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Summary

The main objectivesof this Report are the following: a) firstly, to review some of the available design
methodologies proposed for the design of waverider hypersonic vehicledy), to apply such a
methodology for the design of a typical waverider hypersonic vehicle undespecificflight conditions,
c) to simulate the hypersonic flow around this vehicle in order to evaluate the design itself and to
provide an insightto the related flow phenomena &t an altitude of 90 km, usingthe open-source
SPARTA DSMC simulation softwayed) to design and simulatea preliminary two-dimensional
geometry of a scramjetpowered hypersonic vehicle,e) to design a typical scramjepowered
hypersonic three-dimensional vehicle (based on the geometry of #hsuccessful X61A vehicle),f) to
simulate the aforementioned vehicle and derive flow properties fospecific flow conditions (at an
altitude of 90 km, using SPARTA DSMC simulation software), g) to simulate ttesigned waverider
vehicle atlower altitude s (45 km, 30 km), using SU2an opensource,non-equilibrium Navier-Stokes
solver, h) totake a first look to the sensing problem of a hypersonic vehiclEinally, some conclusions
are addressed, based on the findings dfis work.
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1. Introduction to w averiders

The potential benefits derived from the practical implementation of reusable hypersonic flight
vehicles are desirable for all developed societieblowever, the natural phenomena that occuduring

a hypersonicflight within the atmosphere introduce technological challenges that render thdesign
and development of such a vehicle &ery difficult task. The technical complexities associated with
the development of reusable hypersonic vehicles that are capable of controlled performance while
withstanding sustained high temperature in a lowdensity aerodynamic environment are enormous.
These natural phenomenawhich define hypersonic speed, are discussedby Anderson[1] and are
listed below:

1 shock wavescausing large flow and entropy gradients

1 high level of viscous interaction between the fluid and the vehicle geometrgausing high heat
flux and thick boundary layers

9 thin shock layers due to the close vicinity of the shock to the surface of the vehigleapping
high temperature flow around the hypersonicvehicle.

All the aforementioned physical phenomena produce large heat loads, which pose a challenge to
materials to endure for long time periods. Therefore, material options for hypersonic vehicles are
very slim and the residence time in the hypersonic regime verlimited. The major technological
challenges are the undesirable properties of existing materials and limited capabilities of exisg
thermal protection systems.

Furthermore, there are limited options and capabilities of current propulsion systems to provide and
sustain the thrust required for hypersonic speeds. This is the main reason why most of the successful
hypersonic crafts, such as missiles and spacecrafsairockets to provide the thrust needed to achieve
hypersonic speeds. Rockets, which have proven to be very effective, are expensively inefficient and
dangerous. The required fuel accounts for a large portion of the taladf weight and success of rocket
propulsion requires a very accurate and precise design. Alternatively, with the recent successful test
flights of the X51A[2] and X43A[3], the scramjet is showing promise as another feasible option for
hypersonic propulsion. The scramjet is a dynamic thrust airbreathing propulsion system that uses
oxygen from the atmosphere. This feature dramatically decreases the weight of the required @ad
fueland entails higher performance efficiency than rockets, as shown kigure 1

Research efforts are also made in the design of the MagnétgdroDynamics (MHD) supersonic
turbojet engine [4], which is projected to be capable of operationadpeeds of Mach &, utilizing
existing technology. Both the scramjet anIHD supersonic turbojet are immature technologies still
undergoing research studies and are notet ready for extensive practical use.
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Figure 1: Mach number versus Specific Impulse, for various propulsigstemg5s, 6].

A waverider is a hypersonic vehicle configuration designedh such a way that the shock wave
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benefits [7]: (a) the shock separates the flow filed on the upper surface from the flow field on the

lower surface of the vehicle, therefore no spillage of highressure flow takes place from the lower

to the upper surface at the tip; (b). the uniform flow on the lowe surface is ideal for entering a

scramjet engine; (c) the geometry configuration of the waverider can be achieved through an inverse

design methodology from a known flow filed around a conical geometry. Such a methodology will be

used in the following setions of this work.

The waverider concept was intoduced by Nonweiler[8] in 1963, but thetechnology of that time was
incapable of producing a hypersonic aibreathing vehicle. In the work of Sandlin and Pessif9] a
detailed description of the methodology used to design a waverider is provided comprehensive
review of the most seriousdesign issues of hypersonic flight vehicles can be found in the work of
Sziroczak and SmitH10], where two distinct classes of vehicles are reviewed, namelyypersonic
transports and space launchers although different than waveriders, most of the design and
construction issues are commonin the work of Zhang et al[11] the three-dimensional class/shape
function transformation (CST) approach is used to define the geometrical shapes of hypersonic
gliding vehicles (HGVs) Inviscid methods, based on modified Newtotheory and PrandtzMeyer
equationAOA Al p1 T UAA O AOOEIi AOA OEA OAEEAI A6O AAOI AU
with high lift -to-drag ratio as well as large volumetric efficiency, mulibbjective optimization



algorithm, NSGAl, has been also appliedn the Ph.D. Thesis of K. Kontogiannis thmarameterization
and handling of waverider forebodygeometriesis first considered; anew three-dimensional leading
edge waverider design method is proposedbeing a step away from inversemethods and a step
towards direct waverider design[12]. In the work of Son et al[13] an optimization framework for
the inverse design of hypersonic waveriders is presented.

Since its inception, the waverider has been an object of study. Once a conceptual desigleidsed,
the next step is its analysis. Aerodynamic analyses of flight vehicle configurations avetained
through various means. The typical methods are the use of engineering correlatiofigght tests, wind
tunnel testing and numerical simulations. These methods are not only used fanalyses but alsdor
proof of concept and building of knowledge. In the subsonic regime, eanfethod has shown to be
effective in @wnclusively determining performance and gaining scientifiqperspective. However, in
hypersonic speeds each method has shown to have some issues in its reliabilitgnd/or
implementation. Still research continues to improve upon these methods to gain knowledder
mastering the hypersonic regime.

During the early quest forhypersonic flight, NASA designed, constructed and tested a hypersonic

vehicle. The vehicle, illustrated irFigure 2, demonstrated that it was capable ofchieving speeds up

to Mach 8. However, a closer look at wind tunnel data revealed an interestippenomenon. It was
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Figure 2: NASA first hypersonieehicle[14].



