were
successfully achieved by the researchers in these studies, they were
attained only within a narrow range of low-pressure ratios. The more
significant point lies in the lack of reasonable control over the thrust

Mechanical Thrust Vector Control

(a) Co-flow {(b) Counter-flaw
(c) Shock Vector (d) Bypass Shock Vector
() Throat Shifting () Dual Throat Nozzle

(g) Bypass Dual Throat Nozzle

(a) Jet Vane (b) Movabale Nozzle (c) Axial Movabale Plate

A& 4

(d) Jet Tab (e) Vertical Movabale Rod

Fig. 1. A schematic of conventional thrust vector control; (A) FTVC & (B) MTVC [11].

lead to losses in the overall flow. Also, the critical control speed de-
creases as the number of mechanical parts increases in the method of
moving nozzles. Fluid control systems are generally simpler than me-
chanical systems, which is a significant advantage [1,12]. According to
one previous study, FTVC techniques can improve thrust capacity by
7-12% and operating costs by 37-53% [13]. In addition to the advan-
tages they offer in nozzle cooling and stealth compared to conventional
methods [14]. Fig. 1 depicts some of these methods’ schematics.

vector. As depicted in Fig. 3, a sharp jump (approximately ten to sixty
degrees) in the deviation of the thrust vector was encountered. Conse-
quently, the system was rendered non-operational due to these flaws. In
this study, the two techniques are combined by using the protuberance
in the nozzle with the Coanda flaps and, as a new method, creating a
more optimal and operational control in the deviation angles of the
thrust vector in such a way that it takes advantage of the two techniques.
It is also expected that, compared to bypass flows, such a design will
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Fig. 3. Working range of discussed thrust vector technique [31].

result in a more significant deviation of the thrust vector (at higher
pressure ratios). This study investigated the penetration depth of various
protuberances (Pen. = 2, 6, and 10%) and their placement (Loc. =1, 3.5,
and 5 mm) with widths of 1.5 and 2 mm, across different nozzle total
pressures (NPR = 2.1 to 4). It was determined to what extent these
parameters would affect the flow field, thrust vector angle, and total
amount of axial thrust of the nozzle. Various parameters, such as force
values, jet deviation angle, pressure distribution on the surface of the
Coanda, as well as density and Mach number contours, have been
evaluated to quantitatively and qualitatively evaluate this technique.
This research was generally done numerically, but experimental tests
were also used to validate the results.

2. Experimental setup

In this investigation of thrust vector control (TVC) utilizing the
Coanda effect, a convergent rectangular nozzle was designed and con-
structed with a length of 350 mm and a width of 250 mm. The nozzle’s
geometry closely resembled that of a previous study [31], except for the
throat dimensions, which were set at 20 mm in width and 10 mm in
height. Additionally, a protuberance was strategically placed within the
nozzle’s throat to induce deviation in the jet stream. The nozzle outlet
featured quarter-circle flaps on both sides, each with a radius of 50 mm,
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Fig. 2. Performance of discussed nozzle [31].

and these were enclosed by two Plexiglas parts with a thickness of 10
mm. To investigate the pressure distribution on the Coanda surface,
holes with diameters of 0.5 mm were drilled in the flaps. These holes
were positioned every 5° of the flap to facilitate static pressure mea-
surements. The schematics of the studied nozzle are depicted in Fig. 4,
while the experimental setup of the nozzle is illustrated in Fig. 5.

An air compressor boasting a maximum pressure of 300 bars is
employed to induce sonic flow within the nozzle. This compressor is
connected to 24 air tanks, each with a capacity of 60 liters. The total
pressure within the settling chamber remains constant throughout each
experiment. A spherical valve and a pressure regulator regulate the
pressure inside the settling chamber. The measurements encompass the
axial and side components of the force, along with the pressure distri-
bution on the Coanda flaps, conducted under various conditions.

