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Thrust vectoring innovations are demonstrated ideas that improve the projection of aerospace power with
enhanced maneuverability, control effectiveness, survivability, performance, and stealth. Thrust vector control
systems following a variety of concepts have been considered for modern aircraft and missiles to enhance their
military performance. Short Take-off and Landing (STOL) and control effectiveness at lower aircraft speeds can be

achieved by employing Fluidic Thrust Vectoring Control (FTVC).

thrust vectoring fluidic thrust vectoring throat skewing

| 1. Introduction

Every time, new technologies emerge that are innovative enough to dramatically change the nature of military
operations. For high-performance aircraft, thrust vectoring technology has emerged so profoundly that it has
redefined traditional aircraft design methods and the use of the aircraft itself. Thrust vectoring technology offers
many advantages in terms of maneuverability, control effectiveness, survivability, performance, and stealth
characteristics of the aircraft. It is a technique that can provide effective forces and moments, making take-off and
landing requirements easier, even at low dynamic pressure. Thrust vectoring provides additional thrust and allows

pitching, yawing, and rolling movements by changing the line of thrust.

Thrust vectoring (TV) technology works on the principle of deflecting the thrust direction of the aircraft. It relies on a
working fluid, or a source mounted on the aircraft, and an engine exhaust nozzle providing a passage for the fluids.
For providing the maximum thrust possible to the aircraft, the nozzle designs must ensure the requirement of
thrust, cost, mission profile, and weight of the aircraft. Until now, nozzles for thrust vectoring have been
technologically advanced from single-axis to multi-axis systems. Single-axis convergent-divergent nozzles deflect
the thrust in the pitch direction, whereas multi-axis convergent-divergent nozzles are capable of deflecting thrust
around all three-body axis. These nozzles actively complement or even eliminate the use of control surfaces . To
date, TV is achieved in an aircraft using two methods. The traditional method involves mechanical means to deflect
the direction of flow of the exhaust gases, whereas the most recent method involves fluidic-based thrust vectoring

techniques.

Mechanical thrust vectoring (MTV) is a technique achieved mechanically by deflecting the engine nozzle to alter
the direction of thrust with the use of actuators and gimbaling mechanisms. Although it produces effective TV, the

thrust vectoring configurations become heavy, complex, and expensive. To overcome the complexity and

https://encyclopedia.pub/entry/47854 1/17



Fluidic Thrust Vectoring in Jet Engine Nozzles | Encyclopedia.pub

integration inefficiency of MTV, fluidic thrust vectoring (FTV) techniques were developed and investigated. FTV is a
technique that uses a secondary flow source for controlling the exhaust flow of the engine nozzle. Fluidic-based
methods provide the advantage of reduced weight, higher reliability, and engine airframe integration B4l Fluidic
injection for throttling and vectoring was explored in the 1950s for application to rocket nozzle systems. It actively
controlled the primary flow deflection by penetrating the secondary fluid into the divergent section of the rocket
nozzle BIEIZ However, its interest was lost. It was in the 1990s when researchers were again attracted to FTV due
to its fascinating thrust vectoring performance characteristics. The research concluded that FTV was capable of
achieving the same vectoring control as MTV but with 50% reduced weight and cost. Several FTV controls were
investigated to deflect the primary flow. It was observed experimentally that a small variation in the nozzle area
could result in an entire flow modification of the nozzle BIEIIXA FTV provides aircraft with several advantages.
Firstly, it requires no moving part, which leads to reduced weight and complexity of the system. Secondly, for high-
temperature conditions, an optimal nozzle can be designed, which can reduce drag and radar cross-section. FTV is
more desirable due to its quick integration into existing systems 12 |n dry and afterburner cruise operating
conditions, fixed exhaust nozzles demonstrated significant thrust vectoring capabilities 1314, These benefits have
led to a vast investigation and development of FTV techniques. To date, depending upon investigations, FTV
controls are divided into seven control systems. These control systems are Shock Vector Control, Bypass Shock
Vector Control, Counter Flow Control, Co-Flow Control, Throat Skewing control, Dual Throat Nozzle Control, and
Bypass Dual Throat Nozzle Control. Among all these vectoring controls, counter-flow control works on the principle
of suction to control the primary flow deflection. However, the rest of the control techniques depend upon the
principle of blowing to control the primary flow deflection. Different methods of fluidic thrust vectoring control are

represented in Figure 1.
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Figure 1. History of fluidic thrust vectoring controls techniques.

