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ABSTRACT

This study numerically investigates the advanced exhaust designs of the bypass
dual throat nozzle (BDTN), to achieve desirable performance for the operation of the
short take-off and landing (STOL) in military aircraft. The design consists of a classic
BDTN part with a curved conduit that injects the flow back into the primary flow,
at an injector or bypass angle («). This detailed flow analysis has been performed
to investigate various flow performance parameters such as thrust deflection angles
(0), thrust coefficient (Cy), lift coefficient(C,) and thrust losses at different injec-
tion angles, inlet diameters of the curved conduit and nozzle pressure ratio (NPR)
using computational fluid dynamics (CFD) - ANSYS 2024 R1. The investigated per-
formance comparison is shown graphically using Origin Pro and analytically using
EXCEL. The analysis for the STOL operating condition of the engine exhaust was
conducted for varying bypass conduit width and NPR. At engine operating condition
of 4 NPR, selected as the STOL condition, the further investigation of the engine
performance was conducted for different injection angles in range of 35° to 75°, to
maintain the counter flow interaction of the primary and secondary flow. At the
bypass injection angle of 70°, the resulting maximum deflection angle, § of 24° was
achieved with minimal thrust losses of around 1.6% and production of thrust vertical
lift or C, of 0.3 at STOL mode phase of the engine. This was carried out by extensive
computational modeling, using RANS realizable k-¢ model for the analysis of exhaust
flow behavior. The validation of the flow behavior was conducted for the pressure
distribution especially at the cavitation region located in the divergent section of
BDTN configuration. This thrust deflection is efficiently controllable through valves,
the performance of which has also been predicted under different nozzle pressure ra-
tio (NPR). The efficient removal of the mechanical components from the engine gave
a wide margin in the weight reduction from the conventional nozzle, with improved
super maneuverability operation of the military aircraft. The optimized design for
the exhaust BDTN system showed more than satisfactory short take off and landing
performance, with enhanced controlled maneuverability of the flow. This system of-
fers future research scope for considering BDTN, along with integrated design study
on controlled flow mechanisms in the BDTN configuration of the exhaust system to

achieve the STOL operation efficiently.

Keywords

BDTN Inlet Design CFD, Military STOL Aircraft, Design Optimization, Performance
Enhancement, Turbulence Modeling Realizable k — ¢, Flow Validation, Nozzle STOL
Operating Condition, Thrust Vectoring, Lift Enhancement, Secondary Flow Inlet

Behavior.
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Chapter 1

Introduction

It is vital for any military vehicle to have a significant strategic and tactical advan-
tage that allows them to operate in a wider range of environments, a faster response
time that improves survival and provides necessary support. In combat scenarios,
STOL aircraft can not only operate from shorter, dispersed, and potentially dam-
aged runways, but also on unimproved surfaces such as roads or fields, especially in
disaster-prone areas, thus improving life and operational flexibility in different mili-
tary operations. This allows the STOL aircraft to efficiently deliver essential supplies
and deploy troops for support, personnel, and even medical aid. From delivering es-
sential aid in disaster-stricken regions where the traditional airport infrastructure is
compromised to projecting power in remote and contested territories, STOL technol-
ogy directly addresses the evolving demands of global security and rapid response.
Furthermore, advancements in efficient thrust vectoring systems, such as the bypass
dual throat nozzle (BDTN), hold the potential to not only improve STOL perfor-
mance but also to enhance aircraft maneuverability and overall mission effectiveness,

impacting the design and operational doctrines of military aviation across the globe.

The Lockheed Martin F-35 B Lightning II’s is currently the most prominent mod-
ern fighter aircraft with Short Take-off and Vertical Landing (STOVL) capability
which makes use of the swivel nozzle technology, shown in figure 1.1 below, to achieve
thrust vector control, while Harrier’s Rolls-Royce Pegasus engine remains the iconic
example of STOVL making use of the rotating nozzles. The Bell Boeing V-22 Os-
prey, although not a fixed wing fighter, is also considered a STOL aircraft with its
tilt rotor technology. The above mentioned are the only aircraft that achieve the
STOL operations upon optimization of exhaust engine design. Significant research
efforts have been dedicated to exploring various methods for achieving superior STOL
performance, with a notable focus on exhaust nozzle design and thrust vectoring tech-
niques. Mechanical thrust vectoring systems (mentioned above), while proven, often

introduce additional weight and other complexities.



Figure 1.1: Mechanical thrust vector using Swivel nozzle technique in F 35 B%23

Consequently, fluidic thrust vectoring methods, including those employing sec-
ondary gas injection and bypass concepts, have garnered increasing attention, for
their potential to offer lighter and more integrated solutions. While the fundamental
principle of BDTN have been investigated, the specific design and optimization of
the inlet geometry to maximize thrust vectoring efficiency and minimize performance
losses for advanced military aircraft remain areas, thus requiring in-depth exploration
Previous studies have laid the groundwork by examining the general flow charac-
teristics and performance potential of BDTN configurations, but a comprehensive
computational investigation focusing on the nuanced design of the inlet for superior
STOL performance has yet to be fully realized. As a result, fighter aircraft with in-
tegrated functions and a good balance of convenience and performance are steadily

growing in demand within this contemporary defense sector.

1.1 Motivation

This stems from the desire to enhance operational capabilities and overcome limi-
tations associated with traditional fixed-wing aircraft. The enhanced STOL perfor-
mance offers more efficient fluidic thrust vectoring techniques such as BDTN, which
aims at reducing thrust losses and is less complex compared to mechanical systems.
This leads to greater vertical lifting and control during STOL operations. With im-
proved control at low speeds, thrust vectoring provides enhanced maneuverability,
which is crucial for safe and effective STOL flights. This also allows for expanding
the operational flexibility with access to austere environments, increasing deployment
option with increase in payload and range which extends their mission effectiveness.
More scope for carrier operations as can be observed in figure 1.2, especially for naval
aviation, which operates from smaller aircraft carriers without the need for cata-
pults and arresting gears, allows the reach of naval air power to be expanded. This

technological advancement brought about by novel engineering solutions pushes the



boundaries of propulsion and aerodynamic engineering, leading to innovative solutions
for complex flight challenges. Research in the integration of future aircraft design can
inform the design of next-generation military aircraft, potentially leading to more
versatile and adaptable platforms. This investigation of BDTN provides a valuable
comparison against other STOL methods such as lift-fans used in F-35 B or tilt rotors

in V-22 Osprey, to determine the most effective solution for specific aircraft types and

mission requirements.

(a) Dirt strip* (b) Aircraft carrier®

Figure 1.2: Types of inadequate runways

1.2 Objectives

This research has been conducted on the basis of the above-mentioned desired re-
quirements to optimize the BDTN injection design that achieves enhanced STOL
performance for the military fighter jets. Evaluation of performance parameters of
the same aims to study detailed analysis of flow characteristics, vectoring angles,
thrust coefficients, and percentage losses for various BDTN configurations. Thus,
opening doors for exploration for design variations parameters like bypass angle («)
and optimal conduit width to identify optimal design configurations.The project has
therefore been partitioned into two segments to achieve the best possible outcome of
this project. Thus, this study has considered the following objectives for the entire

research investigation:

1. OPTIMIZING NOZZLE DESIGN FOR STOL APPLICATION
2. PERFORMANCE ESTIMATION and VALIDATION

This report presents a detailed computational fluid dynamics (CFD) investigation
into a BDTN inlet design aimed at achieving the desirable STOL performance in
military aircraft. Through meticulous numerical simulation, various innovative inlet
geometries are analyzed to assess their impact on the key performance parameters, in-
cluding thrust coefficient (C}), lift coefficient (C',), derived from thrust vectoring and
thrust deflection angle (). The study focuses on identifying an optimized inlet config-

uration that enhances the interaction between the primary and bypass flows, thereby

3



maximizing the vertical thrust component crucial for short take-offs while minimizing
associated performance penalties, at optimal engine STOL condition. The observa-
tion of these simulations provide valuable insights into complex flow physics within
the BDTN and offer a pathway towards the development of more effective STOL-
enabling exhaust nozzle designs. This research seeks to quantify how BDTN-enabled
thrust vectoring can enhance fighter jet maneuverability and control authority at low
speeds, which are critical phases of STOL operations. The report provides a compre-
hensive review of the relevant literature on STOL technology, thrust vectoring tech-
niques and existing BDTN research, following extensive computational methodology
employed for the parametric investigation, including governing equations, turbulence
model (detailed in Appendix A), mesh generation strategy and boundary conditions.
The findings and the representation of the analysis obtained from the CFD simulations
has also been discussed, following the key observations, drawing conclusion regard-
ing the effectiveness of the proposed inlet designs, and outlines potential avenues for

future work and development in various critical areas.



Chapter 2

Literature Review

Thrust vectoring (TV) is a crucial technology to enhance maneuverability and STOL
capabilities of the military aircraft engine exhaust system. This section briefly exam-
ines the results of the research conducted on various TV techniques, such as mechan-
ical and fluidic thrust vectors, to enhance the STOL.

