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In order to overcome the drag at hypersonic speed, hypersonic flight vehicles require a high level of integration between the
airframe and the propulsion system. Propulsion system based on scramjet engine needs a close interaction between its
aerodynamics and stability. Hypersonic vehicle nozzles which are responsible for generating most of the thrust generally are
fused with the vehicle afterbody influencing the thrust efficiency and vehicle stability. Single expansion ramp nozzles (SERN)
produce enough thrust necessary to hypersonic flight and are the subject of analysis of this work. Flow expansion within a
nozzle is naturally 3D phenomena; however, the use of side walls controls the expansion approximating it to a 2D flow
confined. An experimental study of nozzle performance traditionally uses the stagnation conditions and the area ratio of the
diverging section of the tunnel for approaching the combustor exit conditions. In this work, a complete hypersonic vehicle
based on scramjet propulsion is installed in the test section of a hypersonic shock tunnel. Therefore, the SERN inlet conditions
are the real conditions from the combustor exit. The performance of a SERN is evaluated experimentally under real conditions
obtained from the combustor exit. To quantify the SERN performance parameters such as thrust, axial thrust coefficient Cf x and
lift L are investigated and evaluated. The generated thrust was determined from both static and pitot pressure measurements
considering the installation of side walls to approximate 2D flow. Measurements obtained by a rake show that the flow at the
nozzle exit is not symmetric. Pitot and pressure measurements inside the combustion chamber show nonuniform flow condition
as expected due to side wall compression and boundary layer. The total axial thrust for the nozzle obtained with the side wall is
slightly higher than without it. Static pressure measurements at the centerline of the nozzle show that the residence time of the
flow in the expansion section is short enough and the flow of the central region of the nozzle is not altered by the lateral
expansion when nozzle configuration does not include side walls.

1. Introduction

Hypersonic air-breathing propulsion systems based on
scramjet engines is one potential alternative to rocket

propulsion systems. Rocket propulsion requires additional
systems for storage and handling the oxidant for combustion
limiting the overall payload. For hypersonic air-breathing
propulsion systems, the oxidant is obtained from the
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atmosphere allowing reducing weight and allowing higher
payloads.

The Laboratory of Aerothermodynamics and Hyper-
sonics Prof. Henry T. Nagamatsu at the Institute for
Advanced Studies (IEAv), Brazil, is investigating and develop-
ing a hypersonic vehicle with an airframe-integrated scramjet
engine as an option of space access in the near future [1]. The
main objective is to design, develop, and manufacture a tech-
nological demonstrator 14-X based on waverider concept to
obtain lift at higher altitudes and on scramjet technology to
generate enough thrust for hypersonic flight through the
atmosphere at 30 km altitude and Mach number 10.

The 14-X B is a simplified version of the vehicle 14-X
designed to perform the experimental ground test of the
scramjet technology in a hypersonic shock tunnel. Previous
experimental research of the first version of the 14-X B vehi-
cle [2–4] has been done and focused on the flow field analy-
sis at the inlet and combustion section to check undesired
design issues. These experimental investigations were devel-
oped in the hypersonic shock tunnel T3 of IEAv, under the
conditions of Mach number 7, pressure, and temperature
close to conditions at 30 km altitude. In these investigations,
since the study of the flow field on the inlet and on the com-
bustor was the main objective, however, the nozzle flow field
was neglected.

Hypersonic vehicles require a high level of integration
between airframe and propulsion systems, those that uses
air-breathing propulsion based on scramjet engines have a
close interaction with vehicle stability as well [5–8]. Further-
more, inlet and nozzle components generally are fused within
vehicle forebody and afterbody, respectively, influencing
thrust efficiency and vehicle trimmability [9–11]. For several
flight stages of the hypersonic vehicle, the scramjet engine
operates in without fuel injection planning with energy gen-
erated during the combustion [12]. For these conditions,
pressure distribution on nozzle surfaces influences the vehi-
cle control and stability.

