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Abstract. Supersonic combustion ramjet (scramjet) propulsion systems have been presented as an alternative to rocket
engine for access to space. A methodology was developed in order to investigate the behavior of the net thrust generated
by the scramjet engine by changing the angle of a single ramp of the compression section. A two-dimensional scramjet
vehicle with planar symmetry is presented in this work. The oblique shock wave theory is adopted to calculate the
properties in the compression section. Rayleigh’s theory is considered in the combustor to consider the heat addition
considering a constant area section. The area ratio theory is applied in the expansion to calculate the properties at the
scramjet exit. In this work, viscous effects are not considered, and two approaches are applied: calorically perfect gas
and gas in chemical and thermodynamic equilibrium. A vehicle flying at a speed equal to Mach 6 and altitude of 30 km
is considered in this analysis. As a result, the first ramp angle variation in relation to an initial geometry that maximizes
the mass flow results in the decrease of scramjet performance. However, the methodology can be effective for vehicles
operating at multiple altitudes.

Keywords: scramjet engine hypersonic flow, oblique shock wave.
1. INTRODUCTION

In the search for a more efficient and affordable way to access space, the supersonic combustion ramjet (scramjet)
propulsion systems have been considered as an alternative to the rocket propulsion systems, since the transport of oxidant
is unnecessary in the dense atmosphere, which results in an improvement in the capacity to carry payload (Om Prakash
Raj and Venkatasubbaiah, 2012). As this is a technology still under development, new tools, and theories for the studies
of the vehicle geometry are important to contribute to evaluate the behavior of the thermodynamics properties of the air
regarding changes in the geometric variables. Currently, the development of scramjet propulsion technology arouses the
interest of several nations around the world, including the USA, Australia, Russia, Japan, France, Germany, India, and
more recently Brazil.

The hypersonic airbreathing propulsion technology is one of the most promising for high-speed transportation, due
to its efficiency, resulting from the absence of complicated moving parts and, as mentioned, the absence of oxidants
(Preller and Smart, 2017). Scramjet engines offer substantial advantages in terms of performance when compared to other
aerospace vehicles operating at hypersonic speed through the Earth’s low atmosphere (up to 70 km of altitude). As a
matter of fact, considering a rocket engine and a scramjet vehicle, both using H; as fuel, a typical specific impulse value
for a rocket engine is 500 s, from launch to Earth’s low orbit with a Mach number of 20, while for the scramjet, the
specific impulse is 3500-500 s, considering Mach numbers from 6 to 20 respectively (Carneiro et al., 2022).

One of the factors that contribute to the success of airbreathing hypersonic vehicles is the complete integration
between the engine and the airframe, in order to reduce the overall drag and achieve positive thrust margins (O’Neill and
Lewis, 1992). This high level of integration is important because the front section of the vehicle contributes to the
atmospheric air compression. Scramjet vehicles operate according to the following steps: (a) the flow at hypersonic speed
is compressed through the intake until it reaches the desired temperature and pressure; (b) fuel is injected into the
compressed airflow and the gas mixture is ignited and combusted at supersonic speed; (c) the gas expands and is
accelerated through the nozzle, in order to generate thrust (Fujio and Ogawa, 2021).

According to Heiser and Pratt (1994), ramjets are engines without moving parts (without rotating components)
designed to operate in a speed range from Mach 3 to 6, operating based on the Brayton cycle. The surfaces of the vehicle
itself are responsible for compressing the flow through oblique shock waves, with a normal shock wave at the end, so that
the flow reaches subsonic speed in the combustor. When the air flow has a Mach number greater than 6, the deceleration
process results in very high pressure and temperature in the combustor, causing the decomposition of air molecules,
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without combustion occurring. At this operating speed, the engine becomes a drag device. In order to avoid this problem,
the alternative is that the compression is carried out exclusively through oblique shock waves, and the flow is supersonic
throughout the device, featuring an airbreathing propulsion system known as a supersonic combustion ramjet- scramjet,
which presents better performance for flights with Mach numbers above 6 (Curran, 2001).

Heiser and Pratt (1994) present commonly used terminology to name the different design features of the scramjet
with a mixed compression section (Figure 1). In this case, the scramjet is divided into three main components:
compression section, combustor, and expansion section, with the compression and expansion sections divided into
internal and external sections. Stations 0 and 1 correspond to the vehicle and cowl leading-edges, respectively. Stations 3
and 4 are the combustor inlet and exit. And stations 9 and 10 correspond, respectively, to the trailing-edges of the cowl
and vehicle.