) THRUST VECTORING )
TECHNIQUES
' |
« ACTUATORS + SHOCK VECTOR
+ MECHANICAL CONTROL(SVC)
COMPONENTS « BYPASS FLOW SHOCK
« BEARINGS VECTOR CONTROL (BSVC)
« MANY MORE.. + COUNTER-FLOW THRUST

CONTROL (CFTC)

« CO-FLOW THRUST
VECTORING (CFTV)

+ THROAT SKEWING
CONTROL (TSC)

+ DUAL THROAT NOZZLE
(DTN)

+ BYPASS DUAL THROAT
NOZZLE (BDTN)

Figure 2.1: Characteristics of thrust vector control methods

Mechanical thrust control (TC) involves physically deflecting the exhaust plume

using movable nozzle components. Common techniques include:

e Swivel Nozzles: The entire nozzle or sections of it pivot to reduce thrust.
This method, famously used in the Harrier ¢ in 1967, can achieve large vector-

ing angles (up to 90 ° for vertical lift), but often results in significant weight

5



and complexity. The thrust coefficient C; losses significantly low during non-
vectored flight but may increase with larger deflection angles due to non-ideal

flow expansion.

« Rotating Vanes/Paddles: When inserted into the exhausted stream, the
paddles deflect the flow, which offers a faster response time compared to swivel
nozzles. This typically achieves smaller vectoring angles and can introduce

substantial C} losses due to flow blockage and increases the surface area.

o Flexible Nozzles: This makes use of flexible materials to change the exit
area and the direction of the exhaust. Although potentially lighter, they often
face challenges in terms of durability and achieving large vectoring angles with

minimal C; losses.

Although mechanical thrust vector control (MTVC) achieves a high vector angle
(0), especially with swivel nozzles and tilt rotors, it is a relatively mature and well-
understood technology. With an increase in weight and complexity due to actuators,
linkages, and moving parts, offer potential for higher maintenance requirements and
may also introduce significant aerodynamic drag” and increases radar cross-section
(RCS) in some designs, as is evident from Figure 2.3. Thus, allowing researchers to
explore fluidic thrust vector control techniques (FTVC) to overcome the disadvan-
tages offered by the MTVC techniques.

Classification | Mechanism Advantages Disadvantages

Mechanical Vanes/flaps, Proven  technology, | Complex  design,
Gimbal mounts | precise control adds weight

Fluidic Internal airflow | Simpler design, poten- | potential for lower
manipulation tially faster response | control precision

Table 2.1: Comparison between MTVC and FTVC

Fluidic TV manipulates the exhaust flow using the injection of secondary fluid or
geometric modifications within the nozzle, eliminating the need to move mechanical

parts in the primary exhaust stream. Some of the FTVC techniques include:

« Secondary Gas Injection (SGI): Injecting a secondary fluid (typically bleed
air from the engine) into the primary exhaust stream near the nozzle exit can
create shock waves or pressure gradients that deflect the main jet as shown in

Figure 2.2 . Studies have shown that SGI can achieve vectoring angles up to

6



15-20 ° with relatively low C; losses of about 1 to 3% at lower injection rates®
. However, higher injection rates for larger angles can lead to significant thrust

penalties.

Separation <—— Bow shock

shock

Boundary
layer

Shock in jet

Recompression
shock

T I | Primary downstream

separation bubble

Primary upstream

separation bubble
Secondary upstream Injected
separation bubble flow

Figure 2.2: Schematic Flow Behavior upon SGI’

o Counter-Flow Injection (CFI): It involves injecting secondary air upstream
and counter to the primary flow can also induce thrust vectoring. A research
study!® indicated that CFI can achieve vector angles comparable to SGI but

may have varied effects on flow instability and mixing.

» Shock-Vectoring Control (SVC): By utilizing tactically placed tabs or wedges
within the divergent section of a convergent-divergent (CD) nozzle, can help gen-
erate oblique shock waves that deflect the exhaust flow. SVC offers a simple
mechanical implementation compared to full mechanical vectoring, thus achiev-

ing § (vectoring angles) of around 10 - 15 ° with reported C; losses of less than
1%,

« Bypass Dual Throat Nozzle (BDTN): This involves a bypass duct or con-
duit that allows secondary or compressed air to interact with the primary ex-
haust within a dual throat nozzle. Upon gaining control of the bypass flow
rate, injection geometry, and pressure distribution, the direction of the primary
jet can be altered. The numerical investigation demonstrated the potential of
BDTN to achieve significant d, up to 30 °, and potentially more with optimized
designs with promisingly low C; losses, generally in the range of 1 to 2%'%!3 in

some configurations.

FTVC offers reduced inertia, allowing for potentially faster vector response rates that
require fewer moving parts in the primary exhaust system, thus reducing maintenance'*.
It can be integrated more seamlessly within certain nozzle designs, potentially reduc-
ing drag. This research focuses on potentially lower weight and complexity compared
to the mechanical system offered by the FTVC technique BDTN which shows marginal

promise for larger 9.
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Table 2.2: Comparison of different FTVC Techniques'®

Bypass dual throat nozzle is a modification of the dual throat nozzle (DTN), de-
signed to improve thrust vectoring performance and also introducing the result thrust
losses from bleeding air from the engine compressor or fan'é or the exhaust flow by
additional chemical mixing!” of the flow at the first throat of the design configuration.
This approach aims to achieve effective thrust vectoring while mitigating some of the

drawbacks of other methods as discussed in table 2.2.

2.1 Research Gap

In 1989, Bell and Boeing developed the tilt rotor, or ‘Prop-rotors’ which is used in
the V-22 Osprey, which had the ability to hover and fly like a drone and the usual
characteristics of a normal fighter carrier. The multifunctional design resulted in it’s
performance in both vertical flight mode and cruise mode to be affected with failure
of one engine, hydraulic instabilities, and flight control systems that produced many
fatal crashes, while switching to different flight modes during flight.

Moreover, the design of the V-22 Osprey tilt-rotor, a crucial cargo combat aircraft,
that indulges in deploying troops, weaponry, and machines. During the hovering and
transition phases of the tilt rotor, the vortex rings formed from the propeller wash and

the exhaust from the nozzle resulted in increased time during transition and failure of



the engine at higher flow speeds’. In addition, it is expensive to maintain and has a
high weight of mechanical components, especially on the wing tips, leading researchers

to opt for some alternatives and improve the performance of such aircraft in combat.

400
Z 300 F
v
&)
S 200t
N v
S
A 100 F

0 20 40 60 80

a(®)

Figure 2.3: Dynamic effects on Drag Force during Transition in Tilt-rotor”

The year 1971 introduced two-lift jet nozzles for a Russian fighter jet Yak-38 Forger
that incorporated vertical take-off and landing (VTOL) specifications'®. This type of
nozzle had a simplified design compared to the tilt rotor, with a reduced weight and
increased payload capacity, and improved hover stability and control. However, there
was a reduction in the forward speed due to the deduction of the thrust from the lift
jet, the complexity of the control and coordination of the lift jet, and there was a high

fuel consumption during the VTOL phase.

The recent improvement in the mechanical components of the engine’s exhaust
system for S/VTOL was in 2015, when the Lockheed Martin F-35 B was introduced
in the defense industry. The main turbo engine is the same as the conventional take-
off and landing configuration, while a shaft-driven lift fan and a three-bearing swivel
nozzle (3BSN) were installed . The rotational angle included 0-95 °. Although this
innovative design opened different propulsion areas for further conceptual studies and
effects, the design of the mechanical structure and bearing connection is complex to
understand due to the demand for complicated design processes in the actuation and

control system.

From the historical development of FTVC as shown in Figure 2.4, BDTN is an
emerging technology that aims to improve STOL performance by providing efficient
thrust vectoring and potentially reducing C; losses compared to traditional methods.
The conceptual design of the research??! shows that BDTN is achieved by adding
the secondary throat to the primary flow. The investigation'* of the design typically
features a primary exhaust stream from the engine core and a percentage of the con-

duit stream that is extracted from the former exhaust flow or from a secondary bypass



stream, often from the compressor section of a turbojet engine.

The Development of
Fluidic thrust vectoring Controls

Fluidic Thrust
Vectoring
Techniques

Shock Vector Control
Secondary flow

Primary flow

/%

Static evaluation test of an oblique
shock wave system for rocket exhaust
deflection.

Counter Flow Control

suction

Primary flow v
Co Flow Control

The use of Coanda nozzle with parallel
secondary injection for the thrust vectoring of
two-dimensional compressible fluid.

Prim:u}' flow

Throat Skewing Conftrol

CO]IBIJ

The countercurrent mixing layer strategies
for shear layer control.

Primary flow
-

Dual Throat Nozzle Control Secondary flow

Cavity

Conceptual development of fixed-geometry
nozzles using fluidic injection for throat area
control.

