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ABSTRACT

A numerical simulation is used to investigate the flow field characteristics of a three-dimensional over-under
turbine-based combined cycle circular-to-rectangular transition exhaust nozzle when only the turbojet flowpath
is in operation. The effect on the exhaust nozzle performance of there being a secondary injection on the ramp
of the expansion section of the turbojet flow path is then examined. Finally, the impact of variations in the
secondary injection design parameters is further investigated. The results show that a secondary injection can
improve the exhaust nozzle's performance by reducing the axial force on the inner wall of the flow path.
However, changes in flight status can undermine this improvement. Under the baseline operating condition, a
secondary injection with a larger angle and close to the ramp outlet can produce a more significant improvement
in nozzle performance. In this study, the axial thrust coefficient, lift and pitch moment of the nozzle can be
improved by a maximum of 9.312%, 66.007% and 10.975%, respectively.

Keywords: Three-dimensional over-under TBCC exhaust nozzle; Secondary injection; Flow control; Nozzle
performance; Asymmetric expansion nozzle.

NOMENCLATURE

Ainetx component of nozzle inlet area in the x- SPR  secondary injection pressure ratio

direction, Tt total temperature
Cix axial thrust coefficient Vinletx ~ x-directional component of nozzle inlet
Fs ideal exhaust nozzle thrust velocity
H flight altitude Whp turbojet flowpath throat width
Hb maximum throat height of turbojet Wsc  secondary injection width
flowpath M Mass flow rate at the nozzle inlet
Hoase throat height of turbojet flowpath mg.  secondary injection mass flow rate
lex excess impulse at the nozzle outlet fit,;  mainstream mass flow rate
[ length of nozzle pamb  ambient pressure
L lift of nozzle it nozzle inlet pressure
Lo length of turbojet flowpath expansion p, total pressure
section in the x-direction i Mainstream total pressure

Lsec  distance in the x-direction from the p.c  secondary injection total pressure
secondary injection inlet to the throat of .  x-direction length of secondary injection
the turbojet flowpath outlet

M nozzle pitch moment x-direction coordinate

Ma.  freestream Mach number x-coordinate of point on the ramp

NPR  nozzle pressure ratio x-coordinate of the throat

X
Xr
Xt

R gas constant y y-direction coordinate

Rx x-directional component of the relative ; z-direction coordinate
Y
0
Yz
T

pressure and viscous force integral on the specific heat ratio

inner wall surface of the nozzle incident angle of secondary injection
RxTrc Rx of turbojet flowpath components viscosity coefficient
Rxsrc Rx of scramjet flowpath components wall shear stress
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1. INTRODUCTION

Over-under turbine-based combined cycle (TBCC)
exhaust nozzles have recently attracted attention
because of their high specific impulse, wide flight
envelope, and reusability. Their scramjet flow paths
generally use a single expansion ramp nozzle (SERN)
with a rectangular inlet and outlet, so as to more
easily integrate with various aircraft. However,
scramjet engines with circular or elliptical
combustion chambers are increasingly considered
superior (Melvin and Adam 2006; Siebenhaar and
Bogar 2006). Many hypersonic vehicles with
rectangular-shaped fuselages use these scramjet
engines for their power systems (Walker et al. 2008;
Melvin and Adam 2011). In this case, SERNS, which
have rectangular inlets and outlets, do not fit the
airframe very well. Various three-dimensional (3D)
geometrical designs for asymmetric expansion
nozzles with different inlet and outlet shapes have
therefore been proposed (Lv et al. 2017a; Lu et al.
2010; Lv et al. 2017c). Importantly, this makes the
throat adjustment scheme very different from typical
splitter flap adjustment schemes.

Over-under TBCC exhaust nozzles mostly operate in
cruise conditions, with the scramjet flowpath
operating on its own. When it switches to the turbojet
flowpath working on its own, the operating
conditions for the entire exhaust nozzle are
significantly outside the assumed design conditions.
This leads to over-expansion inside the nozzle and a
severe reduction in exhaust nozzle performance.

A number of studies have explored how to improve
the performance of combined exhaust nozzles for
off-design conditions. They generally approach this
using either geometric adjustment methods or flow
control methods. Geometric adjustment methods
were applied earlier (Lederer 1996; Zhang et al. 2013)
because they offer an easier way to change the flow
structure inside the nozzle. However, they increase
the complexity and weight of the nozzle's mechanical
structure and reduce its operational reliability. Flow
control techniques offer various active and passive
flow control measures (Gronland and Berens 1995;
Asbury et al. 1996; Tsunoda et al. 2000; Gamble and
Haid 2004; Hao and Wang 2009; Zhou et al. 2016;
Zhou and Wang 2019), with secondary injection and
synthetic jet actuators (SJA) being the most-used
active measures. Lv et al. (2017b) performed
numerical simulations using a two-dimensional (2D)
SERN model with cowl-based secondary injection.
They explored the impact of different secondary
injection parameters on exhaust nozzle performance
and found that secondary injection can increase the
thrust coefficient, lift and pitch moment of over-
expanded SERNs by 3.16%, 29.43%, and 41.67%,
respectively. Xu et al. (2010) investigated the impact
of an SJA on over-expanded SERN performance.
SJAs regularly "suck" and "puff" the flow near the
wall under operating conditions, which can improve
the whole SERN working cycle.

Although active and passive flow control techniques
can improve the performance of combined exhaust
nozzles, the focus this far has been primarily on
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SERNSs with rectangular inlets and outlets, with flow
control measures being implemented on splitter flaps
or cowls. Over-under TBCC exhaust nozzles with
different inlet and outlet shapes for the scramjet
flowpath have a unique throat adjustment and
significant 3D flow effects that have not yet been
fully explored.

