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Flow-Field and Performance Study of Coaxial Supersonic Nozzles

Operating in Hypersonic Environment
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Abstract — The integration of multiple propulsion systems in a coaxial configuration is one of the
challenges to realize hypersonic passenger transportation. This study is an attempt to understand the
performance of two co-axial jets exiting from the base of slender body, operating in single and dual
operation mode in freestream hypersonic flow environment. In addition, the effects on performance
by adding a different length common channel to both co-axial jets are studied. In the first part of this
study, the experiments have been performed for small slender body kept in hypersonic Mach 7 flow,
which consists of two inner high-pressure chambers and two co-axial nozzles at the base: central
nozzle (Mach 4) and surrounding nozzle (Mach 2.8) along with extended common region, termed
as common channel. Schlieren images have been captured for single and dual operation modes.
Axisymmetric numerical simulations have been performed for further understanding of the flow
interactions and have been qualitatively validated with experimental images. In the second part, the
parametric study has been performed using numerical simulations for resized model with various
exit Mach numbers for central and surrounding jets along with effect of no common channel and
with common channel for various operation modes. One of the findings of the study is that dual jets
should operate and exit at same plane (no common channel) with the same exit area (each nozzle
with half of total available exit area) in order to have higher total thrust from both jets than the sum
of individual jets operating in single operation mode. For higher central jet Mach numbers, the
corresponding surrounding jet Mach number will be lower, and in dual operation mode (without
common channel), the total thrust will be the same or lower than the sum of the individual jet
operations. Regarding the effect of common channel, it has been found out that the introduction of
the extended short or long common channel in dual mode operation does not have significant effect
on thrust, while the jet flow field is strongly affected by the common channel presence. In single
operation mode, for Mach 2 central-jet, the thrust performance decreases 12.2-14.6 % in presence
of short and long (29.5 mm and 59 mm) common channel, while for Mach 2 surrounding jet, the
thrust performance increases by 15-17.4 % in presence of common channel.
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Nomenclature I. Introduction
P : Pressure For the development of future hypersonic passenger
p : Density transportation, it is required to develop air-breathing
R, : Reynolds number propulsion system that can operate in flight stages at
T : Temperature various Mach numbers ranging from subsonic, supersonic
m - Mass Flow Rate thro:tl)gh. hypersonic speeds. I'; can be achilzve.d ‘tiy
Py . Stagnation Pressure combining two or more propulsion systems. A simple
. configuration for combining multiple propulsion systems
Meyie  : Exit Mach Number . . .
Vo Exit Velocit can be the co-axial engine configurations. Such
et xit Veloctty configurations have been applied historically in the SR71
Per+ Exit Pressure black bird engines [1], which integrate the Pratt and
Aevie + Exit Area Whitney J58 engine with a ramjet engine one. Co-axial
P, : Surrounding Pressure configuration has been also proposed for the hypersonic
u : x-component of velocity air breathing flight as the Synergistic Air-Breathing
v : y-component of velocity Rocket Engine (SABRE) [2]. In the proposed SABRE
X - x-cartesian coordinate direction engine configuration, an air-breathing rocket engine is
y : y-cartesian coordinate direction combined. with ramjet as an axisymmetric co-axial
D - Diameter configuration. However, there are very few fundamental
) . L studies available in literature of single or dual mode
n : number of mesh nodes in x-direction . . . . .
) .. operations of combined co-axial nozzles in hypersonic
m : number of mesh nodes in y-direction
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environment and its impact on thrust performance.
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(b) Single Operation Mode (Surrounding-Jet)
— :>
— —

(c) Dual Operation Mode (Both-Jets)
Figure 1. Coaxial configuration and three operational modes with
common channel.

This study focuses on the experimental and numerical
investigation of co-axial supersonic air jets discharging
into hypersonic flow environment from the base of
axisymmetric slender body in single (either central or
surrounding jet) or dual (both jets) operation modes. In
addition, in order to study the augmentation of the total
thrust from both the nozzles, the walls of the outer nozzle
have been extended so that central and surrounding jets
interact in a confined passage before exiting into the low-
pressure hypersonic external flow. In this study, this
confined passage is termed as common channel.

Figure 1 depicts the single and the dual operation modes
for co-axial nozzles with common channel. When a single
supersonic jet exits at the base of hypersonic vehicle, low
environmental pressure at high altitude would cause the
supersonic jet to be under-expanded most of the time
during its flight and subsequently leads to a loss of partial
thrust due to the need of further expansion. The extended
straight passage can reduce the expansion level, which
may lead to the improvement in the thrust performance.
However, extending the length of the straight passage can
also add the weight and can increase the length of vehicles.

The longer extended common channel can also lead to
reflection of waves on the wall, including expansion front,
depending on the expansion level and Mach disk may also
form before the end of common channel, which may lower
the performance of the system. Hence, it is important to
understand the effect of common channel length on thrust
for single (either central or surrounding only) and dual
operational modes to optimize the length. It is expected
that the optimum length of common channel can improve
thrust performance by reducing the expansion level in
each single operational mode and provide some common
region to augment thrust in dual operation mode.