Consequetly, Kuchemann [15] conducted an extended number of empirical studies of
supersonic/hypersonic research and vehicle performance of that time over a range of Mach numbers
and documented the trend that the maximum L/D observed decreased as Mach number increased
establishing theso-called /D barriera This detail highlights another challenge in the realization of
hypersonic flight vehicles; the traditional aerodynamic designs and design methodology were not
effective in the hypersonic regime. Bowcutt[16] showed a method to optimize waverider
configurations using a multidisciplinary approach yielding geometric configurations with relatively
higher L/D ratios at higher Mach numbers." T x AOOO8 O erélaferAsBppdRtéd by other
researchers[17, 18]. Figure 3 illustrates the comparison of findings of Kuchemann, Bowcutt and
Corda,; thenon-filled circles represent experimental dataobtained from flight tests and experiments
Kuchemann established the solid line and Bowcutt established tldashedline. The work of Bowcutt
renewed interest inthA x AOAOEAAO AAOECT OAAET ENOA OEAO xAO
Nonweiler [19] in his attempt to design a hypersonic wing for reentry purposes. Figure 4a,
established by Kuchemann, represestvehicle configurations that will likely achievemaximum L/D

in their respective flight regime. The trend showghat a highly integrated vehicle configurationwith
aerodynamic and propulsion features fused togetherwould fare as the optimum aerodynamic
configuration for the hypersonic regime. The waverider design methodology inherently yields
geometries that support this type of configuration.Figure 4b describesthe four distinct classes of
hypersonic aircraft with the major hypersonic aerodynamic effects they experience
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Figure 3: L/D barriers [20].

At the time of its creation, the waverider design concept solved a major-entry problem by yielding
configurations with the L/D needed for longrange glided reentry landings. However, the leading
edge of a waverideris inherently sharp, which yields an extreme aerothermodynamidoad at the
corresponding region Also, early configurations*1 /& OEA pwundO ATl Aprgsantpdti 5 O x A C
1 EIl EOAA OOI1 1 Ol dhileQHeiA perforBariecAdbalybisidit A@ consider viscoueffects.
Advanced numerical methods and@mputational resources were not availablen the 1950s, so a$o
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produce a wider range of configurdions or perform viscous analyss, due to required high
computational load. Suchcircumstances rendered waveriders unrealistic at the time. However, the
work of Bowecutt during the 1980s optimized waveriders by implementing established engineering
relations and computational resources to predict the viscous effects otheir performance. With the
renewed interest, many more research effortsof the waverider followed. However, even with the
AGAEOQAT AT O T £ OEd, itsddsigrintethoiidog\dhas ya io éxfend @ a practicaesign
of a working and producible hypersonic vehicle.
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2. Waverider Design Methodology

Waveriders are designed as products of a hypersonic flow environment through an inverse design
methodology. The inverse design approach uses the streamlines of a post shock inviscid flow field as
the design space for thecompression stream surfac€usually the lower surface) of waverider
geometries. The waverider methodology ideally produces a streamlined geometry for the hypersonic
flow regime. The lower surface formed by a set of neighboring streamlines yields the attachment of
the leading edge ¢ the shock A design algorithm for a waveridergeometry generation ispresented
below.

9 Selection and design of the basic flow field in the flow directian

1 Solving the basic flow field using Taylo-Maccoll equation, or Euler or NavieiStokes
equations.

1 Tracing the streamlines

91 Application of the osculating cone theory in the spanwise direction

1 Remodel the final model

More specifically, in order to define the initial flow field(from which the waverider will be derived),
a cone is designed with a prespecifiedangle) . Then the inlet boundary conditions are definegisuch
as Mach number, pressurgand temperature, and the flow field is calculated using a computational
fluid dynamics method. After obtaining the flow fieldthe streamlines can be traced by numerically
evaluating Equation 1 by marching from points located on the shock to obtaistreamline points[23,
24].

AOO/S A

% 6 (1)
A schematic representation of the traced streamlines from the conical shock is shownfigure 5. In
order to specify a waverider geometry using the cone waverider derived athod, a base curve must
be specified. The base curve is then projected into the shock parallel to the freestreamas to obtain
the leading-edge. After that, streamlines are traced from thieading-edgelocations on the shock back
to the base plane to generate the compression (lower) surface of the waveridekpart from the
analytical Equation 1, another more simplified technique can balsoused to trace the streamlines as
well. Streamlines can be traced tangential to the base cone surface to easily obtain the compression
surface geometry. The base curve equation used for the waverider design is shown around the
symmetry plane inFigure 6. Denoted asais the total width of the waverider, while & is the flat part
of the curve. The curved part of the curve can be calculated by the equation showrFigure 6. The
value ofccan be calculatedjiven thed fiand "Qwhich can be specified after the solution of the initial
conical flowfield.
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In order to produce a practical waverider design, the inherety sharp leadingedge must be handled.
Therefore, a practical designapproach must incorporate blunting techniques tohandle this task.
Blunting the leading edgeas well as areas where two stream surfaces meeglieves heating effects
and yields a more realistic shape for manufacturing processes. On thiher hand, blunting inherently



deviates from a true waverider design and allows some leakage jpfessure from the lower surface

to upper surface. Hence, drag is increased and aerodynanperformance of the waverider is
decreased. It has been shown througlstudies [25, 26] that blunting decreases the heat flux
experienced by a vehicle while negatively affecting its L/D. Even with this effect, a blunted waverider
design will still potentially provide exceptional aerodynamic performance compared to other
alternative designs The seepage opressure can be controlled and potentially minimized through
the design of the leading edge. The amount and type of blunting must be determined via a
compromise between minimizing heating and maximizing aerodynamic performance. As there is a
variety of configurations for a waverider, there is a variety of designs for a blunt leading edge.

There are two main approaches to blunting a leading edgas shown inFigure 7. One approach
removes material and the other adds material. Tincher and Burnef27] suggestedthe addition of
material will have less of an aerodynamic cost.