The pressure holes on the Coanda surface have been connected to a
sensor box to measure pressure distribution. This current investigation
employs three types of Trafag sensors: —1 to 1, —1 to 4, and —1 to 10 bar
gage. Additionally, a two-component force stand measures axial and
side forces. This stand incorporates a four-bar mechanism and two
Zemic L6D C3 load cells for force measurement. The nozzle is positioned
above a metal frame, supported by four metal balls to minimize axial
and lateral friction. The force stand features a 15 kgf force load cell in
the axial direction and a 10 kgf load cell on the side. Calibration of the
force stand is conducted using varied forces in the ranges of 0 to 7 kgf
and at angles spanning from —80 to 80°.

The force components and measured pressure values are converted
and transmitted to a computer through an Advantech USB-4711A card.
The A/D card has a 12-bit resolution and a maximum sampling rate of
150 kS/s. Throughout the current study, all experiments were conducted
with a data sampling frequency of 400 Hz. The schematic of the
experimental setup is depicted in Fig. 6.

The measurement error of the pressure sensors falls within the range
of 0.1%FS. Pressure measurement errors stem from sensor accuracy and
data card inaccuracies, manifesting as an error bar in certain graphs
presented subsequently. Furthermore, owing to the interplay of load cell
errors and internal interference effects, the overall precision of the force
stand is diminished compared to the individual load cell precision. Error
sources within this system encompass load cell errors, A/D data card
inaccuracies, and force stand calibration errors. The statistical uncer-
tainty was determined to be 45.2 g for mass and 2.2° for force angle.

Due to friction at the junctions, force residual is critical in force
measurement systems. To scrutinize the prepared stand in this context,
the raw load cell voltages were measured after each experiment and
subsequently juxtaposed with the initial system voltage devoid of
loading. As depicted in Fig. 7, the constructed stand exhibits negligible
residual effects and the fluctuations in load cell voltages fall within the
error margin of the data card.
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Coanda Flap

Static
Pressure Hole

Fig. 4. Schematic of the system used in this research.

Fig. 5. Image of the nozzle experimental setup.

3. Governing equations and the numerical approach

A numerical simulation of the nozzle flow field in the presence of the
Coanda effect was conducted. To achieve this, the 2D compressible
steady form of the Reynolds-averaged Navier-Stokes (RANS) equations
was discretized using a finite volume approach. The continuity, mo-
mentum, and energy conservation equations addressed this issue. The
respective differential forms of these equations are presented below:

opu) | olpv) _
x | ay =0 1
d(pu*)  Od(puv)  OP
oy o .
dpuv)  o(pv*) _ P
Ty @
O(UE) | AVE) _ o(uP) o(P) 1 (@ %)
0x ay 0x dy  RePr\ox oy
1 /0 2
+ﬁ(& (urxx—i-vrxy)—i-a(mxy—&-vryy)) @

Here, t is time, x and y are space coordinates, p is pressure, p is
density, and u and v are velocity components in the x and y directions,
respectively [32]. The subscripts indicate derivatives with correspond-
ing variables. The total energy per unit volume E is expressed as:

14 1
E=——+=p(u?
7/_1+2,0(u +17) (5)
where v is the ratio of specific heats.

An implicit density-based algorithm was employed to solve the
equations. The flux estimation type was determined using the Roe-
averaged scheme, and initially, a first-order upwind scheme was
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solution accuracy. The Courant-Friedrichs-Lewy (CFL) number
commenced with a small value of 0.5 to ensure solution stability until
convergence behavior manifested. Following convergence, the CFL
number was increased to 2 to expedite the convergence process. Air
(ideal gas) served as the working fluid throughout all the simulations.
The choice of turbulence model heavily influenced the accuracy of
the solution. To comprehensively capture boundary layer separation,
shock generation, and vortical regions, the k-o SST turbulence model
with curvature correction was utilized. The transport equations are as
follows [33]:
6ix,- (pku,) = % <Fk%> Gk - Y+ Sk (6)

The equation under consideration encompasses several pivotal terms
as outlined below: Turbulence kinetic energy (k) generation due to mean

velocity gradients within the flow is denoted by Gr. Similarly, G, en-
capsulates the generation of the specific dissipation rate (®). Dissipation
assumes a critical role, with I'y and I', delineating the dissipation of k
and o attributable to turbulence, respectively. The effective diffusivity
of both k and w are accounted for through the cross-diffusion term,
denoted by D,. Finally, the contributions of viscous dissipation are
represented by Sk and S, within the equation.