External | | External

I I
Internal Internal

Compression section Combustor Expansion section
Figure 1. Airframe-integrated scramjet stations.

In order to design aerospace systems, it is common to develop simplified tools capable of identifying project
requirements and need and, in some cases, defining preliminary configurations in order to highlight the existence of
problems and serve as a basis for future systems.

Bonelli et al. (2011) describe the modeling of a computational tool, called SPREAD 2.0, used in the preliminary
design of a hypersonic vehicle, considering the presence of oblique shock waves, fuel mixture and combustion sections
and expansion section. Soares et al. (2021) developed a tool for the preliminary design of hypersonic airbreathing vehicles,
using scramjet technology. Assuming a planar geometry and the hypothesis of perfect gas and inviscid flow, the model
was sectioned into inlet, combustion and expansion sections, applying the respective theoretical-analytical analyzes of
each section.

The main purpose of this paper is to analyze the influence in the provide vehicle thrust, at its exit, by moving a single
ramp at its frontal section, considering a planar symmetry scramjet vehicle with a mixed compression system.

2. METHODOLOGY

In order to analyze thrust generated by modifying the geometry of the compression section of the scramjet, this study
considers the variation of the angle of the first inlet ramp of a pre-calculated geometry, to investigate the impact on the
thermodynamic properties at the combustor inlet, and in the decrease of the mass flow. The theories used to calculate
properties along the scramjet are described in this section.

2.1 Compression section

For the design of the compression section, the oblique shock wave theory is applied, in order to ensure that the
freestream airflow is compressed and achieves the thermodynamic properties and velocity necessary at the combustor for
a supersonic combustion and thrust generation, as the vehicle reaches higher flight velocity.

According to Anderson (2003), oblique shocks waves occur when a supersonic or hypersonic flow is deflected with
respect to the direction of the incoming flow, remaining parallel to the surface. In the frontal region of the wedge, an
oblique shock wave is established.

Considering the simplifications of one-dimensional, stationary, adiabatic, and inviscid flow, and disregarding body
forces, the equations of continuity, momentum, and energy lead to a set of algebraic equations that relate gas properties
before and after the oblique shock, as presented by Anderson (2003). The relation between the surface angle 6, the oblique
shock wave angle g, and the Mach number of the incident shock wave M, known as the 8 — 8 — M relation is also
presented by Anderson (2003). The equations that relate the flow properties, Mach number and ramp angle are given by
Eq. (2) to (7).
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where p, p, T, and M,, represent the density, pressure, temperature and normal component of Mach number,
respectively. And indices 1 and 2 correspond to the conditions before and after the oblique shock wave.

2.2 Combustor

For the combustion process to occur, it is necessary that the flow that enters the scramjet combustor has supersonic
speed (M > 1) and the temperature, and Mach number must be high enough for the fuel to self-ignite. The flow must
transfer heat in order to heat the fuel up to the spontaneous ignition temperature. For the case of hydrogen as fuel, it is
assumed that the temperature at the combustor inlet must be greater than or equal to 900 K and the Mach number around
2, since the auto-ignition temperature of hydrogen is 845.15 K, according to CRC (1983).

In this simplified methodology, the addition of fuel mass is disregarded, and combustion is modeled by one-
dimensional flow with heat addition theory, known as Rayleigh flow theory. Considering the known properties at the
combustor inlet and assuming the requirement that the flow must remain supersonic at the end of the process (M = 1,1),
the properties at the combustor exit can be calculated from the equations presented by Anderson (2003) and given by Eq.
(8) to (20).
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where indices 3 and 4 correspond to the properties at the combustor inlet and exit, respectively.
2.3 Expansion section

After the supersonic combustion products exiting the combustor, when experiencing a negative deflection angle, an
expansion wave is established. The properties of the flow can be found through the area ratio theory, based on the relations
presented by Anderson (2003), once the expansion ramp angle is known.

Once the expansion process takes place, it is possible to calculate the net thrust generated by the engine, this being
the thrust generated disregarding the presence of drag, which can be calculated from Eq. (11) (Heiser and Pratt, 1994).

F =mous — Mouy + (P10 — Po)A10, (11)

where m is the mass flow, u is the flow velocity, p is the pressure and A is the area. The indices 0 and 10 correspond to
stations 0 and 10 of the scramjet, as shown in Figure 1.