10
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3. Application to a SpecificWaverider D esign

In accordance tathe aforementioned procedure a waverider for a speed of Mach 7 was designed. To
generate the initial flow field, a 7-degree 2 min length cone with a1 cmblunt leading-edge was
designedat first (Figure 8). Then, the three-dimensional flow field around the cone was solvedising
the Direct Simulation Monte Carlo (DSMC) method. Thailized flow conditions simulate the flow at
90 km altitude and were taken from the US standarédtmosphere model. Thecorresponding flow
conditions, along with the DSMC simulation parametersan be found inTables1 and 2 respectively.

2
"%

1.8

0

Figure 8: The geometry of the -degree half congusedfor the calculation of the initial flow field.

All calculations presented in this section were done using the opespurce parallel DSMC code
SPARTA (Stochastic Parallel Rarefieghs Timeaccurate Analyzer), developed in Sandia National
Laboratories [28]. After the three-dimensional flow field around the 7degree cone was calculated,
the flow streamlines (at specific parallel planes)around the cone were extracted in order to identify
the shockwave boundaries. An overview of the calculated flofield streamlines can be seen ifrigure

9. The shock boundaes in the side and top plane can be identified by the bending of the flow
streamlines, whereas in the rear plane at the back of the cone the shock boundary is identified by the
color change in the streamwise velocity flow field.
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Table 1: Flow parameters for a Mach 7 float 90 km altitude.

Mach number, - A, 7
Reynolds, i "H(1/m) @60 X
Freestream velocity, 54, (m/s) 1965
Knudsen number, (Kn) 0.6

Angle of attack, | (degrees) 0
Freestream density, m, (kg/m 3) 08I qi‘E T
Freestream pressure, B, (Pa) 0.55
Freestream temperature, 4 (K) 196

Wall temperature, 4, (K) 300

Gas Air

Table 2: DSMC computational parameters for Mach 7 flow at 90 km altitude.

Number density, . A, (#/m 3) 81 EUL
Timestep (s) x8t1&u1
Transient period 40,000
Sample period 100,000
Number of particles (#) V8 WE
Number of cells LOXhi Tt
Wall -clock time (CPU hours) 195,840

13
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Figure 9: Streamlines of the threelimensional flow field around the -degree cone.
Side view (top), top view (middle), rear view (bottom).

After extracting the aforementioned flow planes then these planes are imported to a CAD (Computer
Aided Design) software in order to design the exact geometry of the waveridée start from the

14



back of the geometry by producing curves that are tangent to the circular shock shape. The first
characteristic section can be seen iRigure 10. In order for the design to be realistic, the leading edges
must be blunt andnot sharp. To control the bluntness of the leading edges, a fepoint Bezier curve
was used to generate the leadingdge shape. In the same manner a different section of the waverider
is designed along the longitudinal axis of the vehicle, every 30 cithe upper and lower surfaces of
the waverider are limited by the produced shockwaveof the prescribed 7-degree cone geomety.

15



Figure 10: Waverider surfaces along the flow streamlines. Top vi@ap), sideview (middle), rear view
(bottom).
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Figure 11shows an overview of thesegeometry sections. For clarity, not all the produced sections
are demonstrated. Finally, when all sections are produced, a loft operation with tangency constraints
was used to generatehe waverider surfaces. To reduce the design complexity and to take advantage
of the symmetry of the flow field, only half of the finatjeometry is designed and then mirrored around
the symmetry plane.

-
.

Figure 11: Surface lofts along the vehicle profiles (top). Vehicle overview without the nose section (bottom).

The osculating cones methodology described previously presents a robust, computational
framework for designing hypersonic waveriders. Given the intricate challenges of hypersonic
aerodynamics, such as extreme temperatures, high pressures, and complex shoelve interactions,

17



the design process is inherently complex. Here, we break down this methodology into discrete steps,
focusing on both the theoretical and practical elements that guide the design of these revolutionary
vehicles.

Step 1: Initiating from the Aft End of the Cone

The journey of waverider design begins at the trailing end of a cone, specifically used to generate a
predefined flow field. At this point, the critical task is to delineate the shock wave boundaries, which
are clearly marked by dashed white lines irrigure 10 (bottom). This initial step is pivotal, as it lays
the foundation for the entire design by establishing the first profile of the waverider. Both the leading
edge and the lower surface of this profile are sculpted to be tangential to the shock wave bdaries.
The tangential approach minimizes drag and optimizes aerodynamic performance, key parameters
for any hypersonic vehicle.

Step 2: Sequential Crossectional Profiling

The design then progresses by taking crossectional planes at approximately 30 to 4@&entimeter
intervals along the length of the cone. Each of these planes serves as a canvas for developing a unique
profile that accurately corresponds to the flow field onditions at that location. It is like creating slices

of the vehicle's body, each designed to work most efficiently with its specific flow conditions.

Step 3: Lofting Operation

After generating these individual profiles, the next step is to connect them. This is accomplished
through a lofting operation, which essentially stitches the profiles together, forming the waverider's
outer skin. This procedure relies on interpolation tetiniques to ensure a smooth transition between
profiles (Figure 11). However, as we proceed towards the cone's apex, these profiles start becoming
significantly slender, and this is where the lofting operation reaches its limitations.

Step 4: Addressing the Nose Region

In the nose region, conventional lofting operations often fajldue to the progressively diminishing
cross-sectional area of the profiles. To mitigate this, boundary surfaces are strategically employed.
As illustrated in Figure 12, these boundary surfaces are sculpted to match the curvature of the
original cone. They serve as the outer skin for the nose section, integrating seamlessly with the
previously lofted surface.

18



Figure 12: Nose section with upper boundary surface.

Step 5:Knitting Surfaces for Fluid Simulation

Once the nose section and the lofted body are fully designed, a knitting operation binds all these
disparate surfaces into a cohesive, watertight bodg¢Figures 13 and 14). This step is imperative for
the subsequent fluid dynamics simulations, as any gaps or inconsistencies would introduce errors or
instabilities in the computational model. The completion of this knitting operation results in a unified
vehicle geometry, ashowcased inFigure 15.

Step 6: Mirroring Operation

For computational efficiency and simplifiedconstruction, only one half of the vehicle is initially
modeled. The remaining half is generated through a mirroring process, aligned along a symmetry
plane. This reduces both the computational load anthe design complexity, enabling more rapid
iterations during the development phase.

