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Abstract: As humans continue to explore the aerospace field, higher demands have been placed on
new types of propulsion systems. Meanwhile, active secondary flow has been applied to various
aspects of engines over the past seventy years, significantly enhancing engine performance. For the
new generation of propulsion systems, active secondary flow remains a highly promising technology.
This article provides an overview of the application of active secondary flow in engines, including a
review of the past research on the secondary jet flow field, and an introduction of the more prominent
applications of the jet in engines and its research progress. Finally, the problems existing in the
current application of the secondary jet are summarized, and the future direction of the research
is anticipated.
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1. Introduction

As early as the last century, with the emergence of rockets and jet aircraft, the flight
speed and payload capacity of aircraft and rockets were significantly improved. However,
with the development of the times and the advancement of technology, in addition to
enhancing the performance of aircraft, people have begun to put forward many addi-
tional requirements for aerospace propulsion systems. They hope to flexibly control the
consumption of propellants through deep throttling and increase the maneuverability of
aircraft by achieving thrust vectoring, and the main purpose is to enable aircraft to maintain
high efficiency and adapt to different scenarios. Initially, people mainly used mechanical
structures to intervene in the flow field to achieve these functions. However, mechan-
ical adjustment methods inevitably reduced the performance of the aircraft, increased
the structural weight, and faced erosion issues in high-temperature and high-speed gas
environments. In addition, with the increasing complexity of mission scenarios, people
also began to hope to appropriately modify the flow field characteristics of the propulsion
system, such as reducing the damage caused by engine noise to personnel and instruments,
reducing the infrared radiation of the wake to adapt to stealth combat scenarios, and so on.
These demands are difficult to achieve through mechanical adjustments.

However, since the mid-20th century, people have begun to explore non-mechanical
means to influence the gas flow field in the propulsion system, with the most common being
the use of active secondary jet at a certain location in the flow field to achieve different
functions. The active secondary jet is capable of changing the flow field structure by
injecting one or more secondary streams into the primary flow at a specific velocity, which
enables effective flow field control [1,2]. Compared with the method of changing the flow
field by mechanical structure, the active secondary jet causes less total pressure loss in the
primary flow and requires simpler devices [3,4]. Therefore, in practical engineering, active
secondary flow has been widely applied, especially in the aerospace field, and has become
one of the most promising technologies in many propulsion systems. Examples include
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fuel mixing in scramjet engines, thrust vector control and thrust adjustment in aeroengines
and solid rocket engines, and engine noise suppression achieved through secondary jet.

Over the past 70 years, researchers have extensively studied the application of active
secondary injection technology in engines. They have conducted in-depth investigations
into the impact of various injection parameters, including injection angle, injection area,
mass flow rate, and secondary flow temperature, on the engine’s flow field. Through
numerical simulations and experiments, they have derived a set of engineering laws, which
have led to improvements in existing applications and the development of new application,
such as thrust enhancement and control of infrared radiation from the engine tail jet. It is
evident that active secondary jet has become a focal point in the research of next-generation
power systems.

Currently, scholars in the field have conducted detailed reviews on the progress of
active secondary jet in a specific application. Das et al. [5] systematically summarized
the research on jet thrust vector control in aerospace vehicles. Choubey et al. [6] compre-
hensively compiled the research progress of secondary jet application in scramjet engines.
Salehian and others [7] provided a good review of active jet noise control in aerospace
vehicles, highlighting the research progress in active secondary jet noise control. However,
it can be seen from these reviews that most studies focus only on the characteristics of
secondary jet in a single application, without considering its comprehensive performance
in multiple applications. There is also a lack of comprehensive articles that organize the
different applications of active secondary jet in propulsion systems. Based on the work of
many scholars in the past, this paper provides a systematic summary of the application
of active secondary jet in aerospace propulsion systems and proposes some suggestions
for further research in this field, aiming to promote the engineering versatility and further
development of this technology. This paper first summarizes the research development of
active secondary jets, and then reviews the application development of active secondary
jets in four aspects, namely thrust vectoring, fluid throat, fuel mixing, and jet noise control.
Second, some more promising attempts of active secondary jet in engines are introduced,
and finally, current problems of active secondary jet technology and prospects for future
development are briefly discussed.

2. Advancements in Secondary Jet Research

The internal flow field in aerospace power systems is typically characterized by
elevated temperatures and velocities. However, the addition of an active secondary jet
further complicates the structures of surge systems and large-scale vortex within the
engine. Early studies primarily focused on theoretical derivations and conducted numerous
experimental tests to validate the impact of the active secondary jet on the high-speed
mainstream. With advancements in computer technology, scholars have started employing
numerical computation methods to obtain intricate details of the active secondary jet flow
field and make more precise predictions.

Active secondary jets have been gradually coming to the attention of researchers
since the 1940s [8]. However, in early studies, the velocity of the primary flow was very
low compared to the jet. In 1953, using the traditional Helmholtz—Kirchhoff method,
Ehrich EF. et al. [9] analyzed the dynamic behavior of a jet injected into a fluid flow at an
angle from gaps and orifices. They calculated relationships between geometric and velocity
parameters and also determined the shape of jets in several common geometric configu-
rations. The obtained solutions were compared with experimental data of approximate
outflow from a circular orifice, which demonstrated qualitative consistency.

Later, in his study of the interaction of injected fluids with supersonic freestreams,
Broadwell J.E. [10] developed a new model to predict the trajectory of jets. This model
is based on the assumption that the injected jet is considered a source term for mass,
momentum, and energy in the mainstream flow, and the effect of the source is largely
independent of the boundary layer on the wall. This implies that the injection rate of
the jet should be relatively high compared to the local mass flux of the boundary layer.
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When the source is concentrated at a single point, simulating the injection of gas (or
rapidly evaporating liquid) from a single outlet, the pressure distribution on the wall can
be analyzed using detonation wave theory. As depicted in Figure 1, the theory exhibits
better agreement with the test results when both the secondary and mainstream flows are
relatively low. Conversely, a significant error is observed when these flows are high.
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Figure 1. Ratio of lateral and axial forces for different secondary flow ratios [10].

Next, Zukoski and colleagues [11] conducted a study on the shock wave patterns
generated by secondary injection. They proposed an analysis of the jet flow field using
a simplified solid body model that is capable of producing similar shock wave shapes as
those observed during injection. A series of assumptions were introduced, including the
consideration of the interface between the secondary jet and the mainstream as a quarter-
spherical surface, followed by an axisymmetric half-body. Additionally, it was assumed
that the interface between the separation flow downstream of the secondary jet and the jet
itself always remains within the previously mentioned surface. Based on these assumptions,
the penetration depth of the transverse jet could be derived by estimating the equivalent
radius of the blunt body head. Comparisons of this parameter with experimental data
demonstrated a good overall correlation under specific conditions.

Schetz et al. [12] developed an idealized and relatively simple theory based on a more
representative physical model. It is assumed that the interaction between the secondary
jet and the mainstream flow, as well as the subsequent diffusion, follows a two-stage
process. In the penetration stage, the jet maintains its identity while being accelerated
and turned in the direction of the mainstream flow. The second stage is considered a
co-axial turbulent mixing process, where the drag coefficient on the “body” of the jet is
assumed to be equivalent to that of an infinite cylinder at the local incident angle of the flow.
By employing this approach, the trajectories of over-expanded jets and the downstream
portion of the Mach disk in under-expanded jets can be computed. The experimental results
demonstrate good agreement with the theoretical predictions. Building upon this, Schetz
introduced the concept of “effective backpressure” to investigate the penetration effect
of under-expanded jets. These findings were subsequently applied to the design of fuel
injection systems in supersonic combustion ramjet engines of that era.

In 1971, Billig et al. [13] expanded upon the concept of “effective backpressure” by
providing a suitable definition for it. They observed that when the structure of an under-
expanded jet discharged into a crossflow resembles that of a jet discharged into a stationary
medium, empirical relationships can be established to correlate the distance from the center
of the Mach disk to the normal distance with the ratio of jet pressure to effective backpres-
sure (Figure 2). Furthermore, a PL/I (IBM360) computer program was also developed
for the complete numerical calculation of the trajectories to obtain the size and shape of
the initial portion of the injected gas, the complete trajectory of the injected material, the
trajectory downstream of the Mach disk, etc.
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Figure 2. Comparison of unified jet penetration model with experimental measurement. (The x-axis
is defined by the ratio of the distance in the main-flow direction to the diameter of the inject hole; the
y-axis is defined by the ratio of the penetration depth to the diameter of the inject hole) [13].

