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ABSTRACT ARTICLE HISTORY
This paper analyzes hypersonic cruise missiles (HCMs) pow- Received 20 August 2024
ered by hydrocarbon-fueled scramjets and compares their Accepted 28 November
capabilities to other systems that might perform the same 2024

missions, including hypersonic boost-glide vehicles (BGVs)

and maneuverable reentry vehicles (MaRVs). Most analysis

of hypersonic weapon capabilities has focused on BGVs,

while HCMs are a distinct technology with distinct charac-

teristics. We analytically model the X-51A HCM vehicle that

the United States flight tested in 2010-13 and use that

model as a basis for assessing the potential performance of

near-term HCMs for military use. We find that these HCMs

can have lower masses than BGVs of the same maximum

range, but significantly higher masses than MaRVs of the

same range. Because these HCMs use hydrocarbon fuels,

they are limited to flying at low hypersonic speeds relative

to BGVs and MaRVs, giving them longer flight times than

those systems over the same range and making them vul-

nerable to interception by terminal missile defenses. We

find that HCMs can be more maneuverable than BGVs

during the atmospheric portion of their flight, though less

maneuverable than supersonic cruise missiles.

Introduction

Hypersonic missiles are weapons that travel faster than Mach 5, or five
times the speed of sound. Hypersonic cruise missiles (HCMs) are
hypersonic weapons that carry fuel and engines to power them for
much of their flight through the atmosphere at low altitudes. This
contrasts with hypersonic boost-glide vehicles (BGVs), which glide
without power after being accelerated to hypersonic speeds by rocket
boosters.!

In two previous papers, we analyzed the performance of BGVs and
compared their capabilities to those of alternative missile technologies that
might carry out the same missions: maneuvering reentry vehicles (MaRVs)
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launched on ballistic missiles flying on depressed trajectories.” In this
paper, we continue that analysis and comparison to include HCMs.

HCMs are powered by airbreathing engines called scramjets. Scramjets
burn fuel the vehicle carries using oxygen from the atmosphere, which
means they do not need to carry an oxidizer onboard as rockets do,
reducing the mass they need to carry. However, scramjets can only operate
at speeds greater than about Mach 4. They must therefore be accelerated
to near-hypersonic speeds by some other method, such as a rocket booster,
before the scramjet engine can start. Scramjets of the type used for HCMs
can operate only up to speeds of Mach 7 to 8, which is less than the
speeds at which many long-range BGVs typically fly.

Several countries, including the United States, Russia, and China are
developing HCMs. Reports of Russia and China fielding versions of these
weapons in recent years appears to have heightened interest among U.S.
policymakers and defense officials in developing similar weapons at a
rapid pace, but without a clearly articulated mission for these weapons or
assessment of their utility, at least in the public realm.

It is not surprising that countries are interested in researching this
technology. However, it is important to assess the capability of these sys-
tems relative to alternatives, and assess whether rapid fielding is justified,
not only to ensure efficient use of resources, but because developing and
fielding weapons based on unclear or exaggerated understandings of their
capabilities can reduce international security by increasing threat percep-
tions between countries while providing little military benefit.

Current developments

HCMs have an intuitive appeal because adding an engine to a hypersonic
vehicle would help it to overcome the drag forces encountered during
low-altitude flight, which greatly slow BGVs throughout their trajectories,
and could therefore keep the vehicle at a constant speed when the engine
is burning. On the other hand, as we discuss below, adding an engine
complicates the vehicle’s operation in some important ways.

The U.S. military is currently interested in developing HCMs with low
mass that can be launched from aircraft.’ In particular, the U.S. Air Force
is developing an HCM as a potential alternative to air-launched boost-
glide vehicles, like the Air-launched Rapid Response Weapon (ARRW).*
In addition, the Navy has started the Hypersonic Air Launched Offensive
Anti-Surface Warfare (HALO) program to develop an air-launched weapon
for its F/A-18 fighter aircraft, although recent reports say this system will
probably fly at supersonic rather than hypersonic speeds.’

A current goal is to carry HCMs on combat aircraft like the F-35 rather
than only large bombers like the B-52. This requires keeping their mass



SCIENCE & GLOBAL SECURITY 221

below about 2,300kg (5,0001b) since the F-35 has two external pylons for
carrying ordinance up to 2,300kg.® (Reports suggest that the F-15EX will
have an external pylon that can carry about 3,200kg on the aircraft’s
centerline, and the new external pylon on the B-1 may carry up to
3,400kg.”) ARRW with its booster is reported to have a mass of about
2,300kg, so it could apparently also be carried on the F-35.8

The primary U.S. HCM currently in development is the air-launched
Hypersonic Attack Cruise Missile (HACM). A recent report by the U.S.
Congressional Budget Office estimates that the HACM would have a range
of about 500km.’ This system has become a higher priority recently
because of problems seen in the ARRW testing program, which has led
to delays and possible cancelation of that missile.!?

In addition, the Air Force Research Laboratory is reportedly developing
a larger, multi-purpose HCM vehicle called Hypersonic Multi-mission
ISR and Strike, nicknamed Mayhem.!' Little is known publicly about
this program, but it is reportedly larger than HACM and is designed to
carry sensors for surveillance or various types of warheads for strike
missions. It is intended to be air-launched, but reports suggest its mass
could be up to about 3,200kg.!* Recent reports state that funding for
the project has been cut and the Air Force is exploring alternatives for
these missions.'?

Russia has fielded a ship-launched HCM (Zircon), which reportedly has
a range of about 400km flying at Mach 5 to 6, and can be fired from
surface ships, submarines, and ground-based launchers.'* Zircon may first
have been used in early 2024."> China claims to have tested an HCM in
2018, the Starry Sky II, using a ground-based booster for the test launch.
It reportedly has a range of 700 to 800 km with a top speed of Mach 6.1
Few details are known about these systems.

Key issues

The goal of this paper is to analyze the capabilities of HCMs and compare
them to other hypersonic systems. Because more information is available
about U.S. systems than Russian and Chinese systems, our assessment is
based on an analysis of HCMs the United States has developed and tested
for military applications, and extensions of the technology used in those
systems.

Key issues for air-launched systems are missile mass, flight speed, range,
and maneuverability. As mentioned above, the mass of HCMs is an import-
ant parameter because of the interest in carrying them on various aircraft.
The mass an aircraft must carry is the combined mass of the hypersonic
vehicle and its rocket booster; we call this the total mass of the sys-
tem, M,,,.
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One major difference in total mass between an HCM and a BGV
comes from the mass of the booster needed for these two vehicles,
which is related to the velocity to which the booster must accelerate
them at the beginning of their flight. To achieve the same range, a BGV
must be boosted to a higher initial speed than an HCM since the BGV
slows due to drag as it glides, while the HCM burns fuel to maintain
a constant speed. Since booster mass increases roughly exponentially
with its top speed, if the BGV and HCM vehicles have similar masses,
then the total mass of the BGV of the same range will generally be
significantly larger.!” Similarly, a MaRV of similar mass requires a higher
initial speed than an HCM, and thus a heavier booster, to reach a
given range.

However, the total mass also scales with the vehicle mass, so if a BGV
or MaRV vehicle can be made less massive than an HCM, which must
carry fuel as well as the scramjet engine and its related technical systems,
then the mass advantage of the HCM might disappear.

A second important issue is that the HCMs currently being developed
are limited to speeds in the low hypersonic range, up to only about Mach
7, as discussed below. This is an intrinsic limitation of using hydrocarbon
fuels—essentially types of jet fuel—rather than cryogenic fuels like hydro-
gen that can give higher speeds but are less suited to military uses.