19



360,00

!
" [
et

‘ I
Figure 14: Waverider sections and the complete geometry.

20



Figure 15: The utilized surface mesh. Lowsurface (top), isometric view (bottom).

Step 7: Refined Leading=dge Design

A standout feature of this methodology is the intricate attention given to the design of the waverider's
leading edges. Unlike conventional hypersonic vehicles, which typically employ sharp leading edges,
this method adopts a nuanced approach. Sharp leadjnedges are known to induce high stress
concentrations and are less thermally robust, often failing under the extreme conditions of
hypersonic flight. To counteract this, threepoint Bezier curves are used to blunt the leading edges.
These curves provide lhe dual advantage of enabling curvature and tangency control, thus yielding a
geometrically realistic and themodynamically resilient design.

The osculating cones methodology, steeped in aerodynamics, computational fluid dynamics, and
applied mathematics, offers a comprehensive and nuanced pathway for designing hypersonic
waveriders. By integrating these multidisciplinary domains, this approachaddresses the intricate

21



complexities of hypersonic flow and structure, yielding a waverider design that is not only
aerodynamically efficient but also thermally and structurally robust.

4EA EEOOO DPEAOA ET OEA Al i PbOOAOGEITTAI Agpbi i1 OAOQETI
precise computational mesh. This mesh is instrumental in accurately capturing the intricate
geometric features of the waverider, particularly around highsensitivity areas like the leading edges.

A meticulous approach has been adopted to model the leading edges as faithfully as possible to the
original design. This is vital because even mar deviations can have significant aerodynamic
consequences. Theomputational surface mesh employed in the Direct Simulation Monte Carlo

(DSMC) method is illustrated inFigure 15.

Given the intense computational demands of hypersonic flow simulations, strategic methods are
employed to optimize resource usage. One such strategy is to simulate only dmef of the
waverider's geometry. The computed flow field is then mirrored along gre-defined plane of
symmetry, effectively reducing computational resources without compromising accuracpneof the
paramount goals of this simulation is to verify the attachment of the shock wave to the vehicle's
leading edges. This is critically asseed through the visualization of pressure contours and Q
criterion plots, as shown inFigures 16and Figure 17, respectively.More specifically, the Q-criterion

is calculated using equation (2)where mis the antisymmetric part of the velocity gradientknown as
the vorticity tensor, and S is the symmetric partknown as the rate of strain.

0 SAE/E AYE (2)

According to the definition, positive values of riterion indicate areas in the flowfield where the
vorticity dominates the flow, while negative values are indicative of strain rate or viscous stress
dominated areas[29, 30]. The Qcriterion serves as an essential diagnostic metric for the flow field
around the waverider. In Figure 18, below the leading edge a negative value of-c@iterion is
observed, which is evident of a shock existing in that area. The pressure contour ploEdgure 16)
show anoticeable pressure buildup around the leading edges of the waverider, strongly suggesting

that the shock wave iswelA OOAAEAA O1 OEA OAEEAI A6O CAlT i Adous
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Figure 16: Pressure contours around the vehicle.
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Figure 17: Q-criterion contours around thevehicle.

Furthermore, Figure 17 visually represents the pressure distribution on the waverider'ssurface. As

expected, elevated pressure levels are observed around the leading edges and the nose section,
substantiating the presence of an attached shock wave. The amalgamation of these various
computational diagnostic® ranging from mesh optimization topressure and Qcriterion analyses

DOl OEAAOG A Al i POAEAT OEOGA AOAI OAOGEITT 1T &£ OEA xAOAOE
serve as a testament to the computational integrity and physical feasibility of the waverider design,

particularly in the context of shock wave attachment to the leading edgesSigure 19 presents the Q

criterion contours on a vertical plane at the back face of the vehicl&€he concentrated blue regions

at the wing tips and under the fuselage are attached shocks.
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Figure 18: Q-criterion contourson the plane of symmetry.
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Figure 19: Q-criterion contours on a vertical plane.
Figures20 and 21 present the streamwisevelocity and the temperature field around the vehicle. For

the flow conditions used in this work a maximum temperature ofL400 Kis identified in front of the
nose.
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Figure 20: Streamwise velocitgontourson the symmetry planef thewaverider.
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Figure 21: Temperature field around the vehicl@n the symmetry plane of the waverider)

In Figures22 to 25 different flow properties are presented on a plane parallel to the waverider, while
the surface of the vehicle is colored by surface pressutieigure 22 contains the pressure contours on
the aforementioned plane. Taking into account that the frestream pressure is equal td.55 Paa
pressure rise of one order of magnitude around the nose is observed. The pressure around the
leading edges is about four times higher than the frestream pressure
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Figure 23 contains the velocity contours on the same plane. In this Figure the attachment of the shock
to the leading edge and the nose of the vehicle can be clearly observed. As it can be observedjine
24,the temperature around the leading edges i800 Kwhich is about four times higher than the free
stream temperature 0f196 K

Pressure (Pa)

Figure 22: Pressurecontourson a horizontal plane parallel to the vehicle.
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Figure 23: Streamwise velocitgontourson a horizontal plane parallel to the vehicle.
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Figure 24: Temperaturecontourson ahorizontal plane parallel to the vehicle.

Finally, the Qcriterion on the same plane is presented ifrigure 25, which demonstrates the complete
field of the attached shock. Furthermore, the positive values of-Qiterion revealed the formation of
two vortices, one on the left and one on the right side, at the tip of the back section of the vehicle. A
better view of these two vortices can be seen ifrigure 26, where the vorticity is plotted at the back

of the vehicle. The two vortices are rendered in red color.

1.0e+06
800000
600000
— 400000
— 200000
0
— -200000
-400000
E -600000

-800000

Q-criterion

Figure 25: Q-criterion contourson ahorizontal plane parallel to the vehicle.
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Figure 26: Vorticity magnitude at the back of the vehicle.

Dueto the complexity of the vehicle, it was considered appropriate to also present thredimensional
iso-surfaces of the Griterion around the vehicle,so asto identify the three-dimensional shape of the
shock and thestructured vortices. Figure 27 presents the threedimensional Qcriterion contours
around the vehicle, colored by vorticitymagnitude. The transparent grey contours correspond to the
three-dimensional outer shape of the shock. A part of the shockwave close to the compression surface
can be also observed in the sanfeigure 27.

