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This paper develops the analytical framework to compare the approximate performance of periodic
hypersonic cruise trajectories with previously proposed hypersonic trajectory profiles for global reach.
Specifically, range, AV, and payload-carrying ity are evaluated for various trajectory types to illus-
trate the enhanced performance achieved by flying periodic hypersonic cruise trajectories with existing
hypersonic vehicle aerodynamic, propulsion, and structures technology. Analytical results reveal that
periodic hypersonic cruise trajectories achieve better fuel-consumption savings and deliver more payload

over long distances (20,000 km) than other trajectory types proposed for high-speed flight. Over 20%
improvement in fuel consumption savings is possible for a Mach 10 vehicle with a modest L/D of 4, and
a curve-fitted rocket-based combined cycle engine model.
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e = fuel weight fraction
7 = natural number

p = density

pr = reference density

¢ = nondimensional range
Subscripts

A = aerodynamic

a = aerodynamic

en = entrance

ex = exit

f = final

1 = impulsive

i = initial

0 = conditions after powered flight

Introduction

N the past four decades there has been a considerable

amount of interest in developing hypersonic vehicles for a
host of applications. Initial interest in such vehicles originated
from post-World War II military requirements to develop a
long-range, high-speed weapons delivery system that could
strike an adversary more than halfway (~20,000 km) around
the world. Modern interest in hypersonic flight has been mo-
tivated by the potential for long-range intercontinental trans-
port, involving both cargo and persons. In addition, because
the basic requirements of a hypersonic vehicle are similar to
orbital launch vehicles, modern interest has been in reusable
transatmospheric vehicles that can fly to and from Earth orbit
using the same technology as a hypersonic airplane.

Trajectory Types

A variety of trajectories has been proposed and studied to
address high-speed flight across intercontinental distances.
These trajectory forms include 1) steady-state cruising trajec-
tories at subsonic, supersonic, and hypersonic speeds; 2) su-
borbital ballistic trajectories; 3) boost-glide trajectories; and 4)
skipping boost-glide trajectories. The practice of aerial refu-
eling has also been used to extend the performance of subsonic
and supersonic aircraft.

Currently, most applications for long-range and high-speed
flight are limited to using subsonic cruising trajectories, and to
a lesser extent, supersonic cruising trajectories. These trajec-
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tories do not satisfy the need for fast long-range transportation.
Many proposed applications that require intercontinental trip
times of a few hours are not possible or practical with the
current state of the art in aerospace technology. Therefore, a
trajectory that could provide high-speed transportation be-
tween intercontinental distances in a matter of hours without
significant advances in the current state of the art of aerospace
technologies in aerodynamics, propulsion, or structures would
be of considerable interest to the civilian and military sectors.

Periodic Hypersonic Cruise Trajectories

The discovery of periodic cruise trajectories for hypersonic
flight has evolved from extensive analytical and computational
optimization studies to determine possible trajectory types that
could achieve better fuel-consumption savings. With this goal
in mind, several researchers have found suboptimal and opti-
mal periodic cruise trajectories that achieve better fuel-con-
sumption savings between two destinations over steady-state
cruise. However, these numerically computed solutions are
sensitive to initial and final boundary conditions as well as
vehicle propulsion technology and configuration. Nevertheless,
computational optimization results indicate that fuel-consump-
tion savings of 8-45% are possible over a single period.'™
However, it is difficult to compare these optimal solutions be-
cause many are computed using different vehicle and propul-
sion models. This paper attempts to develop a consistent ap-
proximate analytical framework for the purpose of comparing
various trajectory types for long-range.

Periodic hypersonic cruise (PHC) trajectories use a skipping
or re-entry trajectory with propulsion impulses to sustain the
skipping motion to achieve the desired range. As a skipping
trajectory, the vehicle follows a flight path that uses the Earth’s
atmosphere in a manner similar to a rock skipping across the

Hypersonic Boost Suborbital
Glide Ballistic
(HBG) Periodic Hypersonic (SUBO)

Cruise

(PHC)

Takeoff

Fig. 1 Comparison of trajectory shapes.
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surface of a lake. At high speed, a lifting body or waverider
class vehicle will skip in and out of the atmosphere because
of lightly damped phugoid oscillation. This skipping can be
continued indefinitely by thrusting at the low point of the tra-
jectory to make up for losses caused by aerodynamic drag.
Figure 1 displays an exaggerated comparison of a PHC trajec-
tory to subsonic cruise (SUBC), supersonic and hypersonic
cruise (HC), hypersonic boost-glide (HBG), and suborbital bal-
listic (SUBO) trajectories.