These relatively low speeds mean HCMs might have longer flight times
than BGVS and MaRVs. They will also not be fast enough to be evade
current terminal missile defense systems, such as the PAC-3 MSE, which
requires speeds of Mach 9 to 10 when the weapon begins its dive toward
its target."® These weapons would therefore not be suited to attacking
missile defenses early in a conflict, which is an important mission the
U.S. military sees for hypersonic weapons, as well as concern about the
capabilities of adversaries."”

This paper analyzes the performance of air-launched HCMs. Much of
this analysis is based on the design of the X-51A vehicle that the United
States tested several times in 2010-13, which we show is a good model
for the HCMs the United States is currently developing. In particular, we:

« Develop an approximate model of the X-51A vehicle based on pub-
lished information about the X-51A program and its flight tests, quan-
tifying a set of parameters to represent the general properties and
capabilities of an X-51A-like vehicle.

 Vary the parameters of the X-51A model to assess how the capabilities
of such a vehicle would change with hypothetical advances in HCM
technology.

o Analyze the tradeoff between maneuvering and range of an X-51A-like
HCM.
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o Compare the range and flight-time capabilities of an X-51A-like HCM
with those of BGVs and MaRVs having the same total mass.

We find that the HCMs we consider have lower masses than BGVs of
the same maximum range but have higher masses than MaRVs. We show
that because HCMs being developed for military missions use hydrocarbon
fuels, they are limited to flying at low hypersonic speeds relative to BGV's
and MaRVs, giving them longer flight times than those systems over the
same range and making them vulnerable to interception by terminal missile
defenses. We find that HCMs can be more maneuverable than BGVs
during their midcourse phase of flight, but not as maneuverable as super-
sonic vehicles.

Scramjet engines

A typical jet engine combines fuel and air in a combustion chamber at
high pressure, then uses the energy released by the resulting chemical
reaction to accelerate its combustion products to high speed. This increase
in the velocity of the exhaust relative to the speed of the air entering the
engine creates thrust to propel the vehicle attached to the engine.

A turbojet uses a fan to actively pump air into the combustion chamber
and increase the pressure in the chamber before the fuel-air mixture
ignites, enhancing the thrust produced. If the vehicle is traveling fast
enough, above about Mach 3, the motion of the vehicle through the
atmosphere compresses the air as it is slowed to subsonic speeds while
entering the combustion chamber, so that no turbofan is needed; such
engines are called ramjets. At even higher speeds, above Mach 4 to 5, the
air entering the combustion chamber is traveling fast enough that it cannot
be brought to subsonic speeds without raising the temperature so much
that it dissociates the fuel and limits the energy added by combustion.?
Instead, in scramjet (supersonic-combustion ramjet) designs, the air is
slowed somewhat to increase the pressure but still flows through the
combustor at supersonic speeds while the fuel ignites (see Figure 1).

This process can produce significant thrust, but also raises engineering
challenges. For example, for a scramjet with a combustion chamber less
than a meter in length, like the X-51A has, the residence time of air in
the combustor is less than a millisecond, during which time the air and
the fuel must mix efficiently, ignite, and complete their burn. Moreover,
the turbulent flow of air into the engine must remain steady enough to
keep the reaction going. This process has been compared to “lighting a
match in a hurricane and keeping it burning”*!

In addition, as the vehicle’s speed increases, the kinetic energy of the
incoming air increases relative to the energy released in the chemical
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Figure 1. A schematic cross-section of a scramjet engine, showing the air inlet on the left and
exhaust ejection on the right. In the diagram of the X-43A at the top right, the scramjet engine
is the object on the lower surface of the vehicle (Source: Modified from https://www.nasa.gov/
reference/x-43a/).

reaction, so that the thrust produced by the engine decreases roughly
inversely to the vehicle’s velocity.”> Above speeds of Mach 7 to 8, the
energy output of hydrocarbon fuels is too low to produce useful thrust
and a fuel like hydrogen is required. Hydrogen releases nearly three times
the energy per unit mass of jet fuels and has very short ignition and burn
times. However, it is much less dense than jet fuel, requiring a larger
volume of hydrogen to provide the same amount of energy. The larger
volume required for fuel storage on a hydrogen-fueled vehicle leads to
higher drag, which can make it difficult for the vehicle to achieve a high
thrust-to-drag ratio.”> In addition, storage is more difficult since hydrogen
must be kept at high pressures or low temperatures, unlike hydrocar-
bon fuels.

The details of scramjet operation also limit the trajectories that HCMs
can fly. While air-breathing engines do not need to carry the extra mass
of onboard oxidizer as a rocket engine does, they must intake sufficient
air during flight, limiting their ability to fly at high altitudes where the
air is less dense.

HCMs circulate the fuel they carry throughout the vehicle to absorb
heat and actively cool parts of the engine and vehicle surface, which both
reduces the heat loads on the vehicle and preheats the fuel, improving
combustion. The vehicle must be designed so that the amount and flow
rate of fuel is matched to the speed and altitude at which the vehicle will
be flown, which affects its heating.

These are examples of the difficulties of designing and operating HCMs
due to the tight coupling between the design of the vehicle and its speed,
flight altitude, and range on the intended trajectory. The vehicle must be
designed to generate sufficient lift to keep itself aloft while generating low
drag to maintain its flight speed, giving a high lift-to-drag ratio (L/D); to
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collect sufficient airflow for the engine; to withstand the mechanical stress
and heating of hypersonic flight; and to carry enough fuel to reach the
desired range, all while keeping the vehicle mass acceptably low.

Many aspects of HCM design are considerably more complicated than
designing and flying a BGV. BGVs can be designed to have high L/D and
be flown at a dynamic pressure and angle-of-attack chosen to maximize
L/D. In contrast, while the scramjet is operating, an HCM must be flown
at high dynamic pressure and small angle-of-attack (see Appendix A).
Modeling HCM flight then requires knowing how lift and drag vary with
angle-of-attack.

Ground testing of hypersonic systems is challenging because ground
facilities, such as wind tunnels, cannot create high fidelity simulations of
all the important aspects of extended hypersonic flight.** As a result, while
research and development of scramjet engines and vehicles powered by
them has been underway for decades, developing a practical vehicle using
a scramjet engine has proved difficult.

The X-51 and X43 programs

The United States conducted flight tests of two HCMs between 2004 and
2013: the X-43A, which was fueled with hydrogen, and the X-51A, which
used hydrocarbon fuel. Both were air-launched using rocket boosters
released from B-52 aircraft.

The X-43A was twice as heavy as the X-51A and had large lifting sur-
faces compared to the more streamlined X-51A, which used a waverider
design that uses its shock wave to increase vehicle lift.>> In two tests in
2004, the X-43A flew at altitudes near 30 km, cruising at speeds of Mach
6.83 and Mach 9.68. The scramjet operated for 10 to 11seconds in both
cases, burning one to two kilograms of hydrogen.?

In contrast, in 2013 the X-51A flew at altitudes near 20km at a speed
of about Mach 5, and its engine burned 120kg of JP-7 fuel over three
and a half minutes. Figure 2 shows a schematic of the X-51A vehicle with
its booster and the interstage section that connects them.

While the X-51A was a research vehicle, it was also viewed as a pro-
totype for an HCM weapon, being roughly the right size and capability.
Its designers stated that the test platform was “primarily a technology
demonstrator vehicle but could quickly be adapted to an operational hyper-
sonic cruise missile application”?” The Chief Scientist of the U.S. Air Force
during much of the vehicle’s development wrote that “The X-51 vehicles
are full scale and can be seen as leading directly to a high-speed weapon
system.?

In addition, the Air Force’s program manager for the system stated that
the X-51 served as the model for an HCM design, the High-Speed Strike
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Figure 2. A schematic of the X-51A vehicle (left) with its booster (right) and the interstage
section that connects them (Source: https://aerospaceamerica.aiaa.org/features/scaling-up/).