Bypass Dual Throat Nozzle Control

Secondary flow

Injection

Experimental study on dual throat fluidic thrus
vectoring nozzle concept.

v
Primary flow

>

Experimental and numerical investigation of a
bypass dual throat nozzle .

Figure 2.4: Historical flowchart of FTV(C??

The key to TV lies in the controlled mixing and deflection of these flows, often

facilitated by a cavity or expansion chamber located downstream of the throats'? as
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shown in Figure 2.6. The NPR significantly influence the flow characteristics within
the nozzle, including, the behavior of the shock waves, the interaction between the pri-
mary and secondary bleed flow and ultimately, thrust vectoring angle and efficiency.
Research clearly indicates that the performance of BDTNs varies considerably with
changes in NPR, and optimizing the design for a specific NPR range is crucial!62324,
Controlling or modulating the secondary mass flow rate is a key aspect of BDTN op-
eration. Studies have investigated how varying the amount of secondary air injected
into the nozzle affects the thrust vectoring angle, thrust production and overall effi-
ciency of the system?*. Precise control of the secondary mass flow rate? is essential for
achieving accurate and responsive TV. To achieve better flow uniformity, studies?®27
have used CFD to analyze the flow characteristics and performance of axis symmet-
ric divergent BDTN designs. The single plane thrust vectoring, typically provides
deflection in only one axis, investigates different multiplane TV nozzle designs, and
comparing their effectiveness in terms of vectoring angles, thrust losses, control au-
thority and more?®. The core concept of simultaneously controlling the thrust vector
in two or more axes, namely pitch and yaw, enables more complex flight maneuvers

and control capabilities?.

l | I T 1 l T I T 1 I 1 ().()7
~———&—— 21) vectoring angle
32 - - ~# — - 3D vectoring angle _
7/ ‘- — « = — - 2]} thrust coefficient
B ;' N ——.— 3D thrust coefficient -
u 40.96
28k -
< T 4095
24F 3
- ~0.94
20 -
1 I 1 L l L L l L l L 1 I 1 I 1 1 l 1 I L B
0.93
0 4 S 12 16

NPR

Figure 2.5: Effects NPR on ¢ and C; on 2D and 3D BDTN configuration'®
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The table below summarize recent numerical investigation on BDTN configura-

tions.

It highlights various studies employing CFD, to analyze BDTN performance

under different conditions, and examining the impacts of geometric parameters, flow

conditions, and design variations on thrust vectoring characteristics.

Varvin Computational
Year Title Model ying Setup and Conclusions Ref
Parameters A
Details
£ . » Fluentfrealizable k- | MPF had a negativle.impact an T
ol A et £ Model, 44,778 angle. Thrust coefficient was found
2014 | M"“m“‘? e 9;}”'“:; 2-30 nozzle MPF = 1-16 grid cells to decrease with increasing NPFL (5]
- £ ;; o FPa= 101325 Pa Best performatice was recorded at
e Ta= 300K NFF = 4,
‘3:""‘””;;# O M’E"""” Cold blowdor, |2 MPFi= 3.5, and 10 BTN was able
L o= (kg o .
2015 oo Threar 30 rozzle MPFR = 3-10 wind tunrel Facility to acl";:;eSEj iealg-j:c 12;2?'2t:nd 34 [16]
Hzzde 4 '
FluentSpalart
Comuetont sk of Comnyan| Ao | el € e i
Fapmmele divergent = 1.1025-15625 ) ’
2019 | e e 23D nozzle TP Pori = 455300Fa | Increasing the bypass width [26)
fuprass sl ffwoat Radius ratio = )
e 105155 Pzec = 607,950 Pa | enhanced the thrust and discharge
T Pa= 101325 Pa cosfficients.
Ta= 300K
FluentSpalart
Mon-afterburner state reported
MPR = 4.47 All Iadel
Desiarn and Frafiminars i, After burin 5 ;n :;g: noodez increazed TY angles than
Aralusis of the Yariabie ’ state d = .ri - 453138 Pa afterburning states for both improve
2020 Axrzeamametric vergent 30 rozzle i Mo F'fec _ 45?: 136 Pa geometry scheme. Discharge and [27]
Bepass Doal Threar aFte;burning Pa —_1D‘I 3'25 Pa thrust coefficients were
Apzzfe slate Taz 000K approximately etcp.t,lal for both rozzle
Tin= 304 K saes.
Lapess JE??;, o FluenfFhG k-2 Increasing bypass position leads to
il me'ﬂ ";f NPR = 2-18 Madel ircreased TV efficiency. The thrust
2020 'j: mm‘b‘re 30 rozzle Bupass position| 855,000 grid cells | coefficient was reported in range of [23]
L OARIace =007 Pa= 101,325 Pa | 0.85-0.92 with increasing NPR from 2
fupass ol el
Ta= 300K ta 4.
neze
MNPR = 2-10
o fravestiotion ElvD:S;‘ asr;?le =] FluentENG ke Incr.iaslrlwg thetbypasstar'lugle hasla
soz3 | the Thrust Yectoring o | - - Mol DD;I |F\;§ impas Eon wachoring ang Ie o
f:i";\ffw - Wr - MoZZle DTV?F?EE:TCSE?Q F'a - 101’325 F'a ar hE ICIEI’T.CQJ. .F.Dn\r;a-rgenm: angle
st Tharenent Mt atigle = 2~ Tac 200K 33 Mo S|.gn| icant irnpact on
Bupass width = vectoring performance.
2E6-5mm

Table 2.3: Research gap of various BDTN design operation

By manipulating the flow rates and pressures of the primary and bypass streams,

and by utilizing aerodynamic surfaces or fluid control within the nozzle, the direction

of the exhaust jet can be altered to provide vertical lift components during take-off

and landing. The cavity or mixing chamber located between the two throats plays a

crucial role in the performance of BDTN, including the following:

Flow Mixing: The efficiency of interaction and mixing of the high energy
primary flow and the low energy bypass flow can influence the overall thrust and
noise characteristics. Poor mixing can lead to thrust losses due to incomplete

momentum transfer.
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e Pressure Distribution: The development of complex pressure fields within
the cavity due to the interaction of the streams and geometric constraints can

influence the flow deflection mechanisms and overall TV capability.

e Vortical Structures: The shear layer between the streams can generate vor-
tices within the cavity. With controlled generation and manipulation, these
vortices can enhance mixing and improve the effectiveness of flow deflection
surfaces. However, uncontrolled vortex shedding can lead to aerodynamic losses

and noises.

« Shock Wave Phenomena (at supersonic speeds): In the case of supersonic
exhaust condition, shock waves are formed within the cavity which lead to

significant energy losses and affect the predictability of the flow deflection.

 Boundary Layer Development: With the development and behavior of the
boundary layers along the walls of the cavity, the separation of flow and losses

is influenced, particularly at high deflection angles.

Upstream throat |

Recessed cavity

~— Downstream throat

B Pt o At of g '
RS
1
RO
X

Figure 2.6: Schematic diagram of the principle of operation of Dual throat nozzle!?

Separation region

The above-mentioned phenomena can be observed in the experimental study con-
ducted by Huang et al. (2022)%!. The CFD investigation of the supersonic CD nozzle
employs secondary air injection (SAI) into the divergent section of the nozzle*'. The
impact of various secondary injection parameters, such as injection angles and sec-
ondary air mass flow, on the thrust vectoring angle and the thrust efficiency of the
nozzle at a nozzle pressure ratio (NPR) of 3. Using the k — ¢ RANS model to solve
the Navier-Stokes equations for the compressible flow for the supersonic regime.

The numerical study showed a thrust vectoring angle of § = 4.1° and a thrust effi-
ciency of around 7,45 = 98.5% at an injection angle of v = 30°. The effects of NPR
, secondary pressure ratio (SPR), injection location 5 and injection angle o with re-

spect to Cy and 0, is represented graphically in the Figure 2.5. On increasing NPR
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the ¢ decreases marginally, but the C; reaches its peak before falling to an almost
constant value®?. While, for increasing SPR the behavior of § is opposite and C; is
observed to decrease linearly. The vectoring angle « increases parabolically with it
maximum value reaching closer to primary throat, having the highest thrust coeffi-

cient Cy > 0.95 while vectoring angle § decreases .

This deep understanding can guide the research directions of the current project
and support the achievement of its objectives. The design of bypass dual throat noz-
zles, thrust vectoring with the supersonic nozzle, and optimization of the nozzle design
with respect to STOL performance should be further investigated. To overcome the
gap, the team has considered injecting 3 to 9.57% secondary mass flow through a
curved conduit to ensure proper mixing of the exhaust flow, with controlled pressure
injection at low flow speeds. This allows the controlled vortical structure formation
with shock and boundary layer development to add to ¢ , thrust vectoring angle, in
the selected BDTN configuration.