The flight profile is divided into four major phases: boost,
periodic cruise, glide, and landing. During the boost phase, the
vehicle is accelerated to the desired altitude and velocity for
beginning a skipping trajectory. Ideally, to maximize the range
for a given amount of fuel, the boost velocity, V,, should be
as high as possible. In reality, the initial boost velocity is lim-
ited by the current state of air-breathing or rocket-propulsion
technology. The selected boost velocity will reflect a tradeoff
between trajectory performance and available propulsion tech-
nology.

During the cruise phase the vehicle is engaged in its skip-
ping motion, sustained with impulsive propulsion burns to
maintain the mean altitude of the skipping motion. The sus-
taining burns are performed during each passage through the
atmosphere to make up for energy lost because of aerodynamic
drag. Cruise continues until all of the fuel is expended.

The glide phase begins when the sustaining burns are dis-
continued. After the sustaining burns are discontinued, skip-
ping motion gives way to steady glide with both altitude and
velocity decreasing. This entire phase is most likely unpow-
ered. At the terminal end of this phase the vehicle lands. The
landing can be powered or unpowered.

Performance Analysis

The performance of a PHC trajectory can be analyzed by
evaluating the contributions of each phase separately (Fig. 2).
By computing the approximate range and AV requirements for
each of these phases, one can compare analytically the per-
formance of periodic cruise trajectories to other trajectory
types for long-range. The analysis for conducting such a per-
formance study is developed next for each phase of the peri-
odic trajectory.

In this study the following assumptions are made.

1) Flight occurs in one plane corresponding to a great circle
between takeoff and landing.

2) Aerodynamic heating is neglected.

3) G-forces are also negelected.

4) Sufficient guidance, navigation, and control are available
to fly the vehicle along periodic hypersonic cruise trajectories.

5) Atmosphere is isothermal (constant speed of sound of
300 m/s).

Fig. 2 Parameters of a periodic hypersonic cruise trajectory.
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Range Approximation

Taking the preceding assumptions into account, the total
range of a periodic hypersonic cruise trajectory (Fig. 2) can
be estimated by summing the individual contributions of each
phase

Rrowm = Rpooss + NRpayissc + (n — l)RSk.ip + Raiice 1)

where R corresponds to the range of the various phases, and
n is the number of periods used in the flight. Assuming that
the range associated with the boost phase is negligible, i.e.,
Rpoo = 0, the total range equation can be rewritten as

Rrom = nRpaisic + (1 — I)Rsmp + Ragiiae @)
The nondimensional form of the total range equation can be
computed by dividing through by 27R,. Thus, Eq. (2) in non-
dimensional form becomes

Promt = Ryow/27R, 3)

Ballistic

After traveling through the accelerated boost phase to get
up to altitude, the hypersonic vehicle’s trajectory is approxi-
mated as following a ballistic arc as the vehicle exits the at-
mosphere to initiate the first leg of periodic cruise. The
approximate range for this ballistic arc was first developed
by Sanger and Brendt,® and was later refined by Eggers et al.”
Assuming a keplerian formulation of the vehicle dynamics,
Eggers et al. determined that the ballistic range could be ap-
proximated as

1 sin 7y, cos vy,

RBaIIislic
istic = == t
Poatis 27R, ™ arctan (1/V}) = cos’y,

4)

where ¢ is the total angle of arc traveled around the Earth,
Rpanisic is the actual ballistic range traveled, v, = —1, is the
flight-path angle at the end of boost, V; = V,/V, is the nondi-
mensional velocity at the end of powered flight, V,, is the boost
velocity, and V; is the orbital velocity at sea level.

Skip

As the vehicle re-enters the Earth’s atmosphere after tra-
versing the ballistic arc, it will be subjected to aerodynamic
lift and drag forces that will cause it to undergo a skipping
trajectory. The range of this skipping trajectory can be deter-
mined by accounting for the effects of lift and drag through
an isothermal atmosphere. The following range calculation as-
sumes that the skip exit velocity is the same as the skip en-
trance velocity.

Consider the vertical component of the equation of motion
for a vehicle in the atmosphere

$pV?IBc, — g cos y = —[Vcos’y/(R. + h)] ©)
where B, is the ballistic coefficient for lift given by
Bc, =mICLA (6)

Assuming that R, + h is approximately equal to R., Eq. (5)
can be solved for the density p, and written as

p = (2B, /V?)Ig cos ¥ —(VZcos*y/R,)] @)

Any point in the skip maneuver may be compared with the
initial point f (Fig. 2) by the skip re-entry equation of motion®

cos y — cos ¥ = (huad2Bc)p — 0) ®)
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where A, is the atmospheric scale height constant for an ex-
ponential model of the atmosphere, given by

P/ ps = exp(—y/hucare) )]

where y = h — h,. At the lowest point in the skip maneuver,
defined as point s (Fig. 2), ¥, = 0. Therefore, Eq. (8) becomes