Weapon (HSSW), compatible with both B-2A and F-35 aircraft, and that
“We foresee scramjet technology could be brought to bear to propel a
light vehicle like X-51 in size anywhere between Mach 5 and 6 against
targets 500 to 600nm [900-1100km] away within 10-12min*

The HSSW program was started around 2013 to develop a weapon
based on the X-51A; within a few years it was replaced by the Hypersonic
Air-breathing Weapon Concept (HAWC) program. HAWC was a joint
Defense Advanced Research Projects Agency (DARPA) and Air Force
program that had four successful flight tests in 2021-3 before the
program ended. During its second flight test, in March 2022, HAWC’s
scramjet reportedly burned for 327 seconds compared to 210seconds
for the longest X-51A burn.’® This implies it carried nearly 190kg of
fuel, assuming the fuel consumption rate was similar to that of
the X-51A.

HAWC was followed by the MOHAWC program, intended to further
develop HAWC technology and contribute to the HACM program, which
is currently the main hypersonic focus of the Air Force.

Few details are publicly available about HAWC and HACM. However,
reports say that HACM’s airframe and engine designs are “very close” to
those of HAWC,*! which grew out of the X-51A and HSSW programs,
and that HACM is smaller than ARRW, which weighs about 2,300kg with
its booster, giving it a mass similar to the X-51A (see below). In addition,
HACM is estimated to have an intended range of about 500 km, which is
similar to but slightly longer than the X-51A (see range estimates in
Table 1).*2

For these reasons, considering modified versions of the X-51A vehicle
appears to be a reasonable approach to understanding the capabilities of
systems like HACM that are currently being developed.
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Analysis of the X-51A vehicle and 2013 flight test

Reports about the 1 May 2013 final flight test of the X-51A give the
following information about the test.

A B-52H bomber released the stack (X-51A vehicle and booster) at an
altitude of 40,000-50,000 ft (12.2-15.2km) and speed of Mach 0.8 (240 m/s).
The stack fell for 4s from the B-52 before the rocket booster, a modified
Army Tactical Missile System (ATACM) motor, ignited. The booster burned
for 26-29s, traveling about 25km and reaching 63,000ft (19.2km) and
Mach 4.9 (1,446 m/s), before it released the X-51A vehicle.*

The process to start the X-51A vehicle’s engine began before it separated
from the rocket booster, initially burning ethylene and then transitioning
to JP-7 fuel. Full power started 10-15s after separation.’® During this time
the vehicle slowed somewhat and dropped to slightly lower altitude, with
powered flight starting at Mach 4.83 (1,425m/s).*

The vehicle flew at essentially constant dynamic pressure q, in the
range 105-113kPa.’” If the lower value corresponds to the start of the
full-power phase of flight, it implies that phase started at an altitude of
about 62,500ft (19.1km). The scramjet burned JP-7 fuel for 209-212s
until it ran out of fuel, which occurred at an altitude of 63,500ft (19.4km)
and speed of Mach 5.1 (1,505m/s).?®

After the powered phase ended, the operators conducted maneuvers of
the vehicle while it descended and dropped into the ocean.** The vehicle
reportedly traveled 340nm (630km) from the point it was released from
the B-52, with a total flight time of about nine minutes, which included
about five minutes of descent.*” The duration of “controlled flight,” pre-
sumably before operators lost contact with the vehicle during its descent,
was reported to be 361s.*! Telemetry was reported lost at an altitude of
20,000 ft (6.1km).*?

Estimating the lift and drag coefficients
We use this information to estimate the X-51A’ lift and drag coefficients
C, and C, as functions of angle-of-attack a. The values that enter the
calculations below are the products C;A and C,A, where A is a reference
area for the vehicle.*

A key parameter for HCM flight is the dynamic pressure, defined as:

1
9 ZEPVZ (1)

where p is the atmospheric density and V is the vehicle’s velocity. Dynamic
pressure characterizes the kinetic energy per unit volume of the air sur-
rounding a vehicle.
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HCMs are flown at large values of g, to achieve sufficient engine air
flow. The thrust of the scramjet is proportional to the rate of mass flow
of air (ri1) through the engine, which determines the rate at which the
engine can burn fuel. The mass flow of air can be written in terms
of g, as:

i, = 2004 @)
Vv
where A, is the air inlet capture area that the vehicle uses to get air to
the engine (see Appendix A).* Large ri1, therefore requires a large g,.

At the same time, g, must be kept low enough that it does not lead to
excessive heating and mechanical stress on the vehicle. The mechanical
forces on the vehicle are proportional to pV? ~ g,, and the aerodynamic
heating rate scales roughly as pV? ~ ¢,V.

These limitations on g, restrict sustained flight for scramjets to a rel-
atively small range of combinations of altitude and velocity.*> The value
of g, is kept relatively constant during flight to maintain high thrust and
acceptable levels of mechanical stress and heating (see Appendix A).

The data from the end of powered flight of the final X-51A flight test
(V=1,505m/s and altitude 63.5 kft (19.4km)) give g, = 110kPa at that
point. We assume from above that g, = 105kPa at the beginning of pow-
ered flight, and below use an average value of 107.5kPa during powered
flight in our calculations.

Lift coefficient
For the vehicle to remain aloft the lift force Fj; must offset the gravita-
tional force:

1
Fy=5CiAp V?=C,Aq,=M(t)gA (3)

where the second equality uses Equation 1, M(?) is the vehicle’s mass at
time t, g=9.8m/s? and

A(V)=1-— (4)

is an inertial term that reduces the gravitational force due to the high
speed of the vehicle. Here V, = [g(R,+h)]"? is the orbital speed of an
object at an altitude h; V, = 7,915m/s at altitudes considered here. A(V)
varies slowly with V in the range of speeds considered here, from 0.965
at Mach 5 to 0.932 at Mach 7.

Equation 3 gives:
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CLAzM;M (5)

9

which determines the value of the lift coefficient needed to keep the
vehicle aloft. The atmospheric density (and therefore the flight altitude
altitude) at any point in the vehicle’s trajectory can be found from:

2q, 2Mgh
TV CAV? ©
L

Since g, remains nearly constant during flight, the vehicle will vary its
angle-of-attack to change the lift coefficient during powered flight since
the vehicle mass changes as the propellant burns.*

The launch mass of the X-51A was reported as 683kg and its mass
after scramjet burnout was apparently 557kg. The mass of “usable JP-7”
fuel was 120kg (2651b). The 126kg (2771b) difference between the launch
and operating masses presumably includes the ethylene used to start the
combustion of JP-7 in the scramjet. The total mass of the vehicle, booster,
and interstage was 1,790kg, of which 73kg was the interstage and 6kg
was ethylene used to start the scramjet.”’

In the following analysis, we assume that during the powered phase
(when the scramjet is operating) the vehicle burns 120kg of JP-7 fuel in
a time t, = 210s, for a fuel flow rate 7i1,= 0.57kg/s, and during this time
its mass goes from M, = 677kg (the launch mass minus the mass of
ethylene burned prior to scramjet operation) to M= 557kg.

Equation 5 then gives the lift coefficient (C,A), = 0.061 m? at the begin-
ning of powered flight and (C,A); = 0.048m’ at the end. This means the
vehicle will fly with a somewhat larger angle-of-attack « at the beginning
than the end of powered flight; we show below that this change in « is
less than a degree.*®

Drag coefficient
The drag force on the vehicle is:

1
Fdrag - ECDA ,DV2 =CpAq, )

Below we estimate the value of L/D that the vehicle demonstrates during
its glide phase after powered flight has ended. Since the glide range is
proportional to L/D we assume that the vehicle would glide at an angle
of attack that maximizes L/D.