In Figure 28 the same contours are plotted but this time colored by the velocity magnitude. As it can
be observed inFigure 28, about30 cmdownstream the nose of the vehicle, where the compression
surface is steeper, the vortices separate from the flow and continue downstream to the higher
pressure area towards the back side of the vehicle. Due to the angle of the compression surface
towards the end of the vehicle, a pressurgse is evidenced and the flow slows down about000 m/s
within a few centimeters.
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Figure 27: Threedimensional Qeriterion contours colored by vorticity magnitude.
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Figure 28: Overview of thehree-dimensional Qcriterion contours around the vehicleolored by velocity
magnitude.

To calculate lift and drag the shear stresses and the pressure thrdemensional components have
beencomputed. The lift and drag(per unit surface) at each surface cell can be seenfigure 29. From
that figure we can also see that the maximum drag is concentrated at the tip of the nose whereas the

29



area below the nose generates also a large amount of lift. By integrating the values of all cells, the
total lift and drag have been calculatedwhile the ratio L/D was calculated beingequal to 2.18.
According tothe open literature, this value if a typical one for a waverider flying at 0-degrees angle

of attack [31]. A value ol/D of above 2.0 yields a good vehicle performance for the design condition
selected. Only one angle ofttack was examined in this caseaccording to reference 29 a slightly
positive angle of atack can increase the L/D ratig thus performance, two to thre timescompared

to the reference one

In the open literature, waveriders are usually analyzed between 25 km and 40 kamd not in 90 km,
asin this work. This fact has an impact to lift generation on the surface by the fluid, thus in this design
the compression surface is larger than a conventional compression surface seen in waveriders flying
in lower altitudes.
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4. Preliminary design of a scramjet -powered hypersonic
vehicle

In the 1980s, aerospace researchers and engineers initiated the ambitious National Aerospace Plane
(NASP) program. Thisendeavor was designed to investigate the viability of a singistage to orbit
(SSTO) vehicle capable of both taking off and landing horizontally. A cornerstone of the program was
the development and integration of supersonic combustion ramjet (scramjet) agines into the
vehicle. Although the program was prematurely terminated in the 1990s, its foundational work
became a vital reference for future initiatives in hypersonic aerodynamicsthe dissolution of the
NASP program gave rise to the Hypersonic Systenig@chnology Program (HySTP) in late 1994,
Although short-lived, being discontinued in 1995, HySTP aimed to transform the technical insights
acquired from NASP into technology demonstrators. However, a more significant stride in hypersonic
research was maddy the NASA X43A. Under NASA's HypeK program, this vehicle attained world
speed records, reaching Mach 6.8 and Mach 9.6 on separate missions, thanks to its scramjet
propulsion [32].

In the context of renewed global interest in space exploration, hypersonic vehicles powered by
scramjets are gaining traction. Scramjets present an engineering innovation over conventional
turbojet engines. Unlike their turbojet counterparts, which utilizehigh-speedrotating gasturbines

to power the air compressors scramjets employ oblique shock waves generated in front of the
engine's inlet to compress incoming air. Notably, the entire airflow within the scramjet engine
remains supersonic, unlike in ranjets where combustion occurs at subsonic speeds. The synergy
between the airframe and engine demonstrated in configurations like NASP and-X43A, is critical
for the optimal performance of scramjetpowered vehicles. The versatility and cosefficiency of
scramjets have spurred interest in their integration into multistage launch systems. Scramjets, being
air-breathing engines, offer the advantagef eliminating the need for onboard oxidizers. This, in turn,
leads to substantial weight reductions and increasd payload capacities, thereby lowering overall
mission costs.

In the present study, an exploratory design framework for a hypersonic vehicle found in the open
literature [33] has been established through a twalimensional geometry simulation,and is shown

in Figure 30. The choice to commence with a 2D model is motivated by several factors: it provides
crucial insights into the shock wave dynamics, offers rapid simulation times, and serves as a robust
preliminary design model for subsequent 3D studies. The vehicle's spécations are informed by the
dimensions of theX-51 A[34] (as an order of magnitude)yesulting in a design that is 7.62 meters
long, featuring a 3.58meter forebody, a 1.52meter engine length, and a 0.22¢m engine intake width.
The angle of the upper surface is set at 3 degrees, while the lovwsnface is inclined at 6 degrees to
facilitate air compression.
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Figure 30: Hypersonic vehicle twalimensional geometry.

The flow simulation was performed using the DSMC code SPARTA, with inlet flow conditions
corresponding to a flight altitudeof 90 km and a Mach Number §the US Standard Atmosphere Model
was used as a reference)lheengine is fed with compressed air through an oblique shock originating
from the nose of the vehicle, as demonstrated iRigure 31. It can be observed irFigure 32 that the
density of air at the engine's inlet is approximately twice the density of the freestream. The engine's
inlet geometry compresses the flow further to a final value of 3.75 times the freestream valuegure

31 confirms the accurate positicing and opening of the engine.
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Figure 31: Flow velocity along axis, forthe two-dimensional geometrpf Figure30.
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Figure 32: Flow field densityfor the two-dimensional geometrpf Figure 30.
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5. Design of a scramjet-powered hypersonic vehicle

The theoretical foundation of scramjet enginesvas laid in the mid-20th century [35], but it took
decades of research to achieve the first successful flight. ThetX, developed by NASA, set a record
speed for an airbreathing engine in 2004[36]. These hypersonic vehicles face many challengeach

as strong shock waves causing high temperatures and pressurg&/], while understanding the
interaction between the boundary layers and shock waves is essential for stabilif$8] ; furthermore,
specialized materials and cooling systems are needed to manage the extreme temperatures exerted
during a hypersonic flight[39].

The scramjet engine design is divided in three stage$he nlet design, combustion chamber design
and nozzle design According to Heiseret al. [40] the inlet must generate efficient compression
without subsonic deceleration(which means that onlyoblique shockswith small angles, with respect
to the direction of flight, should be generated) The combustion chamber must provide a stable
combustion at supersonic speed$41]. The nozzle on the other hand must optimize thrust across
varying flow conditions [42]. Scramjetpowered hypersonic vehicles are a complex and fascinating
field, bridging aerodynamics, CFD, propulsion, materials science, and more. Continuous
advancements are being driven by researchers worldwide, setting the stage for potential
revolutionary changes in aerospace transportation and defense.