Historically, studies on supersonic axisymmetric over-
expanded, correctly expanded, or under-expanded single
jets have been extensively conducted at free or open-jet
facilities by discharging it into static atmospheric
conditions [3]. One of the studies of co-flowing supersonic
over expanded jets with central Mach number 1.96 have
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also been performed in open-jet facility [4] and it has been
found out that the jet core length increases in presence of
co-flow. In this study, with the increase in surrounding jet
speed, under-expanded jet interaction with supersonic
overexpanded central-jet, complicated interactions among
the shock-cells has been observed and jet field has been
modified significantly. Murli et al. [5] have studied the
interaction of twin sonic jets in parallel and inward canting
configuration. Safir et al. [6] have investigated laminar to
turbulent transition of coaxial subsonic jets discharging
into static air. In few studies, under-expanded jets in the
hypersonic regime have been numerically investigated [7]
by solving the Navier-Stokes equations applied to
hypersonic exhaust plume / afterbody flow fields. Another
interesting study that simulates a single under-expanded
jet [8] in supersonic environment utilizes the PIV
technique to visualize the flow field of the jet as well as its
interaction with the free stream flow and the wake behind
a body facing a Mach 3 flow condition. A recent study on
the Skylon Airplane and its SABRE engines Plumes [2]
has simulated the full body of the airplane along with the
effect of its propulsive jets on the airplane aft-body at
various Mach numbers 5 to 17. Stephan et al. [9] at DLR,
have studied scaled down model of Ariane launcher
exiting Mach 2.5 flow of air and Helium gas to represent
plumes, in a hypersonic Ludweig tube operating at Mach
5.9. Clifton et al. [10] have conducted measurements for
co-axial jets of Mach 1.8, with central jet as argon and co-
flow as air in open atmosphere in order to validate the
CFD code for mixing studies. In a different study, Baurle
et al. [11] have studied mixing of Helium-air and argon-
air for same co-axial nozzles of Clifton et al [10] exiting
in open atmosphere by using hybrid RANS/LES
simulations. Zaman et al. [12] have conducted
experimental and computational study of various tones
occurring in supersonic designed co-axial annular nozzles
operating in range of low Mach numbers. Cliff et al. [13]
have investigated the wind tunnel model design to study
the effect of nozzle exhaust on sonic boom using CFD for
different exhaust nozzle pressure ratios. Recently, Ivanov
et al. [14] experimentally investigated hydrogen fueled
detonation ramjet model in a pulsed wind tunnel with air
streams of Mach numbers of 4, 5, 6, and 8. In this
experiment, supersonic airflow enters in an annular
combustor, and stable and oscillating modes of detonation
have been obtained. From the above discussion, it can be
drawn that there are very few studies conducted about
aircraft and propulsive system integration in wind tunnel
environment and further integration of two or more
propulsive system in high-speed wind tunnel environment
are rarely found.

Apart from the effect of surrounding flow-field on the
exhaust jet, the performance of co-axial supersonic jet
depends on common channel, which can be theoretically
considered as sudden expansion region because of
available downstream area increase after exiting from
nozzles in single and dual operation modes. When the
single jet is exiting from the base of slender body in very
low-pressure environment (similar to pressure and
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temperature of hypersonic free stream), and there is no
flow around the body, it will be highly underexpanded.
However, when there is flow around the body, the exiting
jet will interact with the shear layer formed because of the
flow separation at the corner before interacting with low-
pressure region after the expansion waves at the corner,
this will lead to reduction in underexpansion level. Since
this study is focused on the hypersonic flow environment,
the momentum of hypersonic flow around the body will
be higher than the supersonic one, the strong shear layer
may play important role in reducing the underexpansion
level. The common channel may provide region for
mixing in dual operation mode, which may turn the flow
in freestream direction and may result in better thrust
performance. Supersonic flow exiting in suddenly
expanded region has been studied by Bulat et al. [15] and
classified into different flow regimes as steady, oscillating
and transient, based on the interaction with wall and re-
circulation regions. Further, the effects of suction and
blowing on flow Separation in a symmetric suddenly
expanded channel have been also examined by Layek et
al. numerically [16]. Suddenly expanded nozzle is well
studied for the case of single jet expanding in higher area
channel. However, the effects of surrounding jet on a
suddenly expanded central jet in hypersonic environment
have not been studied in the literature according to the
knowledge of authors. This study will evaluate the
performance of circular central, annular surrounding jet
exiting in the common channel area as well as both jets
simultaneously exiting in common channel region before
interacting with hypersonic flow environment.

The main objective of this study is to evaluate the
performance of the co-axial nozzle in a hypersonic
environment and to study the effect of the additional
common channel, whether it enables thrust augmentation
for various operation modes. The whole study is divided
in three parts. In the first one, the experimental study is
conducted for small slender body with co-axial jets exiting
from the base by qualitative schlieren flow visualization
of shock structure for single and dual operation modes
with common channel. Single point wall pressure
measurements are also performed in order to validate CFD
quantitatively. The axisymmetric numerical simulations
are performed for the same experimental cases to evaluate
the performance of system by thrust calculations. The
numerical simulations are validated qualitatively by flow
structures as well as quantitatively by single point wall
pressure measurements from experiments. In section I11.3

qualitative and quantitative CFD validations are explained.

In the results (section IV.1), the general flow field with
various shock and expansion wave interactions have been
discussed for the single and dual mode operations from
experiments and CFD for experimental model. In the
second part of study, section IV.2.1 describes the
parametric study of enlarged experimental model (without
common channel) by isentropic 1-D calculations as well
as axisymmetric CFD simulations, operating at various
central and surrounding jet Mach numbers without
common channel. The effect of the operating exit Mach
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numbers on the performance in single and dual operation
modes have been studied with the thrust evaluation and
flow-field analysis. In the third and last part, the effect of
the addition of various common channel lengths on the
flow-field and the thrust performance of the system have
been evaluated by numerical simulations. Section 1V.2.2
compares the effect of common channel lengths on thrust
performance in different operating modes. Sections
IV.2.3-IV.2.5 describe the flow field and provides
explanation of variation in thrust in two single (each
nozzle) and dual operation modes.

II. Experimental Method

II.1.  Hypersonic wind tunnel

Tablel. Hypersonic wind tunnel specifications [17]

Technical Specification Values

Mach Number 7.0

Stagnation Pressure Maximum 0.950 MPa
Stagnation Temperature Maximum 1000 K
Mass Flow Rate Maximum 0.39 Kg/s
Nozzle Exit 200 mm diameter
Run Time 60 sec. (maximum)

Initially, experimental studies have been conducted to
visualize the basic flow structure in various operation
modes. The experiments have been conducted in Kashiwa
Hypersonic Wind Tunnel Facility at Graduate School of
Frontier Sciences, The University of Tokyo [17]. The wind
tunnel has a uniform jet core of 120 mm diameter of Mach
7. The size of the jet-core limits the experimental model
size and the use of intrusive measuring instruments that
can be installed inside the test section. The general
specifications of the hypersonic wind tunnel are shown in
Table 1. In all the experimental cases, the stagnation
pressure has been kept at 950 kPa, whereas the stagnation
temperature has varied from 500 K to 600 K, but it is
assumed to be approximately 600 K for numerical studies.

11.2.  Experimental set-up

The overall design of the experimental model is shown
in Fig 2. All the components of the model have been
fabricated in-house at the wind tunnel machine shop, the
University of Tokyo. The experimental model is designed
to be compact and able to generate supersonic coaxial jets,
with measuring capability of its settling chamber
pressures. It should be noted here that the nozzle walls of
the model are polished to be as smooth as possible.