Up to this point, although the jet trajectories in the jet flow field have been well
predicted by theoretical as well as empirical formulas, there is still a lack of analysis
of the structure of the jet flow field. In 1997, Santiago et al. [14] conducted a series of
experiments on secondary jets in a supersonic flow field, visualizing the flow field with
schlieren/shadowgraph photography and two-component, frequency preshifted laser
Doppler velocimetry, for measuring the average velocity components, the dynamical
Reynolds stresses, and the turbulent kinetic energies at more than 4000 locations, with a
focus on the transverse direction, the median, and the two transverse flow surfaces. The
flow field details such as the structure, strength, and development of the bow shock, barrel
shock, Mach disk in the secondary jet flow field, and kidney shaped counter-vortex pair,
(as shown in Figure 3 for a cloud plot of the Mach number versus the Reynold number
on the symmetry plane obtained from the experimental measurements by Santiago) were
validated by the numerically predicted data.

In the 1980s, the rapid advancement of computer technology led to the emergence of
numerical methods as the primary approach for investigating complex and high-speed flow
fields within engines [15-20]. In 1990, Heister et al. [21] made the initial endeavor to predict
the trajectory of a jet in a secondary flow field without relying on empirical correlations.
They combined analytical and numerical methods to propose a vorticity model for gas jets
in supersonic crossflows. This model involved representing the cross-section of the jet with
compressible vortices generated by the viscous and impulsive forces acting around the
jet. The behavior of vortex pairs was then integrated with mass and momentum balance
along the jet axis to formulate a model that describes the trajectory and mixing of the
injected fluid. Additionally, numerical techniques were employed to solve for the inviscid
external flow and positions of the expansion waves surrounding the jet. By combining
this solution with the computed flow field of the compressible vortices associated with the
jet, the trajectories of these gas jets could be predicted. Figure 4 illustrates a comparison
between the predicted jet trajectories by Heister and the experimental data obtained by
Orth et al. [22] in 1969.
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Figure 3. Cloud plot of the Mach number versus the Reynolds number on the symmetry plane
obtained from the experimental measurements by Santiago. (The x-axis is defined by the ratio of the
distance in the main-flow direction to the diameter of the inject hole; the y-axis is defined by the ratio
of the penetration depth to the diameter of the inject hole) [14].
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Figure 4. Comparison of computed jet trajectories with the experimental results. (The x-axis is
defined by the ratio of the distance in the main-flow direction to the diameter of the inject hole; the
y-axis is defined by the ratio of the penetration depth to the diameter of the inject hole) [21].

Subsequently, as numerical computation methods continued to advance, an increasing
number of turbulence models and solution techniques were developed, leading to more
accurate solutions for the flow field of quadratic jets. In 1998, Wilcox [23-26] proposed
the k-w turbulence model, which has a better ability to predict separation and deal with
counter-pressure gradients and separated flows compared to other two-equation models.
Viti et al. [27], in a study of a supersonic secondary jet flow field with a pressure ratio of 532
and a Mach number of 4, performed a numerical simulation using the RANS method as
well as a k-w turbulence model, and the three-dimensional shock structure in the averaged
flow field was described in detail. Subsequently, Peterson et al. [28] and Won et al. [29]
employed the Detached Eddy Simulation (DES) method to study similar problems, and
the simulated transient flow field structures and average statistical results showed good
agreement with experimental observations.
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Nevertheless, in the case of the intricate flow field of secondary injection in supersonic
flows, achieving both high accuracy and a sufficiently dense grid density to capture smaller
vortex structures is challenging. Neither the Reynolds-Averaged Navier-Stokes (RANS)
nor Detached Eddy Simulation (DES) methods can fully meet these requirements. As a
result, the Large Eddy Simulation (LES) method has emerged as a viable approach for
investigating secondary injection. In 2010, Kawai et al. [30] utilized LES to study the
injection of under-expanded supersonic jets into supersonic crossflows, aiming to replicate
the experiments conducted by Santiago et al. [14] mentioned earlier. They successfully
simulated the observed shock wave systems and vortex structures in the experiments. The
time-averaged flow field was compared with experimental results, and a good agreement
was observed.

Subsequently, researchers have made significant progress in obtaining accurate flow
field structures and parameter distributions through the use of sophisticated numerical
methods and models. These advancements in numerical simulations have also led to the
development of various forms of secondary injection that cater to specific engineering
requirements, such as pulsed jet [31-33], gas-solid two-phase injection [34-36], and liquid
secondary injection [37-40]. Numerous scholars have conducted research and analysis on
liquid secondary injection. This paper will not delve further into that topic.

3. Thrust Adjustment by Fluid Throat

Unlike aeroengines, where thrust adjustment is easier to achieve, rocket motors,
especially solid rocket motors, have a solid propellant that determines the change in thrust
during the operation of the motor, thus limiting the flexibility of solid rocket motors. In
addition, while liquid rocket motors possess the capability to adjust thrust, they are not
always able to operate along the most efficient thrust curve, which requires additional
technological assistance. Previous studies have demonstrated that adjusting the throat area
can effectively regulate the thrust of solid rocket motors and provide liquid rocket motors
with higher performance and chamber pressure [41,42]. Two prominent technologies in
this regard are pintle throat [43-45] and fluidic throat technology.

As is shown in Figure 5, in fluid throat technology, the primary flow is compressed
by the secondary flow, thereby reducing the throat area of the primary flow and creating
a flow region smaller than the geometric throat of the nozzle. As the primary flow gas
expands along the aerodynamic wall region, the sonic velocity surface of the nozzle moves
towards the smallest cross-section of the flow region. This results in changes in the thrust,
main flow rate, and combustion chamber pressure of the solid rocket motor.

Secondary flow
injection

Primary flow
—_— —_—

Figure 5. Schematic diagram of fluid throat structure.

As early as 1957, Martin A L [46] conducted research on the thrust adjustment effect
of helium jet injection in one-dimensional isentropic flow of nozzles. Disregarding heat
transfer, Martin A.I’s study established a one-dimensional isentropic compressible model
about the mixing and vortex layer separation modes. The study aimed to investigate
the influence of various parameters, including injection pressures, drop pressure ratios,
injection angles, and mass flow rate ratios, on the throttling effect of fluidic throats and its
impact on thrust, which indicated some characteristics of fluidic throat technology such
as the throttling effect increased with higher mass flow ratios and so on. However, due
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to many simplifications in the theoretical model, significant disparities emerged between
Martin A.L’s theoretical predictions and experimental results regarding the performance
of the fluidic throat nozzle. Nonetheless, subsequent researchers swiftly refined Martin’s
model and initiated a series of studies applying fluidic throat technology to rocket engines.

In 1961, based on the research by Martin, Gunter [47] further refined his theoretical
model and used it to carry out a study on throttling by injecting gas into the nozzle, and
found that the best throttling effect can be achieved when the secondary gas is injected into
the throat, where the fluid behaves as if throttling is carried out by changing the throat
area. Furthermore, Gunter investigated the influence of jet temperature and jet gas type on
throttling efficiency. The study revealed that the throttling effect exhibited a proportional
variation to the square root of the total temperature ratio. Additionally, it was observed that
a smaller specific heat ratio and molar mass of the jet resulted in a more favorable throttling
effect. Among the different gases considered, helium was deemed the most promising for
throttling purposes due to its low molar mass.

In the field of solid rocket engines, Zumwalt and Jackomis [48] conducted research on
controlling the thrust of solid rocket engines using fluidic throat methods. They observed
that the injection effectiveness significantly decreased when the nozzle was aimed down-
stream of the supersonic diffuser section. This observation was confirmed in preliminary
Computational Fluid Dynamics (CFD) studies, and subsequent research by Lockheed Mar-
tin Tactical Aircraft Systems (LMTAS) was limited to injection angles ranging from normal
to upstream tilt.

As research progressed, it became increasingly evident that for liquid rocket engines,
deep throttling could theoretically be achieved by modifying the throat area of nozzle.
However, practical development and implementation of this method are limited by existing
engineering constraints. This is because, under constant propellant injection pressure, the
throat area is constrained by the jet injection, which raises the combustion chamber pressure
and diminishes the drop in propellant injection pressure and flow rate. Consequently, the
decrease in propellant flow rate results in a reduction in combustion chamber pressure.
Ultimately, this results in a large number of jets being injected, but only a small change in
thrust [49,50]. Afterward, the research focus shifted towards aerospace engines and related
studies on throat pulse jet injection.

In the 1990s, for the turbofan engines at that time, in order to maintain the flow rate
and back pressure under the engine’s afterburning state, the nozzle was generally in the
form of a mechanically variable nozzle. Fluid throat technology enables even simple fixed
nozzles to achieve the above effect by changing the effective throat area [51]. In 1995, the
US Air Force (USAF) and the National Aeronautics and Space Administration (NASA)
jointly conducted a research program called “The Fluidic Injection Nozzle Technology
(FLINT)”, with the expectation that the addition of secondary jets to the nozzle would
replace the bulkier and heavier mechanical adjustment mechanism and improve engine
performance [52,53]. One of the main directions of this program is the application of fluid
throats in aeroengines.