(1 — cos ¥ = (heewe/2Bc)(ps = pY) (10)
Substituting Eq. (7) into Eq. (10) yields
(1 = c0s ¥ = (hwaepe/2Bc) — (Pacac/ V)8’ (1)
where
g’ = [g cos y, —(V§ cos’y,/R.)] 12)
Substituting for the density at point s, into Eq. (11), leads to

V(1 — cos
exp(—y o) — 1 = 2L — €W (13)
hscnlcg

Solving for y results in

’

V(1 — cos
y=h = b= ~hewe bn [1 + —°(-———7’)] (14)

hscnlc 4

where b = h, — y. Equation (14) is an estimate of the maxi-
mum depth that the vehicle reaches during the skip phase. This
is similar to the common ballistic re-entry problem. If it is
assumed that

[(h; — B/(R, — Ry)] = tan v, (15)

where R, and R; are horizontal ranges, then the approximate
skip range is given by

Rswip = 2(R, — R)) = 2[(h, — hp/tan ] (16)
so that the nondimensional skip range is given by

¢s _ RSkip _ L _hscale L’n{l + [Vg(l — COS %')/h:calegll}
Yo~ 2mR, TR, tan 7y,

a7

Glide

Once the sustained skip phase is terminated, the vehicle is
capable of gliding the remaining distance to reach its final
destination. To account for this additional range, Eggers et al.
derived the following range equation for the glide portion of

flight:
Rawe 1 (L 1
Pawe = 3R = dm (D) b (1 - V}) (18)

Summing the contribution from each phase, the total nondi-
mensional range for a PHC flight becomes

Grow = RPpaniic + (1 — 1)¢sup + Paiige (19)

Substituting the range for each phase leads to

sin vy, cos ¥, 1
v - coszy,] K

% _hscale en{l + [V12)(1 — COos 7/)/hscaleg’]}
tan vy,

1 (L 1
“3(5) @ (=) e

1
Drom =N {— arctan
T
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AV Approximation

The fuel consumption for PHC trajectories can be deter-
mined by accounting for how much AV is expended during
each phase of the cycle. Recall that PHC trajectories are
achieved by first boosting up to altitude and then sustaining
the periodicity with successive burns during the skip phases.
Thus, the total AV can be represented as

AViga = AVpooq + (0 — I)AVSkip @2n

Boost

Because the boost phase may be achieved with a variety of
propulsion technologies, including rocket, airbreathing, or a
combination of the two, such as rocket-based combined cycle
(RBCC) engine technology, a generic scheme for estimating
the impulsive AV during this phase is required.

Consider the vector equation of motion of a boosting or
accelerating hypersonic vehicle given by

dv T F,
et og 22)
d m m

where T, F,, and g represent the thrust, aerodynamic, and grav-
itational forces acting on the vehicle, respectively. Define the
term, A, to be given by

A=F,/m)—g 23)

The thrust, T, is given by

T=-~¢c— 24
°ar (24)

where ¢ is a vector thrust coefficient, and dm/dt accounts for
mass lost from the vehicle. Substituting Egs. (23) and (24) into
Eq. (22) leads to

o,

\4

¢ dm
; ;E+A (25)

Muttiplying through by dr leads to the following expression
for the change in the vehicle velocity vector, V:

dv = —c%+Adt (26)

Assuming that the direction of the thrust opposes the velocity
vector, Eq. (26) can be rewritten as

dm
T=cb— 27
ar 27)

where ¢ is a unit vector whose magnitude is 1. Rewriting V
as

V=V (28)

Equation (26) can be rewritten as
" o dm o
dV=dW + Vdé = _CEV +AdP+A-DAd (29

Collecting the ¥ components and solving for the change in the
velocity magnitude leads to

dV=—cd—r:1-+A'Gdt (30)
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Now let
dv=dV, + dV, (31)

where the impulsive (/) and aerodynamic (A) contributions to
AV are given by

av, = —c I (32)
m
dv, = |A-9| dr 33)

From the examination of typical boosting trajectories,’ a rough
approximation of the relationship between dV and dV, can be
developed. Assume that a function, f(V), relates the total AV
to the impulsive dV, through the equation

dv =f(V) dV, 3G4)

where f(V) = 1. Using the approximation function, f(V), dV,
and dV, become

fvy) -1
dv, =————dV 35
=TI (35)
dv
dv, = — 36
f) G0

From this formulation the approximate impulsive AV, for the
boost phase can be estimated by integrating Eq. (36) over the
velocity range of interest to obtain the generalized formula

17

°

1
AV, = —dV
=), 7o 37

This equation holds for a variety of propulsion technologies.
For the current boost-phase analysis, the function (V) is de-
rived from an ascent profile of a single-stage-to-orbit vehicle.”
The function approximation for this system is given by