The total length of the experimental model is 121 mm
and the maximum cross-section diameter of slender body
is 16 mm. The experimental model has been fixed by a
threaded bolt assembled to the moving sting in the test-
section, along with the inlet pipes for settling chambers
and pressure measurement tubes. The multiple step front
nose has been used to reduce the overall length of the
experimental model so that whole model should be inside
the area of optical window for visualization. The internal
features of the experimental model (Fig. 2) consist of two
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Figure 2. Experimental model components.

high pressure settling chambers, which supply air to
central jet and surrounding jet individually. The settling
chambers are connected through the inlet pipes A and B,
from which the air can be supplied during wind tunnel
operation at constant pressure. Both the settling chambers
are connected to pressure tubes as well as pressure sensor
in order to ensure constant pressure is supplied during the
operation of jets. In order to adjust the exit of both the
convergent —divergent nozzles at same axial location (or
adding common channel), the throat of the central jet is
elongated.

The design specifications of both the central-jet nozzle
and the surrounding jet nozzle are tabulated in Table 2.
The throat diameter of central jet is 2.1 mm, while the
throat annular channel outer diameter of the surrounding
jet is 12.3 mm with an internal channel diameter of 11.5
mm. The internal exit diameter of the common channel is
12.3 mm. The design of the central jet nozzle is considered
to have exit Mach number as 4, taken in reference to
Martini et al. [ 18] which is one of the operating conditions
for rocket engine in a hypersonic environment. The
surrounding jet exit Mach number has been designed to
represent scramjet engine exit Mach number 3.4 operating
point according to Tatum et al. [19], but due to the
limitation of the length of the experimental model and the
available exit area, the surrounding jet has been designed
with exit Mach number 2.68, which is also reasonable exit
Mach number condition for scramjet operation. The wall
thickness between central and surrounding jet nozzle at
exit is 0.4 mm. The exits of the central and the surrounding
nozzles have common channel area (of same cross-section)
with length of 5.4 mm.

Table2. Central and surrounding nozzle design characteristics

Items Central Jet Surrounding Jet
Throat Area 3.46 mm? 14.95 mm?
Area Ratio 10.896 3.1132

Exit Mach Number 4.0 2.68

Isentropic Pressure Ratio 0.0066 0.044
Isentropic Temperature Ratio 0.2381 0.410

Common Channel length 5.4 mm

Common Channel Diameter Internal: 12.3 mm
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1. Hypersonic WT Nozzle Exit
2. Experimental Modcl

3. Air Supply for Central Jet
4. Air Supply for Surrounding Jet

5. Camera for whole field view

7. Synchmization Cireuit

8. Data Logger

9. Computer

Figure 3. Experimental setup inside the test section.

Figure 3 shows the overall experimental set-up, which
consists of high-pressure reservoirs to supply air, air
pressure regulator, cut-off valves, flow connecting tubes,
and pressure measurement tubes. The experimental set-up
has been equipped with schlieren system in order to
visualize the external flow field. The system uses two
cameras: the first one captures the flow around full body
and the second one captures the jet exhaust area.
Synchronization mechanism is used to capture schlieren
images from two cameras as well as pressure
measurements from settling chambers of experimental
model, simultaneously. During the experiments, the high-
pressure reservoir is connected to experimental model
settling chamber by a pressure tube through pressure
regulator and cut-off valve for both central and
surrounding jets, separately. The sequence of the events
during experimental run is as follows:

1) Hypersonic tunnel starts first and when the flow is
established in the test-section, the experimental model is
inserted to the flow at zero angle of attack.

2) Pressure valves are opened to supply air into settling
chambers of either central or surrounding jet or both.

3) Schlieren set-up and pressure measurements are
triggered to capture images and collect data.

4) Flow stops in hypersonic tunnel and air supply stops
from the high-pressure reservoir to the settling chambers.

The overall run time for the wind tunnel operation has
been approximately 30 s. During this run time, all the
above-mentioned operations are conducted and pressure
and schlieren data have been captured.

Many experiments have been conducted by varying
settling chamber pressure for central and surrounding
nozzle with single common channel length (5.4 mm).
However, for this study only three data point (one for duel
operational mode, and two for single operational mode;
central jet only and surrounding jet only) have been used
to validate CFD results qualitatively by comparing flow
features captured using Schlieren system. Several other
settling chamber pressures of central and surrounding jet
combination are used to compare measured and computed
pressure at 2.8 mm internal location from the exit of
common channel. The details of these operating
conditions are mentioned in the section IIL.3.

III. Numerical Method

The experiments in hypersonic wind tunnel provide
limited data to analyze the performance of the system
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because of small experimental model in the test-section
and involving intrusive measurements may lead to affect
the flow field. Hence, the qualitative measurement data
from schlieren images are used to validate axisymmetric
numerical simulation. The performance of the co-axial jets
in hypersonic wind tunnel along with slender body has
been accessed from numerical analysis. In this section, the
numerical procedure is explained along with qualitative
comparison with experiments, where the computational
conditions are set to reproduce the experimental
conditions.

11I.1. Computational Domain

The computational domain has been composed of two
dimensional structured, multizone grid. The overall

domain has been divided in six different zones as shown
Zones mesh size:

Zone A:n: 52, m: 101 Zone C: n: 33, m: 101
Zone B: n: 51, m: 801 Zone D: n: 51, m: 801
Total number of grid nodes = 224191

5

Zone E: n: 53, m: 401
Zone F:n: 101, m:1001

¥/D

0 5 10 15

v/D

0 -
0 5 10 15

X/D
Figure 4. Multi-zone computational domains

in Fig. 4. A two-dimensional grid has been generated for
each zone by keeping the same distribution of points at
each interface. The minimum mesh size has been of the
order of 1 x 10° m, with the mesh refinement imposed
near the walls. The overall computational domain has
224191 nodes as shown in Fig. 4. The grid sizes are set to
be small enough to capture the shock wave structures, and
the boundary layer velocity gradient near the walls of the
nozzle as well as on the body wall. The final grid size is
obtained by performing grid independence study for three
coarse, medium, and fine size and medium one as shown
in Fig. 4 had been chosen for this study by comparing the
shock location and thrust.

II1.2. Numerical Schemes

The numerical simulations are performed by solving
the generalized axisymmetric Navier-Stokes equations for
unsteady compressible laminar flows. The inviscid flux in
each direction is computed using Liou’s all speed AUSM+
up scheme [20] with upwind biased third order MUSCL
interpolation as well as entropy fixation. The viscous flux
in each direction is computed by 2" order central
difference scheme. The third order 3-step TVD Runge-
Kutta method [21] has been used for time marching. The
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inlet boundary conditions are used in the numerical
simulations at inlet as wind tunnel test-section condition
and at outlet extrapolated from inner domain. On the wall
adiabatic no slip boundary condition is used while
freestream and axisymmetric boundaries are imposed at
appropriate locations.