This paper looks at an over-under TBCC exhaust
nozzle with a 3D circular-to-rectangular transition
nozzle forming the scramjet flowpath. First, a
numerical simulation of the flow field structure and
performance under off-design conditions is
presented. The impact of secondary injection on the
performance is then investigated. Finally, the effect
of different design parameters on the secondary
injection flow is explored. This paper can serve as
reference for the future exploration of how to
improve over-under TBCC exhaust nozzles with
different-shaped inlet and outlet scramjet flowpaths.

2. MODEL AND PARAMETERS

2.1 Geometric Model

In this study, a 3D asymmetric expansion nozzle with
acircular inlet and a rectangular outlet is used for the
scramjet flowpath in an over-under TBCC exhaust
nozzle. A rotatable cowl and fixed shape-preserving
plate are located at the bottom of the path outlet. A
turbojet flowpath is mounted above the scramjet
flowpath. Part of the upper expansion surface of the
scramjet flowpath is shared between the two
flowpaths (see Fig. 1).

It is difficult to avoid leakage by using a splitter flap
for the throat adjustment because the upper
expansion surface of the scramjet flowpath has a
complex 3D shape. Previous throat adjustment

Shared surface
Turbojet nozzle

Scramjet
nozzle ~~= o
o

A Cowl and

Shape-preserving plate

Fig. 1. Movable parts in the 3D over-under
TBCC exhaust nozzle and the relationship
between the two nozzles.

schemes for 3D over-under TBCC exhaust nozzles
(e.g., Hua and Xu 2018) have suggested realizing
throat adjustment through a combination of rotation
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and sliding or rotation around the posterior axis (Xu
et al. 2017). Here, the throat height of the turbojet
flow path is adjusted using a combination of pre-
rotation and sliding when the turbojet flowpath is
operating on its own or undergoing modal
transition. This scheme only rotates the shared
surface at the beginning and end of each modal
transition. The sliding of the shared surface is
achieved by using two slide rails. The shared
surface is rotated by means of the drive
mechanisms on the two slide rails running at
different speeds.

The following explains the adjustment process in
detail. Ma,=0~3 is the stage where the turbojet
flowpath is operating on its own. During this stage,
the scramjet flowpath is kept closed. The throat
height of the turbojet flowpath varies with the flight

Shared Surface

(c) Only the scramjet flowpath in operation

Fig. 2. Different working states of a 3D over-
under TBCC exhaust nozzle.
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Turbojet nozzle

Sidewall of

Z Shape-preserving plate

Fig. 3. Baseline nozzle at Ma»=0.8.

state (see Fig. 2(a)). Ma»=3~3.5 is the stage where
modal transition occurs. Here, the turbine is
gradually shut down and the flow in the turbojet
flowpath decreases. The scramjet engine now starts,
and the cowl gradually opens (see Fig. 2(b)).
Ma.=3.5~6 is the stage where the scramjet flowpath
is operating on its own. Here, the turbine runner is
kept closed (see Fig. 2(c)).

During cruise conditions, there is no severe flow
separation in the nozzle while the scramjet flowpath
is working on its own. However, there is significant
over-expansion and flow separation in the turbojet
flowpath when the conditions are far from the
designed-for condition. This situation is the focus of
this paper.

This study treats a nozzle without flow control
measures as a baseline nozzle here. Its baseline
operating condition is Ma»=0.8. A model of this is
shown in Fig. 3, where: W is the throat width of the
turbojet flowpath in the baseline nozzle; Ly is the x-
direction length of its expansion surface; and Hp is
the maximum throat height of the turbojet flowpath.
The cowl, shape-preserving plate, and scramjet
sidewall collectively form the scramjet flowpath
component (SFC), while the remainder forms the
turbojet flowpath component (TFC). The study set
out to explore whether a secondary injection could
improve performance under off-design conditions.

The secondary injection takes place on the shared
surface (see Fig. 4), where Lsec, Wsec, and 6 are the
three main geometric parameters of the secondary
injection, representing the x-direction distance from
the secondary injection inlet to the turbojet flowpath
throat, the x-direction dimension of the secondary
injection outlet, and the secondary injection incident
angle, respectively. Wsec is the width of the secondary
injection inlet, which is fixed at 0.75Wh.

2.2 Performance Parameters

The performance of the three-dimensional parallel
TBCC exhaust nozzle was evaluated using the axial
thrust coefficient, lift, and pitch moment. The entire
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Fig. 4. Nozzle with secondary injection at
Mas=0.8.

inner wall of the exhaust nozzle was taken to be the
control body for convenience. According to the law
of conservation of momentum in an open system, the
outlet excess impulse in the x-direction can be
expressed as the difference between the inlet x-
direction impulse and the x-direction component
relating to the relative pressure and viscous force
integral on the inner wall (Lv et al. 2017b). The
excess impulse in the x-direction at the outlet of the
exhaust nozzle can be solved using the following
equation:

lex = Minjet Vinlet,x

+( Pinlet — pamb)pinlet,x —Ry

)]

where, Viye.. and A, are the inlet velocity and

inlet area components in the x-direction, respectively.

Rx denotes the x-directional component for the
relative pressure and viscous force integral on the
inner wall of the nozzle. The surface of the exhaust
nozzle where the integration is implemented is
shown in blue in Figs. 3 and 4.

The following equation can be used to calculate the
ideal isentropic thrust:

y-1

Fo=n | 2L RT, 1—[—pamb] !
y-1

Pt )

As the baseline nozzle has no flow control measures,

its axial thrust coefficient can be defined as
follows:
Iex,without 3
Ctxwithout =—F——— @)
s, pri

where, lexwithout IS the excess impulse at the outlet of
the exhaust nozzle when the turbojet flowpath is
operating on its own. Fspri is the ideal isentropic
thrust under the same conditions.