D.N. Miller et al. [51] conducted ground-based scaled-down cold flow tests on fluidic
throat technology in small expansion ratio nozzles. They also performed three-dimensional
numerical simulations with an external flow field, utilizing CFD simulations to investi-
gate four parameters: secondary flow injection angle, secondary flow jet position, throat
curvature, and nozzle convergence angle. The following conclusions were reached:

(1) The efficiency improvement of dual nozzles is not significant;

(2) The larger the reverse injection angle, the greater the range of variation in the effective
throat area;

(3) The closer the nozzle is to the throat, the higher the fluid throat performance is;

(4) A small curvature of the throat results in high FNT performance. However, beyond a
certain value, increasing the curvature does not yield significant improvements;

(5) A small nozzle convergence angle can improve the FNT performance, but there will
be a peak value;
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(6) Increasing the mass flow ratio or total temperature ratio significantly improves FNT
choke performance;
(7) The small expansion ratio nozzle may have greater choke performance.

In the same year, with the support of Lockheed Martin and Pratt and Whitney, Catt [54]
designed experiments to further obtain and validate the conclusions of D.N. Miller’s
calculations, which concluded that the use of jet injection can simplify the structure of
the turbojet engine system, reduce the cost, and improve the performance and reliability.
However, achieving further advancements in the efficiency of jet injection and increasing
the regulation ratio of the throat area necessitates more extensive and in-depth research
efforts.

Around the same time, research on pulse jet injection also caught the attention of
researchers. In 1994, Randolph et al. [55] conducted a study on pulse jet injection under
supersonic flow conditions using a wind tunnel. They maintained the peak pressure of
the pulse jet consistent with the steady-state jet pressure. It was found that, compared to
steady jet injection, pulse jet injection could increase penetration depth without increasing
the momentum flux ratio (as shown in Figure 6).

Immediately after that, in 1997, S. Walker and others [52] conducted a study related
to pulsed jets in fluid throats, and the test found that compared with steady jet, pulsed
jet has the following characteristics: the pressure pulsation of the secondary flow nozzle
causes the generation of vortex strings in the injected jet, and the vortex strings enhance
the interaction of the jet with the primary flow, which intensify the throttling ability of the
secondary flow. Since then, researchers have attempted to apply this approach to reduce
the mass flow of secondary jet required to be injected.

A
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Figure 6. Comparison of pulsed and steady injection penetration, (Steady injection data refer
from [56]). The x-axis is defined by the ratio of the distance in the main-flow direction to the
diameter of the inject hole; the y-axis is defined by the ratio of the penetration depth to the diameter
of the inject hole [55].

Based on the development of pulsating injection, in 2007, the US Air Force re-initiated
the study of fluid throats for liquid rocket motors, and D. Baruzzini [57] reported the
numerical simulation to calculate the effect of steady injection versus pulsed injection on
the performance of a rocket motor nozzle. The steady simulations employed the RANS
turbulence model, while the pulsed simulations utilized the LES turbulence model. The
effects of various parameters, such as injection angle, injection position relative to the
geometrical throat, and pulsed Strouhal number, were analyzed. The findings indicated
that a more effective throttling effect could be achieved when the injector was positioned
slightly forward of the geometrical throat. With 30° injection in the upstream direction, the
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engine performs slightly better than 45° injection. At the same time, lower pulse frequency
may cause significant fluctuations in the internal flow field of the engine. However, exces-
sively high pulse frequency does not result in significant differences in penetration effects
compared to steady injection. In the same year, N.D. Domel [58] conducted related research
and quantitatively analyzed the time-averaged fluxes of mass, momentum, and energy
in pulse jet injection. It was found that the thrust benefits from using pulse jet injection
and jet control could not offset the increase in mass caused by the addition of the injection
device. However, it was also noted that for spacecraft operating for extended periods in
low orbits, the variations of back pressure are more significant, making the thrust benefits
of jet injection more pronounced.

However, up until now, research on pulsating jet injection in fluidic throat is still in
the exploratory stage compared to steady-state injection. There is still debate regarding
the practical contributions and benefits of these injection devices. The best throttling
performance obtained in experiments, numerical simulations, and theoretical studies has
not shown a significant increase compared to steady injection, as researchers had initially
anticipated.

However, during the same period, in order to obtain more reliable design methods for
fluidic throats in solid rocket engines, Xie Kan et al. [59-61] made significant achievements
in the field of fluidic throat in solid rocket engines. Researchers conducted extensive
numerical simulations to examine the impact of different parameters related to secondary
flow (such as angle, flow ratio, position, and nozzle hole distribution) on the internal flow
field parameters and dynamic characteristics of the motor. Furthermore, they conducted
experimental studies on fluidic throat nozzles using nitrogen as the jet gas to validate the
fluidic throat phenomena observed in the simulations. The experimental devices used for
these studies are depicted in Figure 7.

Main flow

e 2
Secondary flow

sonic nozzle

Figure 7. Solid rocket motor cold flow test system diagram [61].

Subsequently, Yue [62] added copper powder and strontium perchlorate solution into
the secondary flow, and the corresponding numerical simulations and experimental studies
showed that the addition of catalytic copper powder significantly improved the thrust
response speed, while the oxidizing strontium perchlorate solution was able to increase the
choking performance of the fluid throat to a certain extent.

Notably, in 2017, based on Xie Kan et al., Guo [4,63] investigated the thrust adjustment
characteristics and thrust vector control characteristics of the fluid throat in a solid rocket
motor through experiments and numerical simulations. The effects of jet flow ratio, sec-
ondary jet nozzle diameter, jet angle, and chemical reaction on the thrust adjustment range
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and adjustment response characteristics of the solid rocket motor were investigated, and
the theoretical model of the fluid throat in the case of vertical injection was proposed:

1

REE @

Ca

where C; is the effective throat area ratio, f,, is the equivalent mass flow ratio of the
secondary flow to the primary flow, and Ag is a constant related to the primary flow gas.
As shown in Figure 8, the proposed theoretical model demonstrates good agreement with
both CFD simulation results and previous experimental findings. However, the study
also indicates that achieving a relatively sizable throat area ratio solely through fluidic
throats necessitates a significant amount of secondary flow injection. This may not be an
economically viable solution for solid rocket motors. Consequently, research on controlling
the effective throat area using fluidic throats has gradually diminished since then.
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Figure 8. Comparison of theoretical, numerical simulation, and experimental results [61,63].

However, in 2020, Yan et al. [64] proposed a novel thrust adjustment method called the
Fluidic Pintle Nozzle (FPN), which combines a secondary jet and a pintle structure. This
method focuses on adjusting the throat area by moving the pintle backward and forward
along the axial direction. Additionally, coolant is injected into the pintle surface through
openings to prevent the detrimental effects of high temperature gas on the pintle. The
specific structure and principle of the FPN are illustrated in Figure 9. Numerical simulations
conducted by Yan et al. demonstrate that the effectiveness of fluidic adjustment increases
as the geometric area of the throat decreases when the pintle is moved. Moreover, when the
pintle is utilized to regulate the geometric area of the throat, the adjustment performance
is enhanced with an increase in the secondary flow rate; however, the regulation effect
weakens when the corrected flow rate ratio exceeds 0.3.

Primary
flow

)

~
¥ f \% =

Pintle Secondary
flow injection

Figure 9. Scheme of secondary injection in pintle motor.
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In 2023, Z. Yang et al. [65] conducted further research on the influence of secondary
flow on nozzle erosion in the FPN based on Yan’s work. They established a surface chemical
reaction model under fluid-solid coupling and investigated the fundamental laws and
factors about the nozzle erosion rate by various openings, injection positions, and secondary
flow temperatures through numerical calculations. The results revealed notable differences
in the erosion rate of nozzles with different openings. The injection of a low-temperature
jet was found to effectively reduce the temperature of the pintle resulting in a decrease
in the erosion rate of the pintle, which demonstrated a significant protective effect on the
pintle downstream of the injection.

4. Thrust Vectoring

Thrust vectoring based on secondary jet injection was studied earlier than the fluidic
throat technology and has more practical engineering applications; meanwhile, various
vectoring control forms have been developed, such as the fluidic throat skewing (FTS), the
shock vector control (SVC), the counter flow thrust vectoring scheme, etc. Among them,
the FTS and the SVC are considered to be the most promising and widely used in all kinds
of aeroengines and rocket motors.

As shown in Figure 10a, the SVC scheme entails injecting a jet asymmetrically into the
supersonic primary flow of the nozzle expansion section. This generates a powerful oblique
shock, causing the primary flow passing through it to experience supersonic deflection
and resulting in thrust vectoring. This scheme has several advantages, including rapid
frequency response and high efficiency.