The numerical simulations have been performed for
different experimental cases by changing the settling
chamber pressure of central jet and surrounding jet for
same common channel length. In the later part of study,
the parametric study has been performed for enlarged
model. The central jet Mach numbers have been varied for
parametric studies and accordingly surrounding jet Mach
number changes, while the total exit area remains the same
for resized models. The common channel length has also
been varied for parametric study in order to understand the
modification of flow field as well as thrust performance in
presence of common channel.

1I1.3. CFD Code Validation

In this section, initially, the CFD results obtained for
single and dual operation mode for experimental model
have been compared qualitatively with experimental flow
visualization. In the second set of experiments, the wall
pressure at 2.8 mm inside from the common channel exit
has been measured for various combination of settling
chamber stagnation pressures and compared with CFD
results for validation.

Qualitative Comparison:

(a) Central Jet Only ON
Experimental

(b) Surrounding Jet Only ON
Figure 5. Experimental images and numerical (density contour)
comparison (a) central jet (401 kPa), (b) surrounding jet (145 kPa) and
(c) both jets active (395 kPa / 195 kPa)

(c) Both Jets ON

The CFD results for single and dual operation modes
have been compared with related experiments
qualitatively in term of shock formation and exhaust jet
flow features. Figure 5 compare the shock formation from
experiments and CFD for outer body (a) only central jet
(settling chamber operating pressure 401 kPa) (b) only
surrounding jet (settling chamber pressure 145 kPa) and
(c) both jets operating (settling chamber pressure: central
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jet 395 kPa, surrounding jet 195 kPa) in dual operation
modes. In Figs. 5, the experimental model has been
mounted on a structure and has different shock wave
formation on the upper part because of complicated
experimental set-up than CFD. However, there is no
significant difference in the qualitative jet structure, when
compared individually with experiments. Flow features
such as common channel internal oblique shock waves,
trailing shock wave and jet-boundaries are qualitatively
reproduced successfully in CFD simulation. The jet-flow
field will be discussed in detail in the result section.

CFD model assumes flow is laminar, which seems to be
reasonable for current study as Reynolds number of cold
flow (T¢=300 K) exiting from the nozzle of common
channel is of the order of 10* (7.25 x10%) and nozzle wall
is fabricated to have a smooth surface. It can be said that
CFD can adequately reproduce the jet-flow field in
hypersonic environment and absence of the exact upper
geometry of experimental set-up would not affect the
purpose of the study. The thrust is calculated from CFD
simulations. It is found out that the calculated thrust during
single operation modes is 1.793 N and 2.187 N for central
and surrounding jets, respectively. However, during the
dual operation mode, when both jets are active, the
calculated thrust is 4.691 N.

Quantitative Comparison:

In order to validate CFD simulations quantitatively,
single point pressure measurements have been conducted.
The pressure tap (1 mm diameter) on the wall of common
channel has been located at 2.8 mm inside the exit. A set
of MPX2010 Silicon Piezo-resistive pressure sensor has
been used with +/- 0.1 kPa accuracy. Various single and
dual mode operations have been conducted as listed in
Table 3. The central jet design Mach number is 4.0 and the
surrounding jet design Mach number is 2.68. These
experiments lead to modification in the experimental set-
up; hence they have been conducted separately in the end
of experimental campaign. Further CFD simulations are
performed for three dual mode and two single mode
(either central jet or surrounding jet) operations with
boundary conditions same as experiments. The measured
and the computed wall pressures are compared in Table 3
along with error between them.

Table3. Comparison between Measured and Calculated Wall Pressure

Py P Measured Computed ‘ror
(Central-Jet) (Surrounding-Jet)  Pressure Pressure (%)
(kPa) (kPa) (kPa) (kPa)

545.31 69.373 1.831 1.568 14.36
543.47 67.662 1.778 1.526 14.17
364.90 61.907 1.642 1.338 18.51
577.53 None 0.478 0.387 19.04
None 107.48 2.022 2.128 5.24

The difference in measured and computed pressure is
less than 20 %, which can be attributed to some
differences in shape between experimental model and
computational model as the throat diameters in
experimental model is very small in size. However, the
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trend of the computed pressure and the measured pressure
shows consistency and validate that CFD simulations can
be utilized for studying the parametric studies on
performance of co-axial nozzle in hypersonic
environment.

It can be concluded here that current CFD set-up can
reproduce the general flow features of co-axial nozzles in
hypersonic environment as well as predict the trend of
pressure measurements in comparison to experiments to
utilize them to study the performance of such systems.

IV. Results and Discussions

In this section, the flow features of co-axial supersonic
jets in hypersonic environment are discussed regarding
single and dual mode based on experiments and CFD
simulations. In the second part, the parametric study has
been performed for enlarged model by isentropic
calculations as well as CFD to study the effect of different
nozzle exit Mach number without common channel. In the
final and third part, the effect of common channel length
on the performance of co-axial supersonic system in
hypersonic environment has been analyzed using CFD
simulations.

(a) Experimental schlieren full body for dual operation mode
P/Pref. 0.00 0.01 0.11 0.19 0.32 0.54 0.75 0.96 1.18 1.39
Nose Shock Wave Jet External Shock Wave

0 5 10 15
X/D
(b) CFD pressure contours for axisymmetric simulation
Figure 6. Flow around the body with coaxial jet (a) Experimental (b)
Corresponding CFD pressure contours

1V.1. Experimental and CFD Flow Field Analysis

The flow field for experimental and CFD results with
two single, and one dual mode operations have been
discussed. In dual operation mode, the settling chamber
pressure for central jet nozzle (Mexit = 4.0) is 395 kPa and
surrounding jet nozzle (Meic = 2.68) is 195 kPa. The
isentropic exit pressure for this operating condition is 2.60

International Review of Aerospace Engineering, Vol. 1, N. 1



Mohammad Samara, Ashish Vashishtha, Yasumasa Watanabe, Kojiro Suzuki

kPa for central nozzle and 8.64 kPa, however the
environmental static pressure in hypersonic test-section is
220 Pa. It can be said that both the jets are underexpanded
individually, with the central one having less expansion
level than the surrounding one. During the experimental
single operation mode for central jet, the settling pressure
is 401 kPa and the isentropic exit pressure is 2.64 kPa. In
surrounding jet single operating case, the settling chamber
pressure is 145 kPa and the corresponding isentropic exit
pressure is 6.42 kPa. In both the single operation modes,
the exiting jet will be underexpanded. However, the
surrounding jet will be exiting from the annular gap
nozzle, hence the flow structures will be different for both
single operation modes.