However, during powered flight the vehicle will typically not fly at
maximum L/D. As noted above, to generate high thrust the vehicle will



230 e D. WRIGHT AND C. L. TRACY

fly at high g, (high velocity at low altitude) to increase the air flow to
the engine, and Equation 3 for the lift force at constant altitude flight will
require a value of « smaller than the value that maximizes L/D. Having
small values of drag near that value of « is important for increasing the
net thrust (the difference between the thrust provided by the engine and
the drag force) during powered flight.*

To determine the drag of the vehicle, we therefore estimate the variation
of the lift and drag coefficients with «a by fitting to data from the 2013
test, as follows.

Reports state that the X-43A hypersonic vehicle flew at angle-of-attack
a=1 to 2.5 degrees during its powered phase,” and we therefore assume
the X-51A also flew at small angles. For small « we assume the lift and
drag coefficients take the standard forms:*!

C, (a)zLa (8)
C,(a)=D, +D,a’ 9)

where L;, D,, and D, are constants. Equation 8 assumes lift is zero at
a =0, which can always be achieved by choice of the origin of a. Equation
9 includes the zero-lift drag D, and the induced drag created by the
presence of lift.>?

Powered flight begins at a=a, where C,(«,) = L,a, is the value of
the lift coefficient required to keep the vehicle aloft as powered flight
begins. Changing the assumed value of «, will change the values of L,
and D, in Equations 8 and 9, but will not change the results below,
which depend only on D, and D,/L neither of which scale with the
assumed «, As a result, our results below do not depend on the
choice of «,.

For specificity, we assume «a, = 2 degrees. Since we found above that
C,A=0.061 m? at the start of powered phase, then L,A=0.0305m?/deg.

We next estimate Dy)A and D,A by using information about powered
flight and glide phase.

Using Equation 7, the net force accelerating the vehicle is:

T,=T-F

net drag

—T-C,Aq, (10)

where T is the thrust generated by the engine.

We use Equations 8 and 9 to express the drag coefficient in terms of
the lift coefficient, which allows us to estimate the drag coefficient during
powered flight by relating it to the lift needed to keep the vehicle at
constant altitude as the propellant mass decreases:
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2
C, =D0+D2(%] (11)

1

Equation 10 then becomes:

2
Tnet :T_%DOA_quzA[;VIfiJ (12)

01

where Equation 5 has been used relate the lift coefficient to vehicle mass,
which is a function of time:
M(t)=M(0)—rn

it (13)

The increase AV in speed during powered flight is given by:

szjidt (14)

where t, is the burntime.
The thrust and the specific impulse, I, of a scramjet engine are
related by:>

T=rngl, (15)

As noted above, the thrust, and therefore I, is roughly proportional
to 1/V, which is seen in plots of I, against Mach number.** For our cal-
culations, we assume that at Mach 5 the thrust is 4,450 N (1,000 1bf),
which is the upper end of the range given for the thrust produced by the
Pratt & Whitney SJY61 scramjet engine that powers the X-51A.>> Assuming
m1, = 0.57kg/s (based on the reported fuel burn rate during the test flight),
Equation 15 shows that this corresponds to a specific impulse of about
I, = 800s, which is consistent with data released by the U.S. Air Force.”
For our calculations, during flight we scale I, with one over the vehicle’s
velocity relative to this value of I, at Mach 5.

To calculate AV we insert Equations 12 and 13 into Equation 14, assume
I, = 800s at Mach 5 and ri1; = 0.57kg/s, and use an average value q, =
107.5kPa during powered flight. We then numerically integrate Equation
14, varying the constants D, and D, to give (1) the value of AV reported
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from the 2013 X-51A flight test (80 m/s), and (2) the maximum value of
L/D consistent with the reported glide during descent in the 2013 test,
which we consider next.

Descent phase and L/D

Following the end of powered phase the vehicle glides to splash down in
the ocean. The range and time of the glide can give an estimate of its
maximum value of L/D. To better understand the aerodynamics of the
vehicle, during descent the operators conducted various maneuvers of the
vehicle, which affected its glide distance.

As discussed, during powered flight the vehicle was flown at angles-of-
attack below those that maximize L/D, but once powered phase ends it
would make sense to increase « to maximize L/D to maximize the glide
range. This appears to have been done during flight tests of the X-43A.%7
In the X-51A case, we find that this change in « increases the flight
altitude of the vehicle from about 19.4km at the end of powered flight
to 24.2km as it begins glide phase. This ending value is found from
Equation 6 using a=1.6 degrees at the end of powered phase and a ~
3.5 degrees for maximum L/D (see below).

That increase in altitude will lead to a small decrease in speed, which
can be estimated by calculating the tradeoff of kinetic for potential energy:

2
0:AE:A[mV +mgh] (16)
so that:
AV = 8Ah (17)
Vv

An altitude change of 5km at a speed of Mach 5 (1,475m/s) would
decrease V by about 33m/s, or 2%. We ignore this change in the range
estimates in the following sections, which therefore slightly overestimate
the glide ranges, but include it here in estimating L/D.

A detailed report on the 2013 X-51A test flight states that during descent
“aerodynamic parameter identification (PID) maneuvers were to be per-
formed at Mach numbers 5, 4, 3, and 2. After almost 5minutes of descent,
the X-51A splashed down in the Pacific Ocean, approximately 340 nm
[630km] downrange.”*®

We use numerical computations to estimate what value of L/D would
give this combination of glide time and range. We assume that the vehicle
maximizes L/D during glide and that the PID maneuvers do not
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significantly reduce the glide range.” We also assume that the vehicle
maintains a bearing directly down-range throughout glide. These assump-
tions may underestimate somewhat the vehicle’s actual maximum value of
L/D; in the analysis below we consider the effect of increasing the
value of L/D.

Our glide analysis gives a maximum value of L/D of about 1.8.%° In
particular, assuming L/D=1.8 and that glide started at a speed of 1,472 m/s
(Mach 5.1 minus the 33m/s lost upon climbing to a higher altitude at
the start of glide) at an altitude of 24.2km and that the vehicle has a
ballistic coefficient p = M/(CpA) = 9440kg/m?%°' splashdown in the ocean
would occur after a glide of 337s (5.6min) and a distance of 258km.
From reports on the test we estimate that the powered phase ended at a
distance of 345 to 355km from the point at which the booster and vehicle
were dropped from the B-52. Assuming “downrange” means relative to
that drop point, then the total downrange distance would be about 610 km.
The fact that maneuvers were conducted during descent would change
the time and distance somewhat compared to a simple glide, such that
this estimation of L/D should be considered an approximation.®?

For the rest of our analysis, we assume the base case has a value of
L/D=1.8 as the vehicle glides during its descent, but we consider how
higher values of L/D would change the total range of the vehicle.

We now have approximate values from the X-51A final test for the
velocity change during powered flight (AV =Mach 5.1-Mach 4.83 =1,505-
1,425m/s=80m/s), the maximum value of L/D (1.8), and the curve of lift
versus a (with L,A= 0.0305). Using Equation 14 with the parameter values
discussed above, we fit DjA and D,A to give values that give this velocity
increase during powered flight and maximum value of L/D. This process
gives DyA =0.03245 and D,A =0.00220. The resulting curves for lift, drag,
and L/D are shown in Figure 3. During the powered phase, a changes
between 1.6 and 2 degrees (which correspond to the values 0.061 and
0.048 for C,A found above at the start and end of powered phase), and
the estimated L/D varies from 1.3 to 1.5. The maximum value of L/D=1.8
occurs at about a=3.8 degrees.

