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Results from a joint research program of the Institutes of Fluid Dynamics and of Flight Mechanics and Flight
Control of the Technical University of Munich on a two-stage space transportation system are presented. The
unsteady aerodynamics resulting from an orbital stage at stage separation flow conditions at Mach number 6.8
are first discussed. Unsteady flowfields associated with yaw and roll oscillations of the orbital stage at a certain
distance above the carrier stage are investigated. The calculations are based on a finite volume method for real-time
solutions of the unsteady Euler equations. The results focus on pressure distributions and aerodynamic coefficients
providing an essential means for carrying out stability and control investigations. In the second part, flight mechan-
ics stability and control problems are addressed considering key issues of lateral-directional dynamics. Inherent
vehicle characteristics can show specific stability and flying quality deficiencies in hypersonic flight, concerning a
partially unstable dutch roll mode with high roll-yaw coupling and weak roll damping. There is also a coupling
of the roll and spiral poles for certain configurations, yielding a slow, eventually unstable oscillation called lateral
phugoid. Reasons and effects for the stability deficiencies are discussed, including conditions of existence for the

lateral phugoid.

Nomenclature k = reduced frequency, L o/ (0c0/Poo)/[Moo~/(¥)]
A,E = system and disturbance matrices L = orbital stage reference length, m
B = control effectiveness matrix L, = dimensional roll stability derivative due to roll
C,D = output and direct feed matrices rate, [¢o Ssrch/ CWIDIU.C\p +1,,Cyp), 1s
o} = roll moment coefficient, roll moment/qe. st L, = dimensional roll stability derivative due to yaw rate,
c, = [9C,/3(pswr/2Vo)], perrad [0S/ 2 Vol Cr + 1,,Cyy), 1/s
C, = [9C;/3(rswt/2V,)], per rad Ly = dimensional roll stability derivative due
Cip = (3C;/3p), per deg or rad to sideslip, (qUSsmf/IA_)(IZC,ﬁ +1,..Cp), Us?
Cy = (8C,;/9¢), per deg or rad L, = dimensional roll stability derivative due to rudder
Ce = (39C,/0¢), per deg or rad deflection, (qoSswer/ 1) (I:Cip + 1;:Cy), 1/5°
C, = yaw moment coefficient, yaw moment/q., SS,.¢ L = dimensional roll stability derivative due to taileron
Cp = [0C,/d(psier/2V0)], per rad deflection, (qoSswet/Ia)(I;Cig 4 1,.Cye), 1/5>
C,, = [9C,/3(rswt/2Vy)], per rad et = reference chord, m
Cup = (8C,/3B), per deg or rad M = Mach number
Ce = (8C,/dt), per deg or rad m = mass of vehicle, kg
Coe = (3C, /&), per deg or rad N, = dimensional yaw stability derivative due to roll
Cy = side force coefficient, side force/q., S rate, [q(lSs,-ch/(zv()IA)](Ianp +1..Cy), /s
Cy, = [8Cy/8(pswt/2Vy)], per rad , = dimensional yaw stability derivative due to yaw
Cy, = [8Cy /3 (rswes/2Vy)], per rad rate, [¢oSsy:/ QVola) (1 Cy + 1,.Cpy), Us
Cyp = (dCy/dp), per deg or rad Ng = dimensional yaw stability derivative due
Cy, = (8Cy/0¢), per deg or rad to sideslip, (qOSsrcf/IA)(IXCnﬁ + Imcm), 1/s?
Cye = (3Cy/d&), per deg or rad N, = dimensional yaw stability derivative due to rudder
f = frequency of oscillation, Hz deflection, (qoSser/Ia)(IxCpr + 1:Ci), 1/s?
g = accelerationdue to gravity, m/s? N = dimensional yaw stability derivative due
h vertical distance between the carrier stage upper to taileron deflection, (qoSSer/Ia) (1, Cps +
surface (flat plate) and the orbital stage reference I..Ci), 1/s?
point x,, (Fig. 1), m p = pressure, N/m?
I,I, = moments of inertia with respect to Cartesian p.q,r = roll, pitch, and yaw rate (angular velocities), rad/s
I, coordinates, kgm? q = dynamic pressure, N/m?
1A = LI -1, kg'm S = reference area, m?
s = Laplace operator
Sref = reference half-span, (orbital stage:= L), m
Ty = time to double, s
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Xfors Xref, = forward, reference, and optimum axial positions

Xopt of center of gravity, m

Y, = dimensional sideslip stability derivative due to roll
rate, [qoSs.r/ 2ViIm)1C,y,