Secondary flow
injection

Primary flow 5 /
_

Primary flow

Oblique shock

(a) (b)
Figure 10. Schematic diagram of SVC (a) and FTS (b).

As shown in Figure 10b, FTS refers to the asymmetric injection of the jet in the nozzle
throat, which makes the primary flow’s sonic plane deflect, and then changes the flow
direction of the primary flow to generate thrust vector. Compared with the SVC scheme,
the FTS scheme has a smaller loss of thrust efficiency, but its vectoring efficiency is not as
high. The improved double-throat FTS scheme, which realizes a much larger vectoring
angle than that of the single-throat tilt scheme, has been widely used in the research
of aeroengines.

In 1964, Zukoski [11] and colleagues conducted a series of wind tunnel tests to in-
vestigate the flow field around an injection port for secondary injection into a supersonic
stream. The tests provided insights into the pressure field, concentration field, and shape
of the shock. Nitrogen, argon, and helium were chosen as jetting gas, with free stream
Mach numbers ranging from 1.38 to 4.54. The research culminated in the development
of a scaling parameter that enables simple prediction of the lateral forces generated by
secondary injection.

In 1965, Hsia [66] studied the shock phenomenon generated by injecting liquids in
a supersonic nozzle, using nitrogen as the primary flow with gaseous nitrogen, liquid
nitrogen, and Freon-12 as the injection media. Meanwhile, they took photographs under
different injection conditions using the Schlieren method, which showed that the shape of
the shock in the nozzle could be well predicted by the second-order explosion theory.
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By the 1980s, the NASA LRC was conducting eight research programs on SVC, and
in 1981, NASA’s C. L. Martin [67] attempted to apply liquid injection thrust vector control
(LITVC) to the solid rocket booster (SRB) system. It was analyzed and found that LITVC
performed well at low and medium load cycles (less than 100 degrees/s, 3.5 degrees
maximum) but poorly at high loads (270 degrees/s, 6 degrees maximum). Considering
constraints such as structural hardware, C.L. Martin concluded that it is not cost effective
to implement SRB vector control via LITVC.

In 1985, as part of the fluid yaw vectoring nozzle (FYVN) program, Deere, K.A. [68]
and his colleagues at NASA LRC conducted a pioneering study on throat offset technology
for achieving thrust vectoring in both single- and twin-engine nozzle configurations. This
study also marked the first testing of a model featuring a throat offset vectoring nozzle.

Since the 1990s, the rapid development of CFD technology has made great progress
in the numerical study of thrust vectoring technology. R. Balu [69] first carried out three-
dimensional flow field simulation for high-temperature gas injection and analyzed the
effects of different injection parameters, and his simulation results were in good agreement
with the experimental results, which verified the feasibility of the numerical model. After
that, D. Azevedo [70] carried out a further study by numerical simulation, and found
that the performance of the jet thrust vector depends on the injection angle of the jet air,
and based on the simulation and experimental results, he inductively proposed a one-
dimensional thrust coefficient prediction formula, which has a good accuracy when the
flow ratio is less than 6%.

In 2001, PJ. Yagle et al. [71] of Lockheed Martin analyzed the effect of FTS scheme on
the thrust vectoring performance and efficiency of aeroengine using a non-axisymmetric
nozzle. The results show that the FTS scheme is a feasible thrust vectoring adjustment
scheme, which has less impact on engine thrust efficiency compared to other thrust vector-
ing schemes. Under design conditions, FTS scheme is able to obtain 2° yaw angle and 1.7°
pitch angle per 1% jet flow. At lower NPR, it gives better thrust vectoring performance.

In order to enhance the thrust vectoring performance of the FIS nozzle, Deere, K. A.,
Berrier, B. L., and Flamm. J. D. changed the convergence-expansion section of the nozzle to
the convergence-expansion-convergence section, which meant the design of a dual-throat
aerodynamic vector nozzle was proposed for the first time. In 2003, they completed the
parametric design of the dual-throat nozzle using the PAB3D software design [72]. The
configuration is shown in Figure 11, and the study showed that:

(1) Controlling the flow separation in the reentrant is the key to improving the vector
deflection angle;

(2) The expansion angle of the reentrant should not exceed 10°;

(8) Increasing the angle of the secondary flow and the angle of convergence of the
reentrant can improve the vector angle;

(4) Reducing the length of the reentrant can increase the thrust coefficient and thrust
vectoring efficiency.

Secondary flow
injection

Primary flow

__________

= S —._

e~ Flow
Steamline

Sonic Plane

Figure 11. The dual-throat aerodynamic vectoring nozzle configuration.
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In the same year, they successfully completed the validation work on the JETF test bed
at LRC [73], where the nozzle obtained a vector angle of 15° at a drop pressure ratio of 4,
achieving a vector efficiency of 6.1° /1% of the secondary mass flow rate, which is higher
than any other fluidic vectoring nozzle reported in the open literature. Meanwhile, a thrust
coefficient of 0.968 was attained, with a loss of the thrust coefficient of only 0.5% compared
to that of the non-vectorized state. Since then, research on thrust vectoring for secondary
jets has begun to focus on dual-throat nozzles.

In 2010, Choon Sik Shin et al. [74] carried out calculations for a double-throat nozzle
in the range of 0-10% secondary mass flux. Their findings revealed that the vector angle
increased with an increase in the secondary mass flow rate up to approximately 5-6%.
However, beyond this range, the vector angle did not continue to increase. Additionally,
they observed that the flow coefficient of the nozzle decreased as the secondary flow rate
increased. In 2016, Michele Ferlauto et al. [75] investigated the dynamic response of a dual-
throat nozzle under both open- and closed-loop control using the compressible URANS
equations. They proposed a closed-loop model predictive control for the dual-throat nozzle
system based on the ARX model.

Since 2011, Xu’s team has conducted a series of studies aimed at optimizing the
structure and performance of the dual-throat nozzle [76]. They have taken the lead in
the research of “non-source” dual-throat aerodynamic vector nozzles. Li Ming designed
a high-frequency “zero mass jet” dual-throat nozzle, which achieved a maximum vector
angle of 24°. Building upon this, they developed a novel Bypass Dual Throat Nozzle
(BDTN) using adaptive flow control technology. The BDTN is capable of providing a stable
vector angle of up to 23° without the need for an external air source [77]. This advancement
significantly enhances the feasibility of jet thrust vectoring.

Notably, in 2019, Lin [78] built upon the work of Xu et al. and proposed a “single-
engine inverted V dual nozzle” configuration for the fundamental bypass dual-throat
aerodynamic thrust vector nozzle. Lin further designed a single-engine dual BDTN nozzle
layout for the “Yu Feng” validation aircraft. The structure of this layout, as depicted
in Figure 12, represents the first instance of a fixed-wing vehicle utilizing aerodynamic
vectors to achieve pitch, roll, and yaw control without relying on traditional rudders. This
successful implementation demonstrates the engineering practicality and application value
of BDTN nozzle technology. Immediately after that, Jiang [79] combined the exit shape
design with the aerodynamic thrust vector nozzle and proposed a bypassed dual-throat
aerodynamic vector nozzle with a parallelogram cross-sectional shape, and conducted
a comparative study of the flow field structure and aerodynamic performance with the
BDTN which has the rectangular cross-sectional shape. The parallelogram configuration
has the same aerodynamic performance change rule as the rectangular configuration, but
the parallelogram exit enhances the mixing between the tail jet and the environmental
airflow, and the centerline velocity decay of the exit jet is greatly accelerated, which is
conducive to the improvement of infrared stealth characteristics.

Y(Normal)

X(Axial)

Figure 12. Flight test of “Yufeng” and layout of the engine design principle [78].
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However, there are still some challenges to be addressed in BDTN nozzles. The
conventional BDTN structure typically has a V-shaped bypass channel, which can result
in a decrease in engine performance. To overcome this issue, Wu et al. [80] proposed
an arc-shaped bypass system and applied it to BDTN nozzles, whose figure is shown
in Figure 13. The performance of the arc-shaped BDTN was studied through numerical
simulations under different conditions. The study found that the arc-shaped BDTN not
only achieved high thrust efficiency and thrust coefficient but also significantly reduced
total pressure loss compared to BDTN with a V-shaped bypass channel.
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Figure 13. Geometry model of the improved BDTN proposed by Wu [80].

In additional, Maruyama et al. [81] employed a direct simulation Monte Carlo method
to conduct a numerical analysis of the flow within a rocket motor nozzle. Their investigation
revealed that a steady thrust deflection of approximately 18° was achieved when the
secondary jet’s mass flow rate accounted for 5% of the total fluid. However, it was also
observed that random thrust deflections of about 5° occurred when the secondary jet ceased
(refer to Figure 14). Maruyama attributed these occurrences to flow field fluctuations after
the secondary jet. To address this issue, they improved the nozzle design and discovered
that by widening the second throat to 1.50 times the cross-sectional area of the first throat,
the unexpected thrust deflection during zero flow of the secondary jet was effectively
suppressed (refer to Figure 15).
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Figure 14. Changes in the thrust deflection angle with time (no secondary injection) [81].
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Figure 15. Flow field in the nozzles without secondary injection [81].