2.4 Calorically perfect air and equilibrium air

The relations adopted for the calculation of the properties through the scramjet vehicle depend on the variable y,
which is the ratio between the specific heat at constant pressure, c,, and at constant volume, c,, this being dependent on
the chemical composition of the gas.
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The calorically perfect gas is one in which the values of ¢, e ¢, can be considered constant, so the value of y is also
constant. This case is applied in order to simplify the calculations, however, for cases where there is a large increase in
temperature, a study that considers this impact is necessary.

Air in thermodynamic equilibrium is the case in which the chemical composition of each point in the flow is
determined by the temperature and pressure at that point. This case takes into account the temperature lost due to the
dissociation of molecules present in the flow. Tannehill and Mugge (1974) present a practical calculation method for
atmospheric air, used to insert the properties of the air in equilibrium in the calculations of the flow equations.

In this study, the impact on the calculated thrust value is evaluated considering the simplification of calorically perfect
air, when compared with equilibrium air.

2.5 Initial geometry

In order to evaluate the impact of varying the angle of a compression ramp, it is first necessary to define the geometry
that will be used as the basis for the calculations. For the definition of this geometry, theories are applied in order to obtain
a better vehicle performance. Martos (2017) defines the optimal number of compression ramps as three, analyzing the
relation between the number of ramps and the compression efficiency.

The optimization criterion applied to a mixed supersonic inlet system (Oswatitsch, 1947; Ran and Mavris, 2005)
results in a constant shock intensity through the compression system. This criterion is used in order to maximize the total
pressure recovery and results in the relation shown in Eq. (12).

Mysinf; = M;sinB, = M,,_, sinf$,,_4, (12)

where n is the number of ramps in the compression section.

In order to maximize the air capture area, and consequently maximize the mass flow, the incident shock waves must
hit the cowl leading-edge, characterizing on-lip shock, while the reflected shock wave must hit the entrance of the
combustor, featuring on-corner shock.

The area of station 10 of the scramjet is defined considering that the pressure in that station is equal to the ambient
pressure, characterizing a perfectly expanded nozzle.

With these considerations it is possible to define the geometry that will serve as a basis for the thrust evaluation for
different angles of the first compression ramp.

2.6 Mass flow loss
Considering that the initial geometry is designed so that all shock waves hit the cowl leading-edge, when changing
the angle of the first compression ramp, it is possible that there is a reduction in the mass flow when the angle used is

greater than the projected angle. Figure 2 shows the case in which the incident wave on the first ramp does not hit the
cowl leading-edge, resulting in a reduction in the mass flow.

s\

Figure 2. Configuration of shock waves resulting in loss of mass flow.

For the purpose of calculating the loss of mass flow, it is necessary to analyze two possible cases. The first one is
where the loss of mass flow occurs in the first compression ramp. In this case, the methodology used is represented in
Figure 3 and explained below.
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Figure 3. Configuration of mass flow loss in the first ramp.
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In order to calculate the mass flow after the first shock, it is necessary to find the heigh, h, perpendicular to the flow
before the shock. This height can be calculated from the difference between the y coordinates of the intersection point of
lines 1 and 2 and the vehicle leading-edge. The equations of lines 1 and 2 are presented by Eg. (13) and Eg. (14),
respectively.

y = (tanB)x +y; — x; tan By, (13)
y = (tan 6,)x + Year — Xcar tan by, (14)

where x.,,- and y,,, are the cowl leading-edge coordinates.
The x coordinate of the intersection point of the lines can be found by solving the equations of lines 1 and 2. The x
and y coordinates are then given by Eq. 15 and Eq. 16, respectively.

Ycar—Xcar tan 61—y +x; tan By (15)
tan f;—tan 6, !