Y, = dimensional sideslip stability derivative due to yaw
rate, [L]r) Ssrcf/ (2 ngm)] Cyr

Yy = dimensional sideslip stability derivative due to
sideslip, ¢oS/(Vom)C 4

Y, = dimensional sideslip stability derivative due to
rudder deflection, g, S/ (Vom)C ., 1/s

Ye = dimensional sideslip stability derivative due to
taileron deflection, g S/ (Vom)Cg, 1/s

o = angle of attack, deg or rad

B = angle of sideslip, deg or rad

=
(=]
1l

mean angle of yaw oscillation, deg or rad
y = ratio of specific heat; flight-path angle, deg or rad

AB = amplitude of yaw oscillation, deg or rad
AD = amplitude of roll oscillation, deg or rad
¢ = rudder deflection, deg or rad; damping
coefficient
0 = pitch angle, deg or rad
& = taileron deflection, deg or rad
0 = density, kg/m?
o = real part of eigenvalue
T = dimensionless time, Masox/(y)tn/(Poo/ Poo)/L
P = angle of bank, deg or rad
dp, &y = orbital stage wing and forebody sweep,
respectively,deg
D, = mean angle of roll oscillation, deg or rad
v = heading angle, deg or rad
w = angular frequency, 27 f, Hz
W, = natural frequency, Hz
Subscripts
cg = center of gravity
crit = critical
K = inertial
max, min = maximum, minimum
w = wind
0 = reference condition
o0 = freestream values
Introduction

URRENTLY, there is considerableeffort in the field of hyper-

sonic research to establish a technology base for innovative,
fully reusable space transportationsystems.! = In the last few years,
significant progress in the research of hypersonic flight and the de-
velopment of demonstratorshas been achieved, for example, by the
NASA Hyper-X Program and the X-33 Reusable Launch Vehicle
Demonstrator Program.® However, there are still challenging prob-
lems in many technological areas, and hence, a significant need for
fundamental hypersonicresearch exists.

Detailed investigations concerning key technologies for a two-
stage space transportation system are being performed in the Col-
laborative Research Center 255 Transatmospheric Flight Systems
of the Deutsche Forschungsgemeinschaftat the Technical Univer-
sity of Munich. When the separationmaneuver of such a two-staged
system is considered, there are three flight phases, each of which
shows specific characteristics. In the first phase, where the flight
system performs a pull-up maneuver, the orbital stage is placed into
a position at high altitude (35 km) to be released from the carrier
stage at high Mach number (M., = 6.8). When the orbital stage is
released, the second phase starts focusing on the separation of the
orbital stage from the carrier stage. The stage separation is highly
dominated by aerodynamic interference effects. Safety considera-
tions are of great interest to achieve a certain distance between the
two vehicles as fast as possible. Appropriate control techniques are
required to perform an optimum separation maneuver to avoid crit-
ical flight situations. The third phase refers to the stand-alone flight
of both vehicles without any interaction of the stages. Regarding the
separation phase, there may be significant problems in the fields of

aerothermodynamics; as well as of flight mechanics stability and
control.

Extensive numerical simulations have demonstrated that during
the separation phase, strong reflecting shock waves occur between
the orbital and the carrier stages®° The propagation of the shock
waves depends on the separation speed, the distance between the
two stages, and the incidence of the stages. Thus, the points of in-
tersection of the shock waves change significantly, which causes
strong, unsteady airloads on the orbital stage. Commonly, the stage
separation is treated as a pure longitudinal motion, but small dis-
turbances may also evoke some superimposed lateral motions. The
unsteady aerodynamicforces and moments induced by such lateral-
directionalmotions must be analyzedin detail to assess stability and
control properties. The calculations of the unsteady flowfields are
based on the solution of the unsteady Euler equations. Their ap-
plication provides a reasonable means to describe the shock wave
systems between both stages, as well as the body wakes, and to
determine force and moment coefficients of the separating body.!°
When only small angles of attack, as well as small angles of sideslip
and bank, are considered, it is assumed that flow separation due to
friction does not predominate the flowfield characteristics.

Furthermore, the unique aerodynamic and propulsion configura-
tion of hypersonic vehicles causes specific flight mechanics effects
thatare notexistent with aircraftof conventionalspeedrange. Partic-
ular problems related to flight in the high Mach number regime are
concerned with inherent stability and control deficiencies including
instabilities, specific damping as well as coupling characteristics,
and decreasing effectiveness of the aerodynamic control surfaces
with Mach number.'""!> These effects are of special concern for
lateral dynamics because here considerable coupling of the related
modes of motions exists. Therefore, research in the field of hyper-
sonic lateral dynamics and stability and control is required.

