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Euler and Navier–Stokes Simulations of Two-Stage
Hypersonic Vehicle Longitudinal Motions
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Technical University of Munich, 85747 Garching, Germany

The separation maneuver of an idealized two-stage hypersonic vehicle is aerodynamically investigated at a
freestream Mach number of 6.8. The focus is on the calculation of unsteady � ow� elds arising from a pitching and
a translatory motion as part of the complete separation maneuver. The numerical simulations are based on a � nite
volume method for solutions of the two-dimensional unsteady Euler and Navier–Stokes equations. The method is
employed to compute the hypersonic � ow over a blunt orbital stage including the recirculation zone in the rear of
the orbital vehicle. The carrier stage is modeled as a � at plate parallel to the undisturbed � ow. The orbital stage,
interfering with the carrier, performs a de� ned motion at zero incidence. The results include the Mach number and
pressure distributions, as well as the aerodynamic coef� cients. The separation process is dominated by re� ecting
shock waves occurring during the maneuver between the carrier stage and the orbital stage. The position and
intensity of the shock waves are a function of speed, distance, and incidence between the two stages. The main
intention is to analyze the motion-inducedunsteady aerodynamic effects and the associated � ow physics predicted
by Euler and Navier–Stokes solutions.

Nomenclature
a`

i = t̀h eigenvalue in i direction
c = speed of sound
cD = drag coef� cient
c f = skin friction coef� cient
cL = lift coef� cient
cm = pitch moment coef� cient
cp = pressure coef� cient
cp, 1 = speci� c heat at constant pressure
e = density of total energy
FI , GI = inviscid � ux vectors in curvilinear coordinates
FV , GV = viscous � ux vectors in curvilinear coordinates
h = distance between the orbital stage and the carrier stage
J = Jacobian determinant of grid transformation
k = reduced frequency, L x

p
( q 1 / p 1 ) / (M 1

p
c )

k = conductivity
L = orbital stage reference length, ramp reference length
L = matrix of the left eigenvectors,R ¡ 1

M = Mach number
P, Q = source strengths
Pr = Prandtl number,cp, 1 l 1 / k 1
p = pressure
R = matrix of the right eigenvectors
Re = Reynolds number, q 1 U 1 L / l 1
t = time
U = vector of conservativevariables
U , V = contravariant velocities
U 1 = freestream velocity
u, v = velocity components in x and y directions
x , y = Cartesian coordinates
a = angle of attack, deg
a `

i = wave strength
c = ratio of speci� c heat
˜d = parameter of numerical dissipation
l = viscosity
n , g = curvilinear coordinates
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q = density
s = dimensionless time, M 1

p
( c ) t

p
( p1 / q 1 ) / L

U = nonlinear term of the numerical � ux
W = entropy correction parameter
x = angular frequency

Subscripts

W = wall
1 = freestream values

Introduction

T HE demands for new space transportation systems have
increased-research efforts on hypersonic technology world-

wide.1 ¡ 3 In the last few years hypersonic research activities were
pushed by the development of hypersonic vehicle demonstrators,
for example, within the NASA Hyper-X Program and the X-33
Reusable Launch Vehicle Demonstrator Program.4 The European
and national projects concentrate mainly on system studies and
fundamental research activities, for example, within the German
Hypersonics Technology Program,5 the Future European Space
TransportationInvestigationsProgram(FESTIP), and the Technolo-
gies for Future Space TransportationSystems (TETRA).6 Although
these programs have broadenedthe knowledge in the � eld of hyper-
sonic research, there are still a lot of challenging problems in many
technological areas. Hence, a signi� cant need for fundamental hy-
personic research exists.

In particular, comprehensive investigations dealing with the key
technologies for a two-stage space transportation system are per-
formedat theTechnicalUniversityofMunich.Thisconceptof a fully
reusable hypersonic vehicle deals with a delta-winged � rst stage
powered by airbreathing engines. It is launched horizontally with
the orbital stage mounted bottom-to-top. At high altitude (35 km)
and high Mach number (M 1 =6.8) the orbital stage is releasedand
the separationphase starts.Experienceconcerningthe separationof
lifting vehicles has been mainly gathered for the subsonic velocity
regime,7 whereas for the separationof hypersonicvehiclesonly lim-
ited investigationshave been conducted.8 The separationmaneuver
at supersonic speed reveals some serious problems. Consequently,
there is a need to describe and to analyze the separation process at
high Mach numbers to providefundamentalknowledgeon unsteady
aerothermodynamics.