Figure 6a shows the schlieren image for the flow
around the whole body from the experimental
visualization. Figure 6b shows the pressure contours from
axisymmetric simulations under the same operating
condition. The experimental set-up had mounting
structure and connecting pipes as well as pressure tubes
connected to the settling chamber, but these are not
included in CFD. The front portion of experimental set-up
has a double conical nose, which has been fabricated in
order to reduce the overall length of the experimental
model in limited size. The conical slender body in
hypersonic environment has oblique shock wave at the
front nose and depending on the length of first conical
section and Mach number of flow (Miest-section=7 in this
study), high pressure region appears at the shoulder of the
body and the nose shock wave can take a bow shape as
seen in the Fig. 6b. The strength of this nose shock
(measure of pressure increase) keeps reducing in
downstream direction from the shoulder. It can be seen
that nose bow shock does not interact with jet external
shock and may not affect the jet-flow field globally
because of longer length of slender body. Apart from the
nose shock, there is the external jet shock formed near the
end of slender body because of expanding jet-flow.
However, the environment pressure at the nozzle-exit may
be affected by hypersonic flow-field and the length of the
slender body hence jet flow field may be only affected by
the length of slender body and incoming Mach number. In
this study, the hypersonic Mach number remains constant
and length of overall body remains the same in
experimental study.

¢ S Rt

{a) Central Jet Only ON (b) Surreunding Jet Only ON
Figure. 7. Jet focused experimental and CFD density contour comparison

for (a) Central jet, (b) Surrounding jet and (c) Both jets active.

(¢) Both Jets ON
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(c) Highly Under-expanded Co-axial Jet with Common Channel

Figure 8. Schematic for shock formations in (a) single central jet
operation, (b) single surrounding jet operation (c) Dual jets operations,
with common channel

Figure 7 shows the comparison of experimental
schlieren (upper half) and numerical density contours
(lower half) for previously mentioned two single operation
modes: central, surrounding jet and one dual operation
mode. Figure 8 shows the corresponding schematic of all
three operational modes in experimental model. It should
be noted that the experimental model consists of 5.4 mm
common channel. The flow field is described in the
presence of common channel. It is well known that
compression or expansion waves reflect from wall
boundary as compression or expansion waves,
respectively. However, their reflection from the shear
layer or jet boundary is opposite to each other, expansion
waves reflect as compression waves and vice-versa. In
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Fig. 7a, the schlieren image and the numerical density
contours are compared in single operation central jet case.
Although schlieren image only has a faint curved line at
jet boundary, which is visible, the CFD simulation shows
better flow structures in density contours. In the presence
of incoming flow from the freestream, at the corner of
slender body, expansion fan forms. This expansion fan
tries to turn the incoming flow towards the base; however,
the jet exiting from the base tries to expand and deflects
the incoming flow away from the centerline, which results
in the formation of trailing shock. If there is no incoming
freestream flow, the jet may have highly underexpanded
and may have formed Mach disk in the first shock cell.
The incoming flow from the freestream behaves like an
outer jet boundary for the jet exiting from the base. At the
central nozzle exit, the expansion fan formed at the nozzle
lip, tries to expand the jet. These expansion fans reflect on
the jet boundary as compression fronts. These
compression fronts interact with each other near the
centerline and further reflect from the outer jet boundary
as expansion front. Hence, if the common channel length
is not enough so that the expansion fans at nozzle lip do
not interact with the common channel wall, the central jet
in presence of freestream flow may behave like
moderately underexpanded jet. Figure 7b shows the
schlieren image and the numerical density contours of
surrounding jet single operation. The corresponding
schematic is shown in Fig. 8b. The surrounding jet single
operation mode has slightly more complicated flow
structures than the central jet, because the surrounding jet
at Mach 2.68 exits from the annular passage. In the
presence of incoming freestream expansion fans will be
formed at the base corner of the slender body and the
formation of trailing shock downstream. The jet exiting
from the annular nozzle exit slightly inclined away from
the centerline. Initially the expansion fans form at the
nozzle inner lip. These expansion fans may interact with
the common channel wall and may be reflected as
expansion fan. In addition, further downstream flow may
interact again with expansion fan formed at common
channel exit lip. These multiple interactions with
expansion fans may lead to an increase in Mach number
for the flow significantly, and these expansion fans may
reflect from the jet outer and inner shear layer as
compression front. Hence, curved barrel shock and
oblique shock may form after the common channel exit.
These shocks / compression fronts interact with each other
and reflect from jet outer boundary or inner shear layer as
expansion front.

Figure 7c¢ compares jet focused schlieren image with
density contours of dual operation mode. The
corresponding schematic has been shown in Fig. 8c. In
presence of dual mode operation of co-axial jet, the flow
field has become much more complicated than the single
jet flow. There are multiple interactions and reflections of
expansion and compression fronts from shear layer, outer
jet boundary and common channel wall. The internal flow
features of coaxial jets cannot be seen from the
experimental schlieren image. However, CFD simulation
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can give an insight of flow field interaction inside the
common channel. Both central and surrounding jets are
underexpanded. The expansion fan formed at the nozzle
inner lip of central jet reflects from the shear layer between
both the central and surrounding nozzle as compression
front. These compression fronts form oblique shock,
which interact each other near centerline and further,
partially reflects from the shear layer as expansion fan and
partially transmitted through the shear layer. The
expansion fan formed at the inner lip of surrounding jet
interacts on the wall and reflects as expansion fan, and it
later interacts with the inner shear layer and reflects as
compression front. The expansion fronts at the inner lip of
common channel exit reflect as compression front from
the inner shear layer. These multiple compression fronts
can combine and may form stronger oblique shock, which
may further reflect from jet outer boundary as expansion
fan. However, if there is no common channel, it can be
predicted that the expansion fan at the upper lip of central
jet nozzle may have reflected at the surrounding jet
boundary as weak compression front rather than
expansion front in the current case, which may lead to
modification of the flow field slightly. This difference in
flow field may lead to slight reduction in the length of first
shock cell and slight decrease in Mach number in
upstream  without common channel case. The
experimental case had limitation of operating conditions
and varying the length of common channel. Hence, further
parametric studies have been performed for resized
experimental model by varying operating Mach number
and common channel length, in order to develop further
understanding of jet system performance.