| 2. Shock Vector Control (SVC)

Shock vector control is an FTV technique that introduces a secondary fluidic flow injection in the divergent portion
of the convergent-divergent nozzle. The disturbance caused by this injected flow generates an oblique shock wave
due to the low-pressure region downstream of the injection port. The interaction of the oblique shock wave with
primary flow deflects the flow supersonically, thus resulting in thrust vectoring. A schematic of SVC is shown in
Figure 2.
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Figure 2. Schematic of Shock Vector Thrust Vectoring Control causing obliques shock wave by introducing a

secondary flow injection in the supersonic portion of the nozzle.

2.1. Effect of NPR and SPR

A series of experiments were performed for a nozzle pressure ratio (NPR) of 10-30, along with different secondary
pressure ratios (SPR) for a supersonic nozzle 13, The maximum vectoring angle reported was 5°, significantly less
than previous investigations carried out on the SVC technique. A thrust ratio of 0.88 was observed in both cases
(NPR = 20-30). It was believed that the over-expanded nature of nozzle flow might have resulted in such a low
value 18, The effects of secondary injection on SVC performance were investigated for a range of NPR up to 10
with an SPR value from 0.4 to 1. For NPR = 4.6 and SPR = 0.7 and 1, the thrust vectoring angle achieved was
7.5°. NPR values of 2.5 and above showed a good agreement between numerical and experimental data, but NPR
values less than 2.5 (highly over-expanded flows) showed a disagreement 4. TV angle of 4.4° at NPR = 3 and
thrust coefficient of 0.891 was achieved as the best TV efficiency. The thrust coefficient relates to the ratio of
resultant thrust to ideal thrust. It determines the amplification of thrust during flow expansion. Injection parameters
such as location, angle, length-to-width ratio, and momentum flux ratio (J) were investigated for NPR = 4.6. It was
observed that increasing momentum flux and length-to-width ratio caused an increase in TV angle 8. For NPR =
3 and 4.6, the largest TV angle achieved was 17.2° and 17.6°. The largest deflection angle was achieved when the
injection location moved upstream and decreased when it moved downstream. The injection angle also played a
vital role in the deflection angle 22, The effect of secondary flow for an NPR = 4-10 with SPR = 1-2 at two different
injection locations was investigated. The result indicated that SPR had a positive impact on TV moments 29, Two
different nozzle models were compared to evaluate the performance of FTV for different NPR = 3-10 and SPR =
1-3 with two injection locations 21, The internal performance of a 2D nozzle was investigated for NPR up to 10
and SPR up to 2.7. Two shock waves were generated, a weak shock at the upstream of injection and a stronger
wave at the injection interface. The primary flow was deflected twice, but the stronger shock resulted in deflecting
the flow (221,

2.2. Transverse Injection

https://encyclopedia.pub/entry/47854 4/17



Fluidic Thrust Vectoring in Jet Engine Nozzles | Encyclopedia.pub

The SVC technique has the ability to provide large TV angles by generating a shock system. However, due to
operating in over-expanded conditions, SVC also suffered from over-expansion losses in order to achieve high TV
angles 28241, svC-induced problems related to thrust losses due to the penetration of secondary flow and the
formation and interaction of oblique shock with the primary flow. For achieving maximum thrust vectoring angle with
minimum thrust losses, an optimized secondary injection design based on transverse injection flow was conceived
(23], Some researchers 28127 jnvestigated the transverse injection cases; the result indicated that separation and
shock interaction occur along the deflected jets. Due to the secondary injected flow, unbalanced forces act in the
divergent section (28 An experimental study was carried out to investigate yaw thrust vectoring for a low subsonic
flow regime with varying secondary injection momentum ratios. The study found that the vectoring angle increases
with increasing the momentum ratio of the secondary flow 22, A study conducted compared the Reynolds stress
and k-¢ turbulence model with experimental data. The Reynolds stress model predicted the experimental result
accurately compared to k-€. As pressure ratios increased, Reynolds stress model results became less consistent
89 To evaluate the performance, two- and three-dimensional cases were proposed, investigated, and numerically
modeled. These models were experimentally complemented and improved numerically 1. Until now, there have
been many optimal strategies developed for SVC. However, an optimal application for transverse injection is still

under investigation.