The team has also conducted an investigation of the design performance of the
BDTN configuration for different phases of flight, such as take-off, cruise, and landing.
Thus, we investigate the variation of the mass flow rate under the assumption of an
ideal mixing condition in the exhaust and the variation of the secondary injection
angle a maintaining a selective mass flow rate. The study has been carried out
to understand the flow behavior in the BDTN performance like the effects on thrust
coefficient Cy, thrust losses and thrust deflection angles both in vertical and horizontal

(6, and d) at an optimum design configuration.
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Chapter 3

Numerical Methodology

The fighter aircraft have three general phases of flight namely, Take-off, Cruise and
landing, depending on different mission profile and requirements, some additional
trails can be added. The Osprey mission profile is represented in Figure 3.1. With
capabilities like super maneuverability, STOL and high payload capacity of such air-
craft, it became crucial, especially during combat scenarios due to faster response rate

and high performance graph.

Powered Lift Wingless
————— e >
Cruise
L 25 al
| |
: Climb Descent:
| |
| |
| |
R, | Cruise | Reserve Energy
= | Altitude ! e ———
Transition Transition
Takeoff Landing
Hover Hover
Range

Figure 3.1: V-22 Osprey Simple Mission Profile for VTOL?3

The transition from powered lift and wingless flight has been a significant study
in the research of Huang et al.?%2!. With proper CFD ANSYS models, the flow
behavior analyzed showed the reduced time rate for the transition of the turboprop
from powered to wingless flight in V-22. A sophisticated numerical tool, CFD-ANSYS
FLUENT is employed to analyze and predict flow-related physical phenomena. This
involves a systematic approach to numerically solving the governing equations of
fluid flow and behavior. The project has been carried out for the take-off and cruise
phase segment of the fighter jet to analyze the engine exhaust performance upon

incorporation of the mentioned FTVC technique to achieve STOL operation.
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3.1 Pre-Processing

3.1.1 Geometry Model

The computational model for BDTN was designed with reference to the model de-

1.2921 "utilizes the percentage of primary

scribed in the study conducted by Huang et a
flow bypass stream in the nozzle exhaust, is termed BDTN, thus changing the flow
properties of the injected primary flow. This internal injection of the primary stream
without external components results in a thrust vector coefficient with some deflection
angle 6. This 0 can then be controlled with the use of valve actuators in the conduit.
The geometry of the BDTN constructed on Design Modular - ANSY'S, considered for

the numerical investigation, is shown in detail in Figure 3.2.

H
Hin He ‘

Lcav

Figure 3.2: BDTN Configuration

The quantification of the non-dimensional geometry parameters is shown in Table
3.1 below. These quantities are with reference to the investigation study for a V-22
turboprop engine, with minimal variations, which are considered according to the
fighter jet engine for STOL capabilities.

Hzn/Ht HQ/Ht Lcav/Ht Wb/Hm Hf/Hm Lf/Lcow

2.72 1.09 2.88 6.16% 4.67 3.88

Table 3.1: Non- dimensional geometry parameters of optimized BDTN exhaust
system for STOL.
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The working state of the engine is reduced by diminishing the external redundant
components used in other FTVC techniques. The proposed exhaust system is con-
sidered to be installed as a conventional jet engine, which has not been considered
in the study by Huang et al.?’. It is important to understand that all angles in this
study are positive when calculated from the horizontal axis of the first quadrant; the
negative sign shows that the calculation of the same is carried out from the nega-
tive axis or the horizontal axis of the second quadrant. The BDTN exhaust system,
consisting of a curved conduit with injection angle 8; = 45°, having first convergence
angle oy = 30°, with progression of divergence section at angle #; = 15° and second
convergence at 5 = —50°. With an expansion ratio (E,) of 1.2 and bypass inlet width
(Wh) of 6.16% of primary inlet diameter or height (H;,). The ratio of primary inlet
diameter, secondary throat diameter (Hs) and cavity length (L) to throat inlet
diameter is mentioned in Table 3.1. This 2 D computational model consists of the
presence of a far field to analyze the behavior of the exhaust plume in an ambient
environment, which is depicted in Figure 3.3.

280mm

Figure 3.3: Far field environment configuration

Measurements are considered in millimeters for the proposed geometry for com-
putational ease as the ANSYS- Fluent software in default settings, understand this
unit of measurement of geometry. The far field height ratio, (H;/H;,) along with the
far field length ratio (Ls/Lcqy), is mentioned above in Table 3.1.
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This investigation is conducted in two sections to select an optimized geometry
with high STOL performance. Section A: investigates the geometry with varying
W/ Hin: 3%, 6.16% and 9.51% each with NPR of 1.5, 3 and 4, keeping a constant
injection angle, a;,; = 45°. The STOL performance parameters were investigated
to achieve the optimal operating conditions for the BDTN exhaust system, the ge-
ometries of which were constructed using Design Modular of ANSYS as shown in the
Figure 3.4 below.

QA O o3

(a) Wy = 1.7mm (b) Wy =3.7mm (c) Wy =5.7mm

Figure 3.4: Bypass conduit configuration with varying W,

Upon analysis of Section A for the optimal operating conditions, the variation of
injection angle (ay,;) from 30° to 75°, for constant NPR and conduit width (1) of 4
and 6.16% respectively. The geometry near the conduit is shown in Figure 3.5 below.

N @3 V)

(a) a=35° (b) o =40° (c) a=45°
(d) a=50° (e) a=55° (f) a =60°
(g) a=065° (h) a=70° (i) a =T75°

Figure 3.5: Bypass conduit configuration with varying «

These 2 D BDTN configurations were then taken further in the pre-processing

stage of the computational modeling, which is grid or mesh formation.
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3.1.2 Grid Generation

Meshing transforms a continuous physical problem into a discreet one by making it
solvable using the finite volume numerical method (FVNM) used by CFD-ANSYS.
The proposed geometry contains a structured 2D mesh grid as shown in the Figure
3.6 below. This makes the mesh more efficient for higher accuracy, allows faster

convergence, and requires a lower computational cost.
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Figure 3.6: Grid generation for the BDTN configuration

The geometry domain is divided into smaller elements called cells with defined
nodes, faces, and edges. To obtain accurate results from the mesh, it is important to
ensure that the four main mesh parameters are within the optimum range to produce
the desired results with the minimum possible error during discretizations. Thus,
these are well maintained under the standards, throughout the mesh, for optimum

computational investigation. The structured mesh is shown below.
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Figure 3.7: Bypass Conduit structured grid

The standards considered are mentioned in Table 3.2. These standards allow
better control over mesh quality parameters such as cell shape, aspect ratio, and
orthogonality, which are crucial for solution accuracy and stability. The creation of
highly stretched, well aligned structured layers near the solid walls makes them well-
suited for resolving viscous sub layers in turbulent flows using the wall functions or
low Reynold’s number models, which is discussed in the next section.

Parameters Range

No. of elements 1.5 Lakhs

Y-+ wall Distance Less than 10

Cell Volume change | Less than 2

Orthogonal Quality | Greater than 0.35

Max Aspect Ratio | Less than 50

Table 3.2: Considered mesh parameter standards
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3.1.3 y* Wall Distance

It is a dimensionless wall distance that is used in CFD to describe the size of the first
cell adjacent to a wall in turbulent flows. It is a crucial parameter for determining the
accuracy with which the near-wall region, particularly the turbulent boundary layer,

is resolved by the computational mesh.

Wall Y plus

Figure 3.8: y* wall distance of BDTN configuration

When a viscous flow is simulated, a boundary layer is formed near the walls. Here,
the moving fluid meets the no slip condition and the flow at the wall becomes zero.
This results in a parabolic velocity inlet in the fully formed region. In order to obtain
the exact velocity magnitude in the vicinity of the wall, the cell center distance of
the first layer adjacent to the wall must be small enough to capture the details. The
equation that follows for the calculation of this dimensionless wall distance is given
below:

Yyt = % and Ut = U%
Here,
 y,: distance normal to the wall where y* is calculated
o U : velocity parallel to the wall as a function of vy,

e U,: Shear velocity or friction velocity near the wall,

o v: Kinematic viscosity.
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- Laminar < Transition —»< Turbulent

Figure 3.9: Wall Shear Layer distribution*

Figure 3.9 shows the variation of y™ wall distance corresponding to the U™ wall
distance. The figure 3.10 shows the direct numerical solution (DNS) data, which
accurately depicts the experimental data, including internal and external viscous flow,
that follows the trend when plotted along U' and y* distance. As the viscous sub
layer accurately predict y* less than 5 and in range of 20 to 200, also known as the
log law region is modeled well. However, for y*wall distance between 5 to 20, there
is a buffer region and both the linear model and the logarithmic model is inaccurate

corresponding to the actual DNS data.