The deflection angle is calculated from the following equations [34]:

Fo = /{pu2+(PfPoo)}dx (8)
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Fig. 8. Solution domain and boundary conditions.

Grid Independence Analysis.

Fig. 9. Magnified structured grid in the solution domain.

No.  Number of Side force Thrust force Flow deflection angle
elements ) ) (degree)

a 54,000 9.086 44.336 11.61

b 210,000 45.288 19.171 67.09

c 554,000 45.016 19.542 66.57

F, = / (puv)dy €)]
180, E an

where Fx is the x-component of force, Fy is the y-component of force,
and § is the deflection angle.

3.1. Geometrical properties and boundary conditions

A rectangular sonic nozzle expels the jet into the atmosphere in the
present investigation. The computational domain’s length and width
were set at 100 and 75 times that of the nozzle throat, respectively. A
depiction of the domain and boundary conditions is presented in Fig. 8.
To achieve varying NPR values, air at different pressures and a tem-
perature of 300 K was introduced into the nozzle (NPR = 2.1 to 4)
through the pressure inlet boundary (boundary A). On the outlet
boundaries, a static pressure of 0.84 bar was imposed, accompanied by
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Fig. 12. Comparison of numerical simulation results and experimental shad-
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an air temperature of 300 K. The boundaries encompass the nozzle wall
and the surrounding environment where the jet discharges (boundaries
B, C, and D).
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Fig. 13. Comparison of numerical and experimental pressure distributions on
the Coanda flap NPR=2.5 (R coanda Flap=50 mm, S = 2 mm).

3.2. Grid independence analysis

A hybrid grid has been implemented in the computational domain,
necessitating its division into two distinct parts for grid generation. Due
to the intricate physics inherent in this problem, a structured grid has
been employed for the internal segment and in proximity to the jet
outlet. Simultaneously, the second part is an unstructured grid encom-
passing regions distant from the nozzle outlet. To ensure optimal
skewness values, the grid for the structured part was meticulously
designed, rendering its elements nearly perpendicular to the Coanda
surfaces and boundaries (with a maximum skewness of 0.75% and a
minimum orthogonality of 0.38%). Research in this domain indicates
that failure to employ this method leads to a significant escalation in
computational effort and numerical errors (refer to Fig. 9). To accurately
simulate the laminar viscous sublayer, the grid size diminishes near the
wall, yielding y+ values of less than one on the nozzle walls and Coanda
surface.

Three different grids with varying element sizes were investigated
for grid study. Table 1 and Fig. 10 show the simulation results.
Accordingly, the flow in the coarse grid does not attach to the Coanda
surface, indicating a calculation error.

The Fig. 11 illustrates the pressure distribution on the Coanda sur-
face across three distinct grid sizes. A comparison of the results between
medium and fine grid sizes reveals a negligible difference. Consequently,
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Fig. 14. The effect of the presence of a protuberance in the flow path of a sonic jet (NPR=2.5 - R = 50 mm - S = 2 mm); (A) Without protuberance & (B) With

protuberance.

Primary vortex
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Noazle Flow

e
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Fig. 15. Physics of the flow caused by the Coanda effect and the presence of a protuberance in the flow of a sonic jet (Loc.=5 mm, Pen.=0.6 mm, NPR=2.5) [11].

the medium grid, comprising 210,000 elements, was employed for the
subsequent simulations.

3.3. Evaluation and validation

According to Fig. 12, the numerical simulation results align well with
the experimental findings outlined in the reference [31] affirming the
numerical methodology’s credibility and accuracy.