The separation phase is mainly dominated by aerodynamic in-
terference effects. For interfering bodies, several measurements
and calculations have been performed during the Space Shuttle
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program dealing with the separation of the liquid-fuel tank from
the orbiter.9 However, all investigations assume a steady � ow� eld
and, thus, neglect additional velocities induced from the separation
maneuver.10,11 Numerical simulations involving both roll and yaw
oscillationsof anorbitalvehiclefordifferentreducedfrequenciesin-
dicate that the unsteadyeffectsare not negligible.12 ¡ 14 Furthermore,
the unsteady calculations show that during the separation process
strong re� ecting shock waves are propagated downstream from the
nose of the orbital stage.The shockwaves are re� ected from the car-
rier vehicle and strike again the lower side of the orbital vehicle.15,16

As the separationdistance between the orbital stage and the carrier
stage alters, the points of intersection of the re� ected shock waves
change as well. This alteration of the intersection points causes
strong unsteady airloads on the orbital stage and, to a lesser extent,
on the carrier stage.These investigationswere based on the solution
of the Euler equations.15,16 Therefore, features of the separation
process due to friction effects have not been considered. Conse-
quently, this paper deals with Euler and Navier–Stokes calculations
investigating the unsteady effects associated with the separation of
hypersonic vehicles. Main � ow features such as bow shock and re-
� ected shock waves between the vehicles are predicted similarily
by both methods. In addition, the Navier–Stokes solutions show
motion-dependent areas of separated � ow occurring on the lower
side of the orbital stage affecting the local � ow� eld between the
stages as well as the airloads.

Geometry and Grid Generation
Geometry of Orbital Stage

The calculations are conducted for an idealized orbital stage in-
terfering with a � at plate representing the carrier stage. Figure 1
presents the geometry of the orbital vehicle and the carrier. The or-
bital stage contour is modeled by two partial ellipses, a mainly � at
lower side and a � at base. The contourof the body is describedfrom
a set of 180 points using an algebraic grid generator.

Method of Grid Generation
A multiblock segmentation of the calculated domain is intro-

duced to provide structured meshes for general shaped bodies. The
construction of block topology is based on that only one boundary
condition type can be applied to any block face. Therefore, the ad-
ministration expenditure is reduced within both the grid generator
and the Navier–Stokes solver. To generate the initial grid, a trans� -
nite interpolation is employed. The subsequential use of a Poisson
algorithmresults in smoothing out the initial grid and, thus, guaran-
tees small cell deformations and continuous cell growth. The grid
algorithm is based on solving the system of Poisson equations17:

g22(rn n + Pr n ) + g11(rg g + Qrg ) ¡ 2g12rn g = 0 (1)

with r =[x , y]T and the covariantmetric coef� cients gi j . The source
terms P and Q are responsible for the motion of the grid lines in
the corresponding positive or negative coordinate direction during
the iteration loop and, thus, provide the control of grid point spac-
ing and distribution. To guarantee orthogonality, the mixed metric
coef� cients g12 are set to zero. After the generation of an analytical
grid, the source terms are determined at the solid body by inverting
the Poisson equation. Mirror points with a � xed distance from the
solid body wall are employed to calculate the symmetric derivatives

Fig. 1 Geometry of the generic orbital stage.

at block boundaries. The Laplace equation is used to spread the
source terms into the calculation domain.

The describedprocedureof elliptic smoothing is applied for each
block and, in the same manner, over block boundaries. The con-
nections between adjacent blocks are organized by mother-child
relations, where the grid points located at block connections are
allowed to move during the iteration process.18 The convergence
criterion for suf� cient smoothness is full� lled if the change in the
source strengths is below 10 ¡ 5 .

Unsteadycalculationsare performedby adaptingthe grid dynam-
ically to the actual body position.The separatingbody is moved for
each time step with respect to the prescribedmotion. Because of the
motion-induced mesh deformations near the body, it is necessary
to smooth the grid again using the Poisson algorithm. The velocity
of the mesh and the deformation of the cells are considered in the
unsteady transformationof the Euler and Navier–Stokes equations,
respectively.