Orbital Stage Lateral Unsteady Aerodynamics

Computational Fluid Dynamics

The numerical simulation is based on a finite volume approxi-
mation to the integral form of the unsteady Euler equations using
explicit time integration. The time-dependent flow vector for mul-
tidimensional problems is calculated by using the Strang-type of
fractional step. The numerical fluxes are calculated by the modified
advectionupstreamsplittingmethod (AUSM).!*!* This method was
employed becauseit has proved to be very stable for hypersonic ap-
plications. In particular, in the wake region of the orbital stage, the
previouslyused total variationdiminishing-flux difference Splitting
scheme employing Roe-averaged weighted quantities at the cell in-
terfaces shows notable disadvantages. The modified AUSM scheme
representsa hybrid approach between the van Leer flux vector split-
ting scheme and the original AUSM scheme.!> The AUSM scheme
is based on the idea of regarding the convection and acoustic waves
as physically distinct processes and, thus, defining the fluxes as a
sum of the convectiveand pressure terms.'® To guaranteehigh-order
accuracy in the spatial domain, the left and right states at the cell
interfaces are obtained with the MUSCL approach. The van Albada
limiter function is chosen to extrapolate the state values and, thus,
provideshigh-orderfluxes in smoothregions. At discontinuities,the
function switches to first-order accuracy to ensure optimal shock-
capturing features.!®

Impermeable wall characteristicboundary conditions are applied
to evaluate the primitive variables. At the farfield boundaries, the
flow variablesare set to their freestream values for hypersonicinflow
conditions;whereas for outflow conditions,the flow variablesare ex-
trapolated by employing the solution of the computational domain.

Geometry and Grid Generation

The unsteady calculations are conducted for the configuration of
a generic orbital stage at stage separation flow conditions. To con-
sider shock interference of the carrier stage on the orbital stage and
to achieve high numerical efficiency in the simulations, the compu-
tational domain includes only the carrier stage upper surface repre-
sented by a flat plate in the region of the orbital stage. A side and top
view of the orbital stage displayingall relevant geometric quantities
are shown in Fig. 1. The middle section of the orbital stage consists



BREITSAMTER ET AL. 161

of two partial ellipses, a mainly flat lower side and a flat tail section.
The surface of the body is described from a discrete set of points
provided by an algebraic grid generator.

The computational mesh is created by a Poisson algorithm
based on a multiblock grid of nine blocks arranged in hybrid C-
H topology'”-!® (Fig. 2). The overall mesh consists of 140,000 cells.
The surface of the body involves 6500 cells. The block boundaries
are emphasized by bold lines in Fig. 2. Elliptic smoothing is applied
for each block and, in the same manner, over block boundaries. The
connectionsbetween adjacentblocks are organizedby mother-child
relations where the grid points located at block connections are al-
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Fig. 1 Geometry of the generic orbital stage.

lowed to move during the iteration process.!”!® The convergence
criterion for sufficient smoothness is fulfilled if the change in the
source strengths is below 1073, For unsteady calculations, the grid
is dynamically adapted to the actual body position. The separating
body is moved for each time step according to the prescribed mo-
tion. Because of the motion-induced mesh deformations near the
body, it is necessary to smooth the grid again using the Poisson al-
gorithm. The unsteady transformation of the Euler equations takes
into account the velocity of the mesh, as well as the deformation of
the cells.

Numerical Accuracy

The accuracy of the Euler code has been proved by evaluating
several standard test cases for subsonic, supersonic, and hypersonic
flow.!*17-18 Tn addition, grid convergence studies are carried out for
steady cases using a refined grid of 900,000 cells with the orbital
stage at fixed positions above the carrier stage.!* The steady-state
calculations substantiate that the dominant flow features are rep-
resented correctly by the standard grid resolution of 140,000 cells
related to the results shown herein.