Xp =

(16)
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Figure 4 shows the case in which the loss of mass flow occurs in the other compression ramps.
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Figure 4. Configuration of mass flow loss in the other ramps.
The calculation of the loss of mass flow in the other ramps requires more steps, the first being the definition of the

intersection point of lines 1 and 2, following the same steps used for the first ramp. The equation of lines 1, 2 and 3 are
presented by Eq. (17), (18) and (19), respectively.

y = [tan(B, + Z?z_ll 0)]x + y, — x, tan(pB, + Zlnz_ll 6:), (7)
y= [tan(2?=1 0)1x + Year — Xcar tan(2?=1 6:), (18)
y = [tan(ZiZ) 0)]x + y, — x, tan(XiZ' ), (19)

After defining the point of intersection between lines 1 and 2, it is possible to find the equation of line 4.

y = [tan(XE 0)]x + Yun — Xpn tan(TiT 6)), (20)

The height perpendicular to the flow can be calculated from the distance between lines 3 and 4 that have the same
angle.

b= |tan(Z7" 6:)Xxhn+(=1) XY hn+¥n—xn tan(T15" 6;)| (21)
Jan(zp 60+ -2

From the perpendicular height, it is possible to calculate the mass flow, considering the corrected area.

3. RESULTS AND DISCUSSIONS
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In order to analyze the developed methodology, operating parameters of the scramjet vehicle were defined. The
adopted Mach number and flight altitude are presented in Table 1, as well as the pre-defined geometric parameters and
the requirements at the combustor inlet.

Table 1. Predefined scramjet analysis parameters.

Description Symbol Value Unit
Flight Mach number M, 6 -
Geometric flight altitude Z 30000 m
Vehicle width w 0.15 m
Vehicle height H 0.40 m
Expansion ramp angle Oexp 15 °
Mach number at the combustor inlet M, =2 -
Temperature at the combustor inlet T; =900 K

The thermodynamic properties of atmospheric air at the altitude under analysis are calculated according to the model
presented in US Standard Atmosphere (1976).

Table 2. Thermodynamic properties of atmospheric air at an altitude of 30 km.

Description Symbol Value Unit
Temperature Ty 226.51 K
Pressure Do 0.01841 kg/m?3
Density Po 1197.03 Pa
Sound speed ag 301.71 m/s
Flight speed Va 1810.25 m/s

3.1 Calorically perfect air X equilibrium air

With the objective of analyzing the errors due to the use of the hypothesis of calorically perfect air when compared
with equilibrium air, a geometry was defined applying the concepts presented in sections 2.4 to 2.5, considering calorically
perfect air. The geometry obtained was then studied applying the methodology of Tannehill and Mugge (1974), presented
in section 2.4, for the calculation of y and temperature.

The inlet geometry and its properties are presented in Table 3, for the two cases under analysis.

Table 3. Geometry and properties of the scramjet considering calorically perfect and equilibrium air.

Position | v [ T[K] | plPa] | plkg/m®] [ M[-] | V[m/s]
Calorically perfect air
1tramp 6, = 6.18° 14 293.75 | 2796.67 0.03317 5.16 1772.54
2" ramp 6, = 7.16° 14 380.96 | 6533.94 0.05975 4.40 1722.40
3 ramp 65 = 8.35° 14 494.06 | 15265.46 0.10764 3.71 1665.11
Combustor inlet 1.4 900.00 | 80528.06 0.31170 2.31 1386.98
Combustor exit 1.4 2012.57 | 252472.08 0.43702 1.10 989.27
Vehicle exit 1.4 436.23 | 1197.03 0.00956 4.86 2036.19
Net thrustF[N] 451.80
Equilibrium air
1t ramp 6, = 6.18° 1.4 293.75 | 2796.67 0.03317 5.16 1772.54
2" ramp 6, = 7.16° 1.4 380.96 | 6533.94 0.05975 4.40 1722.40
3 ramp 65 = 8.35° 1.4 494.06 | 15265.46 0.10764 3.71 1655.11
Combustor inlet 1.379 | 867.20 | 79127.90 0.31473 2.34 1373.64
Combustor exit 1.344 | 1947.86 | 252380.09 0.44753 1.10 1151.94
Vehicle exit 1.4 422.21 | 1196.59 0.00979 4.86 2003.01
Net thrust F[N] 385.39

Some information can be observed through the data in Table 3. The first factor to consider is the fact that the flow
behaves as calorically perfect until the reflected shock that occurs before the combustor inlet. Thus, there is only variation
in y after the reflected shock wave, resulting in a consequent reduction in temperature, since the consideration of
equilibrium air takes into account the energy spent on the dissociation of molecules.
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It is possible to note that the geometry obtained assuming calorically perfect air is not capable of achieving the
necessary properties at the combustor inlet for self-ignition to occur, when analyzed assuming equilibrium air. In addition,
the pressure at the exit of the vehicle is lower than atmospheric air pressure, which may result in a choked flow.