Recently, through the work of Afridi and others [82], the flow characteristics and
performance parameters of BDTN were analyzed by varying the bypass angle, nozzle
convergence angle, and bypass width. Based on the results and data obtained from simula-
tions, further optimization of the BDTN structure was carried out. The width of the bypass
has a significant impact on the vectoring angle, as increasing the bypass width leads to
an increase in the mass flow rate of the secondary flow, thereby expanding the vectoring
angle. Numerical simulations have shown that the optimal bypass width is around 3.5 mm.
Additionally, a smaller bypass angle results in a larger vectoring angle. By decreasing the
bypass angle from 90° to 35°, the vectoring angle increases by 6%, while the vectoring
efficiency improves by 18%. On the other hand, the convergence angle of the nozzle has
almost no effect on the vectoring angle.

5. Fuel Mixing in a Scramjet Engine

Since the early 20th century, the supersonic combustion ramjet engine has been re-
garded as the most promising propulsion system for hypersonic vehicles. This technology
has garnered significant attention from various countries, leading to numerous research
projects [83-86]. However, despite these efforts, the development of this engine still faces
several challenges. One major obstacle is the extremely short residence time of gases in
the supersonic combustion chamber, which is in the order of milliseconds [87]. Achieving
stable combustion relies on the complete fuel jetting and adequate mixing of the incoming
flow with the fuel. To address this issue, researchers have proposed a range of methods
to enhance supersonic fuel mixing. Detailed studies on various jet parameters have been
conducted, and different inlet duct configurations have been explored in order to improve
mixing efficiency.

As a matter of fact, the mixing of high-velocity air and fuel jets in a scramjet engine
has been taken as a practical engineering object in the 1960s when Broadwell [10] and
Zukoski [11] studied the jet problem by theoretical methods. Later, its theory was refined
by Schetz [12] and Blllig [13], and began to be applied to the design of supersonic combus-
tion ramjet engines. Up to this point, significant progress has been made in refining the
theoretical model of single-orifice fuel jet injection under supersonic incoming flow. Theo-
retical studies have contributed to a better understanding of the dynamics and behavior of
fuel jets in these conditions. This progress has laid a solid foundation for further research
and development in the field of scramjet engines.

In 1971, Rogers [88] conducted experimental research on the flow field when hydrogen
gas was injected from multi-portholes into a Mach 4.03 airflow. It was found that the jet
trajectories from the side-by-side multi-portholes were almost identical to that of a single
porthole, but the mixing efficiency was significantly improved. It was also observed that
the wider the spacing between the nozzles, the greater the overall mixing efficiency.
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In 1992, Arai et al. [89] in their study of liquid foam jets in an air stream with Ma = 2.4
used a longitudinal row strategy of multi-portholes. They measured the penetration length
and spray plume diffusion angle using nano shadow graphs and front-lighted pictures,
respectively. It was found that the penetration of the jet array increased steadily from front
to back for the case of longitudinal rows of spray holes. In the water-only spray test, the
penetration of the last jet (12th jet) was more than five times that of the first jet (Figure 16).
In addition, the study pointed out that the spacing of the jet injector ports is an important
factor affecting the jet penetration force.

Subsequently, extensive research has been conducted on the layout strategy of multi-
portholes. Meanwhile, notable contributions were found by Gerdroodbary and his team.
Starting in 2015, Gerdroodbary and his team conducted numerous numerical simulation
studies focusing on the effects of shock waves in the inlet and air/H; combination injection
on the mixing efficiency of H, and air. Firstly, they introduced a protruding structure on
the opposite side of the fuel injection surface to generate shock waves, which were found to
have a significant effect on both single porthole fuel injection and multi-portholes fuel injec-
tion. By varying the angle of the shock waves, it was discovered that a lower shock wave
angle resulted in higher mixing efficiency of Hy and air [90,91]. Furthermore, Gerdroodbary
distributed air as another injection gas, alternating and arranging it longitudinally with the
H,; injection portholes. This distribution method showed the best improvement in mixing
efficiency when using a single fuel porthole, reaching approximately 116%. However,
overall, a greater number of injection ports still demonstrated advantages (as shown in
Figures 17 and 18) [92].
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Figure 16. Penetration of multiple jet injection, arrows represent injection positions. (The x-axis is
defined by the ratio of the distance in the main-flow direction to the diameter of the inject hole; the
y-axis is defined by the ratio of the penetration depth to the diameter of the inject hole) [89].

In 2020, Sharma et al. [93] conducted a detailed numerical study on the case of dual
injection portholes, specifically determining the optimal spacing and injection angles of
the two ports. It was found that the optimal position of the second port is at the end
of the lateral momentum influence region of the first port, where the flow transitions to
supersonic. Additionally, reverse fuel injection is more favorable for mixing fuel and air.
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Figure 17. Comparison of hydrogen mixing for different fuel and air jet arrangements in downstream
of fuel and air jets. (The y-axis is defined by mix efficiency) [92].
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Figure 18. Flow feature of the fuel and air jet for different fuel and air jet arrangements (The red and
blue arrows show the position and direction of the injection of hydrogen and air, respectively) [92].

However, the additional complexity of the system structure arises when additional
air injection portholes are added. Dong et al. [94] proposed a concept of secondary air
flow control, where a connected channel is set before and after the fuel injection outlet.
This allows a portion of the air, driven by the pressure difference caused by the fuel jet,
to enter the channel before the fuel jet and be expelled from the channel after the fuel jet
(Figure 19). Their research found that when the upstream hole of the channel is close to the
jet and the downstream hole is away from the jet, the variation in the separation region
generated by the fuel jet upstream can enhance the mixing process between the fuel and
the incoming flow.
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Figure 19. Typical Mach number contour maps for secondary air flow control [94].

There are many studies on the use of geometrically assisted secondary injection. In
2023, Abdollahi et al. [95] conducted a numerical simulation study on the application of
squeeze-type nozzles in fuel distribution and combustion mixing processes in supersonic
combustion chambers. The study showed that the application of squeeze-type multi-
nozzles significantly enhanced the formation of vortices near the injector in the combustion
chamber. Injecting secondary fuel flow through the nozzle in supersonic airflow can
enhance fuel penetration and diffusion. Increasing the gap between multiple injectors
improved fuel mixing performance downstream of the injector by 27%.

Recently, Sekar et al. [96] conducted a study on the influence of secondary ethylene
injection behind a curved baffle on the flow dynamics of supersonic combustion in trans-
verse supersonic flow, using a combination of numerical simulations and experiments.
The study investigated the effects of injecting secondary ethylene flow behind baffles with
different structures under various injection pressures. The results showed that, compared
to traditional vertically oriented baffles, the use of curved baffles improved fuel mixing
efficiency. The vortex structure near injection port for different spacer structures is shown
in Figure 20. It can be found that the variation in curvature angle at the bottom of the baffle
led to different vortex structures, thereby affecting the mixing area of the fuel. Furthermore,
at a lower injection pressure of 3.5 bar, the impact of baffles with different structures on
fuel mixing efficiency was significant, while at a higher injection pressure of 7 bar, the effect
of different structures on fuel mixing efficiency was less pronounced.
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Figure 20. Vortex structures near the injection port of different baffle structures [96].
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In addition, researchers have also conducted extensive studies on the jet itself to
improve mixing efficiency, with a notable achievement being the transition from steady
jets to pulse jets. In 1994, Randolph et al. [55] discovered the significant influence of pulse
jets on penetration depth, which led to pulse jets becoming a research focus in the field of
scramjet engines.

Kouchi et al. conducted a series of experiments using high-speed Schlieren and other
detection techniques to investigate the penetration and mixing performance of pulse jets
in supersonic crossflows. They studied the penetration effects of pulse jets ranging from
low-frequency pulses (1 kHz) to high-frequency pulses (50 kHz) [97]. It was found that,
under the same mass flow rate condition, the penetration of the pulse jet could be adjusted
by changing the pulse frequency, with the optimal frequency falling within the range
of 1020 kHz. Even at a fixed injection pressure, the pulse jet exhibited better mixing
performance and greater penetration due to the fluctuations of large-scale vortices in the jet
and the shock waves at the head of the jet. It was also suggested that, in order to better
compare the effects of pulse jets and steady jets, the average mass flow rate of the pulse
jet within one cycle should be consistent with that of the steady jet. This provides a basic
guideline for future researchers studying pulse jets.