Computational Results and Analysis

The orbital stage harmonic motions are performed at an initial
position of the orbital stage relative to the carrier stage. This initial
positionis defined by a vertical distanceof /L = 0.225 between the
carrier stage upper surface (flat plate) and the orbital stage moment
reference point at x,, /L = 0.65 (Fig. 1). The freestream conditions
refer toa Mach number of M, = 6.8 and an orbital stage angle of at-
tack of « = 0 deg. The freestreamconditionsare held constantfor all
numerical simulations presented. The orbital stage reference length
L is used to evaluate the lateral-directional moment coefficients,
C; and C,. The convergence criterion of the steady-state solution
of the Euler equations is reached if the residual of the density does
not exceed 10~%. When starting from the steady solution of the ini-
tial state,'*!7 the orbital stage performs harmonic yaw oscillations
described by

B(r) = Bo + ABsin(kT) )]

and harmonic roll oscillations described by
(1) = Py + Adsin(kT) 2)
Reduced frequencies of k=0.1 and k=0.5 are used to study

the influence and magnitude of unsteady effects. Both the yaw and
roll oscillations of the orbital stage are carried out at =0 deg
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Fig. 2 Computational mesh with C-H topology using 140,000 cells arranged in nine blocks.
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5

x/L=0.183

Fig. 3 Contours of constant flowfield and surface pressure at the or-
bital stage upper side with Ap/ps = 0.5 for an angle of sideslip of 3 =
2degatMy =6.8,a =0 deg, D=0 deg, and h/L = 0.225.

and &, =0 deg with an amplitude of Af =2 deg and AP =2 deg,
respectively. The results shown herein include flowfield and surface
pressure distributions at the orbital stage for steady sideslip and
bank angles, as well as side force, roll moment, and yaw moment
coefficients for the yaw and roll oscillations.

Steady Angle of Sideslip and Yaw Oscillation

Figure 3 shows contours of constant pressure of the flowfield and
the orbital stage upper surface at an angle of sideslip of 8 =2 deg.
Because of sideslip, the bow shock is moved to the windward side at
the front part of the orbital stage. Therefore, comparedto g =0 deg,
the shock impinging area increases on the windward side while the
corresponding area on the leeward side decreases. The region of
high pressure on the windward side displaces the low-pressure area
to the leeward side. This lateral shift of the shock impinging areas
then changesharmonically with the angle of sideslipduring the yaw
motion.

The steady and unsteady force and moment coefficients arising
from the cases with fixed angles of sideslip and the harmonic yaw
motions, respectively, are shown in Fig. 4. For better comparison,
the steady-state values are plotted as circles. At the beginning of
the unsteady motion, a discontinuouschange of the airloads occurs.
Considering the reduced frequenciesemployed, there are five cycles
required to get fully periodical results. The curves of the unsteady
aerodynamic coefficients show a symmetric behavior with respect
to the steady-state value of the initial position. Specifically, the side
force coefficient Cy is almost in line with the steady-state values,
and thus, the unsteady effectis very small. A positivesideslip angle
B results in a negative side force coefficient Cy and in a negative
yaw moment coefficient referred to the moment reference position
at x, /L =0.65. Side force, yaw, and roll moment curves are in
the clockwise direction. With regard to the yaw moment and roll
moment coefficients, unsteady effects are more obvious than for the
side force coefficient Cy. In particular, the unsteady yaw moment
values differ from the steady-state values. The area enclosed by the
yaw moment curve is much larger compared to the curve given by
the roll moment coefficient. For both reduced frequencies, the main
axisof theellipsesnearly coincides with the line given by the steady-
state values. The influence of unsteadiness grows with increasing
frequency. Hence, the phase shift of the induced airloads increases.

Steady Angle of Bank and Roll Oscillation

Figure 5 shows pressure contours for the wake region of the or-
bital stage when the steady state with angle of bank of ® =2 deg
is considered. Because of the small bank angle, the wake flowfield
is nearly symmetric to the midsection of the orbital stage. Recom-
pression shocks are visible around the wing tips.

Figure 6 shows the steady and unsteady force and moment co-
efficients related to the cases with given angles of bank and the
harmonic roll motion, respectively. In general, for the quasi steady
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Fig. 4 Steady and unsteady aerodynamic coefficients for the orbital
stage at angles of sideslip, 3 = 0, 1, and 2 deg, and a harmonic yaw
oscillation with mean angle 3y = 0 deg, amplitude A 3 = 2 deg, and

reduced frequencies of k = 0.1 and 0.5, at Mo = 6.8, o = 0 deg, @ =
0 deg, and h/L = 0.225: O, steady values; ——, k=0.1;and - - -, k = 0.5.
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Yaw moment coefficient C,,(3)

state the side force is based on the bank-angle-dependert compo-
nent of the lift vector. With regard to the flow conditions of the
initial position, the negative lift value at zero incidence results in a
negative side force component for positive bank angles. However,
a roll motion with increasing frequency clearly shows a deviation
of the coefficients from the steady-state values and an increase in
phase shift. The steady-state values indicate that a negative roll mo-
ment is induced by positive bank angles because the pressure on the
lower side of the inclined wing tip is higher than the pressure on the
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Fig. 5 Contours of constant pressure in a wake plane of the orbital
stage with Ap/p = 0.5 for an angle of bank of @ =2 deg at M, = 6.8,
a =0 deg, 3 =0deg, and h/L = 0.225.
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Fig. 6 Steady and unsteady aerodynamic coefficients for the orbital
stage at angles of bank, @ =0, 1, and 2 deg, and a harmonic roll oscilla-
tion with mean angle @ = 0 deg, amplitude A D = 2 deg, and reduced
frequencies of k = 0.1 and 0.5, at M = 6.8, o = 0 deg, 3 = 0 deg, and
h/L=0.225: O, steady values; ——, k =0.1;and - - -,k = 0.5.