F(V) =1 — exp(—7.687 X 107* V — 0.400) 38)
Substituting Eq. (38) into Eq. (37) and integrating leads to the
following formula representing the impulsive AV for the boost

phase of all high-speed trajectory types:

nlexp(—7.687 X 107* V, — 0.400) — 1]

A‘/Bocsl = A‘/l = 7.687 X 10_4
—7. X 107* V. — 0. .
_ Enlexp(~7.687 X 107" V, — 0.400) Uy —v,
7.687 X 10
(39)

The modeling of AVy,. in this manner does not capture the
details of an ascent trajectory in terms of impulse expended
with respect to velocity gained. However, for boost velocities
exceeding 2000 m/s, this is a good representation of the in-
tegrated effects of a typical ascent trajectory. Figure 3 shows
a plot of AV, vs V, fora V, = 0.

Skip

With the boost-phase AV approximated for typical hyper-
sonic ascent profiles, it remains to estimate the AY during the
successive skip phases used to sustain the PHC. During the
skip phase the vehicle enters the atmosphere and is slowed by
aerodynamic drag. The aerodynamic drag, according to Eggers
et al.,’” causes the velocity of the vehicle at the end of the skip
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to be related to the velocity at the beginning through the fol-
lowing equation:

Ver,/Ven,_, = exp{—[2v/(L/D)]} 40)
where V., is the exit velocity at the end of the skip, and V,, =
Vs, is the entrance velocity at the beginning of the skip.

Without any propulsion burns during these skip phases, the
vehicle’s velocity after (n — 1) skips would be

Vens = Vo exp{ —2(n — D[y/(L/D)1} 41)

To sustain the PHC trajectory, propulsive burns are required
that return the exit velocity back to the original entrance ve-

locity after each skip. This implies that for a single period the
required AV is given by

AVSkip = Vo(l — exp{—[2y/(L/D)] }) (42)

Summing the contributions of the boost and skip phases, the
total AV required for a periodic hyersonic cruise trajectory is
given by

AVrgm = AVpoow + (1 — I)AVSkip (43)

Therefore, for a given boost velocity, V,, there is an optimal
7, that will produce a maximum Rgisic/AVsyip- A simple iter-
ative method is used to search for this optimal v, using Egs.
(4) and (42). Figure 4 shows the AVr,, VS Ry, assuming the

12000 T T T

8000 (

A vz (m/s)

4000

1 L

L i 1 1 L I
"] 1000 2000 3000 4000 5000 6000 7000 8000 900 10000
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Fig.3 AV,vs Vyfor V,=0.
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Fig. 4 AVyu VS @ 1o of a PHC trajectory.
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optimal vy, of 8.42, 6.76, and 5.67 deg for a vehicle with a
constant L/D of 4, 5, and 6, respectively. The V, for all cases
shown is 3000 m/s.

AV Performance Comparison of Various Trajectory Types

Using the approximate Rrea and AVr,, expressions devel-
oped in the preceding text for periodic hypersonic cruise tra-
jectories, it is now possible to compare the performance of
various trajectory types to determine their efficiency in achiev-
ing long-range at minimal AV expenditure. Trajectory types of
interest include PHC, HC, HBG, SUBO, and SUBC.

However, before these trajectory types can be compared
against one another, it must be pointed out that the approxi-
mate expressions developed earlier for AVy,, are only a func-
tion of vehicle V,, L/D ratio, v, and the assumed isothermal
model of the atmosphere. Issues associated with vehicle heat
load, gross takeoff weight, and exact configuration have been
neglected for now to simplify the AV comparison of trajectory
types for achieving long-range.

Assuming that the mission goal is being able to fly halfway
around the Earth (approximately 20,000 km), Fig. 5 reveals
that the total AV required for PHC trajectories is only a func-
tion of V, and the L/D ratio of the vehicle. Notice that the AV
performance is improved in general by increasing V, and L/D.
In addition, in the limit as the boost velocity increases, PHC
trajectories become HBG trajectories regardless of the value
of the vehicle’s L/D ratio. This is because the number of sus-
taining burns required to achieve the desired range approaches
zero as the boost velocity is increased. Thus, all of the range
is achieved by simply boosting up to the appropriate velocity
and gliding for the remainder of the flight. However, such a

trajectory is not without penalty because high boost velocities
at the end of the ascent profile may require better propulsion
and structures technology. Also, heating load for long-range
glide trajectories will be significant. Therefore, to demonstrate
the AV performance benefits of PHC trajectories over other
types, assumptions will be made about the state of the art in
current hypersonic vehicle, aerodynamic, and propulsion tech-
nology. This information is summarized in Table 1.