In 2013, Cutler et al. [98] designed a variable-frequency pulse jet injector and conducted
experimental investigations on the influence of transverse pulse jet mixing efficiency in
supersonic flows. The study found that pulse frequencies between 10 and 50 kHz were
effective in affecting the mixing. Pulse frequencies outside this range resulted in penetration
effects similar to those of steady jets.

It is worth noting that in many previous studies, there was limited understanding
of the complex flow phenomena and dynamic evolution process in pulse jet flow fields.
However, in 2016, Shi et al. [99] utilized the Large Eddy Simulation (LES) method to
conduct a detailed investigation of the multiscale vortex structures, complex shock systems,
mixing characteristics, and turbulent behavior of pulse jets. They found that due to the
pulsation effect, large-scale shear vortices were formed along the interface between the jet
and the crossflow, promoting the engulfment and mixing of the jet with the crossflow fluid
(Figure 21). They also analyzed the formation of wing shocks, tail shocks, and reflected
shocks, as well as their effects on the vortex structures in the flow field. Strong local vorticity
and turbulent kinetic energy were observed at the locations where these shocks interacted.
This study provided valuable physical insights into the mechanism of interaction between
pulse jets and supersonic crossflows.

Figure 21. Numerical Schlieren-like visualization by contours for the phase (a) 0T/4, (b) T/4,
(c) 2T /4, and (d) 3T /4 during one pulsed cycle with its period T. (The x-axis is defined by the ratio of
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the distance in the main-flow direction to the diameter of the inject hole; the y-axis is defined by the
ratio of the penetration depth to the diameter of the inject hole) [99].

Zhao et al. [100] further investigated the optimal frequency and found that the en-
hancement of fuel mixing by pulse jets is closely related to the oscillation frequency of
the bow shock, the jet shear layer, and the barrel shock in the flow field. When there is a
40 kHz bow shock frequency of a steady jet, setting the pulse jet frequency to 40 kHz
resulted in improved jet mixing efficiency.

During this period, researchers also studied the waveform of pulse jets. It was found
that pulse jets with a sinusoidal waveform exhibited better penetration performance [101].
The penetration depth of square wave jets was similar to that of steady jets, but higher
turbulence energy was observed near the fuel injection porthole, which means the mixing
efficiency of pulse jets was significantly improved [102].

In addition to gas and liquid jet injection, with the development of solid fuel scramjet
engines in recent years, the injection of fuel jets consists of solid particles and gas has also
become a research focus. Analysis of solid particle behavior in supersonic flow has mainly
been seen in recent years, with previous studies primarily focusing on particle motion
in low-speed airflow and within the laminar interface of supersonic airflow [34-36]. In
2022, Ding [103] developed a computational program for supersonic gas—solid two-phase
flow based on the Open FOAM software. This program introduced porosity based on
the original Navier-Stokes equations to investigate the flow and mixing characteristics of
hydrogen/metal powder fuel in single and twin-jet configurations.

In 2023, Zhao et al. [104] conducted numerical simulations using the Large Eddy
Simulation (LES) method to study the gas—solid two-phase jet flow field in supersonic
inflow. Their work successfully observed several characteristic phenomena, including the
trailing effect of particles and the wave-like structure formed by particle clouds. They
also described the distribution of particles of different sizes within the jet vortices, such as
shown in Figure 22. However, at present, this research has not yet been developed to the
scale of an engine.

Figure 22. Iso-contours of Q-criterion and distribution of particles in the vortex. (a) shows the particle
size and (b) shows the particle velocity [104].
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6. Jet Noise Control

During the operation of an aero-engine as well as a rocket engine, the high-pressure,
high-temperature gas generated in the combustion chamber is injected at supersonic
speeds through the Laval nozzle into the surrounding low-temperature, relatively static
environment. In this process, the gas jet mixes intensively with the surrounding medium,
which triggers strong turbulent pulsations in the jet boundary layer, propagates in the form
of pressure waves in all directions, and generates powerful jet aerodynamic noise [105].
Noise of this intensity can cause damage to personnel and delicate instruments. In previous
studies, researchers have proposed various measures to suppress aerodynamic noise, such
as using chevron nozzles [106,107] or corrugated nozzles [108,109] to optimize the engine
configuration. However, these configurations inevitably lead to performance losses in
the engine, and these losses persist throughout the entire flight process. Therefore, more
flexible methods for jet noise suppression gained attention.

Research on jet noise suppression started very early. In 1954, Powell [110] attempted
to reduce engine noise by injecting a secondary jet at the nozzle exit to alter the velocity
distribution at the nozzle exit while maintaining thrust. However, subsequently, other re-
searchers conducting experiments found that a significant amount of water was required to
effectively reduce the engine noise through water injection. In 1971, Manson et al. [111,112]
attempted to replace the water injection with liquid foam to reduce the water consumption.
Experimental results showed that foam injection had excellent absorption effects in the
high-frequency range, achieving up to 90% reduction in noise and a maximum noise reduc-
tion of 10 dB. However, it also required a mass flow rate close to or equal to the primary
flow. For ground-based noise reduction processes in launch vehicles, the flow rate is not a
limiting constraint. When the ratio of water mass flow rate to engine jet mass flow rate is
approximately 100% to 200%, noise reduction of around 8 to 12 dB can be achieved [113].

However, it was later realized that there may be differences between free jet noise tests
conducted on the ground and the actual noise experienced during flight. Forward flight
may lead to a reduction in mixed noise, so it cannot be inferred that the same magnitude
of water is needed for noise reduction during actual flight [114]. Additionally, researchers
have found that the temperature of the heated jet has a significant impact on noise emission,
depending on the Mach number. At low jet velocities, increasing the temperature results in
an increase in the sound pressure level. However, at high jet exit velocities, as long as the
jet velocity remains constant, lower noise can be achieved by heating the jet [115,116].

Meanwhile, research on low-flow noise reduction has also been ongoing. In order to
improve applicability in aircraft, efforts have been made to reduce the size of the porthole
for jets and increase the injection pressure. In 2002, Krothapalli et al. [117] conducted
an experiment to study the injection of fine mist water droplets and air into the shear
layer of primary flow, with a very low mass flow rate ratio (below 2%). They found that
the microjet injection scheme significantly reduced the noise, resulting in a reduction of
approximately 1.5 dB in the far-field Overall Sound Pressure Level (OASPL). Additionally,
at the peak radiation angle, the measured OASPL significantly decreased by 6 dB when
water injection was applied (Figure 23). Krothapalli suggested that this could be due to the
suppression of large-scale vortices by microjets, as large-scale vortices are the main source
of low-frequency components in mixed noise.

Krothapalli’s research demonstrated the significant potential of microjet noise reduc-
tion technology. In the following years, researchers conducted numerous experimental
studies to further investigate the effects of water injection on engine noise, including the
mass flow rate, pressure, and the influence of cold and hot jets [113,118]. Regarding gas
injection, detailed research has also been conducted on factors such as injection angle,
pressure, and the number of injection portholes [119-123].
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Figure 23. Far-field directivity of a 0.9 Mach number mainstream while nozzle temperature ratio = 3.
(The x-axis is defined by the angle with the nozzle axis, the y-axis is defined by Overall Sound
Pressure Level (OASPL)) [117].

It is worth mentioning that in 2005, experiments were conducted on the F404-GE-402
jet engine using this microjet noise reduction technology. During the experiment, the
mass flow rate ratio of the microjets ranged from 8% to 11%. A reduction of 2-3 dBA was
observed in the peak radiation direction, and reductions of up to 5 dBA were observed in
other directions [124].

During this period, numerical simulation methods such as Reynolds-Averaged
Navier-Stokes (RANS) and Large Eddy Simulation (LES) have become more mature,
with LES in particular demonstrating good accuracy in resolving vortices in the flow field.
Researchers have utilized these methods to extensively analyze the flow characteristics of
jet noise reduction. In 2004, Kandula et al. [125] conducted a numerical simulation study
on the generation and propagation of noise in supersonic duct flows. They used CFD to
calculate the near-field sound sources, while the far-field noise was computed using the
Kirchhoff surface integral formulation. The results obtained were in good agreement with
previous experimental results.