Viscous Sub-layer  Buffer layer Log-law region

L ik

DNS
Spalding
Linear

Log-Law

Figure 3.10: Effect of different numerical methods on UT wall distance*

Therefore, it is vital to keep the edge parameters in mesh such that the y* distance
of the wall should lie within 10 or in range of 20 to 200 to obtain meaningful and
reliable. Otherwise, it will lead to computational results which are non convergent in

nature.

3.1.4 Orthogonal Quality

It is a metric parameter that quantifies the closeness of mesh cells resembling ideal
orthogonal shapes. A perfect orthogonal mesh has cell faces that are perpendicular
to each other. It is typically represented by a value ranging from 0 to 1, where 1

indicates perfect orthogonal cell and 0 represents non-orthogonal or degenerated cell.
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Orthogonal Quality

053 057 062 067 072 076 081 086

Figure 3.11: Orthogonal Quality of the mesh

Since the acceptable range for orthogonal quality generally aimed for values above
0.1 or 0.2. In the computation model the team has achieved a minimum cell orthogonal
quality is maintained above 0.4. It is often calculated based on the angle between the
vector connecting the centers of the two adjacent cells and the normal vector of the
face they share as represented in the figure below. Deviations from a 90° angle reduce
the orthogonal quality.

Vector perpendicular
to shared cell face

Figure 3.12: Concept of Orthogonality in Cell

It is crucial metric for evaluating the suitability of the computational mesh, which
helps ensure the accuracy, stability, and the convergence of the numerical solution for

a good orthogonality.

3.1.5 Aspect Ratio

It is a measure of the distortion of a cell compared to an ideal or equilateral shape. It
is defined as the ratio of the cell’s longest characteristics length to its shortest char-
acteristics length. An aspect ratio of 1 represents an ideal, equilateral or equiangular
cell ( example, a perfect square or cube). As it increases the cell becomes stretched
or elongated. While some stretching can be acceptable and even beneficial in specific

regions (like boundary layers aligned with the flow.
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Aspect Ratio

142 386 630 874 11.18 13.62 16.06 1850 20.94 2338 25.82

Figure 3.13: Aspect Ratio of mesh

Upon applying a wall distance of 0.05 mm with the H;, of 60 mm in the BDTN
configuration resulted in a ywall distance under 10 while the aspect ratio reaches
around 40. Had the aspect ratio touched unacceptable range in multiples of hundreds,
the team would have then chosen a y* wall distance between 20 to 200, to achieve a
lower aspect ratio in the region formed by crossing of concentrated vertical cell height

near nozzle exit and the horizontal cell height in far-field.

3.1.6 Cell Volume Change

It refers to alterations in the volume for computational cells during a simulation.
This phenomenon can occur intentionally due to adaptive mesh refinement (AMR)
or dynamic meshing, or unintentionally as a result of poor mesh quality or numerical

instability.

Fluent solves the CFD using Cell-Volume Method. Therefore difference in volume
across adjacent cells becomes critical and it often leads to faulty results if cell volume
change across blocks are larger. Ideally cell volume change should be close to 1. The
mesh has been maintained under a maximum cell volume change region within 0.75

to 2.1. This can be ensured while blocking by following three methods :

1. Decreasing no. of nodes in denser blocks or increasing no. of nodes in sparse

region

2. Moving vertices while blocking so that denser blocks become longer and sparse

blocks become shorter

3. Applying edge parameters in two blocks having a shared face, with a growth
ratio within 1.00 to 2.00.
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Volume Change

088 098 1.09

Figure 3.14: Grid cell volume change

3.1.7 Blocking

It is a technique primarily used in the generation of structured meshes, especially for
complex geometries. It involves diving the computational domain into a set of similar,
interconnected blocks. Each of which is then meshed independently with a structured

grid consisting of quadrilateral cells in the 2 D BDTN geometry design.

Figure 3.15: Blocking in BDTN configuration

The final blocking pattern which has been used to balance the various quality pa-
rameters, is shown above. Blocking ensures that the complex geometries are handled

by breaking them into topologically simpler blocks and the quality of the mesh is
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improved. It facilitates local mesh refinement by controlling number of cells within
specific blocks, especially near walls, in shear layers or around complex geometry fea-

tures, where higher resolution is needed.
The common blocking strategies that the team considered to obtain the desired
mesh quality includes the following :

o O-grid: it is used for internal flows or flows around circular or bluff bodies, by

creating a central block surrounded by concentric layers of cells

o (-grid: it is often used for external aerodynamic flows, wrapping around lifting

surfaces with a wake region extending downstream.

e H-grid: it is a straight-forward block structure often used for rectangular or

ducted flows.

o Y-grid: it is used for handling sharp corners or leading/trailing edges.

Figure 3.16: Blocking using O-grid strategy

The investigation is carried out by the O-grid blocking technique to ensure that
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the high mesh quality is not compromised and the computation yields quality results.

The BDTN mesh components can be observed in detail in the figure below.

Figure 3.17: Structured mesh through O-grid

3.2 Solver Set-Up

Computational cost
Degrees of freedom
Geometrical complexity
Modelling importance

RANS

(a) (b)

Figure 3.18: (a). Pyramid of Computational Models*® (b). Computational compar-
ison of RANS, LES and DNS3¢

It is a crucial stage after pre-processing where the numerical engine is configured to
solve various fluid flow statements. The Fluent solver is set up as density-based.
Since the focus of the study is to obtain an average flow deflection angle ¢, at the

exhaust exit, a turbulence model is selected which requires less computational cost
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and provides decent accuracy. Therefore, Reynold’s averaged Navier Stokes (RANS)

model is an appropriate selection according to the hierarchy of computational models.

The Realizable £ — ¢ Model with standard wall function to achieve the desirable
flow behavior. Roe’s flux difference splitting scheme (RFDSS) and the second order
upwind are adopted to discretize the inviscid and viscous flux terms on the control
volume surfaces in the realizable k — € equation. The energy equation has been in-
volved, and air has been taken as the ideal gas to model the internal gas flow inside
the nozzle with the assumption of complete mixing in the exhaust. The Sutherland
law has been used to calculate the dynamic viscosity. The detailed setup of the solver,

along with the governing equations, can be accessed in Appendix A.

e Prassura Farfsid
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Figure 3.19: Computational Domain of BDTN configuration

After setting the solver, the calculations are initiated based on certain boundary
conditions that monitor the domain environment for which the computation is carried
out. The solver then iteratively solves the discretized equations, mentioned in Ap-
pendix A, until the convergence criterion is met for steady state or specific simulation
time is reached for transient condition. The following Boundary Condition has been
adopted to study the flow field.
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Inlet Conditions Type Pressure

Total Pressure (FP,) 405300Pa (NPR = 4)
Inlet velocity (Vi) 64 m/s
Turbulent intensity 3%

Static Temperature 300K

Outlet Conditions

Total ambient pressure (Pyp) 101325Pa
Turbulent intensity 5%

Turbulent viscosity ratio 10%

Static Temperature 300K

Far Field Conditions Type Pressure

Gage Pressure 101325Pa

Velocity set to 0.01 Mach number (Ma)

Table 3.3: Computational Domain Boundary Condition.

The P, is considered for Section A of the investigation, where the inputs included
are: 405300Pa (NPR 4), 580000Pa (NPR 5 ), 151987.5 Pa (NPR 1.5). The super-
sonic/initial gauge Pressure has been chosen for each NPR where the inlet velocity is
same, i.e. 64m/s. Thus, ensuring the same mass flow rate in Section B of the study.
The turbulence conditions for the intensity and hydraulic diameter have been chosen
to set the turbulence conditions at the inlet. Since air flow is mostly streamlined, the
expected turbulence is less, therefore, turbulent intensity has been assigned a value
of 3%.

The turbulent condition at the outlet is set on the basis of the backflow turbulent
intensity and viscosity ratio, mentioned in the above table. The operating pressure

for the far field is set to 0, since all the pressure terms have been written in the form
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of total pressure, and the back pressure is 101325 Pa itself, as mentioned in the table.

3.2.1 Courant Number

It indicates how much information from the flow variable travels through a unit cell
in a unit time. If courant number is one, and time step size is adjusted such that
information travels at the speed of 1 cell in unit time step size. If Courant number
is 0.5, information passes at half the length of an unit cell in 1 time step size. If the

inlet velocity is higher, the time step size decreases to adjust the inlet speed.

AL At
CFL>1 s (& @
V—> I Ah
CFL<1 elele
At At,

Figure 3.20: Concept of Courant Number??

For the study, the courant number is taken as 0.5 in all cases. Since our simulation
deals with internal flow and it becomes highly turbulent aft of throat and there is
eddies formed, we required our time step size to be small enough to capture all the
details. All the numerical setups have been initialized from inlet and 60,000 iterations

have been run in order to converge all the results.