opposite side. This situation results in a stable rolling behavior of
the orbital stage.

The influence of the unsteady motion on the roll moment is such
that, due to the roll motion, an additional velocity component is
induced, which decreasesthe negativelift force on the inclined wing
tip side. An enforcementof the stable situationis the consequence.
The curve of the side force coefficient is in the clockwise direction,
whereas the curves of the roll and yaw moment coefficients are
characterized by a counterclockwise direction. As found for the
yaw motion, the main axis of the ellipses are almost coincident with
the lines defined by the steady-state values.

Lateral Flight Dynamics and Stability

Basic Flight Dynamics

For dynamic stability investigations!® a hypersonic flight test
vehicle with ramjet propulsion was chosen as a reference config-
uration (HYTEX R-A;).2%%' Also, the carrier stage of a parallel-
staged winged space transportationsystem with airbreathingpropul-
sion was used.’ For aircraft control, maneuvering, and stabilization,
these vehicles feature as aerodynamic control surfaces: tailerons
(HYTEX), elevons (carrier stage), and rudder (both).

Corresponding to the flight regime with ramjet propulsion sys-
tems, the hypersonic flight envelope of both vehicles concerns the
same Mach number range up to approximately Mach 7. For the test
vehicle, a reference trajectory was specified, consisting of an accel-
eration phase from M., ~ 3.5 (altitude 17.5 km) up to M, ~ 6.8
(altitude approximately 30 km), followed by a deceleration part
with engine off. A representativeset of altitude/Mach number com-
binations of the test profile was chosen to serve as reference flight
conditions for investigatingthe dynamics and control of the vehicle.

As a basis for the dynamics analysis,'> a nonlinear six-degree-
of-freedom aircraft simulation model was developed with special
regard to hypersonic flight effects. Particular emphasis was placed
on a realistic modeling of aerothermodynamics and ramjet engine
characteristics, including interaction effects. The linearized equa-
tions of motion (lateral dynamics) can be expressed in state-space
form as

x=Ax+Bu+Ez y=Cx+Dz 3)

The state, control, and disturbance vectors are
_ T _ T
x=[p,r, Bk, @, V], u=1[5¢1,

The corresponding system, control, and disturbance matrices are
given by

z2=Bw =vw/Vy

L, L, Lg 0 0
N, N, Ng 0 0
Y, Y.—1 Yz —costh O
A= 0
cosyy sinyy
0 0 0
cosfy cosb,
sina, COSy
0 0 0
| cosf, cosb, _
Le L. —Lg
N¢ N, —Ng
B = Yg Y( N E = —Yﬁ
0 0 0
10 O 0

The output vector together with the correspondingoutput and direct
feed through matrices read

y=Ip.r.B oI, C =ILs, D =10,0,-1,0]"
Dynamic and control characteristics of the vehicles are investi-
gated for a c.g. range, the forward limit of which is specified as
Xtor, yielding positive pitch stability for the whole reference tra-
jectory, and the rearward limit as Xy, corresponding to the min-

imum trimmed drag configuration at a Mach number of M =6.8,
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and showing inherent instability.!! Furthermore, a reference posi-
tion x,; was chosen as a suitable compromise between these two
boundaries, featuring marginal pitch stability up to M =5.5 and
slightly aperiodic instability for higher Mach numbers.

Lateral-Directional Dynamics and Stability Characteristics

Unlike the longitudinal motion, where short- and long-term dy-
namics may be considered separately due to differentfrequencylev-
els, the lateral motion shows more coupling. Furthermore, there are
large changes in the shapes of the lateral modes of motion because
they are highly dependent on configuration and flight conditions.
Nevertheless, there are usually three modes in subsonic as well as
in supersonic and hypersonic flight: the Dutch roll oscillation, the
roll subsidence, and the spiral mode.