Our approximate model of the X-51A therefore assumes the following
parameters:

Initial vehicle mass = 677kg

Final vehicle mass = 557kg

Mass of interstage +ethylene = 79kg
Initial mass with booster = 1,790kg
JP-7 fuel mass = 120kg

JP-7 burntime = 210s

JP-7 fuel flow rate = 0.57kg/s
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Figure 3. Curves for the lift and drag coefficients (left) and lift-to-drag ratio (right) as functions
of angle-of-attack (AoA), for values L,A=0.0305m?/deg, D,A=0.03245, and D,A=0.00220.
During powered flight, a=1.6 to 2.0 degrees. Maximum L/D=1.8 occurs around a=3.8 degrees.

q, during powered phase = 107.5kPa

Thrust at Mach 5=4,450 N = 1,0001bf

I, at Mach 5=800s

L/D during glide = 1.8

C,A and CpA as functions of « given in Figure 3.

Modeling HCMs using variations of the X-51A model

To explore potential capabilities of systems like HAWC and HACM that
are based on the X-51A vehicle, we modify the model developed above
in several ways.

First, we reflect possible improvements in the engine by increasing the I,
of the scramjet. For the X-51A, we assumed the thrust at Mach 5 was
4,450N (1,0001bf), the upper limit reported for its engine, which corre-
sponds to I, = 800s for rir, = 0.57kg/s. For the variations below we show
the effects of increasing I, to 900 and 1,000s. For simplicity, we assume
any modifications of the vehicle to increase I, do not increase the vehi-
cle’s mass.

Second, we increase the amount of fuel the vehicle carries. We compare
two ways of using this additional fuel: (1) increasing the duration of the
powered phase (t,) with the same fuel flow rate and thrust as the X-51A,
and (2) increasing the fuel flow rate to the engine, which will increase
the thrust produced for a given value of I, since T=gl ..

In addition to increasing the vehicle mass when adding fuel, we assume
the size of the body must be increased since the volume of the X-51A is
not large enough to accommodate a significantly greater volume of fuel.®*
We assume that the vehicle is scaled up enough to hold the volume of
the additional fuel, but retains the same body shape. This will leave the
lift and drag coefficients C, and C,, unchanged but will increase the ref-
erence area A. We discuss this scaling in detail below.
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Third, we consider the effect of using a more capable booster to
accelerate the vehicle to higher initial speed. This was done in the
X-43A flight tests, with the booster accelerating the vehicle to speeds
near either Mach 7 or Mach 10. This approach is complicated by the
fact that scramjet thrust decreases with speed as 1/V so for high speeds
it may not be able to provide high enough thrust to maintain con-
stant speed.

In addition, Equation 2 shows that at a constant value of dynamic
pressure, the airflow to the engine also decreases as 1/V (since increasing
V will require flying at lower p) so the vehicle must be designed to collect
a sufficient volume of air at these speeds to be able to oxidize the fuel.
This means that the vehicle must be designed to have a large enough air
inlet capture area A;, for the intended speeds.

Finally, we consider the effect of designing a vehicle with a higher
maximum value of L/D, which will increase its glide range at a given speed.

Range calculation
To compare the ranges of HCMs with varying characteristics, we calculate
the “hypersonic range” of the vehicle—that is, the range from booster
burnout to the point at which its speed falls below Mach 5, which is the
definition of hypersonic.%

The range of a powered vehicle is commonly expressed by the Breguet
equation:

VI
R:% /{” h{%} (18)

F

which is often written without the inertial factor A, and where M, and
M, are the initial and final masses of the vehicle. However, this equation
assumes that the vehicle is traveling at a constant speed and L/D, so it is
not generally applicable.®> We instead calculate the range in the fol-
lowing way.

If the vehicle speed is V), at the start of the powered phase when the
scramjet is operating, then following the discussion leading to Equation
14 the speed at time t during powered flight is:

V(t)=V,+ L gy (19)

P M(t)

and the pathlength the vehicle travels during the powered phase is:



236 e D. WRIGHT AND C. L. TRACY

tyt' T
Rpowered = VOtb + J.J. e dt”dt’ (20)
00

M(t")

where t, is the burntime. We calculate the speed and range by numerically
integrating these equations.

For the speeds considered here, the unpowered glide range of the
vehicle starting at V, and gliding until it slows to V; can be accurately
estimated by Ry = (L/D)(VgZ—VfZ)/(Zg)Lg), where )Lg = )L(Vg) is given by
Equation 4.% The total range after booster burnout can then be esti-
mated as:

L V2 _ VZ
Rtot = Rpowered +— . ! (21)
D 2g4,

Under these same assumptions, the time duration of glide is accurately
given by t,;, = (L/D)(V,~V))/(ghy), so the total hypersonic flight time is:’

V-V
it =t 4Ll

t. =t .
‘powered glide b
D g4,

tot

(22)

To calculate the hypersonic range, we take V; = Mach 5. We use these
equations to calculate the range and time of flight in the analysis below.

Mass calculation

As discussed above, the total mass of the HCM vehicle plus booster is an
important parameter, particularly for air-launched weapons. The total mass
depends on the mass of the payload the booster must accelerate (which
consists of the vehicle, its fuel, and the interstage connecting the vehicle
to the booster), the speed to which the booster must accelerate the pay-
load, and details about the booster itself.

To estimate the size of the required booster, we use an approximate
equation derived from the rocket equation that assumes the booster has
n stages and increases the speed of the vehicle by AV. Each stage has a
tuel fraction ¢ (equal to the propellant mass of the stage divided by the
total stage mass) and an exhaust velocity V,, and the total delta-V is
equally divided among the stages:®®

M AV B
oL =31—-{1- — |/ 23
- { [ exp[ nVNH (p} (23)
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M,,, is the total mass of the booster plus payload P. Here P is the mass
of the HCM vehicle and the fuel it carries plus the interstage connecting
it to the booster.®®

The total mass of the booster, interstage, and fueled X-51A vehicle was
reported to be 1,790kg. We use this mass and Equation 23 to estimate
the parameters of the modified, single-stage ATACM booster used in the
tests. In particular, for n=1 we find that a booster with V,, = 2.6km/s
and ¢=0.74 can accelerate the payload to Mach 4.9 (1,446 m/s), as was
reported in the 2013 flight test. In later sections of the paper, we assume
¢=0.8, which is an 8% increase in fuel fraction over 0.74.

Variations of an X-51A-like vehicle

Baseline case: X-51A model with improvements

In the 2013 X-51A test, the powered phase started at a speed of V, =
Mach 4.83 (1,425 m/s) and increased to Mach 5.1 (1,505 m/s) while
burning 120kg of JP-7 fuel in 210s (r1, = 0.57kg/s), with I, = 800s.
These numbers imply that the vehicle traveled a little over 300km during
this time. While it subsequently glided for several hundred kilometers
until it splashed down, it could have maintained velocity above Mach 5
during glide for only about 10km.

The results of the calculations described above, using the approximate
model of the X-51A, are shown in the top row of Table 1. V, is the speed
at the end of powered phase, which we use as the speed at the start of
glide, ignoring the small reduction due to the vehicle increasing its altitude
at the start of glide.

The lower rows in Table 1 show the results assuming I, = 900s and
1,000s at Mach 5. The total increase in range scales roughly with the
increase in specific impulse; much of that increase results from the longer
glide range due to the higher speed at the end of the powered phase. The
total range and time from Table 1 for the case of I, = 900s, which is
higher than that of the X-51A, are shown as the solid gray dot in Figure
4. For comparisons to other variations, we consider this our “baseline case”

For the following examples, we consider modifications of the base case
that have a total mass of 2,300kg, since that appears to be the mass limit

Table 1. Results for the X-51A model with variations of specific impulse.