The just method explained presents a stable and � exible tool to
generate grids for steady and unsteady applications.Cell singulari-
ties or overlaps are avoided. The distributionof points is performed
to represent adequately the geometrical shape of the body and to
concentrate them in regimes with high gradients of both the body
contour and the � ow variables.

Computational Mesh
The computational domain employs six blocks arranged in a hy-

brid C–H topology (Fig. 2). The grid consists of 9000 cells for both
Euler and Navier–Stokes calculations.For the inviscid case, the dis-
tance of the � rst off-body grid line is � xed at 3 £ 10 ¡ 3 L . For the
viscous case, this distance is reduced to 3 £ 10 ¡ 4 L resulting in a
suf� cient spatial resolutionof the orbital stage boundary layer with
about � ve cells at x / L = 0.5.

Mesh for Euler calculations

Mesh for Navier–Stokes calculations

Fig. 2 Computational mesh with C–H topology using 9000 cells
arranged in six blocks.
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Numerical Method
Governing Equations

The algorithm to solve the unsteady Navier–Stokes equations
is based on a � nite volume approximation to the integral form of
the governingconservationlaws. The conservationform of the two-
dimensionalNavier–Stokesequationsin curvilinearcoordinatescan
be written as19
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+
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+
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with the � ux vectors
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775, ḠI = J ¡ 1

2

664

q V

q uV + g x p

q vV + g y p

V (e + p) ¡ g t p

3

775

with the contravariant velocities

U = n x u + n y v + n t , V = g x u + g y v + g t (4)

J is the Jacobian of the transformationde� ned with

J ¡ 1 = x n yg ¡ yn x g (5)

The metric coef� cients are

n x = J y g , g x = ¡ J y n , n y = ¡ J x g , g y = J x n (6)

and the cell-face velocities n t and g t are

n t = ¡ (x s n x + ys n y ), g t = ¡ (x s g x + y s g y ) (7)

describing the deformation of the cells within the computational
domain. The viscous � ux terms F̄V and ḠV are

F̄V = J ¡ 1
¡
n x FV + n y GV

¢
, ḠV = J ¡ 1
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¢
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Assuming Stokes hypothesis, the components of the viscous stress
terms s x x , s x y , and s yy are given by the expressions
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where l is the coef� cient of viscosity. The components of the heat
� uxes are

qx = ¡
l

M 2( c ¡ 1)Pr

@T

@x
, qy = ¡

l

M 2( c ¡ 1)Pr

@T

@y
(10)

considering a constant Prandtl number leading to k = l for nondi-
mensional values. The viscosity coef� cient l is determined by the
Sutherland law:

l = T
3
2 [(1 + C) / (T + C)] (11)

where C =110.4/ T1 for air.19

Numerical Solution
The calculationof the dependentvectorU is performedby means

of a � nite volume approximation to Eq. (2) using an explicit time
integration.Associatingthe subscriptsk and l with the n and g direc-
tions, the numerical approximation may be expressed in a discrete
conservation law form given by

D Ũk,1

D s
= ¡

1
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±
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2 ,l

¡ F̃n
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2 ,l

²
¡

1
D g
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(12)

where

F̃ = F̃I ¡ Re ¡ 1
1 F̃V , G̃ = G̃I ¡ Re ¡ 1

1 G̃V

denote the numerical � uxes at the bounding sides of the cell k and
l in the n and g directions. Ũk ,l is the conservative quantity that
represents the numerical approximationto U and is consideredto be
thecentroidalvalue.The calculationof thedependentvectoris based
on theassumptionthat the � uxesnormalto cell facesare independent
from the parallel ones. Thus, the two-dimensional Navier–Stokes
equations can be split into one-dimensional equations, which are
solved independently.The total change of the dependent vector is
determined by linear superpositionof the parts in both directions.