The Fig. 13 illustrates the location and strength of shocks formed on
the Coanda surface. The horizontal axis in this figure presents the
Coanda flap angle, while the vertical axis depicts a dimensionless static
pressure distribution based on total nozzle pressure. Generally, the re-
sults of numerical simulation and experimental tests closely align with

each other, and any minor disparities in the location and strength of the
shocks are attributed to numerical simulation errors and the un-
certainties inherent in experimental testing.

4. Result and discussion

In this study, an evaluation has been conducted on the control per-
formance of a sonic jet utilizing a protuberance and harnessing the
Coanda effect. Various parameters have been considered, such as force
values, jet deflection angles, pressure distribution on the Coanda flap,
and contours depicting density variations and Mach numbers. The ac-
curacy of the obtained results has been verified through experimental
work. At the same time, numerical simulations have been employed to
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Fig. 16. The effect of NPR on flow physics (Loc.=1 mm, Pen. =2%), NPR; (A) 2.5 & (B) 3.
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Fig. 17. Contour of density changes for the Pen. of 2% at NPR=2.5, Loc.; (A) 1 mm & (B) 3.5 mm & (C) 5 mm.

€ Pro.

Fig. 18. Contour of density changes for the Pen. of 2% at NPR=3, Loc.; (A) 1 mm & (B) 3.5 mm & (C) 5 mm.

Fig. 19. Contour of density changes for the Pen. of 6% at NPR=3.5, Loc.; (A) 1 mm & (B) 3.5 mm & (C) 5 mm.
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derive diverse parameters, elucidating the intricate details of the flow
physics within this system. The variables under investigation encompass
the protuberance’s location, the protuberance penetration depth, and
the nozzle pressure ratio (NPR). These variables are examined at dis-
tances of 1 and 5 mm from the throat, 2, 6, and 10 percent of throat
height, and pressure ratios ranging from 2.1 to 4, respectively. Subse-
quent to this, a detailed discussion is provided regarding the outcomes of
these considerations.

4.1. Investigating the effect of the presence of protuberance

As depicted in Fig. 14, the flow path of a sonic jet undergoes a
notable transformation in its overall behavior and flow physics in the
presence of a protuberance. The introduction of a protuberance into the
sonic jet’s flow instigates the development of shocks ahead of the flow,
attributed to the abrupt pressure change within the flow. In this
approach, manipulating shocks generated in a particular section of the
nozzle has been attempted to control the thrust vector. Consequently,
this technique is classified within the realm of shock control methods.

This method involves the placement of a protuberance near the
nozzle outlet within the primary flow path. The presence of the protu-
berance in the main flow path induces the separation of the boundary
layer from the wall, giving rise to shocks. Ultimately, these generated
shocks instigate flow deviation. The primary cause of the formation of
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Fig. 21. Pressure distribution on the Coanda flap, which flow is attached, for different positions of the Pen. of 6%, NPR; (A) 2.1, (B) 2.5, (C) 3 & (D) 3.5.
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(B

Fig. 22. Contour of density changes for the penetration depth of 10% at NPR=3.5, Loc.; (A) 1 mm & (B) 5 mm.
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these shocks, known as Lambda shocks and bow shocks, lies in the
obstructive effects within the sonic flow and the distinctive nature of this
flow. These shocks bring about a significant alteration in static pressure
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on the body. The modification in pressure on the body constitutes one of
the factors contributing to the generation of lateral forces in the nozzle.
However, the shock generated also induces a change in the flow angle,
serving as a secondary factor in altering the thrust vector angle.