3.2.2 Convergence Criteria

It is a set of conditions that a numerical solution must satisfy to be considered ade-
quately to converge to the true solution of the discretized governing equation. Since
CFD is an iterative process, these criteria determine when the iterations should stop.
Achieving proper convergence is crucial to obtain physically meaningful and reliable
computational results. The convergence criteria of the study is based on the wall

pressure , as shown in the figure below.
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Figure 3.21: Convergence criteria: Pressure on walls

Pressure on walls has been plotted against the number of iterations to judge
whether the results are converging or not. In the turbulent model, Reynolds number
is very high, and accuracy of flow variables such as continuity equation, x-velocity,
y-velocity are in the accuracy of 2 decimal places, whereas k and € are accurate up to
4 decimal places according to residual data. Therefore, residuals alone would not be
sufficient to judge whether the result has converged or not. A new criterion has been
added to the report of the facet average pressure on walls, which records the data at
every 1 iteration. A constant value suggests that further calculations will lead to a

consistent value in the exhaust, thus converging the numerical solution of the flow.
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Chapter 4

Result Discussion

Following, the rigorous computational methodology delineated in the previous chap-
ter, this chapter is dedicated to the exposition of the resultant findings derived from
the numerical simulations undertaken to comprehensively investigate the performance
of the optimized BDTN configuration. The ensuing sections will meticulously present
the quantitatively analyzed data pertaining to the two sections of the study con-
ducted, after validation of the flow parameters like the pressure and shear wall stress

from the computational methods. This is discussed in detail in the ensuing section.

4.1 Validation

To establish the credibility and accuracy of the CFD methodology employed in this
study, a rigorous validation process was undertaken. This section presents a compar-
ative analysis between the numerical results obtained from the developed CFD model
and established benchmark data available in the open literature for DTN case of dif-

ferent flight modes?*:2!

. Its important to observe that the validation geometry for this
project is different from that of the benchmarks’ and hence only the flow behavior

trend is represented and compared for further study of the BDTN configuration.

The primary objective of this validation exercise is to quantify the fidelity of the
chosen numerical schemes, turbulence model, and boundary condition implementa-
tion in accurately predicting the key flow parameters like the pressure ratio, pressure
coefficient (C,) and shear wall stress(7,q). These graphs were generated upon ex-
tracting the data files from ANSYS and from image processing technique from the
benchmark study?®2!, to obtain data, which was then plotted in ORIGIN Pro for the
purpose of validation. From the graphs it becomes evident that the trend is followed

by the proposed optimized BDTN configuration.
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® C,(Benchmark)

(b) Comparison of pressure ratio at the lower wall of the BDTN configuration

Figure 4.1: Experimental-computational validation of BDTN

The flow behavior is graphically represented to understand and compare the flow
parameters like pressure and shear wall stress. The exhaust velocity achieved from
the computational methods in the mentioned study was in the range of 120 to 240
m/s, while for the current project investigation the exhaust flow velocity lies in the
range of 110 to 400 m/s for the operating condition of NPR 4.

For a detailed computational study, the optimum flow conditions were set as a the
first case segment, which is discussed in detail in the next section. Upon successful

comparison and noted trends which are observed to be similar for both the benchmark
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and the proposed design configuration, the study of thrust performance in the exhaust

system was conducted.
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Figure 4.2: Wall shear stress of the lower wall of the cavity region of BDTN

4.2 Formula Used

Some parameters are used to evaluate the performance of the exhaust system. In
normal flight mode, the thrust coefficient (C;) and thrust vectoring angle ¢ are the
most critical parameters. In SVTOL mode, lift coefficient (C/,) is chosen to replace
the thrust coefficient to evaluate the producing lift. The thrust vectoring angle is
defined as:

J= atan(%)

where F, and F| are the axial force, the x-component of force, and normal force or

the y-component of force, respectively. They are obtained from the below equations:

Fx = fAQ (pva:v;t + (P - Pb))dAac = fAm (pvxvm + (P - Pb>>dAac - Fwall—ac

Fy = ng (pvl‘vy + (P - Pb))dAy - fAm (pUny + (P - Pb))dAy - Fwall—y
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where A, is the area of the nozzle at the second throat and A;, is the area of the
nozzle inlet. v, and v, are the axial or the x-component of velocity and normal or the
y-component of velocity, respectively. A, is the projected area of the surface along
the x-axis and A, is the projected area of the surface along the y-axis. F, is the
ambient pressure while Fyyq—, and Fyqu—, is the total normal and axial component
of resultant force along the geometry walls. Upon neglecting the projected area for
SVTOL mode of flight the simplified equations then become:

Fy = Fwall—y

The thrust coefficient is then defined as the ratio of the resultant force or thrust to

ideal isentropic thrust (Fjgea),

(F2+Fy)

Figeat

Ct:

The ideal force (Fjgeq;) can be obtained by the equation below:

_ -1
Fideal = mm\/( («,z_vl)RT[l - (%M)((vy ))
where v is the specific heat ratio, R is the gas constant, and T is the total temper-
ature at the inlet of nozzle in kelvin. NPR is the ratio of total pressure at the inlet
of nozzle to the ambient pressure. For SVTOL the lift coefficient can be found from
the equation:-

ny —

Fideal”

Using the formulas mentioned in this section, a detailed data analysis was performed
to determine the flow behavior and thrust vector performance of the secondary conduit
of the BDTN configuration.

4.3 Case Study A

. This case study was carried out for three different width ratios of the bypass conduit
%, for varying mass flow rates or NPR. This was done with the aim to select the
optimum flow conditions for the BDTN configuration meanwhile also achieving high
performance. The bypass conduit width W, is a fundamental design parameter of
the BDTN that directly influences the core mechanism of thrust vectoring and its
associated performance metrics. A comprehensive study is included to investigate
different conduit width to map the design space, identify optimal configurations that
meet the specific STOL requirements of the military aircraft, and understand the
trade-offs between thrust vectoring capability and overall engine performance. This
section of the investigation also vaguely depicted the flow behavior for the closing and
opening of the bypass conduit itself. The data from the computational post processing
was further analyzed using the equations, mentioned in the section below, in EXCEL.

The tables of the same are represented below.
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NPR | m(Kg/s) | V(m/s) | Feomp(EN) | Figeat(EN) | 0° C, Cty
1.50 |6.19 204.67 | 1.27 1.58 7.08 10.80]0.10
3.00 | 13.64 323.45 | 4.41 5.47 10.10 1 0.80 1 0.14
4.00 | 18.12 334.64 | 6.06 8.04 19.74 | 0.75 1 0.25

Table 4.1: Flow behavior and performance data for W, = 3%

NPR | m(Kg/s) | V(m/s) | Feomp(EN) | Figear(EN) | 0° C | Cpy
1.50 |5.92 199.25 1.18 1.52 11.83 [ 0.78 1 0.16
3.00 | 17.22 270.01 | 4.65 6.93 12.62 [ 0.67 ] 0.15
4.00 |17.46 334.20 | 5.83 7.74 21.9710.751 0.28

Table 4.2: Flow behavior and performance data for W = 6.16%

NPR | m(Kg/s) | V(m/s) | Feomp(kN) | Figear(kN) | 6° Cy | Cypy
1.50 | 5.84 192.27 1.12 1,499.13 12.31 1 0.7510.16
3.00 | 12.98 321.62 | 4.18 5,231.49 19.91 [ 0.80 | 0.27
4.00 | 21.30 302.15 6.44 9,456.49 12.00 1 0.68 | 0.14

Table 4.3: Flow behavior and performance data for W, = 9.57%

The graph is represented in three color format, green for Wy, /H;, = 3% , red for
Wy/H;n = 6.16%, and blue for W, /H;,, = 9.57%, while the line style represents the
performance parameters. The performance graph of thrust coefficient, represented by
dotted line style indicates that at NPR 4 the maximum value achieved is 0.80, for
Wy/ Hyy, of 6.16%. While, the flow deflection, represented by solid line style, yielded
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a maximum value of 22° at NPR 3 for the W,/ H;, of 3%. But at NPR 4 the thrust

deflection ¢ attains a value of 21.5° can be observed in the figure. Thus, selecting the

flow operating conditions at NPR 4 with the bypass conduit width ratio 6.16%.
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Figure 4.3: Performance graph of varying W, % ratios for study 1

It can be assumed that the NPR 1.5 operating condition of the engine that rep-

resents the initial stage of of the flight mission profile that is ground roll. While the

NPR 3 and 4 operating condition showcase the initial take-off or climb stage, hence

can also be regarded as the STOL operating condition for the fighter jet engine. Upon

selecting the flow operating condition of NPR 4 and duct geometry sizing of 6.16% of
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H;,, for optimum STOL performance estimation for different injection angles a.. The

next case study includes the benchmark’s computational velocity and mach contour

range and the current investigation on the effect of the mentioned flow parameters on

the proposed bypass design.

4.4 Case Study B

On selecting the flow engine STOL operating condition of NPR 4 with the duct
geometry sizing of 6.16% , for the STOL performance estimation for different a of the

BDTN configuration. This case study was conducted to investigate the performance of

the BDTN exhaust flow performance for above mentioned STOL operating condition

and determine the optimum «;y,; for the proposed BDTN configuration. The graphical

representation of the data from the simulation was plotted using Origin Pro software.