Total Variation Diminishing Discretization of the Inviscid Flux Vector
The inviscid � uxes F̃I and G̃I are calculated by the method of

Yee et al.20 Flux-limiting functions are introduced to guarantee the
spatial second-orderaccuracy in smooth regions as well as the total
variationdiminishing(TVD) characterof the solver. To evaluate the
numerical � ux, we concentrate on F̃I

k+1/ 2 at the cell face (k + 1
2 )

between the cells (k + 1) and k:

F̃I
k + 1

2
=

1

2

±
F̃I
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k + 1 + Rk + 1

2
U k + 1

2

²
(13)

where Rk + 1/ 2 is the matrix of the right eigenvectors. The compo-
nents of the eigenvector are determined using the averaging proce-
dure of Chakravarthyand Osher21 for the interfacevalues of density
q , velocities, and enthalpy H =(e + p) / q :

X k + 1
2

=
X k + D X k + 1

1 + D
with D =

r
q k + 1

q k

X = q , u, v , H (14)

This averaging leads to slightlyhigher densities,which have proved
advantageous for calculating the wake part of hypersonic blunt-
body � ows. The vector components U `

k + 1/ 2 with (`=1, . . . , 4) can
be expressed as

U `
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2
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±
a`

k + 1
2

² h
a `

k + 1
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2

i
(15)

where ak + 1/ 2 are the eigenvaluesof the matrix.The function Q`
k + 1/ 2

is the limiter providingthe second-orderaccuracyof the scheme. At
points of discontinuous change of the state variables, the function
vanishes,which results in a switch in accuracyof the method to � rst
order to avoid wiggles. For Q`

k + 1/ 2, the minmod function is chosen:

Q`
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Fig. 3 Cells for viscous calculation.

The wave strengths are given by

a `

k + 1
2

= R ¡ 1

k + 1
2
(Ũk + 1 ¡ Ũk ) (17)

The function W is the entropy correction function to j z j , designed
to exclude nonphysical solutions of expansion shocks:

W (z) =

8
<

:

j z j , j z j ¸ d

z2 + d 2

2 d
, j z j < d

(18)

The parameter d is calulated as the product of an empirical deter-
mined constant d 1 and the maximum speed at the correspondingcell
interface:

d = d 1 ( j H i j + c j r k j ) for i = k, l (19)

with H =kx u + ky v + kt and j r k j =
p

(k2
x + k2

y ) for k = n , g .

Discretization of the Viscous Flux Vector
The viscous � uxes F̃V and G̃V are calculated according to

Chakravarthy.22 To evaluatethenumerical� uxat thecell face (i + 1
2 )

between the cells (i + 1) and i with i =k, l, an auxiliary cell is in-
troduced (Fig. 3) to determine the derivative terms X x and X y with
X = u, v, T . The corners of the cell are denoted by NW, SW, SE,
and NE, and the approximate midpoints of the sides are given as
N, W, S, and E. The x and y coordinates of the auxiliary cell are
computed by interpolation from the vertices of the original cells. If
it is assumed that the valuesu, v , and T related to the pointsN, W, S,
and E are constant along the respective sides, the derivatives of the
values are obtained by using the Gauss integral formula applied to
the auxiliarycell Aaux. Hence, the derivativesof X with X = u, v , T
for the cell face (k + 1

2
) are given by

( X x )k + 1
2

¼ (1/ Aaux)[X E dyE + X N dyN + X W dyW + X S dyS ]

( X y )k + 1
2

¼ ¡ (1/ Aaux)[X E dxE + X N dxN + X W dxW + X S dxS]
(20)

with

drE = rNE ¡ rSE, drN = rNW ¡ rNE

drW = rSW ¡ rNW, drS = rSE ¡ rSW

for r = [x , y]T . The values X at W and E are taken to be the values
at k and (k + 1), respectively.Refer to Fig. 3; the values X N and X S

are de� ned as

X N ¼ 1
4 ( X k,l + X k ,l + 1 + X k + 1,l + 1 + X k + 1,l )

X S ¼ 1
4
( X k ,l + X k + 1,l + X k + 1,l ¡ 1 + X k,l ¡ 1) (21)

Once all of the derivative terms are evaluated, the stress tensor
and heat � ux are computed according to Eqs. (9) and (10).

Boundary Conditions
On an impermeablewall, the no-slipconditionsfor thecontravari-

ant velocities have to be ful� lled:

U = n x u + n y v + n t = 0, V = g x u + g yv + g t = 0 (22)

The pressure is obtained by the extrapolation from the � eld value.
For hypersonic in� ow at the far-� eld boundary, the � ow variables
are � xed to their freestream values. The far-� eld variables for hy-
personic out� ow are extrapolatedby employing the solution in the
computationaldomain.