With the mission goal assumed to be a flight halfway around
the Earth, Fig. 6 compares the AV performance of the five
aforementioned trajectory types incorporating the preceding
assumptions in hypersonic vehicle technology. Notice that
when restrictions are placed on propulsion and structures tech-
nology, PHC trajectories have a superior AV performance over
HC trajectories for long-range. However, HBG and SUBO tra-
jectories achieve better AV performance over PHC trajectories,
albeit with a significant penalty paid for higher boost veloci-
ties. The SUBC trajectory suffers the worst performance ex-
cept for very short ranges. This result is consistent with the
current operation of aircraft today, which are very fuel efficient
over short distances.

While the preceding AV comparison provides some insight
into the efficiency of PHC trajectories over long-range, it does
not give a complete picture with regard to the current state of
art in vehicle propulsion, aerodynamic, and structures technol-
ogy. The following sections attempt to bridge this gap by in-
corporating information about hypersonic vehicle technology.

Range/Mass Efficiency Parameter for Performance Comparisons

The Brequet range equation is commonly used to incorpo-
rate the considerations of aerodynamic, propulsion, and struc-

Table 1 Assumptions for performance comparisons

Trajectory type L/D Vo, m/s* Comments
Hypersonic
PHC 4 3000 Higher L/D ratios are possible, but lead to
HC 4 3000 higher g-loads and heating loads.
HBG 4 4000-8000
SUBO 4 7000-8000
Subsonic
SUBC 20 N/A Cruise speed = 250 m/s
*a. = 300 m/s.
22 T ¥ Ll Ll J T T
x x =6
20 .
+ + UD=5

- -
> =3

A VTotal (KM/S)
N

10

1 l 1

2 25 3 35

Vo"(km/s) 48

Fig. 5 AVyua vs V, for 20,000-km-range PHC trajectory.
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Fig. 6 Comparison of PHC to other trajectory forms.

tures technology into the performance analysis of subsonic,
supersonic, and hypersonic cruising aircraft. It is given by

R = (LID),V €n(m;/my) (44)
where I, is the specific impulse of the propulsion system, m;
is the mass of the vehicle at takeoff, m, is the mass of the
vehicle upon landing, and V is the cruising velocity.

This relationship can be nondimensionalized by dividing
through by 27 and R,, the radius of the Earth

¢ = (LID)(I,VI27R.)€n(m,/my) 45)
where
¢ = RI27R, (46)

Now by dividing ¢ by €n(m;/m,), a nondimensional mass ef-
ficiency parameter, E, can be defined as

E = ¢/en(m,/m)) 47)
This parameter captures, in a single nondimensional number,
a measure of performance including both vehicle technology
and trajectory performance considerations. For steady-state

subsonic, supersonic, or hypersonic cruising flight, E is a con-
stant, given by

E = (LID)(I,VI27R.) (48)

The mass term, €n(m;/m;), for PHC, SOBC, and HBG can
be calculated using the ideal rocket equation:

en(m;/my) = AVIL, g 49)

The rocket equation is valid here because the AV derivation

assumed impulsive burns. A general form for E can be defined
by combining Egs. (47) and (49):

E = RI,g/27R, AV 50)

It is assumed that a vehicle flying a PHC trajectory will

employ a multicycle engine; therefore, the I, of the vehicle
will vary with Mach number. Figure 7 illustrates the variation
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Fig. 7 Variation of I, with Mach number for various engine
technologies.

of I, with a Mach number that can be expected for various
types of propulsion technology.'® It is unlikely that a single
engine will be able to achieve the /;, illustrated in Fig. 7 across
the entire range of Mach numbers envisioned for a PHC tra-
jectory. However, based on the current state of the art in pro-
pulsion technology, an RBCC engine'' is a likely candidate for
a PHC trajectory. While many types of RBCC engines exist
and have widely varying performances, the current study used
an ejector ramjet/scramjet rocket engine similar to the aerojet
strutjet. Figure 8 is a conservative estimate of the I, that can
be expected from this type of RBCC engine using hydrogen
fuel. The engine is in ejector/rocket mode from takeoff to 600
m/s, in ramjet/scramjet mode from 600 to 3600 m/s, and in
rocket mode above 3600 m/s. The I, for ejector/rocket mode
has been modeled using the equation

I,(V) = 380 + 2.767V (28

The ramjet/scramjet mode has been modeled by estimating a
curve fit of the technologies presented in Fig. 7:

I, (V) = 6592 exp(—5.893x107*V) + 450 (52)
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where Mach numbers were replaced with velocity, assuming a
constant speed of sound throughout the atmosphere of 300
m/s. Finally, the rocket mode assumed an I, of 450 s.