2.3. Slot Injection

For SVC, an axisymmetric conical supersonic nozzle has also been theoretically, experimentally, and numerically
studied 22, The geometric parameters of 3D circular sonic injection into the supersonic region of the nozzle were
investigated for NPR of 37.5 with variable SPR. The results indicated that TV through secondary flow was
dominantly affected by the inclination and position of injection in the nozzle 231, A circular injector port was used for
penetrating the secondary flow in the divergent part of the nozzle and could generate a strong shock to deflect the
primary flow. Figure 3 signifies the schematic of the flow field with slot injection. When a secondary flow was
injected into the primary flow, the flow encountered a bow shock wave with various viscous and boundary layer
interactions. Due to an adverse pressure gradient, weak shock waves appeared at the initial separation point 24
(3] However, as the boundary layer got close to the secondary fluidic injection port, the separation deepened and
allowed the formation of a strong bow shock wave. This strong bow shock wave was caused due to the
compression fan interaction. The region of recirculating bubbles was observed both upstream and downstream of
the nozzle, as well as the injected upstream region B84, The primary flow, when crossing from the separation
point, attached the bow shock to itself and continued its motion forward. Sometimes, the interaction between the
primary and secondary flow caused the formation of a more complex reflection of the shock wave, including
surface effects [38139],
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Figure 3. Schematic of a flow field with slot injection.

2.4. Injection Configurations

A 2D SVC nozzle with secondary injection located at 68.8% of the divergent section of the nozzle was analyzed.
The parameters considered were NPR = 6-16, SPR = 0.6, 0.8, 1, 1.2, secondary angle of 90° and 130°, along with
7, 9, and 13 orifice injection configurations. The result indicated that the TV angle for the 19 orifices injection
configuration was greater compared to the 7 and 13 orifices. It was concluded that the thrust coefficient decreased
with decreasing the number of injection orifices for different SPRs. Although the 19 orifices had a better vectoring
angle than the 13 and 7 orifices, it was still less than the vectoring angle obtained from a single injection slot. For
obtaining a larger vectoring angle in SVC, single-slot injection was a better option 49, The effects of multiple port
injections for a 2D non-axisymmetric nozzle were investigated both experimentally and computationally. The results
demonstrated the benefits of using multiple injection ports. For NPR less than 4 and higher SPR, increasing the
injection port from one to two resulted in improved TV performance. At the same time, no benefits were recorded
for NPR values greater than 4 ¥, A 3D study using an orifice injector demonstrated that the deviation angle
increases from 5.49° to 9.23° with increasing SPR from 0.667 to 1.167 [42],

2.5. Effect of Hot and Cold States

A plenum above the span-wise slot for a 2D nozzle was investigated. The plenum was used for facilitating the
secondary flow injection (431, The effect of cold and hot states on the thrust was investigated. The operation
included five states: no nozzle, fixed nozzle, secondary injection in the throat area, secondary injection in the
divergent area, and secondary injection in both the throat and divergent area. At secondary pressure of 0.5 MPa,
the thrust obtained for the five states ranged between 27.3 N to 50.9 N. The result demonstrated that cold injection
through secondary injection not only enhanced the thrust performance but was also capable of reducing the over-

expansion and under-expansion losses 441,

2.6. Bypass Flow Injection
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A bypass flow injection has been investigated to control the deflection angle #2I481471[48] To minimize the influence
of secondary injection and to maximize the thrust vectoring angle with minimal thrust loss, a bypass passage flow
SVC was conceived. A control valve was used to control the bypass flow rate. It was observed that with increasing
the bypass flow rate, there was an increase in thrust vectoring angle as well. With a bypass flow of less than 10%,

10° thrust vectoring was achieved 42, Figure 4 signifies the bypass SVC schematic for TV.

Control valve
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Primary flow e \
—_—
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Figure 4. Representation of Bypass Shock Vector Thrust Vectoring Control with bypass passage flow.