1V.2.  Parametric CFD Study for Enlarged (Resized)
Experimental Model

In order to understand the effect of common channel on
flow-field and different operating Mach number of both
jets, the experimental model has been enlarged. In the
previous sections, the experimental model has been
designed to fit into required area of test section of wind
tunnel, which has caused small geometries e.g. throat
radius of central jet 2.1 mm, and annular gap of
surrounding jet as 0.4 mm. Hence, in order to have
reasonable throat dimensions for central and surrounding
jets, the throat area of both nozzles for resized model, has
been assumed as 5.025 x 10 m?, which corresponds to
central jet throat dimeter 8 mm and surrounding jet throat
annular gap as 0.5 mm. These changes have led to the
increase in common channel internal diameter to 32 mm
of overall resized model. The thickness of outer lip has
been kept the same as the experimental model (1.85 mm).

The schematic of the resized model for parametric
study is shown in Fig. 9a, while is compared with
experimental model on same scale in Fig. 9b. Because the
front shock does not affect the jet at the rear flow; the
double cone nose also has been simplified as conical nose.
In order to perform study on the effect of various Mach
number, only divergent zone of both the nozzle have been
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modified in order to generate central and surrounding
different Mach numbers while keeping common channel
internal diameter same. The Reynolds number of the
resized experimental model has changed to 1.6 x 10,
which can be still assumed in laminar regime.

221.06

le »

17.8 s549T wom 4 o :‘_':> 16.00

(a) Parametric Study model

Dimensions in mm 1156

_.E-ﬂ:/— 105. [\ 575

(b) Experimental model
Figure 9 (a) Enlarged experimental model (b) Actual experimental model
in same scale

1V.2.1 Effect of Mach Number with 1-D Isentropic
Calculations and CFD With No Common Channel Model

In this section, 1-D isentropic performance calculations
are performed on co-axial supersonic nozzle system. The
settling pressure for central nozzle is kept at 400 kPa and
surrounding jet nozzle is kept at 400 kPa for all the
calculation. The jet from these nozzles is exiting at 230 Pa
environment pressure without any common channel and
having constant exit area shared by central and
surrounding nozzle system. The specifications of 1-D

calculations are mentioned in Table 4.
Table 4. Isentropic calculation conditions

Parameter
Outer Diameter of Body
Throat Area: Fixed

Specifications
40.2 mm

Central & Surrounding: 5.025 x 10°m?
Central Jet: 1 - 4.323,
Surrounding Jet: vary accordingly
Central Jet: 400 kPa
Surrounding Jet: 400 kPa
300 K
Thrust = MVerir + (Pexie = Pa)Acyir

M.,i: varies

Total Pressure: Fixed

Total Temperature: Fixed
Thrust: Calculated

The throat area has been fixed in both the central and
the surrounding nozzles. As the central jet Mach number
increases, the exit area for central nozzle increases under
fixed throat area assumption. This leads to a decrease in
the exit area of surrounding nozzle, since the total exit area
is constant. Hence, exit Mach number for surrounding
nozzle decreases when the throat area is fixed. The
variation in surrounding jet Mach numbers has been
plotted against central jet Mach number as shown in Fig.
10a. The surrounding jet exit Mach number decreases
rapidly to 1, as central jet Mach number increase from 3
onwards.

Further, based on 1-D calculations, the thrust has been
calculated for central nozzle, surrounding nozzle and total
thrust by adding the individual thrust for the co-axial
nozzle. The thrust values are plotted in Fig. 10b against
the central jet Mach number. The central nozzle thrust
increases linearly as the central jet Mach number
increases, while the surrounding jet thrust decreases
slowly at first, while decreases rapidly near Mach 4.
Accordingly, the total thrust (sum of individual thrust of
both nozzles) from 1-D calculation increases slowly in the

Copyright © 2020 Praise Worthy Prize S.r.l. - All rights reserved

beginning with increase in central Mach number and dips
after Mach 4.

In order to evaluate CFD results based on 1-D
isentropic cases, CFD simulations are performed for
resized coaxial system in the flow field same as
experimental model in Mach 7 freestream for same
settling chamber pressure as 1-D isentropic calculations of
four different central jet design exit Mach numbers.
Accordingly, the surrounding jet design exit Mach number
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—1-D Total Thrust
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75 < CFD Thrust Central Jet OFF Surrounding ON

B CFD Thrust Central Jet ON Surrounding ON
0O CFD Thrust Sum of Individual Jet ON
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Figure 10 (a) Central and surrounding jet Mach numbers relation (b)
Computed thrust from 1-D and CFD calculations (central and
surrounding nozzle settling chamber pressures: 400 kPa / 400 kPa)

changes and the nozzle geometries also change in these
four different CFD simulations. The simulations have
been performed for only central jet active and only
surrounding jet active as well as both jets are active. The
calculated thrust from CFD is plotted in Fig 10b with data
points. When only the central jet is active, the thrust from
the system increases linearly as central jet exit Mach
number increases. However, thrust values remain below
1-D calculations, because of various interaction losses,
which have not been considered in 1-D calculation.
Further, when only surrounding jet is active and central jet
is inactive, the losses seem to be higher than the 1-D
calculation of surrounding nozzle thrust calculations.
When both the jets are active, there is a slight gain in thrust
than the sum of thrust with individual jet active, up to
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central jet exit Mach number 3.64 (at this central jet Mach
number, the surrounding jet Mach number is almost close.
Since the throat area is same for both nozzles, the exit
areas of both the nozzles will be same, which means that
the total exit area is divided in half). As Mach number
increases further, there is a significant decline in the thrust
for both jets are active and total thrust is less than the sum
of individual thrust, when single jets are active. When
comparing the CFD results with isentropic calculations,
the trend of CFD thrust is similar to 1-D calculations.
However, because of the effects of various losses, there is
approximately a 30 % reduction in the total thrust
calculated by axisymmetric CFD for the current set-up
than the 1-D calculations.