For a nozzle with secondary injection, the axial thrust
coefficient can be calculated as follows:
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Iex,with

4)

C ty with =
fwith Fs, pri + Fs,sec

The lift, L, of the over-under TBCC exhaust nozzle
is the y-directional component of the relative
pressure and viscous force integral for the inner wall
of the nozzle. The reference point for the pitch
moment, M, is the center point of the bottom of the
scramjet flowpath inlet (i.e., the origin of the
coordinates) (see Fig. 2).

NPR denotes the mainstream nozzle pressure ratio
and SPR denotes the secondary injection pressure
ratio. These can be calculated as follows:

NPR = Pt sec 5)
Pamb

SPR = Pt,sec ©)
Pt, pri

3. NUMERICAL VALIDATION

3.1 Governing Equations

Detailed flow fields for all the over-under TBCC
exhaust nozzles in this study were obtained using the
commercial software Fluent, drawing on density-
based solvers, a 3D space, and steady-state
simulations. Assuming that the flow is ideal and
compressible, the flow field can be solved using
implicit equations. A Green-Gaussian Cell-based
scheme was used for the gradient and a second-order
upwind scheme was used for the convection.
Numerical simulations were performed using an
RNG k-¢ two-equation turbulence model, with a
standard wall function being used to handle the flow
field near the wall. The flow is controlled by
continuity, momentum, and energy equations. As
steady-state calculations are being used here, the
continuity equation can be written as:

V-(pV)=0 ©)

The momentum equation is:

®)

V-(pW):7Vp+V~TiJ'

where i is the viscous stress tensor, and the energy
equation is:

)

pP(V-V)=V-(AVT)+V-(V -zjj) + pq’
where A" is the thermal conductivity. The viscosity,

1, is:

10
L=+ L (10)

The laminar viscosity, 4 , can be calculated using
Sutherland's law with three coefficients:
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T 3/2T +S
_ - 0
) —#o[TOJ TS (1)

where, 4 =1.716x10"2Pa-s , Ty=273.11K , and

S =110.56K are the reference viscosity, reference
temperature and effective temperature, respectively.

The turbulent viscosity, 44 , can be obtained from the

RNG k-¢ two-equation model, and can be defined as
follows:

k2
H = pCp— (12)
&

where k and ¢ are the turbulent kinetic energy and
turbulent energy dissipation rate, respectively.
C,, =0.08451s a constant.

3.2 Numerical Validation

The turbulence model was validated by comparing
the calculated results with experimental data
provided Waithe and Deere (2003). The latter
performed thrust vectorization by using secondary
injection in a convergent-divergent nozzle,
resulting in a flow field structure that is similar to
the one presented here. The reliability of the
simulations can be more intuitively appreciated by
comparing the calculated flow field structure with
the Schlieren photographs given in Waithe and
Deere (2003).

i 2

0!

(@) The computational domain and boundary
conditions

Pressure Inlet

(b) Nozzle model with secondary injection, mesh,
and boundary conditions

Fig. 5. Geometry, mesh and boundary conditions
used for verification.

The geometric model, mesh, and boundary conditions
used for turbulence model are shown in Fig. 5, where

the secondary injection is placed in the expansion

injection point -

(a) Experimentally-based Schlieren photograph
from Waithe and Deere (2003)
]
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(b) Numerical simulation of Mach number contour

Fig. 6. Comparison of flow field structure in the
plane of symmetry for numerical simulation and
experiment results from Waithe and Deere
(2003).

section. The aerodynamic boundary conditions were
consistent with the experimental data, i.e., NPR=4.6,
SPR=0.7. A 3D structured mesh of the flow field was
divided using ICEM. The mesh near the nozzle walls
was refined to meet the requirements of the turbulence
model and standard wall function.

A comparison between the Mach number contour in
the plane of symmetry obtained by the numerical
simulation and an experimental Schlieren figure
from Waithe and Deere (2003) is shown in Fig. 6.
Figure 7 shows a detailed comparison of the
experimental and calculated results for the centerline
static pressure at the wall of the expansion section. It
can be seen that there is a close match for the flow

— Uppersurface_CFD
1oL Lowersurface_CFD

- o Uppersurface EXP
v Lowersurface EXP

=i,

0.2

0.0 1 1
0.0 0.5 1.0 15 2.0

X/x

t
Fig. 7. Comparison of simulation and
experimentally acquired pressure distribution on
the centerline of the wall.

field structure in both images in Fig. 6(a). This
confirms that numerical simulation is an effective
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way of capturing the flow field details. The static
pressure at the wall centerline obtained through the
simulation also agrees well with the experimental
results. On this basis, the RNG k-¢ turbulence model
with a standard wall function was used in this study.

3.3 Mesh Validation

ICEM was used to divide the structural mesh for the
computational domain relating to both the baseline
nozzle and the secondary injection nozzle. Figure 8
shows the divided mesh and boundary conditions.
The resulting calculation domain was about
151, x10.5W, x35W,, which was sufficient to avoid
the far-field boundary having any influence on the
calculation results. The mesh near the secondary
injection nozzle outlet and the nozzle wall was
refined. The height of the first mesh layer was set at
0.05mm to ensure that y* was between 30 and 60 and
met the requirements of the wall function.