To compute the E for PHC, or any other hypersonic trajec-
tory, it is necessary to estimate an I, for the entire flight. The
I, during cruise phase is a constant and can be obtained from
Fig. 8. For the boost phase, the I7; is a function of the ascent
trajectory, and the I, vs Mach number function shown in Fig.
8. Using the rocket equation, 75, is defined as

. AV,
L= En(myImy)g 63
From Eq. (32) and the definition ¢ = I,g
dav dm
— =—dV, = —_—
Fan = Vi=TaVg (54)

SO
dv dm
FWNI,(V)g ™ m (55)
Integrating
Yo
my 1 dv
nl|—)=- _tvY
! <mo> g )y, SOV (56)

This relationship can be inserted into Eq. (53) along with the
expression for AV, in Eq. (37), to give the following expression
for I, during the boost phase:

Vo Vo

dv dv
I:——Boost - —_ - 57
g f f(V)/ f FONL) e

A special case of Eq. (57) is when a known amount of AV is
divided into two or more segments of AV,, which each have

4000 T T

3500

2500
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L
0 5 10

L
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Mach Number (a=300 m/s)
Fig. 8 I, vs Mach number for RBCC engine.
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Fig. 9 1% vs boost Mach number for RBCC engine boosting from takeoff.
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known or constant [,. For this special case, Eq. (57) has the
following form:

" AVTolal
I, = AV - 58
= AV [ 3 T (58)
Figure 9 shows the 75, ®™* for a range of boost velocities.
In all of the cases presented in this paper, the performance of
a hydrogen/oxygen RBCC propulsion system has been as-
sumed. To obtain 7¢, ", the following equation can be used:

e—Boost ye—Cruise
AVrou Iy T,

I:—Tmal = — - — 59
P AVBoost I:p Cruise + AVCnlise I:p Boost ( )

which is an expansion of Eq. (58) for the special case.

The relationships for range and AV developed earlier
for PHC trajectories are inserted into Eq. (59) to calculate the
value of E. Likewise, the common relationships for range
and AV of other trajectories can be inserted into Eq. (59) to
calculate E numbers for comparison. In a comparison of
different trajectory types, analytical relationships for range
and AV are not necessary to calculate an efficiency number.
If the performance specifications of an existing aircraft
are known, Eq. (48) can be used to calculate the demonstrated
E performance of that vehicle. For example, a Boeing 747-
400 can fly 13,400 km with a takeoff weight of 394,620 kg
and a landing weight of 219,630 kg, which computes to an E
of 0.573. This performance measure will serve as the tool for
comparing existing aircraft with proposed hypersonic trajec-
tories.
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Fig. 10 Range/mass efficiency number (E) of PHC trajectories.
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Fig. 11 Range/mass efficiency number (E) of PHC trajectory vs boost velocity.

IBM J. RES. DEVELOP. VOL. 44 NO. 5 SEPTEMBER 2000

P. H. CARTER 1II, D. J. PINES, AND L. v. RUDD

711



712

Comparison of Flight Profiles

Figure 10 shows the range/mass efficiency number of PHC
trajectories for vehicle L/D of 4, 5, and 6. For all cases shown,
a boost velocity of 3000 m/s and a hydrogen RBCC engine
are assumed. Figure 11 shows E as a function of the boost
velocity and the vehicle L/D for a 20,000-km flight.

As concluded in the previous section, PHC trajectories tend
to be more efficient for higher L/D. Although it was not ob-
vious in the previous section, PHC trajectories become less
efficient for boost velocities above 3600 m/s. This loss of ef-
ficiency results from a decrease in I, ™, as the propulsion
system is required to operate at velocities above 3600 m/s. This
can be clearly seen in Fig. 8, where the RBCC engine operates
in its least efficient mode, the rocket mode, above 3600 m/s.

All multicycle engines must transition to rocket mode at some
velocity. If the velocity for this transition can be pushed to a
higher velocity, the trajectory can be flown more efficiently by
boosting to a higher velocity. The efficiency of a PHC trajec-
tory is strongly connected to available propulsion technology.

Figure 12 shows a comparison of PHC trajectories to sub-
sonic, supersonic, and hypersonic cruise. This figure also com-
pares PHC trajectories to HBG and SUBO trajectories, using
an L/D of 4 for the PHC, HC, and HBG cases. The boost
velocity is 3000 m/s for all hypersonic trajectories. All of the
hypersonic trajectories use the propulsion model presented ear-
lier. Results for HBG and SUBO are shown with rockets only
and also with an integrated RBCC engine for completeness. It
is highly unlikely that a vehicle will fly an HBG or SUBO
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Fig. 12 Range/mass efficiency number (E) vs range of various trajectory forms.
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Fig. 13 Comparison of payload-carrying capability of vehicles flying various trajectory forms.
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trajectory with an RBCC engine because one could not use it
again. For subsonic and supersonic cases, data points repre-
senting existing aircraft are shown.