Complex Representation of the Pressure Variation
To analyze the unsteady effects in detail, the time variation of

surface pressures is expressed in terms of Fourier components.The
parameter d associated with the harmonic motion is given by

d ( s ) = d 0 + Re( ˜d eik s ) (23)

where Re is the real part of the complex argument. The Fourier
series of the surface-pressurecoef� cient for cp = Ci is

Ci ( s ) = C0
i +

nX

j =1

Re
£
C̃ j

i ei j k s
¤

(24)

where C 0
i is the mean value of the local surface-pressurecoef� cient

and C̃ j
i is the j th complex componentof the local unsteadypressure

coef� cient. The real and imaginary value of C̃ j
i can be written as

Re
£
C̃ j

i

¤
= ê

ê C
j

i
ê
ê cos U i j , Im

£
C̃ j

i

¤
= ê

ê C
j
i
ê
ê sin U i j (25)

with themagnitude(amplitude) j C j
i j and the phase shift U i j between

the motion parameter and the pressure response.

Numerical Accuracy
The accuracy of the Euler code has been proved by calculating

several standard test cases for subsonic, supersonic, and hypersonic
� ow.13,15,18 Also, the Navier–Stokes code has been validated for a
sample of test cases.13 Typically, Fig. 4 shows the surface pressure
and the skin-friction coef� cient for hypersonic � ow at a 15-deg
ramp. The graphs demonstrate that there is quite good agreement
between the experimental23 and numerical24,25 reference resultsand
the results of the method used herein. In addition, grid re� nement
studies on the test cases substantiate that the dominant � ow features
are represented correctly by the grid resolutions used.13

Results and Discussion
To investigate the unsteady effects of a complete separation ma-

neuver,both a sinusoidalpitchingoscillationand a translatorymove-
ment are considered. In both cases, the movement starts from the
initialpositionat h / L =0.225 representingthe distancebetween the
carrier stage and the orbital stage at an angle of attack of a =0 deg.
The pitching oscillation is performed around the reference mo-
ment point at x / L =0.65 and z / L =0.025 with an amplitude of
D a =2 deg. The translatory separation is also based on a pitching
motion with a center of rotation at x / L ’ 1 and an amplitude of
D z / L =0.07. For all calculations,the freestreamMach numberwas
set to M 1 =6.8. A reduced frequency of k =1.0 was chosen cor-
responding to a harmonic oscillation with a frequency of 12.5 Hz
based on a reference length of the orbital stage of 27 m. Normal
atmospheric conditions are regarded for the separation maneuver
taking place at an altitude of 35 km.

Steady Results for the Initial Position
Intensive numerical investigations have shown that during the

separation process strong re� ecting shock waves occur between
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Ramp geometry and computational mesh

Surface-pressure coef� cient

Skin-friction coef� cient

Fig. 4 Comparison of surface-pressure and skin-friction coef� cients
between experimental and numerical reference results and results of
the Navier–Stokes method used here for a � ow over a 15-deg ramp
at M1 = 11.68, Re = 2.47 £ 105, T1 = 65.0 K, and TW = 297.0 K; ,
present explicit TVD method; 4 , experimental data,Ref. 23; j , implicit
TVD method, Ref. 24; m , implicit TVD method, Ref. 25; , explicit
Runge–Kutta method, Ref. 25.

the carrier stage and the orbital stage.16,26 For the initial posi-
tion (M 1 =6.8, h / L =0.225, and a =0 deg) the solution of the
Euler and Navier–Stokes equations reaches the convergence crite-
rion if the residual of the density is lower than 10 ¡ 6 . The contours
of constantMach numbers are shown in Fig. 5. The � ow� elds of the
entire con� guration show basically the same key features for Euler
and Navier–Stokes calculations:A bow shock is formed around the
blunt nose of the orbital stage. Behind the shock, a strong expan-
sion fan is obvious. The lower part of the shock hits the surface
of the carrier stage, where it is re� ected. The re� ected shock wave
strikes again the lower side of the orbital stage. In the wake zone
of the orbital stage, a recompression system is formed interfering
with the shock wave re� ected from the orbital vehicle. Because the
pressureon the upper side of the orbital stage is lower than the pres-
sure between both stages, the shock system in the wake region is
de� ected upwards. The application of the Navier–Stokes equations
shows, however, the following differences from the solutions ob-
tained by the Euler calculations.Because of viscous effects, a zone

a) Euler calculation

b) Navier–Stokes calculation with Re = 106

Fig. 5 Mach number contours with D M/M 1 = 0.1 at M1 = 6.8, ® =
0 deg, and h/L = 0.225.