Furthermore, one of the vital aspects of hypersonic vehicles is the selection of materials that can
withstand extreme thermal loads. This is not only pertinent to the external surface, but also to the
internal structure, including engine components. Advaned materials such asCeramic Matrix
Composites and Nickel boys have been explored to fulfill these requirementg43]. Moreover,
effective cooling strategies are equally crucial in maintaining structural integrity. Active and passive
cooling systems havebeen employed to manage the intense heat. Active cooling systems typically
involve circulating a coolant, such as waterliquid fuel, or liquid metal, within the structure, while
passive systems rely on heatesistant materials and coatingg44].

To extend the aforementioned findings, a threglimensional scramjetpowered hypersonic vehicle
was designed, specifically targeting performance enhancements and optimization in both
aerodynamics and propulsion systems. As the most successful hypersonic b to date, the
geometry of the X51A was used as a foundational reference, given its proven success in achieving
sustained hypersonic flight. The major objective of the X51A program was to test the HyTech
scramjet engine,using endothermic hydrocarbonfuel, by acceleratingthe corresponding vehicle
from boost, at appioximately Mach 4.5, to Mach 6.5 and beyond. Additional goals of the program
were: a)to acquire ground and flight data on an activelgooled, selfcontrolled operating scramjet
engine, b) to demonstrate the viability of an endothermically fueled scramjet in flight and c)to
produce higher thrust than drag and demonstrate the feasibility of a freeflying, scramjet powered
vehicle.

After a thorough research, twedimensional plans of the aforementioned vehicle were found, and
although the authors cannot guarantee the accuracy of the plans, they offer a critical starting point
[45]. Takingthese plans asreference, a threedimensional geometry similar to X51A was designed
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empirically, carefully considering the critical areas of design that influence performance at
hypersonic speeds.

Additional information was retrieved from related publications; characteristic views of some critical
parts and systems of the vehicle are presented in the followiriggures 33 to 35.

Cruiser

/

Modified ATACMS
Booster

/

Scramjet Engine

X-51 Vehicle Properties:
Vehicle stack: Length: 25 ft

Weight: 3,925 Ibs /
Cruiser: Length: 14 ft

Weight: 1.480 Ibs (Fuel: 265 Ibs) [ 10W-Through
Max body width: 23 inches Inter-stage
Engine flow-path width: 9 inches

Stack Structural Materials
B Tungsten (nosecap)
[J Inconel (engine, cruiser fins)
Titanium (interstage flowthrough, booster boattail)
O Aluminum (cruiser & interstage skin, booster fins)
M Steel (attachment lugs, booster skin & nozzle)

B Composite hot structure (cruiser fin LE)

Cruiser TPS Materials
[ BLA-S: Boeing Light-weight Ablator (sprayed-on)

[] BLA-HD: Boeing Light-weight Ablator (honeycomb reinforced)
[l BRI-16 Tile: Boeing Reusable Insulation
[l FRSI: Flexible Reusable Surface Insulation

SIP: Strain Isolation Pad (under tiles)

Figure 33: The X51Avehicleand materialsused[46].
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Engine Subsystems
(Packaged Wet in JP-7)

* Engine Fuel Pump

« Ethylene (Engine Start)

« Nitrogen (Fuel Pressurization)

Subsystems Bay

+ GCU/IMU/GPS

« FADEC

« Flight Test Instrumentation (FTI)

FTS, FTl and

Control Systems

+ Antennas

. Sensors JP-7 Fuel

- Control Actuators + Integral Tanks

+ 271 1b

Batteries
Fuel System « Engine Systems
« Fuel Pump + Actuators (Li-ion Pack)
« Avionics and FTI
« Flight Termination System
(Separate)

Vehicle Nozzle

Integral forebody / inlet

F119 FADEC ~ Fuel Pump

Figure 34: The X51Asubsystemsnd propulsion configuration[46].
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Figure 35: Typical flow formations inside a scramjet engiré7].

Figure 36 shows an overview of the designe®D hypersonic vehicle As seen, the basic shape of the
X-51A vehicle has been preserved, adhering to the wedktablished principles of hypersonic
aerodynamics. Furthermore, an approximate geometry of the scramj@tlet underneath the vehicle
has been designed, reflecting the complex flow characteristics typical of hypersonic inlets, as well as
an approximate internal geometry of the engingas shown inFigure 37, which contains sectional

views of the vehicle.
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Figure 36: Overview of the threelimensional CAD model of the designed hypersonic vehicle
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Figure 37: Sectional views (symmetry plane section) of the thr@ienensional vehicle shown in Figure 36

More views of the vehicle are presented ifigures 38to 40. Taking into consideration all of the above,
the resulting geometry is a hypersonic vehicle with a lengthlightly larger than 4 m and a maximum
width of 0.86 m (including the horizontal fins). The engine below the vehicle has a length of
approximately 2.7m, while the intake opening is0.23 m. As seen irFigure 37, the engine featres a
diverging exhaust nozzle; he design of the nozzle is criticaor achieving optimal performance at the
high temperatures and pressures encountered at hypersonic speeds. The engine is embedded with
the vehicle's geometry, and thdront lower part of the vehicle is used as a compression ramp, an
essential feature for scramjet opeation. In the same manner, the simulation conditions for this
vehicle have been taken from the US Standard atmosphere table for an altitude 98f km. This
altitude, although high for scramjetpowered vehicles, was chosen to be the same with the previous
simulations of the other two vehicles reported in the previous sections of this Report, for comparison
purposes (additional simulations in lower altitudes will be performed in the following phases of the
Project).
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Figure 38: Top and bottom viewsf the three-dimensional vehicle shown in Figure 36.