Mesh validation was performed on a baseline nozzle
with the following three meshes: 1,935,127 (coarse);
3,847,171 (medium); and 7,736,663 (fine). The
aerodynamic and geometric parameters used for the

Pressure Farfield
SeaE Pressure Inlet

Pressure Outlet RS
Symmetry Wall

(a) Baseline nozzle

(b) Secondary injection nozzle

Fig. 8. Mesh and boundary conditions.
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Table 1 Aerodynamic and geometric parameters
for different types of nozzles under baseline
operating condition

Model
Parameter | Baseline Secondary injection
nozzle nozzle
Mao 0.8 0.8
H/km 5 5
NPR 3.793 3.793
SPR / 1
T/K 2150 2150
Hb Hp Hp
0.5
— Coarse
—— Medium
041 —— Fine
g 0.3}
2,
\ﬁ.
0.2+
0.1+

0.0
0.0 01 02 03 04 05 06 0.7 08 09 1.0

X/X,
Fig. 9. Pressure distribution on the centerline of
the ramp for different meshes.

numerical simulation are given in Table 1, and the
validation results are shown in Fig. 9. The results for
the pressure distribution on the centerline of the
shared surface obtained using the medium and fine
mesh were very close. However, the coarse mesh
generated a slightly different pressure distribution
and separation points. A mesh of not less than
3847171 cells was therefore used for the subsequent
research. The mesh for the secondary injection
nozzle was locally encrypted so that the flow field
could be established at a reasonable computational
cost.

4, RESULTS AND DIsSCUSSION

4.1 Flow Features

4.1.1 Performance of the Baseline Nozzle at
Different Flight Mach Numbers

First, the flow of the baseline nozzle under several
typical operating conditions was simulated. The flow
field structure and performance parameters at
Ma»=0.29 (takeoff), Ma.=0.8 (maximum throat
height), Ma»=0.9 (minimum throat height), and
Ma»=3 (maximum flight Mach number for just the
turbojet flow path) were obtained. The parameters
for typical operating conditions other than the
baseline operating condition are shown in Table 2.

Figure 10 shows the Mach number contours in the
nozzle's plane of symmetry for each operating
condition. The flow inside the turbine runner was
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Fig. 10. Flow field structure of the over-under TBCC exhaust nozzle under different operating
conditions.

heavily over-expanded for Ma.=0.29, 0.8, and 0.9.
The actual flow structure inside the exhaust nozzle
was similar under these three operating conditions,
so analysis focused on the flow field structure in the
baseline operating condition.

As shown in Fig. 10(a), the flow can be divided into
a mainstream region, a free stream region, and a
backflow region near the cowl. Interference from the
shockwave and boundary layer in the flow path
created a separation bubble in the rear section of the
ramp. The mainstream flowed through this bubble
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Table 2 Baseline nozzle parameters for various
typical operating conditions

Model
Parameters -
Baseline nozzle
Mas, 0.29 0.9 3
H/km 0 11 18
NPR 2.615 8.018 30.194
SPR / / /
TvK 2150 2138 2135
Hbase 0.996H:n 0.539Hsb 0.701Hp
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and attached to the shared surface, forming a
restricted shockwave separation structure. A
smaller "A" shockwave structure was formed by
shockwaves Il and IV, while a larger "A" shockwave
structure was formed by shock waves | and IlI.
There was a Mach stem between these two "A"
shockwave structures and a series of compression
waves were formed by the reduced curvature of the
wall in front of shock wave I. These compression
waves converged in the mainstream to form another
shockwave. Another shockwave was generated by
the convergence of the compression waves near the
reattachment point of the separation bubble, i.e.,
shockwave V. Alternating shockwaves and
expansion waves occurred after the mainstream
crossed shockwaves I, 111 and V. This wave system
gradually disappeared as the mainstream and
freestream began to mix.

However, the flow in the backflow region was
affected by both mainstream and freestream suction
effects. As the Mach number increased from
Ma»=0.29 to Ma»=3, the suction effect became
stronger, resulting in a smaller backflow region and
more of the mainstream entering the cavity made up
of the scramjet flowpath components. As can be
seen in Fig. 10(a), there was a focal point and a knot
in the backflow region. Figure 10(b) shows the
vortex structure present in the backflow region. This
vortex slowly pushed the mainstream towards the
downstream shape-preserving plate. However, at
the same time, the spanwise size of the middle and
lower part of the mainstream gradually decreased.
Eventually, the high-speed zone in the mainstream
was divided into an upper and lower part, with a
central part containing a mixed flow.

At Ma»=3, the mainstream was under-expanded in
the expansion section of the turbojet flowpath. The
suction effect from the freestream and mainstream
reduced the area of the backflow region to almost
nothing and the mainstream came close to touching
the shape-preserving plate. A strong shock wave
was ultimately generated when the mainstream
over-expanded above the shape-preserving plate.
Although the turbojet flowpath was under-
expanded in this condition, the over-under TBCC
exhaust nozzle as a whole was still over-expanded.

Mach number-related variations in the performance
parameters of the over-under TBCC exhaust nozzle
with the turbojet flowpath operating on its own are
shown in Fig. 11. In Fig. 11(a), it can be seen from
the axial thrust coefficient curve that the Ci of the
exhaust nozzle initially decreased, then increased as
the freestream Mach number increased. The Cs of
the exhaust nozzle was 0.816 at Ma»=0.29. Over-
expansion of the mainstream occurred only inside
the turbojet flowpath, while the flow inside the
backflow region was less affected. The difference
between the flow pressure in the backflow region
and the ambient pressure was minimal, so the drag
generated in the backflow region had little effect on
the exhaust nozzle’s performance. At Ma»=0.8, the
over-expansion of the mainstream began to weaken.
However, the flow in the backflow region suffered
a greater pressure loss as a result of the suction. The
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Fig. 11. Performance parameters for different
operating conditions.

differential pressure drag generated by the backflow
region at this point reduced the Ci of the exhaust
nozzle to 0.7635. At Ma»=0.9, the over-expansion of
the mainstream became stronger. The flow in the
backflow area was further impacted by the suction
and the mainstream was forced to expand, producing
a powerful shockwave. At this point, the height of
the throat of the turbojet flowpath was at its lowest
and a significant backflow was generated in front of
the throat. All these factors had a negative impact on
the Cx, bringing it down to just 0.5801. At Max=3,
there was a strong shockwave caused by over-
expansion in the backflow region. However, this
shockwave was outside the nozzle, so it had little
effect on the performance. Under-expansion in the
turbojet flowpath and backflow-related drag were the
main causes of thrust loss. After the loss of
performance at Ma.=0.9, the Ci rose again to 0.7399
at Ma»=3.