An evaluation of inherent Dutch roll characteristicsof the test ve-
hicle is presented in Fig. 7, and related flying quality requirements
are indicated. The upper part of Fig. 7 shows the natural frequency
w, and the damping coefficient ¢ of the forward c.g. configuration
for the reference trajectory. Additionally, the corresponding values
of the reference c.g. configuration are plotted as dashed lines. Up
to M =~ 6, the Dutch roll is stable but has a low damping. Beyond
Mach 6 (respectively, M = 6.5 for the forward c.g. configuration)
the Dutch roll is oscillatory unstable with a minimum time to dou-
ble amplitude 7, =46.1 s. At the rearward c.g. position, X, the
Dutch roll is unstable and becomes aperiodic above M =5.5 with
a minimum time to double, Tp = 0.38 s, as shown in the lower part
of Fig. 7.

Another flying qualities metric is roll-yaw coupling. As a mea-
sure for roll-yaw coupling, the amplitude ratio of bank angle ®
vs sideslip angle g in the Dutch roll oscillation is used. The term
|®/B| approximately quantifies the roll reaction to a disturbance
in sideslip. From the Dutch roll eigenvector relation, the following
approximation for roll-yaw coupling can be obtained (Ng > 0):

Ly
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Roll-yaw coupling characteristics of the test vehicle are shown in
Fig. 8, with reference made to flying requirements2? The values of
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Fig. 7 Inherent Dutch roll stability characteristics of the hypersonic
test vehicle configuration (HYTEX R-Aj).
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Fig. 8 Roll-yaw coupling |®/3| in Dutch roll oscillation of the hyper-
sonic test vehicle configuration.
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Fig. 9 Inherent stability characteristics of roll subsidence and spiral
mode of the hypersonic test vehicle configuration.
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Fig. 10 Effect of a rearward c.g. shift on the lateral-directional dy-
namics for the hypersonic test vehicle configuration and the carrier
stage of a two-staged space transportation system.

|®/B| are rather high with a maximum ratio of |® /8| ~ 14 for the
forward and 17 for the reference c.g. positions at M =6.8. For the
rearward c.g. position x,,, values of |®/8| over 200 are obtained.
Because the ratio of |®/ 8] is approximately proportionalto the ratio
ofinertia, /I, accordingto Eq. (4), a reason for these high valuesis
due to the slender configuration of the test vehicle with alow /.. Ad-
ditionally, the decrease in directional stability C,z with a rearward
c.g. shift causes extremely high values for the c.g. position xop.

Stability characteristicsof the roll subsidence and the spiral mode
are presentedin Fig. 9, with reference made to flying quality require-
ments. The upper partof Fig. 9 shows the roll time constant T of the
threec.g. configurationsfor the test profile. The roll mode has a weak
damping, accordingto hypersonicaerodynamiccharacteristics.The
spiral mode, shown in the lower part of Fig. 9, is almost neutrally
stable and, therefore, meets flying quality requirements that allow a
slightspiral instability. Summarizing, inherent lateral stability char-
acteristics of the vehicle in hypersonic flight may present significant
flying quality deficiencies because of a weak roll damping in combi-
nation with partial Dutchroll instability and high roll-yaw coupling.
Moreover, the Dutch roll can also change from an oscillatory into
an unstable aperiodic mode.

For certain configurations of hypersonic vehicles, another lateral
stability problem occurs. If the roll damping |Cy,, | is increased to a
critical point, the eigenvalues of the roll and the spiral modes start
to move toward each other with a rearward shift of the c.g. position.
This movement of eigenvalues is shown in Fig. 10 as root loci for
the hypersonictest vehicle and for the carrier stage of the two-stage
spacetransportationsystem(c.g. shiftstep size 0.5% I,.t). Regarding
the longitudinal motion, a rearward c.g. shift primarily affects the
short-term behavior (due to the change in pitch moment with «)
and, in case of sufficient static stability, causes minor effects on the
long-termdynamics. By contrast, all modes of the lateral motion are
similarly affected by a rearward c.g. shift. Because of the reduced
directional stability (AC,53 = Cyg - AX,/Sy), the frequency of the
Dutch roll oscillation is decreased with a rearward c.g shift. The
roll and spiral eigenvalues move toward each other and combine to
yield a slow coupled roll-spiral oscillation, which is called lateral
phugoid. Because this oscillatorymode is hard to control and causes
problemsin lateral maneuvering,itis undesirableand not acceptable
for many flight phases?> An unstable lateral phugoid, as shown
in the left part of Fig. 10, is generally not allowed and has to be
avoided. Hence, it is necessary to investigate the reasons for the
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appearance of this unusual mode and to investigate how to resolve
this stability problem by adequate means, for example, configuration
modifications and/or feedback control.