Intakes and nozzles have similar characteristics. The
intake seeks to minimize the stream thrust loss when the
area is decreased while the nozzle aim at maximizing the
stream thrust gain when the area increases. Therefore,
nozzle performance significantly influences the overall pro-
pulsion system efficiency and even the entire hypersonic
vehicle operability [13].

Nozzle function is to accelerate the heated air from the
combustor to produce thrust in a scramjet engine, trans-
forming the flow internal energy into kinetic energy. The
nozzle design is critical to obtain the necessary thrust to
accelerate an aerospace vehicle. Generally, hypersonic vehi-
cles powered by scramjet engine use a single expansion
ramp nozzles (SERN) producing enough thrust necessary
to hypersonic flight. Due to flow nature, this SERN char-
acteristic turns the nozzle flow field analyses to a problem
approximately 2D.

SERN is used to minimize the frictional drag and nozzle
weight while taking out most of the thrust from the
high-pressure flow on the afterbody [6, 14]. Moreover, SERN
enhances the internal/external integration level for hyper-
sonic vehicles [9] and has the ability to adapt automatically

to variations in environmental static pressure while in the
off-design conditions [7]. However, when the operation con-
ditions (pressure, Mach number, angle of attack, and mostly
when the engine is started or turned off) vary drastically,
changes in lift and pitch moment are inevitably.

Flow expansion within a nozzle is naturally a 3D phe-
nomenon; however the use of side walls allows to control this
expansion approximating it to a 2D flow [15, 16]. For the
same flow conditions, the air flow confined by the side walls
produces a different pressure distribution compared to the
pressure distribution of an unconfined flow. For a confined
flow, the expansion is developed mainly through two compo-
nents (downstream direction and height direction), being the
third component restricted by the side walls [16, 17]. Conse-
quently, as expected, the pressure distribution over the nozzle
will be greater for the 2D case. Thus, this pressure difference
produces variations in the aerodynamic stability, in the pitch
moment and certainly in the generated thrust [16].

Several studies have been conducted investigating theoret-
ically the SERN nozzle performance. The work developed by
Mo et al. [10] evaluated the aerodynamic performance for a
scramjet nozzle designed by the rotational method of charac-
teristics (MOC) considering a nonuniform inlet flow. In [18–
20], the SERNperformance investigates the relation to geomet-
rical constraints and design variables such as divergent angles,
total length, cowl length, andMach number at nozzle entrance.

Experimental studies of SERN performance available in
open literature implement different methodologies to charac-
terize the flow field on the nozzle [21–23]. In these investiga-
tions, the pressure-sensitive paint and pressure system
incorporation methods are used to determine the static pres-
sure distribution; moreover, pitot-pressure measurement is
used to provide the pressure flow field of the nozzle.

Traditionally experimental studies of nozzle performance
are performed over individual models exclusive for the
expansion section [24, 25]. Therefore the flow field condi-
tions at nozzle entrance are determined by the tunnel free-
stream flow conditions and the tunnel stagnation flow
conditions, with the purpose of approaching the combustor
exit conditions. In this framework, a complete hypersonic
air-breathing vehicle is installed in the test section of the
hypersonic shock tunnel and the nozzle inlet conditions are
supplied directly from the combustor exit.

The main goal of the present work is to evaluate experi-
mentally the performance of a single expansion ramp nozzle
of the new version of the 14-X B model at flight conditions
(30 km altitude and Mach number 7). The thrust generated
by the SERN was determined from both static and pitot pres-
sure measurements comparing the use of side walls to
approximate 2D flow. The results from side walls and without
side walls were compared, and the effects of these configura-
tions on the thrust, thrust coefficient, and lift were evaluated.

2. Experimental Setup

2.1. Hypersonic Vehicle and Nozzle Model. Experiments with
a full scale hypersonic vehicle with a scramjet propulsion
system were carried out. The model is a technological
demonstrator of a hypersonic air-breathing propulsion
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system, based on a supersonic combustion ramjet (scram-
jet) designed to operate at 30 km of altitude and speed flight
of Mach number 7. The scramjet engine is integrated with
the geometry of the hypersonic vehicle. The scramjet
engine consists mainly of a compression section, a combus-
tion section, and an expansion section. Three ramps at the
compression section perform the flow field compression
entering the engine, whereas the combustion chamber sec-
tion is a constant area duct that incorporates an expansion
angle at the end to fit the increase of the boundary layer
due to high pressure in the process of combustion (see
Figure 1). The afterbody of the vehicle is a 2D single expan-
sion ramp nozzle model.