Figure 11(b) demonstrates the variations in the lift
and pitch moment of the exhaust nozzle according to
the flight Mach number. The lift gradually increased
from -470.04N to 365.41N as the Mach number
increased. The pitch moment was always negative,
so that the exhaust nozzle remained head-up
throughout the stage where the turbojet flowpath was
operating on its own. The specific performance
parameters for different flight Mach number
conditions are shown in Table 3.
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Table 3 Performance parameters of the over-
under TBCC exhaust nozzle for typical
operating conditions

Mach Ci L/(N) M/(Nm)
0.29 0.816 -470.04 | -1927.23
0.8 0.7635 -276.56 | -1828.93
0.9 0.5801 3.05 -2293.98

3 0.7399 365.41 | -2508.59

4.1.2 Flow Field for the Secondary Injection

Nozzle under Baseline Operating Conditions.

To improve the performance of the over-under
TBCC exhaust nozzle when the turbojet flowpath is
operating on its own, a secondary injection was
introduced on the shared surface. The parameters
relating to the secondary injection are given in Table
4. The Mach number contours in the plane of
symmetry for the secondary injection exhaust nozzle
at Ma«=0.8 are given in Fig. 12.

1000 125 175 2172 225 25

FMach:0 025 05 075 A

500

as the baseline nozzle, so the sum of the first two
terms on the right side of Eq. (1) remained equal. The
only thing affecting the axial thrust's magnitude was
therefore Rx. Figure 13 shows a comparison of Rx1rc
and Rysrc for exhaust nozzles with and without flow
control measures. The results show that a secondary
injection can reduce the Rxtrc and Rxsrc of the
exhaust nozzle, significantly reducing its Rx as well.

3500
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Fig. 13. Comparison of the x-directional
components for the relative pressure and viscous
force wall integral for exhaust nozzles with
different flow control measures.

Table 5 shows the performance parameters of the
different exhaust nozzles. The significant reduction
in the Rx of the exhaust nozzle results in a substantial
increase in the axial thrust coefficient, lift, and
pitching moment. According to the above analysis,

‘g L installing a secondary injection on the shared surface
S I — . of an over-under TBCC exhaust nozzle can improve
= ok . ’ its performance. However, it is important to also
L % assess the impact of different secondary injection
SSW 4 parameters and flight Mach numbers on this
| SSW -|Separation shock wave performance improvement. This is discussed in
500+ RSW 4 Recompression shock section 4.2.
- wave 550 00
Lol TR A | L1 PE A |
0 500 1000 1500 2000
. x{mm) Table 5 Performance of the nozzles with and
Fig. 12. Ma_ch nu_mber contours foz the without flow control measures
secondary injection nozzle at Ma.=0.8. Baseline Secondary injection
nozzle nozzle
Table 4 Secondary injection parameters Ci 0.7635 0.8203
SPR Tt/K msec Lsec o/° Wsec L/(N) -276.56 -250.64
1 | 300 | 3% | 0.25L, | 90 | 0.75Wb M/(N'm) | -1828.93 -1747.69
ACx / 7.439%
AL / 9.372%
As shown in Fig. 12, the secondary injection was AM / 4.442%

placed on the shared surface at 0.25Ly from the throat
of the turbojet flowpath. A separate shockwave
generated before the secondary injection then
replaced the shockwave formed by the multiple
compression waves in the baseline nozzle. A
reattachment shockwave was generated behind the
secondary injection that intersected with shockwave
I downstream. Shockwave Il moved slightly forward
in this condition and the separation zone behind it
expanded. The secondary injection also caused the
separation zone behind shock wave 1l to move from
being closed to open. The change in the location of
the shockwaves due to the secondary injection also
resulted in the Mach stem between shockwaves | and
11 moving slightly downward.

The flow field of the nozzle with a secondary
injection was calculated under the same conditions
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4.2 Effect of Different Parameters on the
Flow Field and Performance of a
Secondary Injection Nozzle

4.2.1 Mass Flow

The effect of the secondary injection's mass flow rate
on the nozzle's performance was investigated first.
The relevant mass flow rates were 3%, 4.51%, and
6.01% of the mainstream mass flow rate, i.e.,
30 =0.0371,,;, 0.045 1, , and  0.06017r,,; |
respectively. The other parameters were kept
constant for each of the different mass flow rates.
Thus, the distance between the secondary injection
and the throat was fixed at 0.25Lp and the injection



H. Yang et al. / JAFM, Vol. 16, No. 4, pp. 750-764, 2023.

angle was fixed at 90°. The SPR was fixed at 1 and
the operational condition was fixed at Ma.=0.8.

Figure 14 shows the Mach number contours of the
flow field at 7ir,,,=0.045171,,; and 0.06017iz,,;. The
Mach contours for s,.=0.037i1,,; were presented in
Fig. 12. An increase in the secondary injection mass
flow rate led to a gradual increase in the intensity of
the separation shockwave and the extent of the
upstream separation zone. The enlargement in the
lower right corner of the image makes the difference
in flow structure clearer. As the mass flow rate
increased from 0.03rz,,; to 0.0601s,,,, the thickness
of the backflow region downstream of the secondary
injection also increased significantly. The backflow
region also changed from being closed to open and
the mainstream behind the secondary injection was
no longer attached to the wall. The distance between
the mainstream and the shared surface gradually
increased downstream of the secondary injection and
there was an overall tendency to move away from the
shared surface.