3.2 Initial geometry

The initial geometry to be used for the analysis of the variation of the angle of the first compression ramp is defined
from the methodology presented in section 2, considering equilibrium air and the parameters and properties presented in
Tables 1 and 2.

The angles for the compression ramps, as well as the properties along the scramjet vehicle are presented in Table 4.
From the data obtained, it is possible to notice that this configuration of angles of the compression section is able to reach
the necessary requirements in the combustor inlet, with a temperature equal to 900 K and a Mach number around 2. In
order for the temperature requirement to be met, it was necessary that the angles of the compression ramps were greater
than the angles obtained for the calorically perfect case, since part of the temperature is transferred to the dissociation
process of the molecules.

Table 4. Geometry and properties of initial vehicle under analysis.

Position y T [K] p [Pa] plkg/m3 | M[-] V [m/s]
1tramp 6, = 6.41° 14 296.81 | 2879.27 0.03380 5.13 1770.84
2" ramp 9, = 7.48° 14 388.85 | 6925.63 0.06206 4.34 1717.83
3 ramp 8, = 8.78° 14 509.44 | 1665.85 0.11394 3.64 1645.81

Combustor inlet 1.378 | 900.00 | 88912.70 0.33870 2.24 1311.97

Combustor exit 1.346 | 1905.21 | 262725.35 0.47629 1.10 1106.63

Vehicle exit 1.4 411.88 | 1197.03 0.01013 4.90 1992.03
Net thrust F[N] 345.26

The heigh obtained for the combustor was calculated considering that the mass flow is constant along the vehicle and
is equal to 0.0147 m. For this project, the combustor height was considered equal to 0.015 m.

3.3 Angle variation

Based on the geometry obtained in section 2, the angle of the first compression ramp has been modified from 6° to
7°, in order to evaluate the impacts on thrust generation.

Figure 5 shows the mass flow variation according to the variation of the angle of the first ramp. For angles lower than
the initial design angle of 6.40°, the mass flow remains constant, since the shock waves hit the interior of the cowl, despite
not hitting its leading-edge. When the angles are greater than the design angle, the mass flow tends to decrease, since the
shock waves stop hitting the cowl.
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Figure 5. Mass flow variation.



L.C. M. S.R. Silva, V. S. F. O. Leite

Scramjet Thrust Analysis Based on the Variation of Its Compression Section Angle

Table 5 presents the mass flow values after each shock wave for angles greater than the design angle, in order to
assess its decay. It is possible to observe that for the design angle the mass flow remains constant throughout the shocks,
while for the higher angles, there is loss of mass flow with each shock wave.

Table 5. Variation of mass flow at each ramp.

Mass flow [kg/s]
Angle I ramp | 2™ ramp | 3" ramp
Design angle
0, = 6.40° 0.9998 0.9998 0.9998
0, = 6.41° 0.9997 0.9991 0.9977
0, = 6.70° 0.9848 0.9112 0.7298
6, =7.00° 0.9676 0.8197 0.4581

In order to evaluate the impact of the angle variation on the mass flow reduction, Table 6 presents a comparison
between the angles and the mass flows of each angle in relation to de initial design. In addition, the same table shows the

percentage change in mass flow at each shock wave.

Table 6. Percentage variation of angles and mass flows.

Variation [%]
Angle Design angle Mass flow through the ramps
Angle Mass flow | 1%to 2" | 2"dtg 3¢ | 1S%o 3™
0, = 6.41° 0.16 -0.21 -0.06 -0.14 -0.20
0, = 6.70° 4.69 -27.00 -7.47 -19.91 -25.89
0, =7.00° 9.38 -54.18 -15.29 -44.11 -52.65

From Table 6, it is possible to notice that, with the increase of the angle of the first ramp, the percentage decrease of
the mass flow at each shock increases. This shows that small variations in the angle of the ramp can result in a significant
reduction in the mass flow, since for an angle variation lower than 10%, there is a reduction in the mass flow greater than
50%.

In order to verify the accuracy of the analytical calculations of mass flow loss, the vehicle was modeled and analyzed
using the ANSYS — Fluent 19.2 CFD code. To nullify the boundary effects in the simulation, it was considered a domain
larger than the vehicles dimensions. Since it is a 2D inviscid analysis, a general mesh with triangular elements with a
maximum size of 5 mm was considered. Considering the geometry of the compression section with angles of 7.00°, 7.48°
and 8.78° for the first, second and third ramps, respectively, Figure 6 shows the analysis used domain and the considered
boundary conditions. From the defined surfaces, the size of the elements grows from a rate of 1.0125, until the entire
space of the domain is contemplated, resulting in a number of nodes of 15529.