Iy, (5) Thrust (N) V, Mach)  Riowered (kM) Ryjge (km) Ry, (km) tior (Min) M, (kg)
800 4,450 5.13 309 11 320 3.6 1,790
900 5,006 5.53 321 47 368 4.0 1,790
1,000 5,563 5.91 333 83 416 44 1,790

Results for the case t, = 210s, m= 0.57kg/s, V, = Mach 4.83. V is the speed at the end of powered phase
and the start of glide phase; the glide phase ends when the vehicle reaches Mach 5. The value of [, is the
value at Mach 5 and is proportional to 7/V. The vehicle is assumed to fly at constant g, = 107.5kPa. M,,, is
the estimated mass of the booster plus interstage plus fueled vehicle when boost begins.
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Figure 4. Ranges of variations of the X-51A model versus flight time. All the data points shown

assume [, = 900s. The solid dots assume a fuel mass flow rate of 0.57kg/s while the open

circles assume 0.68kg/s. V, is the speed to which the vehicle is boosted, and m, is the mass of
JP-7 fuel the vehicle carries. The dots and circles both assume L/D=1.8 during glide, while
the +markers assume L/D=3.0 for a mass flow rate of 0.57. We consider the solid gray dot as
the base case, which is our model for the X-51A but with a higher /5,,- The total mass for the
booster plus vehicle of the gray points is 1,790kg. All the black data points assume a total mass
of 2,300kg. The solid and dashed lines show average speeds of Mach 5 and Mach 6, respec-
tively. These calculations include only powered and glide phase; adding a ballistic phase is con-
sidered below.

for delivering an HCM from fighter aircraft. In calculating the total mass,
we use Equation 23 assuming a single stage booster but with a higher fuel
fraction (¢ = 0.80) than we estimated for the ATACM booster. We assume
that in all cases the vehicle flies at the same value of dynamic pressure as
in the X-51A flight tests, which appears to depend on the level of stress
and heating the vehicle is designed to withstand. While some of the vari-
ations we consider have top speeds higher than that reported for the X-51A
tests, reports of the tests said the vehicle was expected to reach speeds
greater than Mach 6, so we assume the vehicle could withstand the addi-
tional heating of these higher speeds with minimal changes.

Decreasing the burntime to increase the fuel flow rate

The scramjet thrust can be increased by increasing the flow rate of air and
fuel to the engine. If the fuel mass is unchanged, this reduces the burntime
but keeps the overall vehicle mass the same, so that a booster of the same
mass could accelerate the vehicle to the same initial speed (Mach 4.9). We
consider a case in which the air and fuel flows are increased by 20% over
the baseline case (from 71, = 0.57 to 0.68kg/s), which results in the gray
open circle in Figure 4 for the case of I, = 900s. This shows that such a
change will increase the range by just a few percent. The shorter burntime
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of the scramjet gives a shorter range during powered flight when the scramjet
is operating, but the higher speed of the vehicle when the scramjet stops
burning gives a somewhat longer glide range.

Increasing the fuel flow rate increases the thrust from the scramjet. For
m, = 0.68kg/s, the thrust is:

I, = 800s:T=5,330N =1,2001bf
I, =900s :T=6,000N =1,3501bf
I, =1,000s :T=6,660N =1,5001bf

Boosting to higher initial speed
Both range and average speed can be increased without modifying the
vehicle by using a more powerful booster to accelerate the vehicle to a
higher initial speed. For Figure 4, we assume a vehicle with the mass of
the fueled X-51A (677kg) (plus interstage) and find that keeping the total
mass of booster plus vehicle to about 2,300kg limits the highest initial
speed that can be achieved to a little over Mach 6.5 (1,940 m/s).”®
Figure 4 shows the resulting range and flight time, the black dots near
a total range of 500-550km, for the case of I, = 900s and (1) the original
210s burntime (solid dot) and (2) a shorter burntime that gives a 20%
increase in the fuel flow rate, as above (open circle). This leads to roughly
a 40% increase in range over the base case (gray dots).

Increasing burntime by burning additional fuel at the original fuel flow rate
For this case we assume that, as in the base case, the booster accelerates the
vehicle to Mach 4.9 and the vehicle begins powered flight at Mach 4.83. The
vehicle is assumed to burn fuel at the same rate as in the base case. However,
we increase the amount of fuel the vehicle is carrying to the maximum
amount it can carry while still keeping the total mass of booster plus vehicle
to 2,300kg. This requires increasing the fuel mass from 120kg to about 370kg
and the burntime from 3.5minutes (210s) to just under 11 minutes (650s).
We assume that carrying this extra fuel will require a larger vehicle.
We scale up the X-51A in the following way. We first estimate the volume
of the X-51A, which we assume is a cylinder of diameter 0.58 m and
length 4.0 m (shorter than the actual 4.3 m length of the X-51A to account
for the tapering at the front of the vehicle), giving a volume of 1.06 m’.
We assume that the mass and volume of components within the vehicle
remain the same and that the vehicle size is scaled up so that its volume
increases by the volume of the additional fuel. We also assume that a
quarter of the original 557kg unfueled mass of the vehicle, or 130kg,
consists of structure and heat shielding that scale with the surface area
of the vehicle. This value is used to estimate how the structural mass of
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the vehicle scales and its exact value will have little effect on the
results below.

The additional mass of JP-7 fuel, m,,, = 250kg, will require an additional
volume of about 6vol=6my,. / p,,,, where the density p,,, of JP-7 fuel is
about 800kg/m’®, giving an extra volume of §vol=0.31 m’. We therefore
scale the vehicle by a factor of [(1.06+0.31)/1.06]'* = 1.09 while keeping
the same shape, so that C, and C, stay the same. The surface area will
increase by a factor of (1.09)* = 1.19. We assume this larger surface area
will add 0.19 x 130kg = 25kg of structural mass. This scaling increases the
reference area A by 19%, which will increase the lift and drag of the vehicle.

The fueled vehicle will therefore have a mass of 952kg, which results
in a total mass of 2,300kg using a booster that accelerates the vehicle to
a speed of Mach 4.9.

Calculating the range and flight time of this larger vehicle, assuming
I, = 900s, gives the solid black dot in the upper right corner of Figure 4.

As above, we also calculate the range and flight time assuming a 20%
increase in fuel flow rate while decreasing the burntime by 20% to 520s.
The result of this calculation is shown by the open black circle in the
upper right corner of Figure 4. This change leaves the range about the
same but reduces the flight time by about a minute.

Boosting to higher speed and increasing the fuel mass
The next variation is intermediate to the previous two. The booster accel-
erates the vehicle to an initial speed of Mach 6 (1,777 m/s) and carries
80kg of extra fuel. Using the vehicle scaling described above, this is the
maximum amount of fuel that can be added for this initial speed while
keeping the total mass at 2,300kg. At the X-51A fuel flow rate of 1, =
0.57, this fuel mass gives a burntime of 350s (we note that HAWC’s
scramjet was reported to have burned for 327s in one of its flight tests”!).
Scaling up the vehicle to carry the extra fuel, as above, requires a scaling
factor of 1.03, so that the surface area increases by a factor of 1.06. This
adds about 8kg of structural mass, so the total fueled vehicle mass is 765kg.
The result is shown as the solid black dot near the center of Figure 4, not
surprisingly with range and flight time intermediate to the previous two cases.
As above, the open black circle shows the results assuming a roughly 20%
increase in fuel flow rate and 20% decrease in burntime to 300s.

Increasing L/D

The final variation we consider is increasing the maximum value of L/D,
which will primarily enhance the vehicle’s flight during its glide phase. We
consider a two-thirds increase in the maximum L/D from our estimate of
1.8 for the X-51A to a value of 3.0. We note that in its flight tests the X-43A
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vehicle appeared to show a maximum L/D in the range of 2.6 to 2.8;* because
it had a larger lifting area than the X-51A relative to the size of the vehicles,
one would expect it to have a higher L/D value than an X-51A-like vehicle.
We also note that the Common Hypersonic Glide Body (C-HGB) currently
being developed by the Army and Navy appears to have L/D around 2.2.7

For this variation we recalculate the drag coefficients D, and D, in
Equation 9 as described above to give a drag coefficient as a function of
a that leads to a maximum L/D of 3.0. This leads to DyA =0.0368 m* and
D,A =0.0007, which are used to calculate the new range.