The flow structure, such as the Mach stem and the
"\" shockwaves resulting from mainstream over-
expansion, also changed as the secondary injection
mass flow rate increased. For instance, there was a

1000 -Mach:0 025 05 0ff5 1 125175217 2 225 25
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L
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0

Fig. 14. Mach number contours in the exhaust
nozzle's plane of symmetry for different mass
flow rates.
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significant reduction in the length of the Mach rod in
the mainstream. However, the separation shockwave
emanating from the backflow region and the
reattachment shockwave downstream of the
secondary injection remained.

Figure 15 reveals the impact of increasing the
secondary injection mass flow rate on the Rx of the
exhaust nozzle. First, it can be seen that an increase
in the secondary injection mass flow rate did not
always cause a decrease in Rx. The Rxsrc and Rx1rc
of the exhaust nozzle slightly increased for
titge,=0.0601si1,,; when compared to 71, =0.04517i1,,,,;.
Close examination of the Mach number contours
reveals that the flow near the wall downstream of the
secondary injection at 7. =0.0601 7iz,,; had an
elevated velocity before separation, potentially
leading to a decrease in pressure at the nearby wall.
However, while the extent of the separation zone and
the intensity of the separation shockwave increased
slightly upstream of the secondary injection, the
benefits of the increased upstream wall pressure were
somewhat offset by a decrease in the downstream
wall pressure. The Rx of the exhaust nozzle
ultimately ceased to decrease as the secondary
injection flow rate increased.

3400 NN R gre A Ryrre
3300 F
. 3200 F
2 3100F
X 3000 F
2 585351 297 585151
2800 F 1] % 11
2700= //
/R
m,=3% m,~451% m,~6.01%

Fig. 15. Comparison of the x-directional
components for the relative pressure and viscous
force wall integral for exhaust nozzles with
different mass flow rates.

Table 6 shows the performance parameters of the
exhaust nozzle for different secondary injection flow
rates. The results show that the different mass flow
rates all improved the exhaust nozzle performance,
given the fixed combination used in this study of Lsec,
6, and the flight Mach number. However, an increase
in rg,. did not always improve the performance. The
performance benefits started to decrease when the
mass flow rate became too high. Although the Rx of
the exhaust nozzle was slightly lower at

Table 6 Performance of the nozzle for different
injection mass flow rates

msec

3% 4.51% 6.01%

Cix 0.8203 0.8258 0.8159
L/(N) -250.64 -236.1 -261.88
M/(N-m) | -1747.69 | -1733.09 | -1764.86
ACix 7.439% 8.16% 6.863%
AL 9.372% 14.63% 5.308%
AM 4.442% 5.24% 3.503%
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titge. =0.060171,,,; than at 7ir,,.=0.037,,, the larger
mass flow rate resulted in a larger ideal isentropic
thrust. Referring to Eq. (4), the ideal isentropic thrust
of the whole exhaust nozzle increased as well. The
axial thrust coefficient therefore decreased when the
decrease in Rx was insufficient to offset the increase

in the ideal isentropic thrust.

4.2.2 Injection Angle

Next, the effect of the secondary injection angle on
the exhaust nozzle’s performance was investigated.
Three injection angles were assessed, 6=45°, 90°,
and 135°. During this, the distance between the
secondary injection and the throat was fixed at
Lsec=0.25Lp. The injection mass flow rate was fixed
at rir,,=0.0451s1,,;, the SPR was fixed at 1, and the
flight Mach number was fixed at Ma.=0.8.

Figure 16 shows the flow field Mach number
contours for injection angles of §=45° and 135°.
The Mach number contours for #=90° were already
presented in Fig. 14(a). The results show that the
effect of the secondary injection on the mainstream
flow increased as the injection angle increased.
The flow field structure near the secondary
injection outlet at #=45° was relatively close to that
of =90°.

1000

3400

3300 F m Rx,SFC m Rx,TFC
3200 F
> 3100F
§: 3000
& 2900 F
2800 F 2847,
27004 . 277792
G, G, G
0=45° 0=90° 0=135°

Fig. 17. Comparison of the x-directional
components for the relative pressure and viscous
force wall integral for different injection angles.

However, the separation shockwave angle upstream
of the secondary injection increased slightly when
6=45° and the extent of the downstream backflow
region was slightly reduced. At #=135°, the direction
of the secondary jet was opposite to that of the
mainstream. This made the upstream separation zone
increase significantly and the location of the
separation shockwave moved forward. The
mainstream was completely separated downstream
of the secondary injection. There was more external
flow between the mainstream and the shared surface,
but no significant backflow region was formed.

The presence of a low-velocity external flow helped
the pressure at the wall downstream of the secondary
injection to increase. The separation zone upstream
of the secondary injection that expanded as the
injection angle increased was also effective in raising
the pressure at the upstream wall. Thus, the Rx of the
exhaust nozzle decreased as the injection angle
increased (see Fig. 17).