Farfield

W all

8,778°
747857

Pressure Outlet

s Symimetny Axis

Figure 6. Analysis domain and boundary conditions.

Figure 7 shows the variation of the Mach number for each shock wave, which shows the reduction of the Mach
number until it reaches the required conditions at the combustor inlet.
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Figure 7. Mach number results of numerical analysis.

From the numerical analysis, a mass flow of 0.4557 kg/s was obtained inside the combustion chamber, while the
calculated mass flow was equal to 0.4581 kg/s, demonstrating that the mathematical model used to calculate the mass
flow loss presents a result consistent with the physical phenomenon represented.

Figure 8 shows graphs of the temperature and Mach number at the combustor inlet and the pressure at the vehicle
exit. From the graph that presents the temperature values at the combustor inlet, it is possible to notice that for angles
smaller than the design angle, the temperature is not high enough for the fuel to self-ignite. In this case, for the ramp
variation to be possible for smaller angles, it is necessary that the initial geometry be designed for temperatures higher
than the defined 900 K. Observing the graph of the pressure at the scramjet exit, it is noted that again for angles lower
than the design, the vehicle is not able to reach the necessary requirements, in this case, a pressure equal to or greater than
atmospheric pressure, so that the choked flow does not occur.

From the Mach number graph, two possible problematic situations for vehicle operation can be observed. The first
one is the reduction of the Mach number with the increase of the angle. In the case of the interval under analysis, the
Mach number is not below 2, however the behavior shows that the Mach number can reach this value with the increase
of the angle. The second possible problem is the reduction of the Mach number with decreasing angle. This factor is
relevant since the flow cannot be at a very high velocity so that it can remain in the combustor long enough for the
combustion process to occur.
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Figure 8. Temperature and Mach number at the combustor inlet and pressure at the scramjet exit.

Figure 9 shows the net thrust behavior with the variation of the first ramp angle. From the graph, it is possible to see

that the thrust decreases with the increase of the angle. However, the decrease occurs for different reasons for the angles
above and below the design angle. For angles greater than the design angle, the reduction in the net thrust is due to the
loss of mass flow, since the mass flow decreases with increasing angle, as shown in Figure 5. For angles smaller than the
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design angle, it is necessary to analyze Eq. (11). Despite the pressure at the vehicle exit being lower than the atmospheric
pressure for these cases, it is not low enough to contribute negatively to the net thrust calculation. Thus, the behavior of
the net thrust can be explained by the value of the speed at the vehicle exit, which is higher as function of the Mach
number at the combustor inlet, disregarding the time necessary for the combustion to occur.
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Figure 9. Variation of net thrust.
4. CONCLUSION

A generic scramjet geometry was designed using analytical theoretical analysis for an altitude of 30 km and a Mach
number of 6, in order to analyze the behavior of the net thrust with the variation of the compression section geometry,
considering the variation of the first ramp angle. In addition, the influence of the hypothesis of calorically perfect air and
equilibrium air was analyzed.

From the analysis of the geometry generated considering calorically perfect air, it is possible to conclude that the
hypothesis can be applied to the first compression ramps, however, with the increase in temperature, it is necessary to
apply the hypothesis of equilibrium air, in order to consider the variations in the chemical composition of the flow through
the vehicle.

With the reduction of the first ramp angle, a higher net thrust than the design thrust is obtained, however, this case is
not possible, since the temperature is not high enough for the self-ignition process to occur. In this case, it is necessary to
design a new initial geometry that reaches a temperature higher than 900 K, so that the temperature reduction does not
result in temperatures below the minimum.

Increasing the first ramp angle results in a large decrease in net thrust, as it causes a reduction in mass flow. Therefore,
increasing the angle results in a decrease in scramjet performance.

From the analyzes carried out, it is possible to conclude that for a vehicle operating at a constant altitude, the variation
of the first ramp angle is detrimental to its performance, being more appropriate the application of the methodology that
maximizes the mass flow. However, the angle variation can be beneficial for vehicles operating at different altitudes,
since the angle variation can be performed in order to increase the air capture area, with the least possible variation in the
vehicle geometry.
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