2.7. Injectors

The asymmetric two-dimensional nozzle was investigated for different kinds of injectors. Two adjacent sonic
injections were examined by NASA ESAN single injector for the SVC configuration was observed for NPR = 4.6 and
8.78, along with SPR values of 0, 0.7, and 1. The best TV angle achieved was about 6.9°, providing an efficiency of
1.7 with a 4% injection mass flow rate and 0.96 thrust coefficient (29 Aerodynamic effects on FTV were also
examined. Results were computed for free stream and static flow conditions. Compared to static flow conditions,
TV performance and efficiency decreased for free stream flow 22, The effect of secondary injection reaction heat
on TVC was also explored computationally and experimentally. For primary and secondary flow, methane and air
reaction were used for the reaction process 2. The effect of the different gas injectors on the main nozzle was
investigated. The gases included COy, argon, and helium for SPR = 1 and MFR = 0.076. Helium gas was indicated
to produce large TV angles of 16.2° and 15.15° (52],

FTV performance for a 2D single expansion ram nozzle was numerically calculated. The impact of the suction
tunnel position, angle, and width was also analyzed 53] pifferent models and designs were investigated and
proposed for the axisymmetric nozzle to achieve better performance for the vectoring control system 4]
summary, many parameters have been examined for fluidic SVC. A few parameters and their effects on TV for

different configurations are compiled in Table 1.
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Table 1. Parameters affecting the shock vector control.

Parameters Effects Ref
Mach Increasing Mach would decrease TV efficiency [55]
MFR Decreasing MFR of nozzle would result in strong oblique shock wave (22]
SPR Increasing SPR improves TV angle, reduce response time, dynamic response, and 23]

increases the mass flow rate of secondary flow

Decreasing NPR with Mach number results in better TV angle and efficiency. Increasing
NPR NPR results in increased dynamic response and mass flow rate of nozzle flow but [25]
decreased fluidic injection efficiency

Injection o . .
;ngle Decreasing injection angle results in increased dynamic response [56]
J Increasing J improves the TV angle and increases deflection angle [18]

A graphical representation of these parameters, which includes the effect of NPR, the effect of SPR, injection
location, and injection angle, is presented in Figure 5. All the trends observed for these parameters were obtained
from the data available in the literature. The trend for vectoring angle and vectoring coefficient at different NPR
were observed in Figure 5a. Vectoring angle showed a decreasing trend with increasing NPR, whereas the thrust
coefficient was observed to increase for NPR < 6.5 and decrease for NPR > 6.5. It was reported that increasing
NPR resulted in eliminating the shock and improving the separation in the nozzle, which improved the thrust but
degraded the vectoring angle 2240 Figure 5b refers to the trend of vectoring angle, vectoring efficiency, and
thrust coefficient at different SPRs. An increase in vectoring angle was reported, whereas a decreasing trend for
vectoring efficiency and thrust coefficient was observed. At larger SPR, the interaction of shock with the upper wall
induced thrust losses and resulted in larger pressure loss 22, Similarly, Figure 5c reported an increasing trend in
the vectoring angle with increasing injection angle and injection location. Increasing the injection angle and
injection location had a negative impact on vectoring efficiency and thrust coefficient 321401,
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Figure 5. Effect of (a) NPR, (b) SPR, (c) Injection angle and injection location on SVC. These data were extracted

from the previous investigations carried out on SVC.

SVC has widely investigated thrust vectoring control until now. It was reported that SVC achieves a higher
vectoring angle, but the shock formation degrades the performance of the nozzle. Multiple turbulence models were
investigated for SVC. It was reported that SST k-w was able to predict the separation position and pressure rise in
agreement with the experimental values. The potential downside of using SVC is the creation of shock which

introduces performance losses and structural damage due to the shock boundary layer interaction in the nozzle.

| 3. Counter Flow Control (CFC)

The counter-flow thrust vectoring technique involves a secondary fluidic flow penetrated in the opposite direction of
the primary flow. Usually, in the counterflow technique, the application of suction creates a secondary fluidic flow
stream and produces an asymmetric flow in the primary fluid. The difference between co-flow and counter-flow
thrust vectoring control is that the former involves momentum injection, while the latter uses momentum removal
for controlling the primary flow. CFTV can achieve large TV angles by using suctions between the nozzle’s trailing

edge and an aft collar. Figure 6 details the CFTV schematic for the TV.
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Figure 6. Schematic of Counterflow Thrust Vectoring Control with collar configuration.