The model construction combines classical metal
machining and 3D printing techniques. The model was mod-
ularly divided to assure its integrity in the event of an unfore-
seen event. The modules are assembled by insertion through
T-slot profiles providing a continuous surface minimizing the
influence connection gaps on the flow field. The experimental
model was divided into pieces similar to the main compo-
nents of the scramjet engines (see Figure 1). The compression
section is a triple wedge printed in a single piece to avoid dis-
turbance on the boundary layer caused by links between
pieces, whereas the combustor chamber (injector) and the
external expansion were printed as individual pieces to make
changes easier.

Model sections were numerically analyzed to determine
the expected flow properties along the model and conse-
quently the expected loads for printed composite material.

Since the triple wedge and isolator are subjected to the
higher dynamic pressure, it was printed on a ULTEM
9085 material (Figure 1), which features a high strength-
to-weight ratio, high thermal and chemical resistance, and
100MPa of compressive strength. The thermoplastic mate-
rial ULTEM 9085 is available on the Stratasys Fortus 900
3D printer but is costly. For this experimental investigation,
combustion will not be considered; therefore, the combus-
tor and nozzle parts were printed of polycarbonate (PC-
10) material which offers accuracy, durability, and stability
with 69MPa of compressive strength (Figure 1); the PC-
10 is economical compared to ULTEM 9085. The leading
edge (Figure 1) and cowl regions are machined using stain-
less steel 316 as they bear overstrain by impact pressure and
incident shock waves, respectively.

As stated before, the nozzle consists of a 2D single expan-
sion ramp nozzle (SERN) which is a flat ramp surface located
after the combustor exit station with a total length of 200mm
and a total height of 37mm (Figure 2(a)). Its surface has an
asymmetric configuration; the upper region interacts with
the hypersonic airflow around the vehicle. To produce a
quasi-one-dimensional flow, printed side walls are attached
to the model (Figure 2(b)).

2.2. Hypersonic Shock Tunnel and Test Conditions. The
experiments were carried out in the T3 hypersonic shock
tunnel of the Laboratory of Aerothermodynamics and
Hypersonics Prof. Henry T. Nagamatsu. This facility is a
reflected hypersonic shock tunnel equipped with a

Compression section

Ultem 9085

Stainless steel

T-slot profile

Combustion chamber
Cowl

PC-10

Expansion
section

Figure 1: Assembly and materials of the experimental model.
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Figure 2: Experimental nozzle model. (a) Geometry of the SERN nozzle. (b) Printed side walls installed at the nozzle.
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convergent-divergent nozzle with different throat diameters
to vary the Mach number and enthalpy in the test section.
The T3 hypersonic shock tunnel was designed to be oper-
ated in the 6–25 flight Mach number range [26]. This facil-
ity enables reservoir enthalpies in the excess of 10MJ/kg
and reservoir pressures up to 25MPa, with estimated useful
test time up to 10ms, when operated in the equilibrium
interface mode. For these experiments, helium was used as
gas on a high-pressure reservoir (driver) and the tunnel
was operated on the tailor condition to produce a useful test
time of roughly 2ms. The reservoir conditions of the shock
tunnel, total pressure pt , and total temperature Tt , for
these experiments with Mach 7 nozzle, are pt = 10 7 MPa
(Δpt/pt = 3 0%) andTt = 2246 K (ΔTt/Tt = 1 6%), respec-
tively. Quartz windows are installed in the opposite walls
of the test section to provide visual access for Schlieren visu-
alization technique.