For each of the above variations, Figure 4 shows the effect of this
increase of L/D on the cases represented by the solid dots and is shown
by the grey and black plus signs. The increase in L/D leads to only a
small change in range during the powered phase and about a two-thirds
increase in the glide range, which corresponds to a much smaller per-
centage increase in total range since the glide range is significantly shorter
than the powered range. Recall we are calculating the hypersonic range
of the vehicle, which is its range while traveling above Mach 5. Since the
speed at the end of powered flight, which is the start of the glide phase,
is not much above Mach 5 in many of these cases, the glide range is
relatively short, so this change does not make a substantial difference. The
difference is greatest in the case in which the vehicle was boosted to Mach
6.5, since this case has the largest speed at the start of glide phase.

Discussion
These examples lead to the following conclusions.

As a baseline, we have modeled a vehicle similar to the X-51A that
was test flown in 2013 and assume the vehicle can be scaled up to carry
additional fuel. We also assume this vehicle is designed to be launched
from U.SS. fighter aircraft and in our variations have therefore restricted
the total mass of booster plus vehicle to 2,300 kg.

The black symbols in Figure 4 show the capabilities of vehicles with a
total mass of 2,300kg. As discussed, the vehicle mass increases when it
is carrying additional fuel, and the booster mass increases if it must launch
a more massive vehicle or accelerate a vehicle to a higher initial speed.
Figure 4 therefore shows the different ways in which 2,300kg of booster
plus vehicle mass can be configured, and the tradeoffs between range and
delivery time that result from the limit on total mass.

Figure 4 shows that the total hypersonic range of these vehicles is lim-
ited by their relatively low speed, which is restricted by the fact that the
scramjets burn hydrocarbon fuel. These vehicles have average speeds of
roughly Mach 6 or below.

The low speed of these vehicles also means they would likely be vul-
nerable to interception by terminal missile defenses. Attempting to boost
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them to higher speed does not solve this problem since the scramjets
themselves will not work above about Mach 7, while our previous study
showed that evading defenses requires a speed of Mach 9-10 as the vehicle
starts its dive to the target.”*

Figure 4 also shows that, with the constraint that the total mass =
2,300kg, the main determinant of total range for a vehicle of this type is
the amount of fuel it carries: Total range appears to scale roughly with
the square root of the fuel mass. To maximize the range under this con-
straint, the vehicle should be launched at a low speed to reduce the mass
of the rocket booster and allow the vehicle to carry additional fuel.

Table 1 shows that increasing the specific impulse is a relatively effective
way to increase capabilities: Increases of 11-12%, from 800s to 900s, or
9005 to 1,000s, lead to increases of missile range by 10-15%. How difficult
achieving such increases in I, might be is unclear.

Increasing the fuel flow rate by 20% for the same total fuel mass, which
increases the thrust but decreases the burn time, increases the range by
only a couple percent, but at the longest ranges can decrease the flight time
by 5-10%. Increasing the maximum L/D by 67% has little effect except at
the highest speeds considered here, where it increases the range by about 15%.

Figure 4 shows that the U.S. Air Force goals mentioned above from
2013, that an X-51A-like vehicle could fly a range of 900 to 1,100 km with
a delivery time of 10 to 12 minutes, appear compatible with modifications
that could be made to the baseline X-51A vehicle, and our analysis shows
what improvements over the X-51A are required to reach these ranges.

The specific improvements over the X-51A test vehicle assumed in
Figure 4 are:

* I, can be increased from 800s to 900s,

o The amount of fuel the vehicle can carry can be increased by scaling
up the vehicle but with no other major changes,

 Air and fuel flow rates to the combustor can be increased by 20%,

o The fuel fraction of the booster can be increased by 0.74 to 0.80.

Further increasing the capabilities of such a vehicle would require addi-
tional improvements and likely require weapons with greater total mass,
which would therefore be less compatible with air-launching (although
they could be carried by large aircraft like a Boeing B-52 strategic bomber).
In any case, the capability of these vehicles would still be limited by the
fact that their that top speeds would be less than about Mach 7.

The variations shown in black in Figure 4 will have higher speeds and
longer flight times than the baseline case shown in gray. Assuming g, is
the same in all cases, then the level of stress on the vehicle, which scales
with g, should also be essentially the same. We noted that the X-51A
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was reportedly designed to reach speeds above Mach 6, so it should also
be able to withstand the heating rates, which scale roughly as pV? ~ g,V,
in the variations we consider. However, the duration of heating (“heat
soak”) will be 2 to almost 3 times longer than the baseline for several of
these variations, which might require additional insulation.

We also assume that the air inlet capture area A,, (Equation 2) is large
enough that the air flow to the engine at these higher speeds and altitudes
is not a limitation.

Comparison of HCMs to BGVs and MaRVs

Maneuvering of HCMs and BGVs

HCMs, BGVs, and MaRVs are all designed to maneuver during the final
phase of their flight as they dive to the ground. This terminal maneuvering
can be used to increase their accuracy, to attempt to evade missile defenses,
and even to retarget by hundreds of kilometers.

HCMs and BGVs can also maneuver during the midcourse phase of
their flight since, unlike MaRVs, they fly at low altitudes for significant
portions of their trajectories and can use atmospheric forces to create
forces for turning.

Midcourse maneuvering is often given as a key rationale for developing
hypersonic weapons.” Such maneuvering is presented as allowing them
to follow complicated paths to fly around areas containing radars or
defenses, to carry out surveillance over regions of interest, or to retarget
over very large areas. However, the amount of possible maneuvering for
these vehicles is typically overstated: Because of their very large speed,
hypersonic weapons require large forces to turn, which limits the amount
they can turn and can make such turns slow and costly.

In a previous paper, we analyzed the maneuvering of BGVs.”® Here we
compare maneuvering of a BGV to maneuvering by an X-51A-like HCM.

BGV maneuvering. A BGV flying at an angle of attack that maximizes its
L/D can maneuver by diving to regions of higher atmospheric density to
increase its total lift C;Aq, while banking to divert part of the total lift to
generate a lateral force. By dropping to a lower altitude without changing
its speed, the vehicle increases q,, and therefore the lift force, by the ratio
of the atmospheric densities at the two altitudes.”” Larger changes in altitude
lead to higher forces and shorter times required to make a given maneuver.
However, they also lead to large increases in both the stress and heating of
the vehicle since those are proportional to g, which depends on altitude.
Limits on the amount of stress and heating the vehicle can withstand will
limit how much and how fast it can maneuver.
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Dropping to lower altitudes and increasing g, will also increase the
drag on the vehicle, which will slow it and reduce its glide range.
Conducting larger or faster maneuvers will lead to greater reductions
in range.

Figure 5 below shows the range losses associated with maneuvering for
a BGV with a maximum range of about 660 km, which is boosted to Mach
9.4 (2,760 m/s), has an average speed of about Mach 7, and has L/D=2.2.
These calculations are described elsewhere.”® To complete a turn in three
minutes, which is more than half of its total flight time, it would need
to drop from its initial altitude of 35km by about 1.5km to turn by 30°
and by 3.5km to turn by 60°. These drops would increase q,, and therefore
the stress and heating, by 25% and 67%, respectively, which may not be
possible for the vehicle to withstand.

This increase in g, would also increase the drag force by 25% and 67%
for the 30° and 60° turns, respectively. The extra drag would reduce the
distance the vehicle could travel compared to the non-maneuvering case
by about 15% and 40%, respectively. These results are shown by the gray
curves in Figure 5.