___dBE W

MACH: 0 1 2 3 567 89101

4}
2
0 = } 1 1 '\1‘ ~ 1 1
6 8 10 12 14
(a) Central Jet Only ON
4}
2
0 P 1 1 1 1
6 8 10 12 14
(b) Surrounding Jet Only ON
4
2+
e
o = 1 1 L il —r
10 12 14

6 8
(c) Both Jets ON

Figure 11 Mach contours for various operation modes corresponding to
central jet Mach number 2.0 corresponding surrounding jet Mach number
4.27 and central and surrounding nozzle settling chamber pressures: 400
kPa /400 kPa) without common channel

In order to understand the flow field of wvarious
operation modes without common channel, Fig. 11 shows
Mach contours of central jet single operation and
surrounding jet single operation as well as both jets dual
operation according to Mach 2 central jet nozzle and
corresponding Mach 4.27 surrounding jet nozzle. During
single operation modes, either central or surrounding ON,
the nozzle exit has been assumed closed for the other
nozzle. When only central jet is operating (in Fig. 11a),
the expansion fan forms at the lip of nozzle exit. It is
highly underexpanded and Mach number increases up to
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5 just after the nozzle exit and more than Mach 11 at axial
location X/D = 10.5. These expansion waves reflected
from the jet boundary as compression front, form strong
oblique shock, which reduces the Mach number upstream.
However, there is no formation of Mach disc in this case.

For surrounding jet operation (at Mach 4.27, in Fig.
11b), the expansion fans form at both the nozzle corner
and reflect from the jet boundary near the centerline and
outer jet boundary, which causes formation of
compression fronts. These two compression fronts interact
near axial location X/D = 6.5 and later upstream, are
reflected from jet boundaries again as expansion waves.
The maximum Mach number in shock cell, before
compression front has been Mach 7.5. In dual operating
mode case (Fig. 12c¢), when the central and the
surrounding jets are active at Mach 2 and 4.27,
respectively, the central jet could not expand highly as in
case of only central jet operation (Fig. 12a) in presence of
surrounding jet and also surrounding jet does turn away
than only surrounding jet operation. The overall length of
the combined shock cell of the jet in dual mode operation
increases up to X/D = 14.5 in comparison to only central
jet operation. However, the shock cell consists of small
shock-cell of central jet, which forms up to X/D =6.5. The
multiple interactions of expansion and compression front
occur in dual mode and maximum Mach number reaches
up to 10.7, which is lower than central jet operation. The
main conclusion from this section is that the flow field
have been significantly altered in dual mode operation and
shock cell length increases in presence of surrounding jet,
however in the central jet Mach 2 case, the thrust in dual
mode operation is higher than sum of individual single jet
thrusts without common channel.

1V.2.2 Effect of Common Channel on Thrust
Performance

In this section, the effect of common channel length on
thrust performance of co-axial jet system in two single and
one dual operation mode is analyzed using axisymmetric
CFD simulations. Figure 12 shows the effect of central jet
exit Mach number with various common channel lengths
by plotting thrust. The primary X-axis shows the central
jet Mach number and secondary X-axis shows
corresponding surrounding jet Mach numbers. In case of
single central jet operation, the surrounding jet Mach
number is zero, and in case of surrounding jet only Mach
number, the central jet is closed. The common channel
length of 29.5 mm from the exit of central jet nozzle is
called short common channel, while the common channel
of length 59 mm from the central jet nozzle exit is called
long common channel. In these plots, the common channel
length zero is the same as isentropic calculations. The
operating settling chamber pressure for single or dual
mode operations are 400 kPa each.

When only the central jet is operating (Fig. 12a), at
Mach 1, 3.64, and 4.27 there is no significant effect of
short and long common channel length on total thrust. The
thrust of the system increases with increase in Mach
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Figure 12 Thrust performance for various mode operations and
various common channel length. X-axis shows central jet Mach number
and corresponding surrounding jet Mach number according to Fig. 10a

number without common channel from approximately 18
N to 22.3 N. However, at Mach 2, there are approximately
14.6 % and 12.2 % decreases in performance of single jet
system in presence of short or long common channels,
respectively. The reasons for this loss in performance are
explained in later discussion, when Mach contours are
compared. In Fig. 12b, the single operation mode for only
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surrounding jet operation thrust have been plotted. At high
surrounding jet Mach numbers, 4.323 and 3.6, in single
operation mode, there is no significant effect of common
channel, while for lower surrounding jet Mach number
2.0, there are approximately 15 % and 17.4 % increases in
thrust in presence of short and long common channels,
respectively. This behavior is opposite to the central jet
only operation at Mach 2. Figure 12¢ shows the effect of
common channel length for dual mode operation at
various Mach numbers. It can be seen that there is a slight
increase in thrust under short common channel length and
there is a slight decrease in thrust from long common
channel in dual operation modes. However, the increase
and decrease in thrust for short and long common
channels, respectively, are less than 1%. Hence, it can be
concluded that in dual operation mode, the presence of
common channel does not affect the thrust performance of
the system. Further discussions about the difference in
these performances due to common channel are performed
in the next section with the flow-field analysis.

1V.2.3 Effect of common channel in Single Operation
Mode: Central Jet at Mach 2.0

i 8 A
MACH: 012345678
2
-
W [
0 . - 7 L 1 L L J
4 6 8 10 12 14

(a) Central Jet Only ON, with short common channel

0 ok ‘7 i ' 1 1 J
4 6 8 10 12 14
(b) Central Jet Only ON, with long common channel

Figure 13 Mach contours for central jet single operation at Mach 2 with
(a) common channel length 29.5 and (b) common channel length 59 mm
(The corresponding without common channel Mach contours is shown
in Fig. 11a)

Without common channel (Fig. 11a), there are expansion
fans originating from the nozzle lip, which reflect from the
jet shear layer as compression front and these compression
front forms oblique shock wave, which may interact with
the oblique shock from the other end near the centerline at
X/D = 10.5. However; in presence of common channel
with single central jet operation (Fig. 13a), the expansion
fans hit the common channel wall and reflected as
expansion front, which increases the Mach number so high
that it is required to form a compression front / shock wave
inside the common channel, to turn further the flow away
from the centerline. The formation of compression front
inside the common channel, before exiting from the
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common channel, leads to loss in thrust in the presence of
common channel, for central jet single mode operation at
Mach 2. For longer common channel (Fig. 13b), the
interaction point of expansion fans is well inside the
channel, and the flow remained straight along the wall,
however the formation of small Mach disk near the center,
leads to thrust loss in presence of longer common channel.
The thrust loss is slightly less for longer common channel,
because the flow is less expanded near the common
channel exit in case of longer channel than short channel.
The alteration of flow field with common channel in
central jet single operation and formation of compression
front before the common channel exit, leads to thrust loss
of the system.