Payload Mass Advantage of Vehicles
Flying a PHC Trajectory

From the previous section it is clear that a vehicle flying a
PHC trajectory is more efficient and, therefore, able to carry
more payload across greater distances than other approaches.
A vehicle designed to fly at hypersonic speeds has an addi-
tional advantage over subsonic and supersonic aircraft, which
makes its ability to carry payload even greater. The structural
efficiency of a hypersonic vehicle is better than the structural
efficiency of an aircraft designed for subsonic or supersonic
flight. The configuration of a hypersonic vehicle blends the
fuselage and aerodynamic surfaces into one long slender body.
The structural elements that hold tankage for fuel, pressure
volumes for payload, and support for aerodynamic surfaces are
shared throughout the vehicle. This is in contrast to the struc-
tural components of subsonic and supersonic aircraft. Most of
the structural elements of these vehicles are specialized in their
purpose. The fuselage is primarily concerned with containing
a pressure volume for payload and crew and typing together
the various parts of the aircraft. The wing and tail structures
are cantilevered from the fuselage and are specialized toward
distributing aerodynamic loads. In terms of structural mass, a
hypersonic vehicle configuration is superior. This advantage
amplifies the performance superiority of PHC trajectories over
existing subsonic and supersonic trajectories. This section will
quantify the advantage and make a comparison of the payload
capability of vehicles flying different trajectory forms. The ac-
counting of vehicle mass is defined as follows:

my=m, + my +m, + m, 60)

where m; is the initial, or takeoff, mass of the vehicle; m, is
the structural mass of the vehicle, which includes everything
except the engines, fuel, and payload; m;, is the fuel mass; m,
is the engine mass; and m, is the payload mass. Dividing
through by m; and substituting some common mass relation-
ships, an expression for payload fraction can be developed:

(ﬁ+ﬂ+ﬂ>+ﬂ=1 ©61)
m m;  m; m;

mg,  mg o om, (1 — MR)

=Ry ey

(m,- m; mi) MF 62)

where MR = mass ratio, m;/m, = exp—(AV/I,g) or exp[—(R/
R.E)], m, = final mass of the vehicle, m, + m, + m,, and MF
= vehicle fuel mass fraction = mg,/mg, + m, + m,. Using these
equations, the payload to takeoff mass ratio can be determined
as

m, MR+ MF — 1
= 7 - 6
m; MF 63)
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Mass fractions for current hypersonic vehicle designs vary
from 0.70 to 0.80." This compares to an MF of 0.85-0.95 for
single-stage suborbital vehicles. Assuming the more conservative
MF values of 0.70 for PHC, HBG with RBCC, and HC trajec-
tories, and 0.85 for SUBO and HBG without RBCC trajectories,
Fig. 13 shows the comparison of payload mass to takeoff mass
(m,/m;) of PHC vehicles to vehicles flying other trajectory forms.
Existing subsonic and supersonic vehicles are cited.

These results indicate that a PHC trajectory could have sig-
nificant performance advantages over traditional hypersonic
cruise and suborbital ballistic flight. In addition, it appears that
a PHC trajectory has advantages over modern subsonic and
supersonic aircraft in terms of range, payload-carrying capa-
bility, and higher airspeed.

Summary and Conclusions

The PHC trajectory has been described and analyzed. It has
been shown to be superior, in terms of global reach potential
and payload performance, in comparison with traditional hy-
personic trajectories and even subsonic and supersonic aircraft.
Vehicles designed to fly PHC trajectories may be less chal-
lenging to construct than previous hypersonic vehicles. PHC
trajectory characteristics may have several benefits that enable
the use of technology that is currently available in the airframe,
propulsion, and thermal-protection fields. A hypersonic vehicle
flying a PHC trajectory may be the first implementation of a
practical hypersonic vehicle, for global reach.

References

'Speyer, J. L., Dannemiller, D., and Walker, D., ‘“Periodic Optimal
Cruise of an Atmospheric Vehicle,”” Journal of Guidance, Control,
and Dynamics, Vol. 8, No. 1, 1985, pp. 31-38.

*Chuang, C.-H., and Speyer, J. L., “Periodic Optimal Hypersonic
Scramjet Cruise,”” Optimal Control Applications and Methods, Vol. 8,
July-Sept. 1987, pp. 231-242.

*Speyer, J. L., “Periodic Optimal Flight,”” Journal of Guidance,
Control, and Dynamics, Vol. 19, No. 4, 1996, pp. 745-753.

‘Chuang, C.-H., and Morimoto, H., ‘“Periodic Optimal Cruise for
a Hypersonic Vehicle with Constraints,”” Journal of Spacecraft and
Rockers, Vol. 34, No. 2, 1997, pp. 165-171.