As previously mentioned, in this technique, the flow is deflected by
the shock induced through the presence of the protuberance, and the
Coanda effect is harnessed to sustain the flow on the flap, ultimately
achieving high deflection angles. The operation of the Coanda effect in
this system is delineated as follows: as the jet passes in proximity to the
curved surface of the flap, the air situated between the jet mass and the
flap wall either moves downward with the jet mass or becomes
entrained within the jet mass. Consequently, the fluid confined between
the jet and the wall experiences an increased velocity, leading to a
reduction in pressure, while on the opposite side, there is no pressure
reduction owing to the open atmosphere. This asymmetry in velocity
profiles, arising from disparate pressures on both sides, generates a force
exerted on the outer wall of the jet mass, deflecting the jet towards the
wall and causing the fluid to adhere to the wall. These occurrences
constitute the primary mechanism of the Coanda effect on the deflection
vector of the thrust resulting from the nozzle flow. In Fig. 15, a combi-
nation of numerical simulations from the current study and schematic
images illustrates various physical flow phenomena that arise due to the
presence of a protuberance in a sonic flow and their impact on system
performance.
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Fig. 25. Second differential images of density: comparison of placement location and penetration rate of protuberance in different pressure ratios.

4.2. The importance of nozzle pressure ratio

The flow physics for a position with the protuberance situated 1 mm
from the throat and a penetration depth of 2 percent are illustrated in the
Fig. 16 for two pressure ratios of 2.5 and 3. It is evident that, despite a 20
percent increase in the pressure ratio within the specified range, a sig-
nificant transformation has occurred in the flow physics, leading to a
dramatic change in the flow angle. Consequently, the nozzle pressure
ratio can significantly influence the thrust vector in the discussed
technique.

4.3. Investigating the effect of the location of the protuberance

In Figs. 17 and 18, contour plots illustrating density variations are
observed for a penetration depth of 2 percent and, respectively, for
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pressure ratios of 2.5 and 3 at different protuberance locations.
Although it can be observed that under these conditions, the behavior of
the system for placement locations of 1 and 3.5 mm is very close to each
other, from a general perspective, it is evident that the flow physics and
thrust vector angle fundamentally depend on the protuberance location
in these scenarios. At a pressure ratio of 3, at a location of 1 mm, the
momentum loss appears to be less than that observed at a position
located 5 mm away, resulting in the formation of a Mach disk. Mean-
while, the reflective effects of shocks on the opposite wall for the posi-
tion located 5 mm cause a more intense energy loss, and oblique and
reflected shocks are observed in this case. It is noteworthy that, as ex-
pected, the increase in momentum due to a rise in the pressure ratio
leads to a strengthened Mach disk and reflective shocks, resulting in
relatively more substantial jet plumes.

The sensitivity and dependence of the nozzle performance on the
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Fig. 26. Contour of density changes for the penetration depth of 2% at NPR=2.5 and Loc. 3.5 mm; (A) 1.5 mm & (B) 2 mm.
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Fig. 27. Contour of density changes for the penetration depth of 6% at NPR=3.5 and Loc. 3.5 mm; (A) 1.5 mm & (B) 2 mm.
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Fig. 28. The amount of deviation of the thrust vector angle relative to the NPR for the different depth of penetration of the protuberance, Loc.; (A) 1 mm & (B) 5 mm.

nozzle pressure ratio and protuberance location are not exclusive to a
penetration depth of 2 percent. The significance of the pressure ratio and
placement is also evident in the Fig. 19 for a penetration depth of 6
percent.

As depicted in Fig. 20, at a penetration depth of six percent, the
nozzle pressure ratio and protuberance location influence the system

13

behavior concerning the magnitude and direction of flow deflection. In
this scenario, the direction of deflection is primarily determined by the
protuberance location for pressure ratios less than three. However, the
protuberance location does not exclusively dictate the maximum
deflection magnitude. With an escalation in the pressure ratio, this
reliance on the protuberance location diminishes, and the deflection
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Fig. 29. Comparison of the amount of force loss relative to the various NPRs for
the different depths of penetration of 2 and 10% and for the Loc. 1 mm and
5 mm.

magnitude gradually decreases, becoming solely contingent on the
pressure ratio.