3.1. Shear Layer CFTV

Several theoretical and numerical investigations on CFTV control have been carried out. A new calculation on a 3D
rectangular nozzle current CFTV shear layer system for different mainstream temperatures was examined. It was
found that by increasing the mainstream temperature, the Mach number increased, and the TV angle gradually
declined. However, this experiment reported that the mainstream temperature doesn’t significantly affect the thrust
coefficient 4. Several other parameters were studied for CFTV, which included collar length, collar radius, and the
gap height between the primary and secondary flow. The results for the shear layer CFTV technique provided a
more controllable region than the co-flow FTV technique 8IS A multi-axis diamond-shaped nozzle CFTV was
investigated for achieving TV for a Mach number of 2. The maximum deflection achieved was 15°. A comparison of
a multi-axis and a single-axis was also inspected. It was found that a single-axis CFTV system was more efficient
in producing TV and had reasonably linear behavior 69 |n CFTV, for steering the jet, no moving parts and surfaces
were in contact with the moving fluids. However, the drawback of the use of the CFTV application was restricted

due to engine integration, hysteresis, and additional equipment for suction (61

3.2. Collar Geometry

By increasing the gap height, the suction MFR also increased. A proper range of collar length was required for side
forces to act adequately on the primary flow. Different experiments on collar geometry indicated that without a
proper collar, control flow was not efficient [62] Being said, the collar played a vital role in ensuring the optimal

efficiency of the counterflow TV system. The collar allowed a path for secondary fluid to flow, which created a
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mixing layer across the collar area. By disrupting the continuity of the operation, the collar was found to be
responsible for creating hysteresis and bi-stability problems. For a certain condition at the nozzle, the jet attached
to the wall due to a bi-stability problem reached a stable equilibrium B8l Effects of geometric parameters (slot
width, length of the collar) on the Laval nozzle were numerically studied. A critical length of collar was obtained
between 0.19-0.2 m, and the slot width varied between 0.017—0.02 m 83, For implementing CFTV in the aircraft
propulsion system, a well-established rectangular jet for a Mach number of 1.4 was investigated 4. For CFTV, a
TV angle of 16° was achieved for a supersonic rectangular jet 2. By designing the collar geometry properly, the
Coanda effect could be avoided. A proper collar design must consider the stability of the aircraft, TV efficiency, and
continuous performance at a high TV angle. CFTV was able to produce a maximum vector angle of 15° at NPR =
5. The thrust coefficient at NPR of 5 was 0.2. At NPR = 8, CFTV was able to achieve a vector angle of 12° with a
0.945 thrust coefficient €8, |t was concluded that adding a large collar to the CFTV control technology made it

more efficient compared to other FTV techniques.

3.3. Effect of NPR

At different NPRs, the effects of various characteristics for a Mach number of 2.5 on TV performance for CFTV
were investigated. For NPR = 15-17 and 18-20 values, at a constant SPR of 0.8, it was observed that with
increasing the NPR, the primary MFR increased, and thus, the MFR of secondary flow decreased. For SPR of 0.9—
0.6, a low value of secondary mass ratio (0.6%—2.3%) was reported. It was found that with a decreased value of
SPR, an increased value of thrust loss was achieved. The deflection angle achieved for the SPR value of 0.6 was
5.5°. For an SPR value of 0.8, the MFR of secondary flow was obtained between 0.9% and 2.4% 58, A study was
conducted at an NPR range of 3.5-10 values for a collar length of 8 inches (100% and 50%) with different suction
slot heights. When comparing 50% and 100% collars, the latter was found to produce the largest TV angle. Upon
decreasing the slot height, the decreasing behavior of the resultant thrust ratio was obtained 7. Several
parameters have been examined for fluidic counterflow control. A graphical representation of the effect of SPR and
collar length is presented in Figure 7. All the trends observed for these parameters were obtained from the data
available in the literature. Vectoring angle showed a decreasing trend with increasing SPR, whereas the thrust
coefficient was observed to increase with increasing SPR. At constant NPR = 17, the performance of vectoring
angle and thrust coefficient reported was better for high Mach conditions. Another important parameter affecting
the performance of CFC was collar length. A decreasing trend for vectoring angle and an increasing trend for thrust

coefficient at varying collar lengths were observed B8I37],
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investigations carried out on CFC.
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