The vehicle speed idMach 9,which at that altitude represents a rarefied flow condition.Additional
analysis was carried out to evaluate the shockwave interactions that would be present in such a high
speed environment. The selected flight trajectory and operational parameters were also assessed to
verify that they align with the performance @pabilities of such a vehicle. Fluid dynamics
computational simulations using the DSMC method were conducted to validate the design and
identify areas where further gptimization could be achieved. In conclusion, this design represents a
synthesis of advanced engineering principles, informed by prior successes in hypersonic flight, and
refined through rigorous analysis and simulation. The result is a promising step towds expanding
our understanding and capabilities in hypersonic vehicle design and technology, and it invites further
research and development to realize its full potential.
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Figure 39: Front andrear views of the threedimensional vehicle shown in Figure 36.
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Figure 40: Alternative viewsof the threedimensional vehicle shown in Figure 36.

The simulation parameters can be found imable 3 The complexity of the hypersonic flow around
this specific vehicle necessitated a meticulous grid refinement strategy. A high number of cells was
essential to capture the nuances of the flow field, particularly around the shock argavhere rapid
changes inflow properties occur. The refinement strategy ensured that the grid resolution was finer
in regions with high gradients, such asat the shock waves andat the engine's internal area.
Furthermore, as seen irable 3 more thanfive billion particles were used in this simulation . The
engine's internal region presents unique challenges, as the pressure and temperature can vary
significantly. Additional refinement was necessary to capture the effects of shocks, expansion waves,
and other complex flow behaviors. FHally, for this particular test case, an impressive
computational setup was employed, utilizing 23.040 CPUs for a total of 7.2 hours . This
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substantial computational commitment underscores the complexity of simulating hypersonic
vehicles. In order to obtain a fully converged flow field, the flow was given a transient period of
50,000 time-steps in order to obtain steady state and theB0,000 samples were acquired in order to

reduce statistical fluctuations.

Table 3: DSMC computational parameters for Mach 9 flow at 90 km altityder the scramjefpowered vehicle

Number density, . A, (#m 3) p81 PE L
Timestep (s) 81 Pyt
Transient period 50,000
Sample period 50,000
Number of particles (#) v P
Number of cells vo W Am T n
Wall -clock time (CPU hours) 165,888

43



Figures 41, and42 contain views of the surface grid, which is required for the construction of the
final 3D Cartesian grid, for the DSMC flow simulatiorfigure 43 contains a view of the three
dimensional computational grid, which is used for the flow simulation with the DSMC code SPARTA.

Figure 41: Views of the initial surface grid of the vehicle (nose region and engine inlet).
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Figure 42: Views of the initial surface grid of the vehicle (horizontal fin and leading edge of the small wéillge
wing).




Figure 43: Sectional viewof the computational grid usedor the DSMGimulation of thedesignechypersonic
vehicle

Figure 44 and 45 provide a striking visual representation of the intricate streamwise velocity("Yin
m/s) flow dynamics around thehypersonic vehicleequipped with a scramjet engine. A spectrum of
color contours graphically depicts the streamwise velocity valuesomputedin the vehicle's direction

of travel. The warmer hues reds and oranges indicate areas of higher velocity, while the cooler colors
Al OAOG AT A COAAT O PTET O O OAI AGEOGAIT U 11 sthing OAT T AE
with the upstream direction, with respect to the noseof the hypersonic vehiclg it's immediately
noticeable that the streamwise velocity contours show &igh magnitude (in the order of 2500 m/s),

due to the high speed of the vehicl@Mach 9in this case).At the highly inclined lines, where an abrupt
change in color is observed, oblique shocks are formed, where the flow decelerates and the pressure
increases (however behind an oblique shock the flow remains supersonig something that is a
prerequisite in this case so as to maintain supersonic flow conditions through the scramjet engine).
The oblique shock waves are better observed in pressure and density contours, in the following
figures. The blue regions attached to the solid surfaces of the vehicle correspond to low velocity
regions, due to the formation of boundary layergrelatively thick, in the rarefied conditions, at the
high altitude of flight).

Moving downstream along the surface, interactions between the boundary laygand the shock
waves become visible. These interactions influence heat transfer, pressure distribution, and,
ultimately, the overall performance of thehypersonic vehicle At Mach 9, these interactions are
exacerbated and require precise aerodynamialesign, to ensure that the vehicle's surface can
withstand the aerothermal loads.
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Figure 44: Streamwise velocitgontours Top at the nog level. Midle: at the level of the horizontal fin. Bottom:
at the symmetry plane.
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Figure 45: Streamwisevelocity contours at two normal planes.

As we proceed along the contour pl& the area leading into the scramjet engine's inlet reveals

intriguing characteristics. The streamwise velocity experiences a marked decrease, which is essential

for the engine's air intake process. Given that scramjets rely on higipeed external flow tocompress

incoming air, the observed decrease in velocity is instrumental in facilitatinthe required air mass

flow into the combustion chambe with a high pressure. This critical region in general requires very

careful design toassure thatthe flow characteristics match the engine's operational requirements

while usually a variable geometry of the intake is used, so as to optimize its performance for different

flow conditions. The wake behind the vehicle is due to the absence of a real scramjet engine in the

OEi OIl ACET T8 4EA OEI Ol shkeQirésitechnical déraild (exAct ggdmetdy ®fdhe A A££A A C
engine, heat rate production, etc.), which are not available and are beyond the scope of this work.
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Figures 46and 47 revealthe temperature contours around the vehicle. Starting from the nose section
of the vehicle we see a substantial increase in temperature in front and close to the nose of the vehicle.
As seen in the color scale the temperature reaches close2@00 K in front of the nose. This sudden
temperature increase occurs due to the fact that the incoming airflow moving at hypersonic speeds,
suddenly slows down, leading to arabrupt rise in temperature. A similar observation stands for the
intake edgeThe colors behind the oblique shocks reveal a transition from cool to warm, while near
OEA OAEEAI AG6O OOOZAAA OEA OAi PAOAOOOA ET AOAAOA EO
that the materials of the vehicle must withstand. Following the mainldique shock under the nose of
the vehicle, we observe another smaller oblique shock wave along the length of the vehicle arising
from the engine inlet. These waves represent zones where the air undergoes further compression
and heating. They'reamportant for scramjet engine performance because they contribute to the pre
compression of the air before it enters the combustion chamber.
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Figure 46: Flow temperature contoursTop: at the nose level. Bottom: at the symmetry plane.
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Figure 47: Flow temperaturecontoursat two normal planes