In Fig. 21, the pressure distribution on the Coanda flap, towards
which the flow has been deflected, is depicted for a protuberance with a
penetration depth of 6 percent at two positions, 1 and 5 mm from the
nozzle outlet. The placement of shocks and, consequently, the point of
flow separation from the flap is influenced by the protuberance location
across a broad range of pressure ratios examined. However, at a pressure
ratio of 3.5, this behavior becomes independent of the protuberance
location, and beyond that point, the flow gradually separates from the
flap at a nearly similar position.

Therefore, for pressure ratios exceeding 3, the system’s behavior in
terms of thrust vector deflection becomes nearly independent of the
protuberance location. Notably, as illustrated in Fig. 19, although the
separation point is proximate for the two protuberance locations at a
pressure ratio of 3.5, the flow physics for these instances differ signifi-
cantly. At the 1-mm protuberance location, the jet plume exhibits
greater expansiveness, and a more robust Mach disk forms, while at the
5-mm protuberance location, more oblique and reflective shocks are
observed.

Fig. 22 also depicts the flow physics for two distinct protuberance
locations with a penetration depth of 10 percent at a pressure ratio of
3.5. Similar to the aforementioned cases, the impact of the protuberance
location on the flow physics is observable at this penetration depth.

Considering Fig. 23, as expected from the aforementioned flow
physics, in the case of a protuberance located 1 mm from the throat, a
significantly higher thrust loss is observed compared to the 5-mm pro-
tuberance location due to the formation of the Mach disk. Notably, this
difference becomes more pronounced with an increase in the pressure
ratio and the strengthening of the Mach disk. Another point, as depicted
in Figs. 25 and 30, is that no Mach disk is formed at a pressure ratio of
2.1, and weak shocks are observed, resulting in lower thrust loss. The
reason why the thrust loss in the 5-mm protuberance location is more
significant than in other locations at this pressure ratio could be
attributed to the shock impacting the opposite wall and causing more
energy loss. However, with an increase in the pressure ratio and,
consequently, the momentum of the flow, leading to the formation of the
Mach disk, the trend of thrust loss undergoes a complete change.
Another noteworthy observation is that, for the 5-mm protuberance
location (images k to o in Fig. 30) and at all pressure ratios, the energy
loss due to flow blockage by the protuberance and the reflection of
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shocks against the opposite wall of the protuberance has been so severe
that it has significantly influenced the trend of shock formation. This
energy loss in the fluid flow has led to a substantial loss of momentum,
resulting in much weaker shocks than under corresponding conditions.
This phenomenon could be a reason for the absence of Mach disk for-
mation even at a pressure ratio of 4 in this configuration.

In Fig. 24, the deflection angle of the jet for various NPRs is displayed
for protuberances with penetration depths of 2 and 10 percent, located
at positions 1 and 5 mm from the throat. Notably, the 5-mm position has
also been experimentally reported to validate the accuracy of numerical
simulation results and ensure confidence in the associated processes.
The results in Fig. 24-a indicate that for a protuberance located 5 mm
from the throat, increasing NPR from 2.1 to 2.5 induces a significant
change in the jet vector’s deflection angle, decreasing from approxi-
mately 80° to around 70°. Furthermore, with a further increase in NPR
up to 3, the deflection angle of the jet returns to about 70°, indicating
that the flow has generally shifted from one side of the nozzle to the
other. However, as expected, with increasing NPR, due to the increase in
momentum, the degree of flow deflection decreases, and for NPRs of 3.5
and above, only a very slight deflection is observed. This is in contrast to
the same plot for the protuberance located 1 mm from the throat nozzle,
as illustrated in Fig. 25. As seen in the figure, the flow in the entire range
of discussed pressure ratios deflects toward the nozzle (the same side as
the protuberance location), and with an increase in NPR, the degree of
flow deflection decreases more steadily compared to the 5-mm position,
reducing from 80° to approximately five degrees. Consequently, in the
case of the 1-mm protuberance location, the system’s behavior con-
cerning pressure ratio changes has been more stable. Another point to
note is that a significant difference in the deflection magnitude is
observed in the 5-mm protuberance location and at NPR 3. The reason
for this can be demonstrated in the numerical contour plots shown in
image c of Fig. 25. As evident, at a penetration depth of 2 percent, the
shock effect and its collision with the wall cause flow deflection in the 5-
mm position, while in the 1-mm position, the shock does not collide with
the wall, resulting in the flow not deviating to the Coanda flap.