°Rudd, L., vonEggers, Pines, D. J., and Carter, P. H., “Suboptimal
Damped Periodic Cruise Trajectories for Hypersonic Flight,”” Journal
of Aircraft (to be published).

6Sanger, E., and Brendt, J.,, “A Rocket Drive for Long Range
Bombers,”” Technical Information Branch, Navy Dept. Translation
CGD-32, Aug. 1944.

"Eggers, A. J., Allen, J. H., and Neice, S. E., “A Comparative Anal-
ysis of the Performance of Long-Range Hypervelocity Vehicles,”
NACA TR 1382, Dec. 1954.

*Wiesel, W. E., Spaceflight Dynamics, McGraw—Hill, New York,
1994.

°Foster, R., Escher, W., and Robinson, J., “Air Augmented Rocket
Propulsion Concepts,”’ Air Force Astronautics Lab., AD-B121 965,
April 1988.

‘“Brewer, D. G., Hydrogen Aircraft Technology, CRC Press, Boca
Raton, FL, 1991.

Billig, F., “The Integration of the Rocket with the Ram-Scramjet
as a Viable Transatmospheric Accelerator,”’ International Society for
Air Breathing Engines Meeting, Tokyo, 1993.

>Takashima, N., Lewis, M. J., Lockwood, M. K., Bogar, T., and
Johnson, D., “Waverider Configuration Development for the Dual
Fuel Vehicle,”” AIAA Paper 96-4593, Nov. 1996.

P. H. CARTER 1II, D. J. PINES, AND L. v. RUDD

713



The authors

Preston H. Carter II University of California, Lawrence Livermore Laboratory, 7000 East Avenue, Livermore, California
94550 (carter]7@IInl.gov). Mr. Carter is an aerospace engineer with extensive experience in aerospace systems. His
background is quite diverse. He has experience in activities that include the development of advanced concepts, research
and development, project management, hardware design, manufacture, test, operations, and customer support. Mr.
Carter joined the Lawrence Livermore National Laboratory (LLNL) in 1991 after nine years in the manned space and
commercial space business sector. He has been involved in many projects that have flown payloads on the Space Shuttle,
other spacecraft, and high-altitude airplanes. He was a cofounder of the NASA Lunar Prospector mission, which
recently completed a successful mission around the moon and which confirmed the existence of water ice deposits near
its poles. In addition, Mr. Carter was one of the principal engineers for the Department of Defense/NASA Clementine
lunar mission of 1994, which was America’s first return to the moon since the Apollo program. Currently he is the
principal investigator and inventor of the HyperSoar program at LLNL, an innovative concept for hypersonic flight

and space access.

Darryll J. Pines Department of Aerospace Engineering, University of Maryland, College Park, Maryland 20742
(djpterp@eng.umd.edu). Dr. Pines is an Associate Professor in the Department of Aerospace Engineering at the
University of Maryland. He was formerly a Department of Energy Technical Staff Member, working at the Lawrence
Livermore National Laboratory (LLNL). While at LLNL, he developed advanced guidance algorithms for interceptors,
and developed the final approach algorithm for the 1994 Clementine flyby mission—the first probe to discover water
near the south pole of the moon. He earned his B.S. degree in mechanical engineering from the University of California
at Berkeley in 1986. He later completed his M.S. and Ph.D. at MIT in the same discipline in 1988 and 1992, respectively.
His research interests include smart materials and structures technology, structural health monitoring/damage detection
methods for aerospace and civil infrastructure, and hypersonic vehicle guidance, control, and navigation. Dr. Pines has
published more than 80 journal/conference articles related to these research areas. He is a member of a variety of
technical societies, including the AHS, AIAA, SPIE, and ASEE. He is listed in Who’s Who in Engineering and

was a recipient of a National Science Foundation CAREER Award as well as a NACME alumni award in 1996.

Lael vonEggers Rudd Department of Aerospace Engineering, University of Maryland, College Park, Maryland 20742

(Ir81 @umail.umd.edu). Mr. Rudd is a Graduate Research Fellow pursuing a doctoral degree. He received his B.S.

and M.S. degrees in aerospace engineering from the University of Maryland, and has research interests in the area of
hypersonic aerodynamics, propulsion, flight control, and dynamics. His awards include a second-place finish in the Abe
Zarem paper contest in the area of astronautics.

Publication of this paper
This paper was originally published on pages 857-867 of the Journal of Aircraft, Volume 35, Number 6 (1998)
[Copyright © 1998 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved.]. It was produced

by scanning the original version and contains added biographical sketches of its authors. We gratefully acknowledge
permission to include it in this issue.

714

V. L. ACOFF AND R. G. THOMPSON IBM J. RES. DEVELOP. VOL. 44 NO. 5 SEPTEMBER 2000