The data table showing the thrust flow performance parameters is shown below.

Injection Deflection Thrust co- | Thrust loss | Lift coeffi-
angle o° angle ¢° efficient C} b enes /0 cient CYy,
35 19.21 0.74 2.56 0.24

40 21.51 0.75 0.86 0.28

45 21.54 0.73 3.05 0.27

50 20.84 0.76 0.26 0.27

55 21.50 0.74 1.91 0.27

60 21.08 0.76 1.13 0.27

65 22.43 0.74 0.45 0.28

70 23.43 0.76 1.58 0.30

75 21.57 0.76 2.42 0.28

Table 4.4: Data of thrust flow performance for STOL operating condition
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Figure 4.4: Trend captured in the thrust vector performance parameters for STOL
engine operating condition

The graphical representation of the data is shown in the figure above. It can be
seen that for a = 70°, the deflection achieved is around 24° with a maximum thrust
coefficient C, of 0.76 and minimal losses of around 1.6%. For the enhancement of
aerodynamic lift, a lift coefficient( CY,) of of 0.3 is observed to contribute in the
maximum lift coefficient of the entire aircraft wing. The total lift generated by the

aircraft during take off is the combination of the following:

« Wing lift (C,

wing ) ‘

It is the primary source of lift and is gernated by the

airflow over the wing’s airfoil at certain angle of attack, often enhanced by high-
lift devices like flaps and slats. For STOL aircraft, the wing is typically designed

to achieve a very high maximum lift coefficient at relatively low speeds.
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« Thrust vectoring lift (C},): The downward component of the vectored thrust
from the proposed BDTN exhaust configuration acts as an additional vertical
force, effectively increasing the overall lift acting on the aircraft. This contribu-
tion allows the aircraft to take off at a lower airspeed than just relying solely

on the wing lift.

For providing vertical force a thrust coefficient of 0.76 indicates that the efficiency
of the design configuration in converting the engine’s power into thrust. The crucial
aspect of STOL is the thrust vector angle of 24°, which means a significant portion
of the engine’s thrust is being directed downward, providing a direct vertical force
component. The mach contours for different injection angles capture the flow behavior

phenomenons as shown below.
Mach Number

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

B T 4=l

a =170

Figure 4.5: Exhaust flow M, contours for NPR 4 with varying injection angle

This counteracts the aircraft’s weight, reducing the airspeed required for the wings
to generate enough aerodynamic lift for take-off. The efficiency consideration, shows
relatively low thrust loss which suggests that the thrust vectoring is being achieved
with reasonable efficiency, minimizing the penalty on forward thrust needed for accel-
eration. There is an important key observation to understand the flow phenomenon
that results in a lower 0 for the maximum thrust coefficient C; achieved, i.e. 0.76,
under the engine operating condition of NPR 4. This observation of two distinct dfor

similar C; at two different o in a BDTN computational graph suggests a non-linear
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relationship between the injection angle o and the resulting thrust vectoring and its
impact on the thrust coefficient ;. The potential reasons involved are listed below

for the complex flow field dynamics within the exhaust.

Velocity Magnitude

n A.-q [ m/s |

0.0 57.0 1140 171.1 228.1 2851 342.1 399.1 456.2 513.2 570.2

Figure 4.6: Exhaust flow velocity streamlines for varying a in BDTN configuration

o Flow separation and reattachment: The injection of a secondary flow at
varying angles can trigger this phenomenon in the region of flow separation
within the divergent section or the cavity of the BDTN configuration. These
separation zones can significantly alter the pressure distribution along the nozzle
walls, leading to different thrust vectoring angles and affecting the overall thrust

coefficient.

« Vortex formation and interaction: The interaction of the primary and by-
pass flows can generate complex vortex structures within the BDTN exhaust
configuration. The size, strength, and location of these vortices are highly sen-
sitive to the injection angles. These angles might also promote the formation of
dominant vortex structures that induce different levels of thrust deflection and

associated losses.

e Shock wave interactions: In supersonic BDTN flows, the injected secondary
flows can generate or modify shock wave patterns within the nozzle. The inter-

action of these shocks with the boundary layer and the primary flows can be
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highly non-linear with respect to the injection angle, potentially leading to the

observed discontinuity.

The above mentioned flow behavior can be captured in the streamline contours of the
exhaust flow velocity, inside the BDTN configurations. Although, besides this another

main culprit for the observed discontinuity could be due to geometric sensitivities like:

« Bypass conduit and cavity geometry: The specific geometry of the bypass
duct , the cavity, and the contour of the main nozzle can significantly influence
the interaction of the injected flow with the primary flow at varying «.. This lead
to amplified or dampened thrust vectoring effects and corresponding changes in

the thrust coefficient, thus resulting in such phenomena in the data.

e Injection port location and shape: This can also play a crucial role. Dif-
ferent injection angles might result in the secondary flow interacting with the
primary flow at different axial and radial locations, leading to varying degrees
of momentum transfer and flow redirection, thus affecting the thrust coefficient

differently.

To enhance the fidelity and accuracy of future investigations, the current reliance on
RANS turbulence models should be superseded by higher-fidelity approaches such as
LES or Detached eddy simulation (DES). This will offer a more nuanced represen-
tation of the complex turbulent flow structures inherent in BDTN operation. This
involves particular concern in the intricate interaction between the primary and sec-

ondary flows and resulting thrust vectoring dynamics.
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Chapter 5
Conclusion

The BDTN control is an upcoming advancement under fluid thrust vectoring technol-
ogy for short vertical take off and landing operating conditions for the military jets.
It is capable of achieving high performance as indicated from the numerical analysis

conducted using ANSYS- CFD software in the previous section.

The computational results indicate a promising configuration for achieving short
take-off and landing (STOL) for military aircraft, primarily through the generation
of both direct thrust vectoring and enhanced aerodynamic lift. The optimized BDTN
in the exhaust system configuration with the selected injection angle c;,; = 70° is
considered to have the most efficient thrust vector performance where the thrust co-
efficient C; of 0.76, lift coefficient C'y, of 0.3 and thrust vector angle § of 24° with
minimal thrust losses of around 1.6 %, at the STOL operating condition of the engine
exhaust system of 4 NPR. The achieved C}, represents the contribution from the
proposed exhaust nozzle configuration in the maximum lift coefficient (C}, . ) of the

entire aircraft wing.

In summary of the results, the proposed optimized BDTN configuration con-
tributes to STOL by providing a significant vertical thrust component which acts
as an additional lift force, that allows the aircraft to take off before reaching the
conventionally required lift-off speed based solely on wing aerodynamics. The overall
STOL performance will be a synergistic effect of the high maximum lift coefficient
achievable by the aircraft’s wing and the direct vertical force provided by the vectored
thrust from the BDTN. The optimized 70° injection angle appears to be a sweet spot,
balancing lift coefficient and thrust deflection with minimal performance losses. STOL
is hence, achieved by enabling the aircraft to generate sufficient lift to become air-
borne at a significantly lower speed than conventional aircraft. This requires a high
overall lift coefficient for the entire aircraft at a lower angle of attack and airspeed,
which is contributed by the optimized BDTN exhaust system of the engine, through

its direct thrust vectoring.
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5.1 Future Scope

Furthermore, future computational research should incorporate a detailed analysis
of the valve mechanism responsible for controlling the bypass flow. This includes
parametrically studying various valve designs and their precise location within the
bypass conduit The design is preferred for the military applications as it offers high
thrust vectoring capabilities without the need of complex mechanical components,
allowing for high maneuverable aircraft with excellent agility and control, especially
in tight combat situations, all the while minimizing the weight and potential failure

points by relying on the fluidic control to deflect the jet stream via bypass channels.

e Advanced control systems integration: Future research can focus on the
seamless integration of BDTN with sophisticated digital flight control system.
This will aim to optimize the aircraft’s handling qualities and maximize the

effectiveness of thrust vectoring during critical STOL phases.

« Hybrid VTOL capabilities: The core principles of thrust vectoring inherent
in BDTN could be further explored to develop hybrid vertical take-off and land-
ing (VTOL) aircraft. This would involve combining vectored thrust with other

lift-generating mechanisms for enhanced versatility.

e Multi-functional nozzle design: Future iterations of BDTN could evolve into
multifunctional exhaust systems. These advanced designs would aim to optimize
performance not only for STOL but also for other crucial flight regimes, such
as supersonic cruise efficiency and stealth characteristics, (e.g., reduced infrared

signature).

e« Smart material and actuation: The incorporation of smart materials and
cutting-edge actuation systems in BDTN designs could lead to lighter, more

responsive, and aerodynamically efficient thrust vectoring mechanisms.