2.3. Rake and Sensors. A pitot rake was used to obtain the
pitot pressure distributions at the nozzle exit. This rake
consists of 7 horizontal pitot pressure tubes placed 25mm
apart, covering a total pitot rake span of 150mm which is
the same nozzle span. The transverse line of the pitot sen-
sors was aligned with the vertical center of the combustor
(Figure 3(a)). The nozzle ramp is equipped with 2 PCB pie-
zoelectric pressure transducer model 112A22 installed in
flush mode along the center line. These transducers allow
the measurement of the static pressure at two points of the
nozzle ramp which are used to determinate the thrust of the
nozzle. Figure 3(b) shows a lateral view of the nozzle and the
pitot rake installed in the hypersonic shock tunnel test section.

3. Flow Characterization

3.1. Nozzle Entrance Conditions. For the experimental tests,
the static pressure distribution was obtained by pressure
measurements of PCB transducers at discrete points, while
parameters such as total pressure and Mach number are
not obtained during the experiment. Hence, the flow condi-
tions at the SERN entrance must be calculated indirectly
from the experimental data.

The flow field conditions at the nozzle entrance are deter-
mined by pressure measurements and a theoretical analysis.
The theoretical analysis computes the Mach number, tem-
perature, static, and total pressure for 1D compressible flow
of the scramjet engine [27]. This method combines the obli-
que shock wave relations, flow with friction, and expansion

wave theory for hypersonic flow. Also, the method consider-
ing the flow total pressure losses through the scramjet engine
applying continuity momentum and energy equation for a
thermally perfect gas with variation of the specific heat ratio.
The equations and model geometry are set up in an algo-
rithm, and the free stream experimental conditions are used
as input data. The algorithm also incorporates a methodol-
ogy to consider the boundary layer and the loss of total pres-
sure by oblique shock waves and by friction.

The commercial software ANSYS Fluent version 18.2
was employed to numerically analyze the pressure distribu-
tion over the experimental model to compare it with the
theoretical results. ANSYS Fluent solves simultaneously all
the integral governing equations (continuity, momentum,
and energy). The ANSYS Fluent disposes two numerical
methods: pressure-based solver and density-based solver.
The pressure-based approach was developed to be used for
low-speed incompressible flows, while the density-based
approach is used for high-speed compressible flows. In the
density-based method, the velocity and density fields are
obtained from the continuity and momentum equations,
and the pressure field is obtained from the equation of state.

The boundary wall conditions considered were the iso-
thermal cold wall (300K) due to the short test time available
on the hypersonic shock tunnel. In addition, the transitional
viscous model used was the Transition SST (fluent code) with
ideal gas that according to a previous analysis is the most
suitable option for this case considering the results obtained
and computational power available [28].

In the computational domain, the model geometry is
divided into different regions to apply individualized refine-
ments (Figure 4). The unstructured grid is composed of trian-
gular elements generated using ANSYS Fluent. The grid is
densely clustered near the cowl leading edge and inside of
the scramjet engine in order to better calculate the physical
interactions in the boundary layer and at the regions near the
leading edge. Details of the size of the elements of each region
are shown in Figure 4. The supersonic air flows from left to
right, and the free stream conditions Mach number M∞ ,
the static temperature T∞ , and the static pressure p∞ used
for the simulation are 7, 241K, and 1772Pa, respectively.

In order to validate the theoretical method, its results of
pressure distribution are compared with numerical results
andwith the static pressure distributionmeasured experimen-
tally. Figure 5 shows a comparison for the pressure distribu-
tions along themodel surfaces considering eachmethodology.
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xCombustor

ModelRamp

Support rake

(a)
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Pressure
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Figure 3: Pitot rake installation at the nozzle exit. (a) Sketch of the pitot rake position. (b) Pitot rake installation.
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Theoretical and numerical results are in good agreement
with the experimental data obtained. However, shock wave
reflection inside the combustion chamber produces pressure
peaks and oscillation of pressure distribution which is
showed by the numerical and experimental results. For theo-
retical results, the oscillation of the pressure distribution in
the combustion chamber is not considered since the condi-
tions of shock on-lip and shock on-corner of the inlet are
considered. The shock wave reflection effects on the pressure
distribution are moderate at the exit of the combustion
chamber, when the numerical and experimental results are
compared with the theoretical results. This implies that the
theoretical model employed can be used with confidence to
compute the flow pressure at the exit of the combustor cham-
ber in power off operation (ideal gas).