Fig. 24-B illustrates that increasing the protuberance penetration
depth up to ten percent of the throat height results in the stability of the
system’s behavior across the entire range of discussed pressure ratios.
This implies that the deflection direction and magnitude of the flow are
nearly independent of the protuberance location. According to Fig. 25,
the shock angle formed in this situation, upon the collision of the flow
with the protuberance, is such that it does not hit the opposite wall.
Similar to a penetration depth of six percent, in this case, for the pro-
tuberance located 1 mm away, a Mach disk is formed for pressure ratios
of 3.5 and 4. In contrast, for the 5-mm location, due to shock angles, no
Mach disk is formed. As shown in Fig. 23, the effect of forming these
Mach disks on the significant thrust reduction is evident.

The conclusion drawn from the comprehensive analyses is that the
system’s behavior in controlling the thrust vector, encompassing both
the direction and magnitude of the jet vector deflection, is contingent
upon the protuberance’s penetration depth, in addition to its location.
Consequently, it is not feasible to analyze the effect of the pro-
tuberance’s location without considering its penetration depth.

4.4. Investigation of the width of the protuberance

The flow physics for a position with the protuberance situated 3.5
mm from the throat and a penetration depth of 2 percent under
NPR=2.5 are illustrated in the Fig. 26 for two protuberance widths of 1.5
and 2 mm . It is evident that, despite a very small change in the width of
the protuberance, a significant transformation has occurred in the flow
physics, leading to a dramatic change in the flow angle. Consequently,
the width of the protuberance can significantly influence the thrust
vector in the discussed technique, as it can determine the first point of
encounter of the jet front with the protuberance. Thus, from some per-
spectives, it is a parameter similar to the location of the protuberance.
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Fig. 30. Mach contours: comparison of placement location and penetration rate of protuberance in different pressure ratios.

Subsequently, the influence of protuberance width on nozzle
behavior was investigated for penetration of 6% under NPR=3.5, as
depicted in the Fig. 27. It was observed that similar to the location of the
protuberance, the behavior became independent of protuberance width
with increasing pressure ratio and blockage effects caused by the pro-
tuberance. This suggests a dominant influence of shock strength on
nozzle behavior, overriding the impact of protuberance width.

4.5. Investigation of the penetration depth of the protuberance

As demonstrated and evident in the overall trend of the Fig. 28, the
flow deviation behavior based on the protuberance’s penetration depth
is entirely contingent on the protuberance’s location for different NPRs.
The trend of changes in this behavior concerning the penetration depth
for the protuberance placed 1 mm away from the nozzle’s throat remains
generally uniform and stable within the examined pressure ratios.
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However, it significantly differs for the protuberance set 5 mm away
from the nozzle outlet, especially for pressure ratios less than 3.5. Given
that the presence of protuberance is the primary factor in the formation
and determination of the strength of shocks, it is expected that the flow
deviation of the jet increases with an increase in penetration depth and,
consequently, its obstructive effects. However, as the graphs indicate,
this expectation is not met at all examined points. For instance, an
exception to this trend can be observed at a pressure ratio of 3. In this
pressure ratio, for penetration depths of 6 and 10 percent at the location
1 mm away from the throat and for all examined penetration depths at
the location of 5 mm , an increase in penetration depth results in a lesser
deviation in the jet. The cause of this phenomenon can be illustrated in
the contour plots of the Mach number depicted in Fig. 30, representing
the flow physics. As observed, the size of the jet plumes significantly
impacts the attachment, or in other words, the point of flow separation
from the Coanda flap. Therefore, it seems that changing the radius or
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distance of the Coanda flap from the nozzle exit can influence the point
of separation. The extent of the effect of these parameters, in turn, can be
subject to investigation in future studies.