In 2010, Xu et al. [126] made modifications to Kandula’s theoretical model and con-
ducted a study on microjet noise reduction of rocket engines using the finite volume method
and water injection experiments. They found that the mass flow rate ratio of water to
gas jet, denoted as A, is a crucial parameter that determines the effectiveness of water
injection for noise reduction. When A is below a certain value, the OASPL decreases as A
increases. However, when A exceeds the value, the noise reduction efficiency decreases and
additional noise generated by water injection can be observed, the exact changes are given
in Figure 24.
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Figure 24. Comparison of calculated and experimental results for APg,qp with A. (The x-axis is
defined by the mass flow rate ratio of water to gas jet; the y axis is defined by OASPL) [126].
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In 2013, McLaughlin and his team [127] proposed a fluid insert nozzle structure
embedded in the inner wall of the engine nozzle (Figure 25). Experimental results showed
that this structure achieved significant noise reduction. A reduction of 5 dB was obtained
with a jet flow rate ratio of 4%. In the following years, McLaughlin’s team conducted
detailed experimental and numerical studies on this structure, investigating the effects
of parameters such as nozzle arrangement, pressure ratio, total temperature ratio, and
Mach number on jet noise reduction [128-134]. In 2017, McLaughlin’s team used numerical
simulation methods to explore the effects of two-directional asymmetric injection and three-
directional symmetric injection. They found that both structures achieved the same level of
noise reduction, indicating that noise reduction depends on the angular separation of at
least two jet injection directions. However, the specific mechanism behind this phenomenon
is still not fully understood [135].

7

Figure 25. Schematic drawing comparison of the nozzle with six corrugations [127].

In 2018, Coderoni et al. [136] conducted a noise reduction study on GE F400-series
engines and investigated the fluid insert method proposed by McLaughlin’s team using
LES. As shown in Figure 26, they found that the injection of the secondary fluid breaks
down the shock cell into smaller structures with different directions and intensities, which
directly reduces the intensity of noise related with broadband shock.

(@) Vu(R/U)
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0.64

-0.18

-1.00

Vu (RJU)
1.45
0.64
-0.18
-1.00

Figure 26. LES instantaneous dilatation contours’ comparison between (a) round nozzle baseline
nozzle and (b) nozzle with fluidic injection [136].
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Subsequently, Coderoni conducted further research comparing the effects of heated
and cold jets on engine noise [137]. In this study, numerical simulations were performed
using both LES and RANS methods, and the results showed good agreement between the
two methods and were also consistent with previous experimental data. The computational
results showed that the effectiveness of the heated jet mainly changes the spreading rate
of jet, particularly the Turbulent Kinetic Energy (TKE). However, as the total pressure of
the jet remains constant, there is little change in the Mach number within the flow field,
thus the increase in jet temperature has almost no effect on the shock cell. Additionally,
in this study, Coderoni used the Q-criterion to identify larger turbulent structures in the
flow field (Figure 27) and found that the introduction of the jet reduced the presence
of these large turbulent structures in the exhaust gas, thereby reducing the intensity of
mid-to-low-frequency noise.

b) Baseline - rear view

y

¢) FL. Inj. - side view d) FL Inj. - rear view

Figure 27. Q-criterion iso-surfaces base on Q* = 0.0l(U;f / R;-“)2 for the nozzle with and without
injectors. Circles (for the baseline case) and squares (for the fluid injection case) are added to identify
the larger structures that are more distant from the jet axis [137].

In recent years, Prasad and his team [138,139] utilized a combination of Doak’s Mo-
mentum Potential Theory and Spectral Proper Orthogonal Decomposition to LES simula-
tions, which was used to analyze the flow field of fluid inserts. Their findings supported
Coderoni’s previous conclusion regarding the weakness of large-scale turbulence caused
by the jet. Furthermore, their observations indicated that fluid inserts negatively impact the
radiation efficiency of wave packets primarily due to the disruption of large-scale structures
and alterations to the Kelvin—-Helmholtz instability.

7. Other Application

Furthermore, due to the outstanding effects of active secondary injection in the
aforementioned aspects, researchers also conducted various other attempts to apply jets
in engines.

In 2001, T.D. Smith [140] conducted a study on the plume variation of pulsed injection
in a convergent-divergent nozzle using numerical simulations and experiments. The
numerical methods were applied to simulate scaled-down turbofan engines, full-scale
ground test engines, and high bypass ratio engines. The results of the study demonstrated
that pulsed injection significantly reduces the length of the central gas plume compared
to steady-state injection. The experimental engine and the wade flow static temperature
cloud maps are displayed in Figure 28.
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Figure 28. The experimental engine and the wade flow static temperature cloud maps (steady-state
on the top right, pulsed-average on the bottom right) [140].

In the field of solid rocket motors, the nozzle is often protected from heat by using
ablative cooling. In 2009, Thakre et al. [141] conducted a study where they injected a
lower temperature gas upstream of the throat to affect the nozzle boundary layer. This gas
was generated from the reaction of a small amount of combustion gases and an ablative
material. They performed numerical simulations under different injection temperatures,
angles, and velocities to identify and quantify various fundamental mechanisms influencing
the effectiveness of the nozzle boundary layer control system. They found that through
this injection method, even under high-pressure conditions, the erosion rate of the nozzle
boundary layer could be negligible (Figure 29), which is primarily attributed to the low
temperature of the injected gas and the reduced concentration of oxidizing species near the
nozzle surface.

B | e | | -
T(K): 1400 1600 1800 2000 2200 2400 2600 2800

i

0.0 i
0.0 2.0 4.0 6.0

B | 0 .
T(K): 2000 2200 2400 2600 2800

b)

Figure 29. Distribution of temperature in nozzle interior: (a) with injection, and (b) without injection
(temperature of mainstream is 3000 K, combustion chamber pressure is 6:9 MPa, and temperature of
injection gas is 1200 K, surface reactions, conductive wall) [141].

In 2014, Zheng et al. [142] combined a generalized one-dimensional flow model and
an isochoric cycle model to establish a corresponding mathematical model, studying the
propulsion performance of pulse detonation engines with secondary flow injection. The
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results indicated that, in steady flow conditions, if the geometric configuration of the nozzle
remains unchanged, injecting secondary flow can enhance the performance of the nozzle
when the nozzle pressure drop ratio is below a critical value.

In 2017, Cai et al. [143] conducted experimental and numerical studies to investigate
the effects on the combustion performance of hybrid rocket motor with injecting thermally
decomposed hydrogen peroxide into the post-combustion chamber of a hybrid rocket motor.
They mainly analyzed the injection diameter, injection angle, and number of portholes.
It was found that injecting the post-combustion chamber jet can improve the engine’s
combustion efficiency and specific impulse, but it does not increase the burning rate and
temperature of the solid propellant. At the given diameter of the engine, the maximum
combustion efficiency was achieved when eight portholes with a 120° circumferential
arrangement were used. The distribution of components in the flow field after injection is
shown in Figure 30.

mill_. = .\
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Figure 30. Distribution of components in the flow field during oxidizer injection in the post chamber
of hybrid rocket motor (with: (a): Oy; (b): C4Hpg) [143].

In the same year, Lv [144] aimed to increase the performance of the nozzle used in
wide-speed range aircraft engine and prevent thrust loss caused by overexpansion. They
discovered that inducing separation in the straight edge of the nozzle during jet injection is
an effective method. Numerical studies showed that this method significantly improves
the engine’s performance. When the pressure ratio was 10, the increase in thrust coefficient,
lift, and pitching moment reached 3.16%, 29.43%, and 41.67%, respectively.

In 2019, Zhang [145] conducted an analysis of the infrared radiation characteristics of
a single-sided expansion nozzle with secondary flow. For the throat aerodynamic vector
nozzle, the study investigated the effects of the secondary flow pressure ratio, injection
angle, and relative area ratio on the total radiation intensity within the detection planes of
XOY (zenith angle) and XOZ (azimuth angle). The results are shown in Figure 31, which
indicated that as the secondary flow pressure ratio increased, both the zenith angle range
and the azimuth angle range showed a decreasing trend in total radiation intensity, with
maximum decreases of 14.49% and 16.38%, respectively.
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Figure 31. The variation of radiation intensity with zenith angle at different secondary flow pressure

ratios, and the blue and green areas represent the position of the nozzle structure and the gas relative

to the measurement point, respectively [145].

8. Conclusions

Based on the aforementioned sections, the typical applications of the secondary in-
jection in aerospace propulsion systems are summarized and organized in Table 1, along
with the advantages, disadvantages, and important milestones in the development of
different technologies, while a corresponding literature statistical analysis is also conducted

in Figures 32 and 33.

PUBLICATIONS

M Thrust adjustment B Thrust vector

B Fuel mixing m Noise control

Figure 32. Comparison of publication quantity for typical applications.
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Figure 33. Statistics of publications on typical applications. (The x-axis represents years, while the
y-axis represents the number of publications).

Table 1. Summary of typical applications of active secondary jets in aerospace propulsion systems.