j”” I The above analysis is supported by the performance
g parameters shown in Table 7. The axial thrust
§ coefficient, lift, and pitch moment of the exhaust
L | nozzle all improved as the secondary injection angle
¢ increased, with the exhaust nozzle lift improving the
most. Thus, the angle between the direction of the
- secondary injection and the mainstream flow should
=500 be increased as much as possible when implementing
A a secondary injection on a shared upper expansion
R E— T 7300 Sogp  Surface.
x/(mm)
(2) 6=457 4.2.3 Injection Location
: | ] ! _ o
1000 -Mach:0 021 042 0B3 084 1.05 126 147 168 1.89 2.1 The effect of the location of the secondary injection
i on the exhaust nozzle’s performance was also
investigated. Three locations were chosen,
- Lsec=0.25Lp, 0.5Lb, and 0.75Ly. The mass flow rate
5001 was fixed at 7n,,.=4.51%. The injection angle was
T [ fixed at 8=90°, the SPR was fixed at 1, and the flight
§ Mach number was fixed at Ma«=0.8.
;’ -
0F Table 7 Nozzle performance for different
injection angles.
I 0
. 45° 90° 135°
-500f S ! Ci 0.8207 0.8258 0.8346
PRSP PSR e AP oo ) L/(N) -245.44 -236.1 -94.01
0 500 xl/?g{’m ) 1500 2000 M/(N-m) | -1747.81 | -1733.09 | -1628.21
(b) 6=135° ACi 7.492% 8.16% 9.312%
Fig. 16. Mach number contours in the plane of AL 11.253% | 14.63% | 66.007%
symmetry for different injection angles. AM 4.435% 5.24% | 10.975%
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Fig. 19. Comparison of the x-directional
components for the relative pressure and viscous
force wall integral for different injection
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(a) Lsec=0.5Lp Table 8 Performance of the nozzle for different
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Fig. 18. Mach number contours for different
injection locations.

Figure 18 shows the Mach number contours for a
secondary injection at 0.5L, and 0.75L, from the
throat. The Mach number contours for a secondary
injection at 0.25Ly from the throat were shown in Fig.
14(a). Changes to the location of the secondary
injection had a significant impact on the flow
structure of the mainstream. When Lsec=0.5Lb, the
secondary injection was close to the upstream flow
from shockwave Il in the baseline nozzle. The
shockwave upstream of the secondary injection was
the direct reason why the mainstream was separated
and contained a longer Mach stem. The mainstream
was no longer attached to the shared surface
downstream of the secondary injection. The external
low-energy flow from the end of the shared surface
and close to the wall turned and filled the cavity
created by the mainstream separation, creating a
backflow.

When Lsec=0.75Ly, the secondary injection was
located downstream of shockwave IV in the baseline
nozzle flow field. A separation shockwave appeared
upstream of the secondary injection. The extent of
the separation zone behind the separation shockwave
was then increased and the mainstream separation
point moved forward. Due to this change in the
location of the separation shockwave, the locations
of the Mach stem and the "A" shockwave in the
mainstream also moved forward significantly.
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Additionally, the mainstream was no longer attached
to the shared surface downstream of the secondary
injection.

The Rx of the exhaust nozzle for the different
secondary injection locations is shown in Fig. 19 and
the resulting performance parameters of the exhaust
nozzle are given in Table 8. It can be seen that the
RxTrc gradually decreased as the position of the
secondary injection moved backwards, while the
Rxsrc initially increased and then decreased. The Rx
of the exhaust nozzle was slightly larger when the
secondary injection was at Lsec=0.75Ls than when it
was at Lsec=0.25Lb. However, the secondary injection
at  Lsec=0.75Lp produced a more significant
improvement in the exhaust nozzle performance.
The lift of the exhaust nozzle was particularly
improved. This was mainly because of the smaller
isentropic thrust of the secondary injection at
Lsec=0.75Lp. According to Eq. (4), with a small
difference in the exhaust nozzle's lexwith, the smaller
Fssec Will also reduce the denominator and may
eventually lead to the axial thrust coefficient
increasing instead. In summary, when 7., 8 and the
flight Mach number have the fixed combination used
in this study, a secondary injection can significantly
improve the performance parameters of an over-
under TBCC exhaust nozzle, regardless of where it
is installed on the shared surface. However,
positioning the secondary injection as close as
possible to the exhaust nozzle outlet will maximize
the improvements in the lift and pitch.

4.3 Effect of Different Flight Mach
Numbers on the Flow Field and
Performance

As the exhaust nozzle is subject to over-expansion
under several operating conditions, the effects of
different flight Mach numbers on the improvements
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Fig. 20. Mach number contours for different
flight Mach numbers.

deriving from having a secondary injection were also
examined. Apart from the baseline operating
condition, the effects were also investigated for
Ma-=0.29, 0.9, and 3. The mass flow rate of the
secondary  injection was  maintained at
titg,,=0.0451s1,,;, and the injection angle was fixed at
6=90°. The injection location was fixed at
Lsec=0.25L0, and the SPR was fixed at 1.
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The resulting Mach number contours for the flow
field under different flight conditions are shown in
Fig. 20.

If Figs. 20(a) and 10(c) are compared, it can be seen
that the secondary injection at Max=0.29 produced
an earlier separation of the mainstream. It is clear
from the streamlines that the separation was open,
with the external flow turning down the wall and
filling the region between the mainstream and the
shared surface. Although the mainstream was
completely separated downstream of the secondary
injection, the location of its lower boundary did not
change significantly. The flow area of the
mainstream was therefore somewhat reduced and its
over-expansion mitigated.

At Ma.=0.9, the secondary injection was
significantly further from the mainstream separation
point in the baseline nozzle. However, the backflow
region downstream of the secondary injection
prevented the mainstream from returning to the wall
and, subsequently, the mainstream separated due to
over-expansion. Thus, introducing a secondary
injection resulted in a significantly larger separation
zone compared to the flow field of the baseline
nozzle, with the mainstream failing to reattach to the
shared surface after separation. It should be noted,
though, that the separation zone was closed and no
external flow entered.

The interference of the secondary injection upon the
mainstream was equally obvious at Ma-=3. Here, the
thickness of the low-velocity zone upstream of the
secondary injection exceeded the flow field at the
same location for the baseline nozzle. In comparison,
however, the reattachment shockwave at the back of
the baseline nozzle throat tended to disappear. In
addition, the thickness of the boundary layer of the
mainstream downstream of the secondary injection
increased significantly, such that the mainstream did
not separate. The extent of the backflow region near
the cowl was also further reduced by the secondary
injection.