The experimental Mach number in the compression sec-
tion is determined using the static pressure measurement
from PCB sensors and the shock wave angle obtained
through Schlieren photographs. Figure 6(a) shows a Schlie-
ren photograph of the shock waves produced by each surface
of the compression section. The shock wave angles are

measured directly on the Schlieren image in the relation of
the longitudinal axis of the vehicle (Table 1).

Figure 6(b) shows the Mach number contours for the
compression section obtained numerically; the shock wave
angles are compared with the corresponding Schlieren pic-
tures and as expected they are in agreement (Table 1).

Table 1 compares the oblique shock wave angle values
for the first, second, and third ramps obtained from
experimental, numerical, and theoretical methodologies.
The overall variation discrepancy between results of theo-
retical and experimental analyses is less than 5%, implying
that the physical model employed for theoretical method-
ology is accurately simulated. Uncertainties in the shock
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Figure 5: Static pressure distribution from compression ramps to the combustor exit of the experimental model.
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Figure 6: Oblique shock waves of the compression section. (a) Schlieren photography for the compression section. (b) Mach number
contours for the compression section.
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Figure 4: Coarse view of the computational domain of the hypersonic vehicle and details of the size of the elements.

Table 1: Comparison of oblique shock wave angles.

Surface Schlieren [deg] Numerical [deg] Theoretical [deg]

1st ramp 13.0± 0.3 12.5± 0.3 12.4

2nd ramp 20.2± 0.4 20.0± 0.4 20.1

3rd ramp 29.0± 0.4 29.4± 0.3 30.2
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wave angle measurement result in errors of 6% in Mach
number estimation.

3.2. Free Stream Conditions. The free stream conditions of
the test section were determined from pressure measure-
ments through pitot probes located after the tunnel nozzle
exit and aligned with the vehicle model inlet as illustrated
in Figure 7.

The reservoir pressure pt of the hypersonic shock tunnel
is considered constant during the flow expansion in the con-
ical nozzle. The Mach number and the other properties, pres-
sure and temperature, at the test section were calculated by
isentropic flow relations. The free stream flow conditions of
the tests are summarized in Table 2.

3.3. Nozzle Performance. To quantify the SERN performance
parameters such as axial thrust, thrust coefficient Cf x and
lift L are introduced. The axial thrust Fx and lift L are the
x and y direction components of the thrust F acting on
the nozzle, respectively. The axial thrust coefficient is calcu-
lated as follows:

Cf x =
Fx

Fs − Iin
,

Iin =mV in + pin − pe Ain,

Fs =m
2γ
γ − 1RTt 1 − pe

pt

γ−1 /γ
,

1

where Iin is the impulse function at the nozzle entrance
defined by mass flow rate m, flow velocity V in, and static
pressure pin at the nozzle entrance, pressure at the nozzle

exit pe, and area at the nozzle entrance Ain. The ideal
thrust Fs is needed to calculate the thrust efficiency; this
parameter is defined as a function of the specific heat
ratio γ, total temperature Tt , and total pressure pt at
the nozzle entrance. The thrust is calculated from the
pressure measured by the pitot rake and also of the static
pressure transducers.

The axial thrust coefficient of the SERN, which reflects
the thrust efficiency, improves the vehicle acceleration. How-
ever, lift and pitching moment play an important role in the
stability and trimming of the vehicle.