Another notable observation is the attainment of an angle of devia-
tion of approximately 20° for the protuberance situated 5 mm away
from the nozzle throat with a penetration depth of 10 percent at a
pressure ratio of 4. This level of deflection for a sonic jet under this
pressure ratio holds considerable significance compared to alternative
strategies for thrust vectoring and, indeed, other configurations inves-
tigated within the framework of the technique presented in this article.

In Fig. 29, it is evident that the increased blockage effects of the
protuberance with a higher penetration depth result in a more pro-
nounced thrust loss for the protuberance with a penetration depth of 10
percent compared to the protuberance with a penetration depth of 2
percent in both protuberance positions. This difference averages
approximately ten to fifteen percent. The change in thrust due to the
presence of the protuberance with a penetration depth of 2 percent is
almost negligible, and it is not significantly influenced by the pro-
tuberance’s placement, except at a pressure ratio of three, where the
flow in the 5-mm protuberance position is completely deflected due to
the shock impacting the opposite wall. In contrast, in the 1-mm protu-
berance position, a shock is formed without affecting the opposite wall,
exiting from the nozzle throat and causing an overall flow deflection.
However, for a penetration depth of 10 percent, the placement of the
protuberance significantly affects the thrust loss. In this case, due to the
absence of a Mach disk at the 5-mm protuberance position, we observe a
lower thrust loss than the 1-mm protuberance position. Remarkably, in
the 5-mm protuberance position with a penetration depth of 10 percent,
the thrust loss appears to be nearly independent of the nozzle pressure
ratio, unlike other conditions that exhibit nonlinear behavior.

By comparing these conditions, it can be asserted that the penetra-
tion depth and the placement of the protuberance significantly influence
the maximum deviation angle. Within this system, where the protu-
berance and the Coanda effect are employed, a maximum deviation
angle of 83° has been attained for sonic flow. Nevertheless, the direction
and magnitude of flow deviation are profoundly impacted by the
penetration depth and protuberance placement in relation to different
nozzle pressure ratios (NPRs), leading to a substantial variation in the
system’s behavior based on these factors.

Fig. 30 illustrates the Mach number contour for this study’s inves-
tigated conditions, offering a comprehensive overview of the results.
This facilitates a comparative analysis of the system’s behavior and
performance across various scenarios.

5. Conclusion

This study has investigated a novel and effective technique for sonic
jet control that combines a protuberance with the Coanda effect. The
findings demonstrate that this approach achieves remarkable thrust
vector deflection angles, with a maximum of 83° being reached.
Notably, at a pressure ratio of 4, a 20-degree deflection can be achieved
by a protuberance that is placed at the location of 5 mm from the throat
with a 10% penetration depth, surpassing the performance of other
control methods.

Several key factors influencing the system’s behavior were identified
through the research. The protuberance location significantly impacts
shockwave formation and flow separation, leading to variations in thrust
loss and jet plume characteristics. The penetration depth also plays a
crucial role, affecting flow deviation behavior in relation to pressure
ratio. More stable system behavior across various pressure ratios was
observed with a deeper penetration depth (10%) compared to shallower
depths (2%).

While the maximum achievable deviation angle appears indepen-
dent of protuberance location and penetration depth, these factors
significantly influence the direction and magnitude of deviation at
different pressure ratios. This highlights the complex interplay between
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these parameters and underscores the need for further investigation.

Future research should aim to explore the system’s stability and
performance in more detail. This could involve quantitative evaluation
under varying Coanda flap configurations and the utilization of multiple
protuberances tailored to specific pressure ratios. The optimization of
these parameters holds promise for further enhancing the effectiveness
and controllability of this innovative sonic jet thrust vectoring
technique.
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