Approximations and Analysis of Lateral-Directional Dynamics

To gain better physical insight into the complex properties of
lateral dynamics, it is useful to investigate the different modes by
appropriate approximations. Because hypersonic dynamics charac-
teristics show significant differences when compared with relations
in subsonic and moderate supersonic flight, specific approximations
are needed. The proposed approach to determine suitable approxi-
mations for the hypersonic flight regime is based on the character-
istic determinant of the fourth-order state-space equations (with the
decoupled heading ¥ equation canceled out):

N(s) = det(sI —A') = s* + a35° + a,s”> +a;s +aq
= [s2 — 2045+ a)ﬁd][sz — (85 +5,)5 + sj.s,] (5)

With regard to the magnitude of the Dutch roll and the roll/spiral
poles, it can be assumed that |s,| > |s, | in the Mach numberregime
of interest (Figs. 7, 9, and 10). Therefore, a second-order polyno-
mial concerning the spiral and roll poles can be separated from
the fourth-order characteristic determinant. After neglecting less
important terms, an approximation for the roll and spiral modes re-
sults, also holding for coupling of the two poles to form the lateral
phugoid:

PR Lp + (g/V() - NP)(Lﬁ/Nﬁ)

+\/[L, + (¢/Vo — N,)(Lys/Np)P> — 4N, (g/ Vo) (Ls/Ng)  (6)

Splitting off the roll-spiral approximation [Eq. (6)] from the com-
plete characteristicpolynomial yields the followingrelations for the
Dutch roll oscillation:

Wnd ~ Nﬁ
204 ~ N, +Yg —(g/Vo — N,)(Lg/Np) )

In Fig. 11, an evaluation of the approximationsis shown together
with the exactsolutionsof the fourth-orderpolynomialfor the hyper-
sonic test vehicle. Instead of varying the c.g. position, the weather-
cocksstability C,4 is changed because this step yields the same effect
as shown before. The approximationresults are consistent with the
exact solutions, especially with regard to the coupled roll-spiral os-
cillation. Comparable accurate results are obtained for the carrier
and orbital stages of the space transportation system in the Mach
number range of concern.

The natural frequency w, 4 of the Dutch roll oscillationis primar-
ily determined by N, analogous to the conditions of subsonic and
supersonic flight. The damping exponent o, includes several con-
tributions. Particularly, a term that is related to roll-yaw coupling is
of importance:

(g/VO_Np)|Lﬁ/Nﬁ|%(g/VO_Np”q)/,B' (8)
jo [1/sec] —
1#2.0 M =65

Dutch Roll Oscillation X Exact Solution
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F 0.03 Coupled Roll-
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Fig. 11 Approximations and exact solutions of lateral flight dynamics
for the hypersonic test vehicle configuration.

This expression may show a positive or negative sign, depending
on the configuration or flight condition. The second-order approx-
imation for the spiral and roll modes basically differs from the
usual first-order approximations valid in subsonic flight. Because
of the small aerodynamicdamping in hypersonic flight, the stability
derivatives L, and N, are lessimportant,and the terms of Eq. (8)are
of significance. From Eq. (6), it follows that the coupled roll-spiral
oscillation exists for

[L, +(8/Vo— Ny)(Lp/Ny)’1 < 4N, (g/Vo)(Lg/Np)  (9)

From this relation, conditions can be derived, indicating a possible
existence of the lateral phugoid:

1) Lg/Ng < 0 is necessary for Eq. (9) because N, < 0.

2) For (g/Vy— N,) <0, the two summands in the parenthesis on
the left-hand side are opposed to each other.

3)Becauseof |®/B| ~ |Lyz/Ng|, thereis ahighroll-yaw coupling
for small [g/ Vo — N,|.

For developinga criterion for the existenceof the lateral phugoid,
Eq. (9) may be rewritten as

(L],+b~v)2<c~v (10)
with
b= (g(l/ VO - Np)a

The substitutionv = —Lg/Ng ~ |®/B] can be used as a measure
for roll-yaw coupling, with v >0 (assuming Nz >0 and Lg <0).
For the quantity c, the relation ¢ > 0 holds because the damping
derivatives L, and N, are negative. The factor b may be positive or
negative. After considering the different cases, a condition for the
existence of the lateral phugoid can be derived:

¢ = —4N,(g0/ Vo)

Np > (g()/V())(l - Nr/Lp) (11)

This relation, which is based on the second-order approximation,
holds for the special case where N, = gy/ Vy. It can be used to show
whether or not the lateral phugoid exists. As long as the condition