1V.2.4 Effect of common channel in Single Operation
Mode: Surrounding Jet at Mach 2.0

The surrounding jet single operation mode has different
geometric and flow topology than the central jet single
operation. The surrounding jet has nozzle exit as annular
passage and the inner region at the exit of annular passage
may have less pressure, which can lead to high expansion
of surrounding jet towards the centerline as well as near
the outer region at the exit of annular passage. Figure 14
shows the Mach contours of surrounding jet single mode
operation for exit Mach number 2. Figure 14a shows Mach
contours from CFD simulations without any common
channel. The Mach contours for short and long common
channels are shown in Figs. 14b and 14c, respectively with
surrounding jet single operation. From the previous
section about thrust performance, it has been revealed that
Mach 2 surrounding jet has positive effect in thrust
performance with common channel. There is a 15 % and
17.4 % increment in thrust with short and long common
channels, respectively in comparison to no common
channel case. The reason for this behavior can be
explained by Mach contours. From Mach contour without
common channel (Fig 14a), it can be seen that the exiting
annular jet expands towards the centerline near the inner
corner of annular passage flowing away from the
centerline at the outer corner of annular exit. It causes
shock-cell to be slightly tilted away from the centerline,
subsequently turning the flow away from the jet axis,
which requires compression fronts / shockwaves to turn
the flow again towards centerline. In presence of short
common channel (Fig. 14b), the channel wall prevents
high expansion at the outer lip of annular passage and wall
making flow straight. Moreover, the expansion fan formed
at the nozzle inner lip may be reflected at the wall as
expansion fans, which increases exit Mach number more
than 2. This leads to increase in thrust performance in
single operation mode with surrounding jet. With longer
common channel (Fig. 14c), though, the compression
front inside the channel interacts with the wall, causing
flow separation on the channel wall. This interaction at
shear layer may lead to expansion front. This again
increases the Mach number at the exit of common channel,
and it causes better performance than the short channel.
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Figure 14 Mach Contours for single mode surrounding jet operation at
Mach 2 with (a) no common channel (b) common channel length 29.5
and (c) common channel length 59 mm

It can be concluded from the single operation mode that
common channel works positively with surrounding
annular jet leading to an increase in the thrust, while
affecting negatively for central jet because of significant
alteration in flow field with short or long common
channel. It should be noted that when central jet has been
designed at Mach 2, the corresponding surrounding jet
Mach number was 4.31 not 2. From the thrust performance
discussion about the effect of common channel, it has been
found out that Mach 2 central and Mach 2 surrounding
nozzle in single operation mode have thrust close to each
other, approximately 19 N. Although the exit jet topology
is different in surrounding and central jet single mode
operation. In the presence of common channel, with Mach
2 central jet, the computed thrust reduces, while with
Mach 2 surrounding jet, the computed thrust increases.

1V.2.5 Effect of common channel on Thrust in Dual
Operation Mode: Central Jet Mach 2

In this section, the Mach contours of dual mode with and
without common channel are discussed under central jet
Mach number 2 and corresponding surrounding jet Mach
number 4.31. Figure 15 shows the Mach contours of dual
mode with short and long common channels. The
corresponding Mach contour without common channel
case is shown in Fig. 1lc. It can be seen that with
surrounding jet, the under expansion of central jet is
slightly reduced and the shock length is slightly increased
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Figure 15 Mach Contours for dual mode operation at central jet Mach
2 with (a) common channel length 29.5 mm and (b) common channel
length 59 mm (The corresponding without common channel Mach
contours is shown in Fig. 11c)

in dual mode, in comparison to central jet single operation.
Without common channel, the shock-cell of surrounding
jet tilted away from centerline. Fig. 15a shows that in the
presence of short common channel, the shock cell of
surrounding jet is significantly modified because of
interaction with the common channel wall. The double
barrel shock has been formed near the centerline. A small
Mach disk is formed near the jet axis after the common
channel exit. However, the flow field near the nozzle exit,
has been significantly modified by common channel, but
there is no significant effect on total thrust. It may be
because, the contribution from central jet near the
common channel exit may have improved, but because of
flow separation near the wall, the surrounding jet thrust
may be slightly reduced, which lead to little effect on
thrust with small common channel. In Fig. 15c, with
longer common channel, a larger Mach disk, inside the
common channel has been formed near the jet axis,
compared to short common channel. With short common
channel, the shock cell length has been approximately X/D
= 14, hardly changed compared to no common channel
case. In presence of longer common channel in dual mode,
the shock cell became larger up to X/D = 16.0. Although
there is larger Mach disk near the centerline with long
common channel, there is slight reduction in thrust with
long common channel in dual mode, but the difference is
not more than 1%. Flow field is altered significantly in
presence of long common channel.

V. Conclusion

The main motivation of this study has been to evaluate the
performance and the flow-field of two coaxial jet systems
operating in hypersonic environment with the addition of
a common channel to the coaxial exhaust flow nozzle.
Initially the experimental studies have been conducted for
small slender body having two high-pressure chambers
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and having central and surrounding nozzle with common
channel, which exhausted the supersonic flow in
hypersonic environment. Although the experiments model
can only provide qualitative schlieren images, the
numerical simulations are also conducted in order to
evaluate the performance and to compare flow field with
experiments in order to validate CFD results qualitatively.
Single point pressure measurement on the wall of common
channel has been also performed to compare with
numerically computed pressure in various single and dual
operation modes. Further, parametric study based on 1-D
isentropic calculations and CFD simulations have been
performed for slightly enlarged slender body with two co-
axial supersonic jets without common channel to
understand the effect of varying Mach numbers of central
and surrounding jets. The main findings in case of no
common channel by 1-D and CFD studies is that the
central and surrounding should have same total allowable
exhaust area at dual jets operating mode in order to
achieve higher total thrust than sum of thrust from
individual jets operating in single operation mode.

The introduction of short and long common channel in
single and dual operation modes have significantly
modified the jet flow-field but the main advantage in
performance is only observed in single mode surrounding
jet operation. At Mach 2 surrounding jet single mode
operation, the thrust has increased 15-17.4 % with short
and long common channel than no common channel case.
However, in central jet single mode operation, the thrust
has decreased by 12.2-14.6 % in presence of short and
long common channel. These differences in performances
of single operation modes are because of difference in
flow structures in presence of common channel for conical
jet (in central jet only operation) and annular jet (in
surrounding jet operation). The presence of common
channel has a negligible effect on thrust performance
when operating dual jets together. However, it can also be
noted that the best distribution of exit area is when both
jets central and surrounding have the same or similar
injection Mach numbers exhausted into the common
channel.
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