Fig. 6 Steady surface pressure of the orbital stage at M1 = 6.8, ® =
0 deg, and h/L = 0.225 for Euler and Navier–Stokes calculations (Re =
106 ).

of separated � ow occurs on the lower side of the orbital stage.13

Consequently, in combinationwith the impinging shock waves, the
� ow� eld differs from the Euler results. The shock wave re� ected
from the carrier stage does not hit the surface of the orbital stage
but strikes the separation zone, where it is re� ected again.

From the surface pressure distribution (Fig. 6), the behavior of
the shock wave re� ection between both stages also can be detected.
Euler and Navier–Stokes calculationsindicate a local pressuremax-
imum on the lower side of the orbital stage at the shock impinging
point. Refer to the Euler results; the shock impinging point is at
x / L ¼ 0.90, whereas the correspondingNavier–Stokes calculations
show a slight displacementof the shock downstream to x / L ¼ 0.92.
Considering the Navier–Stokes cp distribution, the region of sep-
arated � ow on the lower side of the orbiter starts at x / L ¼ 0.44,
indicated by an area of nearly constant pressure. Because of the
absence of any separation bubble, the discontinuity of the pressure
coef� cient caused by the impinging shock wave is more distinct for
the Euler calculation.
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Unsteady Results
Pitching Oscillation

For the pitchingoscillation,the relativelyhigh reduced frequency
of k =1.0 is chosento studythe in� uenceandmagnitudeof unsteady
effects. The motion-induced variation in angle of attack results in
a shifting of the shock wave re� ection system. The cp distribu-
tion along the orbiter contour arising during the pitching motion
downwards is shown in Fig. 7 for several angles of attack. The
performed Euler calculations show a movement of the shock im-
pingingpoint on the lower side of the orbital stage within a range of
0.86 < x / L < 0.95. For the Navier–Stokes calculations, the move-
ment of the shock impinging point is shifted from x / L ¼ 0.96 for
a =1.35 deg to x / L ¼ 0.90 for a = ¡ 1.84 deg. The discontinuity
of the pressure coef� cient caused by the shock wave re� ection is
again more distinctfor the Euler results. If the Navier–Stokes results
are considered, the separation zone on the lower side of the orbital
stage results in a nearly constant pressure along the rear part of the
vehicle. The cp distributionfor the upper side of the orbital stage is
nearly identical for both the Euler and Navier–Stokes calculations.

The harmonic components of the unsteady surface pressure are
plotted as real and imaginary parts in Figs. 8 and 9. The modal
content of the real part decreases with increasingorder of the mode
number (Fig. 8). The pressure on the surface ahead of the re� ected

= 1.35 deg

= 0.23 deg

= ¡ 0.60 deg

= ¡ 1.84 deg

Fig. 7 Orbital stage surface-pressure variation during the pitching oscillation with amplitude D ® = 2 deg, k = 1.0, M 1 = 6.8, ®0 = 0 deg, and h/L =
0.225 for Euler and Navier–Stokes calculations (Re = 106).

shockwave is representedmainly by the � rst harmonicof theFourier
series for both the Euler and Navier–Stokes calculation. In and be-
hind the region of the re� ected shock wave on the lower side of the
orbital stage, the pressure variations are nonlinear for both calcu-
lations. If the associated local maximum of the � rst harmonic of
the Euler results is considered as a reference magnitude, the local
maximum of the second harmonic still reaches a level of about 95%
and the third harmonic of about50%. For the Navier–Stokes results,
however, a substantiallylower local pressuremaximum results from
the � rst harmonic, which is about 30% of the corresponding Euler
value. With respect to the second and third harmonic of the Navier–
Stokes results, the local maxima are ¼ 86 and ¼ 43% of the peak
value of the � rst harmonic. Refer to the imaginary parts; both cal-
culationsshow a strong decreasing tendency with increasingmodal
number (Fig. 9). Whereas the second harmonic consists of ¼ 18 and
¼ 25% of the referencevalueof the Euler and the Navier–Stokes cal-
culations, respectively, the third mode comprises ¼ 12 and ¼ 15%.