Np (VU/gU)+Nr/L11 > 1 (12)

holds, it is assured that the lateral phugoid will not appear within
the scope of approximations given earlier. If the condition is vio-
lated, the coupledroll-spiral oscillation will exist within a roll-yaw
coupling range of vy, < v =|®/B| < Vimax, Where vy, and vy, are
given as the two positive zeros of

b2v2+(2bL],—c)v+L]2)=O Vb#0 (13)
An evaluation of this criterion is shown in Fig. 12 for the experi-
mental vehicle (reference flight condition M =6.5). If C,, and C,,,
are considered as fixed, a critical value (Cy,)qi can be determined

100 T T T T T T T
D " J
I3 (Copler
80 b
I Existence of |
60 r Lateral Phugoid ]
- K
w0 F \ WNUIL. .
[
F |E|ref-Range _
L \
20 (Clp)crit
E TN ™
0 1 1 1 1 1 1 1
0 0.1 0.2 0.3 04 0.5 0.6 0.7
Cip [

Fig. 12 Range of existence of the lateral phugoid, computed for the
hypersonic test vehicle configuration at Mo = 6.5.
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Fig. 13 Boundary surfaces for existence of the lateral phugoid, evaluated for the hypersonic test vehicle configuration at M = 6.5.

for the existence of lateral phugoid according to Eq. (12). In case
of |Cy,| > (Cpp)erit> @ | @/ B] region exists, which is bounded by the
positive zeros of Eq. (13), with (C,). as left asymptote.

An extension of the described approach for multivariable param-
eters is shown in Fig. 13. As an example, the surface of |®/f|
corresponding to a variation of the stability derivatives L, and N,
is plotted for the reference flight condition with M = 6.5. Addition-
ally, the ranges of |®/B| are marked by bars for the configuration
associated to the root loci of Fig. 11 and for a configuration with a
higher L, and N,. Considering a rearward c.g. shift, Fig. 13 shows
that the values of roll-yaw coupling are initially beneath the lower
surface. Then, they are above the lower surface indicating that there
is alateral phugoid. When they are above the upper surface, there are
again two aperiodic modes of motion. Figure 13 also shows that the
configuration with higher damping values shows a lateral phugoid
for the whole |® /8| reference range. The condition described by
Eq. (12), in combination with Eq. (13), offers the possibility of
avoiding critical combinations of stability derivatives by concern-
ing the lateral phugoid in a preliminary design phase of the vehicle
and/or the control system. Hence, this specific stability problem in
hypersonic flight can be counteracted effectively, for example, by
choosing appropriate feedback control paths and gains.

Summarizing the results of the investigations, a high roll-yaw
coupling in combination with weak aerodynamic damping can be a
main reason for the stability deficiencies of lateral dynamics in hy-
personic flight. By the specification of an appropriatecriterion con-
cerning the lateral phugoid, critical configurations of aerodynamic
and/or controller coefficients may be identified in an early design
phase. Subsequently, suitable modifications and requirements with
regard to configuration and controller design can be elaborated.

Conclusions

Unsteady aerodynamiceffects and lateral dynamic stability char-
acteristics in hypersonic flight up to a Mach number of 7 are dis-
cussed for a two-staged space transportation system and a hyper-
sonic test vehicle as reference configurations. The aerodynamic in-
vestigations focus on harmonic yaw and roll motions of a generic
orbital stage induced by small disturbances during separation from
the carrier stage. The associated unsteady flowfields are calculated
using a finite volume method to solve the three-dimensional Euler
equations.The numericalfluxes are treated with the modified AUSM
method featuring robustness and stability, especially in low-density
wake regions. Flowfield and surface pressure distributions, as well
as lateral aerodynamic coefficients, are evaluated. For both the yaw
and roll motions, the unsteady moment coefficients differ from the

steady-state values, whereas the magnitude of the unsteadiness de-
pends on the reduced oscillation frequencies. It substantiates the
need for time-accurate aerodynamic solutions to evaluate stability
derivatives to simulate correctly the separation maneuver. Further,
inherent lateral-directional dynamics of hypersonic vehicles show
considerable stability and control deficiencies. In addition to a par-
tially unstable Dutch roll mode with high roll-yaw coupling and a
weak roll damping, coupling of the roll and spiral modes appears
for certain configurations to yield an oscillatory mode called lateral
phugoid. The lateral phugoid can cause significant control problems
and may be unstable. By use of specific approximations,reasons for
the stability deficiencies and related effects are analyzed, and a cri-
terion concerning the existence of the lateral phugoid is derived.
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