Application Technology gcpe}:;:ﬁ:)sle Specificities Prominent Study Ref.
First proposed concept. [46]
Compared to mechanical mechanisms, it is simpler, . dth cal model d
Throat Liquid rocket lighter, and free from erosion issues; however, mPTOV}? dtdeorﬁhéa models an [47]
injection motor achieving a wide range of thrust adjustments requires researched detailed parameter.
alarge mass flow rate. Low benefits in engineering 152]
applications were found.
Attempted application in solid [48]
rocket engines.
It enables solid rocket engines to have thrust . . -
Throat &
ini roe Solid rocket motor adjustment capability, but the achievable range of Identify the impact laws of rm.ﬂtlple [51]
jection . . R parameters on thrust modulation.
thrust conditions is not wide.
Thrust X .
X Introduction of the theoretical
adjustment T [4]
formula for vertical jetting.
First application and research. [56]
Compared to steady jet, it has better thrust adjustment } .
characteristics at the same mass flow rate, but the Clarify the influence of each [57]
Pulse jets Rocket motor variation is not significant. However, the structural parameter.
weight required to generate pulses may offset the Based on quantitative analysis, it
benefits of pulse jet propulsion. was found that the benefits of pulse [58]
jetting are relatively small.
It is easier to achieve throat area control and thrust
Throat X . .
S . modulation, while the erosion problem of the structure . .
injection + Solid rocket motor . H - lead 1 First proposed concept. [64]
pintle is not severe. However, it can lead to a more complex

engine configuration.
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Table 1. Cont.
Application Technology Applicable Specificities Prominent Study Ref
Scenarios .
Proposed calculation formula for
lateral force caused by secondary [11]
Shock A . " Compared to mechanical thrust vectoring schemes, it flow.
oc lv ector eroengines/rocket gy simpler structure and lighter weight, but it is - -
contro motors difficult to achieve large vector angles. Applied to solid rocket booster
systems and found that the actual [67]
performance is unsatisfactory.
Sin_gl_e throat. Aeroengines /rocket It can achieve larger thrust vector angles .th'an Fhe SvC First conducted related research. [68]
fluidic throat motors method but requires an additional set of injection
Thrust vector skewing points, making the structure slightly more complex. Verified the technical feasibility. [71]
Dual throat By changing the nozzle configuration, it is possible to First proposed the design scheme. [72]
fluidic throat Aeroengines télchleve lalﬁer vector ﬁpgles w1}h a srrllaller secon(_iary Successfully completed
skewing ow rate. However, t is type of nozzle structure is not experimental validation with [73]
suitable for rocket engines. excellent results.
Based on DTN technology, it has achieved passive _
Bypass dual secondary injection without the need for additional First proposed concept. [76]
throat. fluidic Aeroengines gas sources. This results in a lighter structural weight,
throat skewing and the maximum thrust vector angle can exceed other = BDTN technology in actual aircraft 78]
methods (up to 24°). flight tests.
Introduction of the theoretical [10]
model for single-hole injection.
Multi- . i : Study on longitudinal row strate
. It has a simple structure and significantly improves the yo & gy [89]
Ii:)rgztc}’:ioolﬁs fuel - Scramjet mixing efficiency compared to single-hole injection. of multi-portholes.
Allocating some injection holes for
air and implementing fuel-air [92]
staged injection.
Fuel mixing in
a scramjet Discovered the significant impact of [55]
engine pulse jetting on penetration depth. o
It can achieve better mixing efficiency when the Detailed analvsis of the flow field of
Pulse jets Scramjet injection hole layout is the same. However, the related eltal €d analysis o the flow field o [99]
mechanisms are still under investigation. pulse jetting.
Determination of the optimal pulse [100]
frequency.
) Key te,jchnology for §011d rocket ramjet engines, the Described the distribution of
Powder fuel Solid rocket flow field structure is extremely complex, and the A . e . )
. . . : . s different-sized particles in the jet [104]
jet scramjet current simulation and computational research is still -
vortices.
not fully developed.
First proposed concept. [110]
Compared to methods such as modifying nozzle Low mass flow rate jet noise 117
Jet at nozzle Aeroengines/rocket  structure, it has higher nozzle efficiency, but achieving reduction. [117]
exit motors the desired noise reduction effect typically requires a - - —
larger flow rate. Experimental testing of microjet
noise reduction on the F404-GE-402 [124]
Jet noise jet engine.
control First proposed concept. [127]
Fluid insert Aeroengines/rocket Itis possible to achieve good noise reduction effects felglvcﬁzfj:iigsalsﬂﬁfig ?;Ss‘;t [136]
with a lower flow rate. However, the related flow field -
nozzle motors . . nozzle.
mechanisms are still not clear.
Research on noise reduction [137]

mechanisms based on LES method.

In summary, since the 1940s, active secondary jet technology has developed many
promising applications in the aerospace field, and in recent years, it has been receiving
increasing attention. This article reviews the past theoretical and experimental research
on secondary jets and discusses their applications in aerospace engines, including thrust
adjustment, thrust vectoring, fuel mixing, and noise control. It also briefly introduces other
promising explorations in the field of engines.

(1) The use of active secondary injection for thrust regulation offers advantages such as

simple structure, lightweight, and absence of component erosion compared to me-
chanical adjustment methods. This makes it particularly suitable for rocket engines,
especially solid rocket engines. However, the range of thrust adjustment with sec-
ondary jet is still limited by the large flow rate of the secondary jet. Therefore, research
on the regulation of thrust magnitude in throat-jet is relatively limited, accounting for
approximately 6% of the total publication quantity for the four typical applications.
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However, the combination of a pintle structure and secondary jet may lead to further
development of this technology. It not only enables effective thrust adjustment, but
also ensures longer operation because of protection of the secondary jet on the pintle
surface. However, the mechanical structure resulting from this combination will be a
challenge that needs to be optimized in the next step.

Thrust vectoring is currently the most prominent application of active secondary
injection in the aerospace propulsion field. Especially after the introduction of the
dual-throat nozzle in 2003, the number of relevant publications has rapidly increased.
The introduction of a passive bypass jet scheme further simplifies the system structures
of the secondary flow and achieves a thrust vector angle above 24°, which is far
surpassing other thrust vectoring technologies (around 15°). However, some studies
have indicated that the dual-throat nozzle may experience uncontrolled small vector
angles in certain cases, which may be caused by fluctuations in the engine flow field.
This issue can be effectively addressed by increasing the area of the second throat, but
the impact on the thrust vectoring capability after expanding the second throat is not
yet clear.

For fuel mixing, the use of multi-portholes injection can effectively improve the mixing
efficiency of fuel and air, and some studies indicate that if parts of the multi-portholes
are used to inject air, the air and fuel can mix with each other in the strong turbulence
structure downstream of the jet, which achieves an efficiency improvement of 116%.
However, additional air sources will inevitably cause redundancy in the system
structure. Meanwhile, bypass structures similar to those used in thrust vectoring
studies have been shown to enhance the mixing efficiency of individual fuel injection
porthole, which means the application of this approach in multi-porthole jets is also
promising, especially when applied to multi-portholes, as it may further enhance
mixing efficiency while simplifying the structure. On the other hand, pulsed fuel jets
can also significantly enhance the mixing efficiency, but further research is needed
to characterize the features and related mechanisms affecting fuel mixing in pulsed
jet flow fields. In fact, many technologies that promote fuel mixing are not mutually
exclusive. Therefore, in the future, it can be explored to combine multiple techniques
in jet research to further uncover the potential of jets in fuel mixing.

Normally, engines generate large noise during operation, which can pose a threat to
personnel and the delicate components. Current research indicates that noise can be
effectively suppressed by utilizing secondary jets on the nozzle wall. However, in
fact, the publication quantity indicates that before the emergence of micro-jet noise
reduction technology in 2002, traditional jet noise reduction techniques required a
jet flow rate near 100% of the primary flow, making it difficult to have practical
engineering significance. The development of micro-jet noise reduction technology
greatly promoted the advancement of aerospace propulsion system noise reduction
techniques. The fluidic embedded nozzle technology proposed in 2013 has attracted
wide attention from scholars due to its lower flow consumption and better noise
reduction effect, which can obtain a reduction of 5 dB with a jet flow rate ratio of 4%.
Currently, the structural optimization of fluidic embedded nozzle technology and
related mechanism analysis still require further research.

In recent years, there have been numerous attempts to explore other applications of
secondary jets, but it is worth noting is that in many applications, the injection posi-
tions of the secondary jets in the engine are actually highly overlapped. For instance,
in applications such as conical nozzle thrust vectoring and noise suppression, the jet
positions mainly concentrate in the expansion section of the nozzle. For applications
such as thrust vectoring in dual-throat nozzles, thrust adjustment, and infrared radia-
tion suppression, the jet positions primarily focus on the throat section of the nozzle.
It is indicated that secondary jets at a specific position may bring multiple benefits,
but there has been little research systematically considering the comprehensive effects
of jet parameters on different applications. Instead, the optimization has been limited
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to a single application. In the future, it may be worthwhile to analyze and optimize
jet parameters for multiple applications, which could further reveal the potential of
active secondary jets in engine applications.
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