Thrust from pitot measurements is calculated by linear
moment analysis in the nozzle. The thrust of a jet propulsion
device as a function of the Mach number M assuming ideal
one-dimensional flow and applying the ideal gas model can
be obtained by

F = γM2
e + 1 peAe 2

Equation (2) can be used to compute the thrust from
an exit plane of static pressure measurements. The thrust
varies essentially linearly with γ and square of the Mach
number. Therefore, small errors would contribute to large
errors in the estimated thrust. However, it is possible to
use the total pressure measurements after the normal
shock wave obtained through pitot probes (pitot pressure)
rather than static pressure. In this sense, Equation (2) may
be written in the function of the ratio of the static pres-
sure to the pitot pressure as

F = γM2
e + 1 pe

Ppit
ppitAe, 3

where pe/Ppit assuming γ constant is given by

pe
ppit

= 1
γ + 1 /2 M2

e γ + 1 /2 M2
e / 2γ/ γ + 1 M2

e − γ − 1 / γ + 1 1/ γ−1

4

In [23], it is demonstrated that the pitot pressure
thrust function is relatively insensitive to both Me and
γ and, for a sufficiently high Mach number, the function
is completely insensitive for the Mach number. This is
one of the advantages of using pitot pressure rather than
static pressure.

To compute thrust with rake pressure data at points
where there are no sensors, it is assumed that the pressure
is constant between two pressure transductors in spanwise
dz (see Figure 8). The total thrust of the nozzle is determined
by the sum of the thrust of each sensor multiplied with the
corresponding height (hexit) in the vertical (y) direction,
which is the height of the projected exit area of the nozzle
as shown in Figure 8. This simplification produces high
values of thrust because the pressure distribution of a nozzle
is not the same in the vertical direction; in fact for SERN

Figure 7: Pitot pressure tubes at the leading edge of the
compression ramps.

Table 2: Free stream test conditions.

Case M∞ p∞ [Pa] T∞ [K]

1 7.01± 0.02 1770± 41 230± 9
2 7.03± 0.02 1699± 50 228± 8
3 7.20± 0.01 1611± 31 223± 6
4 6.98± 0.01 1701± 44 246± 7
5 6.95± 0.03 2009± 91 255± 11
6 6.96± 0.02 1891± 67 252± 8
7 6.90± 0.01 1923± 59 257± 8
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nozzles, there is an expansion of the flow in the vertical direc-
tion (y) [16]; however, it was not measured during the exper-
iments. This methodology allows to obtain an approximation
of the effects caused by the side walls in the thrust of the cen-
tral region of the nozzle.

Due to instrumental restrictions in the experimental
setup, the static pressure data could only be obtained at
two positions of the expansion ramp. Therefore, the area
of influence of the measurements does not cover the whole
ramp surface. The pressure data are available at two points
along the centerline of the surface as shown in Figure 9.
The ramp surface was divided by the number of available
sensors, and the measured pressure is considered constant
over the area of influence. For analysis simplification, the
pressure values measured by the pressure transducers along
the centerline of the ramp are considered on the centerline
of the cowl surface and on the exhaust plume. This simpli-
fication allows to obtain the thrust at the central line of the
nozzle surface as a function of the pressure distribution in
the x direction but does not consider the effects of the side
walls installed in the nozzle.

Equation (5) is used to calculate the forces from the pres-
sure data obtained by static pressure transducers:

Fx = pk − pe ∗ Δlk ∗ sin αk,
Fy = pk − pe ∗ Δlk ∗ cos αk,

αk = arctan dyk
dxk

,

Δlk = dx2k + dy2k,

5

where α is the angle of the pressure magnitude, Δl is the
length of the area of influence on the nozzle surface, and
index k is the reference to the static pressure transducer.
The total force F consists of three components: the
momentum part, the contribution of the force obtained
from static pressure transducers on the ramp, and the con-
tribution of the force from the exhaust plume downstream
of the cowl. The thrust of the ramp is calculated by multi-
plying the thrust of each transducer with the

corresponding width of the area of influence, that is, the
span nozzle. These values are mirrored about the cowl
and the exhaust plume surface because pressure measure-
ments of this region are unavailable. The contribution of
the momentum at the entrance of the nozzle is also
included according to

F = ρV2Ain + 2〠Fk 6

4. Results

Experiments were performed with printed side walls (see
Figure 10(a)) and without side walls (see Figure 10(b)). The
pressure distribution at the nozzle exit is measured by the
pitot rake, while the static pressure on the nozzle centerline
is measured by pressure transducers. Flow expansion from
the exit combustor conditions to the nozzle exit is assumed
to be isentropic.