The comparison between unsteady Euler and Navier–Stokes air-
loads at the reduced frequency of k =1.0 is shown in Fig. 10. At
the beginning of the motion, the airloads change discontinuously
showing periodical tendencies after a quarter-period of motion. A
total of four cycles is required to obtain periodical results, although
for clarity only the fourth cycle is plotted. Both the moment and
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First harmonic

Second harmonic

Third harmonic

Fig. 8 Real part of the orbital stage unsteady surface pressure of the
pitching oscillation with amplitude D ® = 2 deg, k = 1.0, M1 = 6.8,
®0 = 0 deg, and h/L = 0.225 for Euler and Navier–Stokes calculations
(Re = 106 ).

the lift trajectories follow the counter–clockwise direction. Consid-
ering the Navier–Stokes results, the lift coef� cient is slightly lower
than the Euler results due to the reduced pressure behind the re-
� ected shock wave on the lower side of the orbital stage. The values
of the drag coef� cient given by the Euler and Navier–Stokes cal-
culations are approximately of the same magnitude. The pressure
drag is in� uenced by the region of very low pressure at the base of
the orbital stage. This region is smaller in the inviscid case than in
the viscous case. Thus, it may be stated that the expansion system
in the wake region of the orbital stage plays an important role for
determining the drag coef� cient.

Translatory Separation
The orbital vehicle performs the prescribed translatory motion

starting from the initial position. For three different vertical posi-

First harmonic

Second harmonic

Third harmonic

Fig. 9 Imaginary part of the orbital stage unsteady surface pressure
of the pitching oscillation with amplitude D ® = 2 deg, k = 1.0, M 1 = 6.8,
®0 = 0 deg, and h/L = 0.225 for Euler and Navier–Stokes calculations
(Re = 106).

tions, that is, h / L =0.155, 0.225, and 0.295, Fig. 11 shows both
the contours of Mach number and surface pressure distribution
of the orbital stage obtained by the Navier–Stokes calculations. If
the closest distance between the orbital stage and the carrier stage
(h / L =0.155) is considered, the bow shock re� ected from the car-
rier stage hits the orbital stage at x / L ¼ 0.5 (Fig. 11a). Compared
to Euler calculations,16 the pressure increases on the lower side of
the orbital stage caused by the impinging shock smears over several
cells. A separation zone is visible that results in a nearly constant
pressure on the lower side of the orbital stage. An increase of the
separationdistancede� ects the shock impingingpoint in streamwise
direction (x / L ¼ 0.65 for h / L =0.225) (Fig. 11b). At a distance of
h / L =0.295, no shock re� ection occurs on the lower side of the
orbital stage (Fig. 11c). The effect of unsteadiness is clearly obvi-
ous for the separationdistanceat h / L =0.225 for which steady and
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Drag coef� cient cD( )

Lift coef� cient cL( )

Pitch moment coef� cient cm ( )

Fig. 10 Aerodynamic coef� cients of the pitching motion of the orbital
stage with amplitude D ® = 2 deg, k = 1.0, M 1 = 6.8, ®0 = 0 deg, and
h/L = 0.225 for the Euler (– – –) and Navier–Stokes (——) calculations
(Re = 106 ).

unsteady results are compared (Figs. 5b and 11b). In comparison
to the steady case (Fig. 5b), for the moving body, the area of sepa-
rated � ow occurs in the middle part of the orbital stage (Fig. 11b).
Moreover, during liftoff the region of separated � ow is smaller.
Also, the shock wave re� ected from the carrier stage hits the lower
side of the orbital stage in the middle part (Fig. 11b) that results
in a discontinous change of the cp distribution. Consequently, in
comparison to the steady state, the re� ected shock wave system is
shifted upstream in the unsteady case. This shift is caused by the
motion-induced vertical velocity that results in a decrease of the
pitch angle. In addition, the displacement of the expansion system
upward is reduced in the unsteady case.

a) h/L = 0.155

b) h/L = 0.225

c) h/L = 0.295

Fig. 11 Mach number contours with D M/M1 = 0.1 and surface pres-
sure distribution of the translatory motion with amplitude D z/L = 0.07,
k = 1.0, M1 = 6.8, Re = 106 , and ® = 0 deg obtainedby the Navier–Stokes
calculation.