The application of the BDTN include the enhanced operational flexibility, increases
payload capacity, allow operation from smaller naval vessels, improved maneuverabil-
ity and control capabilities of emergency landing. The design has a superior potential
due to its high thrust vectoring angles, fluidic control, fast response time, lightweight
design and reduced complexity. It has Stealth potential, which will limit the infrared
to be restricted in the determination of external failure points for attack. The internal
operation of the bypass channel has reduced noise generation unlike in the mechanical
components. This design technology can be applied to various military aircraft like

fighter jets, attack helicopters, unmanned aerial vehicles and missiles.
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5.2 Domain Scope

While the primary focus has been on military STOL aircraft, the principles and
technologies behind the BDTN could potentially find applications in other domains

where controlled thrust vectoring or fluid flow manipulation is beneficial.
1. Aviation

o Noise reduction: The controlled manipulation of the flow in BDTN of-
fer avenues for reducing jet engine noise, particularly during takeoff and

landing.

o Emergency control system: A simplified BDTN can act as a backup control

system in case of primary control surface failure.
2. Spacecraft and Rocketry

o Attitude control: TV in vacuum is crucial as there is no aerodynamic effect

on the exhaust flow and is simpler or more efficient in case of BDTN.

o Stage separation: Controlled exhaust flow manipulation could potentially

assist in cleaner or more controlled stage separation in multi-stage rockets.

o Landing or planetary bodies: Without conventional runways, landing of
spacecraft will require a controlled TV technique, offered by BDTN. It
might also offer novel solutions for precise descent and landing on planetary
bodies.

3. Marine vehicles

o Maneuvering and dynamic positioning: TV in water jets or propellers make
use of fluidic principles similar to BDTN, thus enhancing maneuverability
of ships and submarines, particularly for dynamic positioning in challenging

environments.
o Steering without rudders: In smaller marine vessels, TV could potentially
replace traditional rudder, simplifying the mechanical design.

4. Industrial applications

o Flow control in ducts and pipelines: The principle of BDTN can bed
adapted for controlling flow direction, mixing, or separation in industrial

ducting and pipeline systems.

e Enhanced mizing in chemical processes: Controlled jet impingement and
flow manipulation using BDTN concept could improve mixing efficiency in

chemical reactors or other industrial processes.

45



Appendices

46



Appendix A

Computation Methods

A.1 Governing Equations

A.1.1 Continuity Equation

The differential conservational form of continuity equation

9p 4 Opu | Opv _
8t+8x+8y_0

Integral Conservational Form of Continuity Equation

2 [[f pdv + [f pvds = 0

A.1.2 Momentum Equation

Differential conservational form of Momentum Equation

8(52/) + V(va) = VP + Fviscous + ,Ofbody

Differential Conservational Form of Momentum Equation in X direction

@pw) | @puw)) | O(puwv)) _ —0P | (0Tza) | (OTya)
gt + g:c + gy - Oz + oz + 8; +pf:v

Differential Conservational Form of Momentum Equation in Y direction

O(pv)) | (B(pvu)) | (O(pvv)) _ —0P | (OTwy) | (O7yy)
gt + gm + gy 0y + axy + azy +)0fy

A.1.3 Energy Equation

Differential Conservational Form of Energy Equation
Note: The Equation includes the expansion of the Heat Flux Terms and uses Stokes
Postulates taken from “Fundamentals of Computational Fluid Dynamics” by John D

Anderson
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50+ dalple + 5 )ul + Flple + )] =
u (3 UTx our, x 81}7—;0 Bm—y
pur = 5 — e S + () + () + (%) + () + ()

Methods Significance

- Suitable for steady-state, incompressible,

_ o and mildly compressible flows.  Uses a
SIMPLE  (Semi-Implicit Method for

ressure-correction approach to couple pres-
Pressure-Linked Equations) P pp ple p

sure and velocity.Can be less accurate for

high-speed compressible flows.

- An extension of the SIMPLE scheme, us-
ing a collocated grid approach.
. - Suitable for steady-state, incompressible,
SIMPLEC (SIMPLE with Collocated) , ,
and mildly compressible flows.

Offers improved accuracy and stability

compared to SIMPLE.

Solves the momentum and continuity
equations simultaneously.

Suitable for steady-state and transient,
COUPLED (Coupled Solver) , cacyEe
compressible and incompressible flows.

- Offers improved accuracy and robustness,

especially for high-speed compressible flows.

PISO (Pressure-Implicit with Splitting [ - Suitable for transient, compressible, and

of Operators) incompressible flows.

- A combination of PISO and SIMPLEC,

PIMPLE (Pressure-Implicit with Split- ) ) ) )
suitable for transient, compressible, and in-

ting of Operators and Modified Link) }
compressible flows.

Table A.1: Computational Model and Numerical Setup

The methodology is designed for the objective, focusing on the optimization of the
nozzle design using the computational tool ANSYS-FLUENT as mentioned above.
The table below shows computational methods used in ANSYS-Fluent CFD For noz-
zle, COUPLE method is preferred in ANSYS CFD analysis, especially for subsonic

operations. Hence, the same will be considered in the performance estimation of the
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BDTN Geometry.

A.2

Turbulence k£ — ¢ Model

This turbulence model consists of transport equations, i.e. turbulent kinetic energy

(k) and rate of the turbulent dissipation (¢). The governing equations are:

d(pUik dpk) _ 0 t Ok
(Bm' L4 (8t) = gt t 5ol 5k + Gr+ Yu + Gy —pe...(1)
O(pe o(pUie) 9 t Oe € 2pe?
(E)t) + (8331' ) = Tx][,u‘f' %BT&]] + [016E<Gk+ CgEGb) - ( Z;C ) + SE](?)
Turbulence
k-¢ k-w SST-w
Model
It includes the
ave better perfor- | advantages of bo
Have better perfi dvantages of both
Improves Accuracy
) o mance for the re- | the models k-w
in Prediction flows | . )
. gion adjacent to the | and k-e , It auto-
Advantages with strong stream- . .
. wall and captures | matically switches
line curvature and
. boundary layer sep- | between the equa-
vortices . . .
aration. tions according to
the requirement.
Usually encounters _ ]
) S . | It is computation-
Fails to capture the | sensitivity issues in .
. . ally more time con-
Disadvantages | near wall turbulent | free-stream region . )
. . suming and highly
boundary layer. leading to inaccu- o
sensitive.
rate results.

Table A.2: Comparison of Methods used in ANSYS and their significance

The preferred turbulence model for this project is k-€ as it focuses on improving
the accuracy in predicting the free flow. Since the project does not involves any
study regarding the boundary wall, so k-epsilon has been used instead of above two

mentioned for the ease of simulation.

A.2.1 Model Setup

The Viscous realizable K-e¢ model with 2 equations was used with standard parameters.
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Model Parameters Values

c-2 € 1.9

TKE Prandtl Number 1

TDR Prandtl Number 1.2

Energy Prandtl number | 0.85

Table A.3: Domain computational model parameters

A.2.2 Sutherland law

The 2D compressible RANS equations are used to solve the numerical method. Roe’s
flux difference splitting scheme and second order upwind scheme are adopted to dis-
cretize the inviscid and viscous flux terms on control volume surfaces in RANS equa-
tions. The dynamic viscosity in governing equations is computed by the Sutherland

law =, the equation of which is stated below

n= el )%

Where: T is static temperature, T, is the reference temperature, and p, is the reference
viscosity value at reference temperature. S id an effective temperature, called the
Sutherland constant. For air pu, = 1.716 x 107 kg/m.s, at T, = 273.11K, and S =
110.56 K

A.2.3 Realizable k — ¢ Model

This is chosen as the turbulence model, solving the turbulent viscosity p; with two

modeled transport equations for k and e. The same are listed below:

5] O(pku;
20 1 9] — (2)[(p+ ) (22)] + Gr+ Gy — pe — Yon + S

€ Opeu; € €2 €
(ait) + (§7j) = %[(M + %)387]] + pSeCy — Pczm + C1,£03.Gy + Se

Where, C7 = max[0.43, ﬁ], n = S%, S = /Si;jSi;, Ci. and Cj,_ are constant
variables. To close the momentum equations, Boussinesq approach is used to model
the Reynold’s stresses terms. Boussinesq hypothesis and eddy viscosity definition

which are given below:
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Ou;

(—p(uids) = pu((52) + (52)) — 5(pk + e(522))di,

2
e = pcuk?-

In realizable k-e¢ model, C), is not a constant anymore, and is a function of the mean

strain and rotation rates, which are given below respectively,

C, =

1
(Ao+AETZY?

U = /(S8 + i),
Q~ij = Qi — 2658wk,

Qij = iy — €ijpwr,

where €;; shows the rate of rotation tensor viewed in a moving reference frame with

angular velocity wy. The constant A, = 4.04, A, calculation is shown below:

Ay = /6cos(9),

where

¢ = tcos™ (VW)

3

Si;S:4Ski
W= SuSpSu
5 = /555y,
o 10w | Ouj
SU - 2(890]- + 8xi>'

o1
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