As the flowenters the scramjet engine's inlet, another localized increase in temperaturis evident.
This is due to the additional compression of ajras it's funneled into the engine, and it's critical
because scramjets require higipressure and hightemperature air for efficient combustion. The
warmer hues within the inlet on the figure encapsulate this fundamental aspect of scramjet
operation. The ombustion chamber would, without a doubt, be the focal point of thermal activity.
This is where the fuel is mixed with thecompressed, heated air and ignited. The combustion process
would significantly raise the air temperature, contributing to the highvelocity exhaust that propels
the vehicle at hypersonic speedsDue to the absence of critical information (exact geometrgf the
engine, exact heat release rates, etc.) no attempt to simulate the actual combustion was taken in this
simulation, as long aghe prime interest is in the external flow around the vehicleDespite this fact
as seen inFigure 47 air enters the combuston chamber at a temperature ofiround 2,000 K.

Another intriguing feature of Figure 47 is the temperature distribution along the vehicle's surface. At
Mach 9, air friction heats up the surface to temperatures that could compromise the structural
integrity of the vehicle. More specifically fromFigure 47 can be observed that air close to that
OAEEAI AG0 OOOAAAA befednA BOA Gnd AS0DK (B Averh@eOak the nose
region and at the entrance to the engine)This, causes extreme thermal and heat loads to the
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structural materials used on the vehicle. Understanding these thermal loads is vital for material
selection and structural geometry optimization.

Figures 48and 49 present the pressure contours around the vehicle. As mentioned before, the flow
is compressedbehind the nose of the vehicledue to the formation ofoblique shocks. Oblique shocks
AOA A1 01 £Ei Oi AA AO OEA O.OAseraing AidageBA @ A A AATAG EIEA ARG C
we see that the pressure in that area ialmost two orders of magnitude larger thanthe free stream
one. The highpressure in the scramjet inlet is paramount to the scramjet performancélowever, the
flow field computed inside the engineis only indicative, due to the absence of combustion and the
inaccuracy of the geometry.
P (Pa)
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Figure 48: Pressure contoursTop: at the nose leveBottom: at the symmetry plane.
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Figure 49: Pressure contours at two normal planes

Figures 50and 51 contain the density field. In thosefigures, apart from the obligue shockswe can
also observe the flow density distribution inside the scramjet engine. Given the high Mach numbers
involved, a sudden density gradient is evident right at the engine's entrance, typically following
shock-induced compression. Before the flow reachethe combustor, there is a plateau where the
density stabilizes. This plateau serves as the region where fuel injection would typically occur
(although the actual geometry of this egion is not known z neither the exact position of the
combustion region). Here, the density contours might show relatively constant values, an ideal
condition for efficient mixing and subsequent combustion. In a scramjet engine, the combustion
chamber can be considered the "@penter" of density variations. The burning of fuel not only
drastically raises the temperature but also affects the density. As seenriyure 50, thedensity inside
the @ombustordreaches its peak. Understanding these peaks iscitd 1 &£ O 1 POEI EUET C
combustion efficiency and ensuring structural integrity under highpressure conditions. Post
combustion, the flow is expanded through the nozzle to convert higpressure, hightemperature gas
into kinetic energy, propelling the vehicle forward. Moreover, in the nozzle the density distribution
depicts a rapid density decrease, correlating with the presence of expansion waves and the
acceleration of flow again to hypersonic speeds. In this test case most areas of high densiipcide
with areas of high pressure and temperature, and consequently, higher mechanical and thermal
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stresses on engine materialdNevertheless, the flow simulation inside the engine is only indicative,
due to the absence of crucial information.
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Figure 51: Flow density contourst two normal planes.
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The Mach number contourscontainedin Figures 52and 53 provide a better insight of the flow field
around the vehicle Figures 52and 53 also verifythat the flow inside the engineremains at supersonic
speed x EEAE Al ET AEAAO xEOE OEA &1 x OANOEOAI AT 00
body, we see a gradual decline in Mach numberdue to the presence of the various oblique shocks
and their interactions with the boundary layers The Mach number contours at the scramjet engine
inlet provide critical information on how effectively the vehicle capturesand compresses the
incoming air for combustion. In this particular test case the design seems to be effective, because the
Mach contours reveal a welcontained, highspeed flow funneled smoothly into the engine.
Observing the nozzle section of the engine, the Mach number contours should show an increase as
the flow accelerates through the nozzle. This area is critical in the vehicle for converting the thermal
energy back into kinetic energy, propelling the vehie into hypersonic speeds. However, in this
simulation, the actual Mach number of the flow inside and downstream the nozzle is not simulated,
due to the absence of combustion (following the absence of the geometrical and operational details
of the scramjet engine).
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Figure 52: Mach numbercontours Top: at the symmetry plane. Bottom: at two normal planes.
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Figure 53: Mach number contourst two normal planes

Figure 54 contains the contours of the @riterion. As mentioned before, he Qcriterion is calculated
using equation (2) where mis the antisymmetric part of the velocity gradient(the vorticity tensor),
and S is the symmetric par{the rate of strain). Consequently positive values of Qcriterion indicate
areas in the flowfield where the vorticity dominates the flow, while negative values are indicative of
strain rate or viscous stress dominated aread.he Qcriterion serves as an essential diagnostic metric
for the flow field around the waverider, visualizing the shock waves and the presence of nial
structures. The position of the oblique shocks is visualized iRigure 54 with the characteristic blue
color, while the red color correspondto vortical structures, starting mainly from geometrical edges.
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Figure 54: Q-criterion contours.

Figures 55 and 56 contain Q-criterion contours at several parallel planes. The blue circular lines
reveal the position of the oblique shock, while red regions reveal the position of vortice#. is
noticable that the vortices generated at the ramp at the bottom of theehicle are not entering the
engine inlet, due to the effective design of the lower part of the vehicle.
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Figure 55: Q-criterion contours at several parallel planes. The blue circular lines reveal the position of the
oblique shock, while red regions reveal the position of vortiGese vortices generated at the ramp at the bottom
of the vehicle are not entering the engine inlet, due to the effective design of the lower part of the vehicle.
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