The steady and unsteady airloads resulting from the Euler and
Navier–Stokes calculations are shown in Fig. 12. From the initial
position,theorbital stageliftsoff and reachesthe upperturningpoint
and then moves downward. Hereafter, the orbital vehicle passes the
closestdistanceto thecarrierstage, then it reaches the initialposition
again.During theupwardmovement theNavier–Stokes results show
a zone of separated � ow on the lower side of the orbital stage that is
shifted from x / L ¼ 0.5 to ¼ 0.65 (Figs. 11a–11c). Moving down-
ward, this zone decreases and � nally disappears at h / L ¼ 0.225.
During this phase, no shock wave re� ections occur on the lower
side of the orbital stage. At h / L ¼ 0.190, a sudden increase of the
lift and decrease of the moment coef� cient can be detected for both
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Drag coef� cient cD(h/L)

Lift coef� cient cL(h/L)

Pitch moment coef� cient cm(h/L)

Fig. 12 Aerodynamic coef� cients of the translatory motion with am-
plitude D z/L = 0.07, k = 1.0, M 1 = 6.8, and ® = 0 deg for the Euler
(——) and Navier–Stokes (– – – ) calculations (Re = 106).

the Euler and Navier–Stokes results. This signi� cant change in lift
and moment coef� cients is mainly caused by the complex shock
wave system that is formed during the motion re� ected from the
carrier stage.

Conclusions
Steady and unsteady Euler and Navier–Stokes calculations have

been performed for an idealized two-stage hypersonic vehicle. The
in� uence of a harmonic pitching oscillation as well as of a transla-
tory movement of the orbital stage on both the entire � ow� eld and
the resulting airloads is investigated. The results obtained for both
the Euler and Navier–Stokes studies indicate the same key features
for the overall � ow� eld and result in aerodynamic coef� cients of
comparable magnitude. Nevertheless, differences between inviscid
and viscous calculations are obvious concerning the intensity and

interactionof the re� ected shock wave system impinging on the or-
bital stage.The Navier–Stokes resultsreveala zoneof separated� ow
on the lower side of the orbital stage affecting the surface pressure
distribution: Compared to the Euler calculations the discontinuity
in surface pressure inducedby the impinging shock wave is notably
reduced while the impinging point is shifted downstream.The con-
sequenceis a slight decreaseof the lift coef� cient, especiallyfor the
pitching oscillation. In addition, the reduced lift force results in a
reduced negative pitching moment with respect to the Euler calcu-
lations. Also, the expansion system in the wake region differs be-
tween Euler and Navier–Stokes results, leading to a higher pressure
drag in the inviscid case. For the Euler calculations the harmonic
components of the surface pressure show considerable values up
to the third harmonic, whereas the Navier–Stokes results provide a
strongerdamping behavior.The zoneof separated� ow on the lower
side of the orbital stage changes its shape and location during the
motion. In connectionwith the displacementof the shock impinging
point due to the motion-inducedvelocities, the unsteadyeffects sig-
ni� cantly in� uence the airloads. Because the balance of moments
is necessary for a safe and successful separation maneuver, the un-
steady aerodynamiccoef� cients are essential for the predictionand
have to be considered.
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Orbiter-Systemen im Hyperschall,” Dr.-Ing. Dissertation, Technical Univ. of
Munich, Garching, Germany, Aug. 1994.

16Rochholz,H., Huber, T., and Matyas, F., “Unsteady Airloads During the



CVRLJE ET AL. 251

Separation of an Idealized Two-Stage Hypersonic Vehicle,” Zeitschrift für
Flugwissenschaften und Weltraumforschung, Vol. 19, No. 1, 1995, pp. 2–9.

17Sonar, T., “Grid Generation Using Elliptic Partial Differential Equa-
tions,” Deutsches Zentrum für Luft- und Raumfahrt, Inst. für Entwurfsaero-
dynamik, DFVLR, FB 89–15, Braunschweig, Germany, March 1989.

18Heller, G., “Aerodynamik von Delta� ügelkon� gurationen bei Schieben
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