The nozzle inflow conditions are summarized in Table 3.
The static pressure at the nozzle entrance is obtained from
experimental pressure measurements, and the Mach number
is determined from one-dimensional theoretical model.

Figure 11 illustrates the static pressure distribution con-
sidering the side walls (cases 1–4) measured across the nozzle
exit span. The pressure is nondimensionalized using the
higher pressure measurement from case 1 to case 4. Also,
the pressure measurements are similar considering the noz-
zle locations. Furthermore, it can be seen that the pressure
profile of the nozzle is not symmetrically relative to the center
line of the span. A pressure reduction in both directions from
the nozzle centerline is observed. Assuming the nozzle center
as reference, the pressure distribution in the positive direc-
tion of the span z+ is greater in comparison with the pres-
sure distribution in the negative direction of the span z− .
The pressure distribution of the SERN nozzle is symmetric
in the width direction [29]; for the results obtained in
Figure 11, the difference of the pressure distribution with
respect to the central line can be attributed to interferences
in the compression section geometry or in the combustion
chamber geometry of the experimental model.

Figure 12 illustrates the static pressure distributions for
the nozzle without side walls (cases 5–7) measured across
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Figure 8: Sketch of the area division at the nozzle exit.
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Figure 9: Sketch of the area of influence for static pressure
transducers.
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the nozzle exit span. The pressure is nondimensionalized
using the larger pressure measurement from case 5 to case 7.
Similarly, to the cases with side walls, the flow at the nozzle
exit is not symmetric. Moreover, a slight difference of the
pressure distributions in the spanwise direction can be
observed, specifically by the measurement of the sensor
at x = −0 25. Comparing the measurement patterns of both
configurations, the measurements of this sensor are repet-
itive. This behavior can be caused by the flow conditions
inside the combustion chamber; therefore, the field of
pressures inside the combustion chamber was analyzed.

Figure 13 shows the normalized pressure results inside
the combustor. The results were normalized by each sen-
sor position. The measurements were obtained by static
pressure transducers installed in the span direction and
length of the combustion chamber. It can be observed that
in the lower part of the combustor (z−direction), the nor-
malized values of the pressure (horizontal axis) are lower

Table 3: Nozzle inlet conditions.

Case pin [kPa] Min Nozzle side walls

1 14.7± 0.6 3.3± 0.2 Yes

2 16.0± 0.8 3.2± 0.2 Yes

3 14.3± 0.6 3.2± 0.2 Yes

4 16.0± 0.7 3.2± 0.2 Yes

5 19.7± 0.8 3.1± 0.2 None

6 20.2± 0.5 3.1± 0.2 None

7 21.2± 0.6 3.1± 0.2 None
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Figure 11: Normalized pressure measurements at the nozzle exit
with side walls.
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Figure 12: Normalized pressure measurements at the nozzle exit
without side walls.
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Figure 13: Normalized pressure inside the combustor.
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Figure 10: Nozzle and pitot rake in the hypersonic shock tunnel: (a) with side wall configuration and (b) without side wall configuration.
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than those of the correspondent upper part. This indicates
that the pressure distribution at span direction inside the
combustion chamber is nonsymmetrical. This difference
is also observed in the pressure distribution of the mea-
surements of the rake (Figures 11 and 12).

The pitot pressure measurement for both configura-
tions was normalized by the combustor exit total pressure
for comparison. Figure 14 shows the normalized values
for side wall (solid lines) and without side wall (dashed
lines) configurations.

It could be expected that the pressure distribution would
be smaller for the configuration without side walls (dashed
line). However, comparing the results of pressure measure-
ments from the center region of the nozzle can be seen that
they are very similar for both configurations. It can be attrib-
uted to very short residence time of the flow in the nozzle due
to the high flow velocity and the dimensions of the nozzle.
Therefore, the air mass of the central region is not altered
by lateral expansion.