Figures 21 and 22 show a comparison between the Rx
and exhaust nozzle performance parameters before
and after the introduction of the secondary injection
for different flight Mach numbers. The results show
that introducing a secondary injection at Ma»=0.29

5500 Rx,SFC 190.9 181.3
xTFC
o000 342.7 %/ 347.1 %
2 4500 F
N
o 4000 F % %
3500 £ 242.8 242.8
3000 —% 7 %
O:F\ 1 L 1 I} 1 L %I 1 1 1 1
Ma, Ma, Ma, Ma, Ma, Ma,
0.29 0.9 3 0.29 0.9 3
Without Injection With Injection

Fig. 21. Comparison of the x-directional
components for the relative pressure and viscous
force wall integral for different flight Mach
numbers.
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Fig. 22. Comparison of exhaust nozzle
performance parameters before and after
secondary injection at different flight Mach
numbers.

did not significantly change the Rxtrc and Rxsrc. The
pressure of the low-velocity fluid in the separation
zone downstream of the secondary injection was lost
due to viscous dissipation. This made the wall
pressure of the shared surface downstream of the
secondary injection lower than that of the baseline
nozzle. The pressure rise caused by the separation
shockwave upstream of the secondary injection was
insufficient to offset this negative effect and the Rx of
the exhaust nozzle did not change significantly. The
effect of the secondary flow's isentropic thrust also
needs to be considered when calculating the axial
thrust coefficient after introducing a secondary
injection. If there is no significant change in the Ry,
there will inevitably be a decrease in the axial thrust
coefficient. In addition, the use of a secondary
injection also needs to reduce the lift and pitch
moment of the exhaust nozzle.

At Ma»=0.9, the Rx1rc of the exhaust nozzle slightly
decreased and the Rxsrc slightly increased after the
introduction of the secondary injection. The Rx was
slightly lower than that of the baseline nozzle. The
secondary injection increased the extent of the
backflow region in the mainstream at the rear of the
shared surface. This enhanced the fluid interaction
inside the backflow region, which in turn increased
the viscous dissipation, resulting in a lower static
pressure in the backflow region. However, the
pressure rise caused by the separation shockwave
upstream of the secondary injection somewhat offset
this adverse effect, such that the Rx,trc was ultimately
slightly lower than that of the baseline nozzle.
Nevertheless, the difference in the Rx of the exhaust
nozzle before and after the secondary injection's
introduction was insignificant. Overall, the axial
thrust coefficient decreased once the secondary
injection’s isentropic thrust is taken into account.

At Ma»=3, the Rxsrc and Rxtrc of the exhaust nozzle
both slightly reduced after introduction of the
secondary injection. A more significant reduction in
the Rx under this condition led to the axial thrust
coefficient being slightly higher than that of the
baseline nozzle. Ultimately, across all three flight
Mach number conditions, introducing a secondary
injection caused a decrease in the lift and pitch
moment.

The above analysis has shown that a variety of
different secondary injection angles and locations
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will all improve the performance of an over-under
TBCC exhaust nozzle under baseline operating
conditions. Up to a certain point, when using a
secondary injection, the mass flow rate increased
sufficiently to improve the performance of the
exhaust nozzle. However, beyond a certain value,
this performance gain starts to decline. When the
secondary injection is installed close to the throat, the
performance is strongly affected by the flight Mach
number. In practice, it is best for the secondary
injection to be mounted with a large injection angle
near the end of the shared surface to maximize its
positive impact.

5. CONCLUSION

This study has analyzed the 3D flow field
characteristics and performance of an over-under
TBCC exhaust nozzle when only the turbojet
flowpath is in operation. The impact of installing a
secondary injection on the performance of the
exhaust nozzle when operating outside of designed-
for condition was also investigated. In addition, the
influence of different secondary injection parameters
on the flow control effect was explored. The study
gives rise to the following conclusions:

(1) When the turbojet flowpath is working on its
own and over-expanded, the flow inside the
backflow region formed by the closed scramjet
flowpath is affected by a suction effect that increases
with the flight Mach number. This suction shifts the
main flow in the turbojet flowpath lower, into the
scramjet flow path. The low-velocity flow in the
backflow region then forces the mainstream to move
toward the plane of symmetry, with it ultimately
splitting into multiple jets.

(2) A secondary injection causes mainstream
separation both upstream and downstream of the
point of injection. This increases the wall pressure
and reduces the axial force on the inner wall of the
exhaust nozzle, thus improving the axial thrust
coefficient, the lift, and the pitch moment. However,
as the position of the shared surface is not fixed, the
performance improvement produced by the
secondary injection is heavily dependent upon
changes in the flight conditions.

(3) Under baseline operating conditions, a
secondary injection can significantly improve the
performance of an over-under TBCC exhaust nozzle.
The larger the injection angle and the closer the
installation to the outlet the better the performance
outcome. A secondary injection can increase the
axial thrust coefficient, lift, and pitch moment by up
to 9.312%, 66.007%, and 10.975%, respectively.
Assessment of the influence of different parameters
has suggested that when using a secondary injection
in practice, a moderate mass flow rate, large injection
angle, and position as close to the outlet as possible
will result in the most satisfactory improvement of
the axial thrust coefficient, lift, and pitch moment.

Using a secondary injection to improve the
performance of an over-under TBCC exhaust nozzle
with a differently shaped inlet and outlet for the
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scramjet flowpath has proved to be both feasible and
effective. This is especially the case for off-design
operating conditions. However, the fixed geometric
and aerodynamic parameters of the secondary
injection mean that it does not always improve the
performance of the exhaust system when the flight
conditions change. There is therefore a need to
further explore the influence of the flight conditions
on the performance of secondary injections in future
work, so as to ensure a consistent improvement in
nozzle performance.
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