Furthermore, the result comparison shows that a pres-
sure drop extends from the centerline toward the sides of
the nozzle for both configurations. The pressure drop is
higher for cases without side walls. This pressure drop is
caused by the lateral expansion when the flow is not confined
by the side walls. The air mass flow is spilling through the
sides of the nozzle; hence, the pressure in the sides of
the nozzle is lower than in the cases with side walls.

Figure 14 also shows that the pressure distribution main-
tains the same pattern for all cases; this behavior is deter-
mined by the nonsymmetrical flow in the combustor as
discussed above.

Figure 15 shows the static pressure measurement on the
centerline for nozzle configuration with side walls and with-
out side walls. Comparing the results, it can be seen that the
pressure profiles are very similar for both configurations.
This behavior consolidates the hypothesis that the residence
time of the flow in the expansion section is short enough to
the flow of the central region of the nozzle which is not

altered by the lateral expansion when nozzle configuration
does not include side walls.

4.1. Measurement Generated Thrust. The thrust that is gen-
erated by the SERN nozzle is calculated by two different
ways in the present work. The thrust is calculated from
the measured pressure of the rake and also from the static
pressure transducers. The results obtained by the pitot
thrust calculations from both configurations are compared
to highlight the differences.

A comparison of nozzle thrust between configurations
with and without side walls is listed in Table 4; the thrust
computed from each pitot pressure sensor and the total
thrust nozzle are compared.

The nozzle total axial thrust with the side wall is slightly
higher than without side wall configuration. The difference
lies between 4 and 54% for the sensors of the central region
of the nozzle and for the lateral region of the nozzle, respec-
tively. The reason for this difference is that pressure losses in
the lateral region of the nozzle produce lower thrust as shown
by the values of the pitot 1 and pitot 7 sensors.
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Figure 14: Comparison of normalized pitot measurements at the
nozzle exit with side wall (solid lines) and without side wall
(dashed lines) configurations.
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Figure 15: Comparison of normalized static pressure measurement
at the nozzle surface with side wall (solid lines) and without side wall
(dashed lines) configurations.

Table 4: Pitot thrust measurement.

Sensor F N with side wall F N without side wall

Pitot 1 71± 8 54± 7
Pitot 2 200± 11 159± 5
Pitot 3 170± 7 177± 8
Pitot 4 270± 8 315± 10
Pitot 5 265± 9 302± 8
Pitot 6 202± 7 143± 10
Pitot 7 96± 12 42± 5
Total 1303± 90 1196± 52
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Nozzle thrust, axial thrust coefficient, and lift obtained
through static pressure measurement are listed in Table 5.
For this methodology, the momentum component at the
entrance of the nozzle supplies the major contribution to
the thrust. The differences between results are due to the dif-
ference in pressure on the nozzle sides by installation of side
walls. The results of the axial thrust coefficient show that the
SERN with side walls produces a 5% greater axial thrust than
the nozzle without side walls.

5. Conclusions

Experimental investigation was carried out with a single
expansion ramp nozzle at the hypersonic shock tunnel. The
nozzle inlet conditions are provided directly by the combus-
tor exit section. Side walls were installed on the scramjet noz-
zle to study its effects on thrust, thrust coefficient, and lift for
the nozzle. The measurements obtained by pitot probes
across of the nozzle exit span show that the flow at the nozzle
exit is not symmetric. The pressure distribution at the nozzle
exit shows that there is a pressure drop in the direction of the
laterals of the nozzle. This pressure drop is greater for the
configuration without side walls due to lateral expansion of
the flow (spillage). Static pressure measurements inside the
combustion chamber show nonuniform flow condition
which is carried on until the end of the expansion for both
nozzle configurations. Measurements of static pressure on
the nozzle surface show that the nozzle central region is not
affected by lateral expansion without side walls. Pitot pres-
sure and static pressure measurements were used to deter-
mine nozzle performance parameters. The results of the
axial thrust coefficient show that the SERN with side walls
produces a 5% greater axial thrust than the nozzle without
side walls.
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