HCM maneuvering. A vehicle like the X-51A can maneuver in a different
way. As discussed above, because g, is large, the vehicle flies at a small
angle-of-attack « during powered flight—less than the value that maximizes
L/D. Increasing « by a small amount can increase C; at constant g, to add

Figure 5. Range reductions as a function of amount and rate of maneuvering. These curves
show the fractional range of vehicles, which is the range on a maneuvering trajectory divided
by the range with no maneuvering, as a function of the angle of the turn and the time over
which the turn takes place. The gray curves are for a BGV and the black curves are for an HCM,
with details given in the plot. In both cases, for no maneuvers the hypersonic ranges are about
660 km, and the flight times are 5.1 minutes for the BGV and 6.6 minutes for the HCM.
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lift that can be used for maneuvering with a relatively small increase in
drag.

To see this, assume the vehicle is traveling with speed V, angle-of-attack
a, and constant dynamic pressure g, The initial lift is:

F' =C]Aq, = MgA, (24)

Increasing to a larger angle-of-attack «, gives C,! > C,’ leading to a
larger lift force:

F =C,Aq, (25)

Increasing « will also increase in drag force, which will reduce the
vehicle’s speed somewhat, to V,.

Assume that as « increases the vehicle banks by an angle 6 so that the
vertical force F] keeping the vehicle aloft during the maneuver is:

F, =F cos0 =C, Aq, cosO = Mg, (26)
Equating Equations 24 and 26 and assuming for this small change in

speed that A, = A,, gives:

0
cosO = % (27)
L

For small angles C;A=L, a, so Equation 27 becomes:

cosf = ) (28)
a

1
where, using Equations 8 and 24:

M,
o, = Meh (29)
L,Aq,

The horizontal force that can be used for maneuvering is:
F! =F,sin0 =F, tan0 = MgA, tan0 (30)

Increasing the angle-of-attack to «, increases the drag coefficient to Cy;
the drag force becomes:

F,=C,Aq, (31)



246 e D. WRIGHT AND C. L. TRACY

For small angles the drag coefficient has the form:

2
M(t)gh
C,=D,+D,a’=D,+D, (—)g (32)
q,L,Acosf

where D, and D, are constants, and the last equality uses Equations 28
and 29. This gives:

C D,+D,a, sec’0 . tan’0
—_— = =]+
C) D,+D,a, D,

(33)

where the last step uses the identity I+tan?0 = sec’f. Equation 33 also
gives the ratio of drag forces.
Equations 31 and 32 give the net force accelerating the vehicle as:

2
Mg
T,=T-F,, =T-C,Aq,=T-q,D,A— qODZA(mJ (34)
where T is the thrust from the engine.

Using this expression for T,,, we can calculate the vehicle’s velocity and
range during the turn by integrating Equations 19 and 20.

The force F, turns the vehicle by creating a lateral horizontal velocity
V. Since F, always acts perpendicular to V it will rotate V but not change
its magnitude. The force will rotate the velocity vector by an angle «,
which can be calculated using:

dic — av, :lF—idt _ gAtan0
Vv VM |4

since dV| = (F /M) dt, where « is in radians and V(?) is given by Equation
19. The angle the vehicle turns in a time ¢ is then:

dt (35)

K(t)ZJ.gltale dt’ (36)
0

v(r)

Numerically integrating Equations 19, 20, and 36 gives the time required
to turn by an angle x for different values of 0, and can be used to cal-
culate how much the additional drag during the maneuver reduces the
overall pathlength the vehicle can travel. Since the speed at the end of
powered phase will be reduced by the additional drag, the glide range
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following the powered phase will be shorter than in the non-maneuver-
ing case.

Example for an X-51A-like vehicle. Using the equations above we repeat the
maneuvering calculation done above for the BGV for the case of an
HCM.

We consider an X-51A-like HCM that, like the BGV above, has a range
of about 660 km, including both powered and glide phases. For this exam-
ple we use the model considered above that assumes a variation of the
X-15A model that is boosted to Mach 6 (1,780 m/s), has I, = 900s and
L/D=1.8, and carries 200kg of fuel burned over 351s.

The black curves in Figure 5 show the results. In this case, turning by
30° and 60° in three minutes, as in the BGV case, increases the drag by
7% in the first case and about 23% in the second, which is considerably
lower than for the BGV.”” This drag reduces the total pathlength by 3%
and 11%, respectively. Since g, and V remain constant during these maneu-
vers, the stress and heating only increase due to the increase in the drag
coefficient, which in these cases is 7% and 23%.

Note that using this method to maneuver a BGV, by increasing its
angle-of-attack, is less efficient than the method of changing altitude dis-
cussed above. In the latter case the drag increased by a factor of 1/cos0,
where 6 is the bank angle. If instead, maneuvering is done by increasing
the angle-of-attack, the ratio of drag forces is:

£0
E, \D) 1

D _ANT7Z 7 37
ES (L) cosf G7)
D

L/D will be maximum at the angle-of-attack of its normal glide trajec-
tory—(L/D)’°—so changing « to increase lift would reduce L/D to (L/D)’
and therefore give a higher drag force.

These comparisons show that an HCM could maneuver with significantly
less range penalty than a BGV of the same range. This difference results
in large part due to the different speeds of the two vehicles: The BGV
speed during the turn is higher than the HCM speed, so that the BGV
requires a larger F, to turn. The difference also arises partly from the
fact that if « is near the minimum of the drag curve in the HCM case
(Figure 3), small changes in « required to increase lift will result in rel-
atively small changes in drag.

This dependence on speed implies that going to even lower speeds
would further reduce the costs of maneuvering. As a result, supersonic
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cruise missiles would likely be preferable to HCMs for missions that pri-
oritize maneuverability over speed, such as surveillance missions.

Range vs. mass of HCMs, BGVs, and MaRVs

Above we considered modifications of a vehicle based on the X-51A and
how those modifications would affect its mass and capabilities. Since a
key interest in HCMs is developing hypersonic weapons with low total
mass M,,, of booster plus vehicle, in this section we compare the range
of HCMs, BGVs, and MaRVs as a function of M,,.

We showed above that a vehicle similar to the baseline X-51A would
have a hypersonic range of less than 400km, but the range could be
increased by adding fuel and by boosting it to higher initial speeds than
in its flight tests (Figure 4). Below we assume that the vehicle’s fuel can
be increased by about 300kg from 120kg, which was the amount in the
X-51A, to 420kg, which increases the burn time ¢, from 3.5 minutes (210s)
to more than 12minutes (735s), using a fuel flow rate of 0.57kg/s. We
assume that a different vehicle would be needed for even larger loadings.
As above, we consider cases in which the booster accelerates the HCM
vehicle to speeds V,; = Mach 5, Mach 6, and Mach 6.5 at the beginning
of powered phase. We assume here that I, = 900s at Mach 5, and max-
imum L/D=1.8.

M,,, for an HCM is determined by the speed V}; to which the booster
accelerates the vehicle, and the total payload mass the booster is carrying,
as shown in Equation 23. The payload includes the mass of the HCM
vehicle and its fuel, the additional structural mass due to scaling up the
vehicle to contain the additional fuel, and the mass of the interstage that
attaches the vehicle to the booster. We described above how the additional
structural mass is calculated and assume the interstage mass is 10% of
the vehicle plus fuel mass, which gives a mass similar to the reported
interstage mass for the X-51A.%

The calculation of M,, shows an important tradeoff in comparing
these systems. HCMs can increase their range by burning fuel to create
thrust, but at the cost of carrying fuel that increases their mass. Since
BGVs and MaRVs do not carry fuel, the payload accelerated by the
booster will be lighter than for the HCM case, and the difference in
payload mass can be used to make a larger booster while keeping the
total mass the same as for the HCM. Both the smaller payload and
larger booster will increase the speeds to which the booster can accel-
erate the BGV and MaRV (V; and V,,) compared to the HCM for the
same M,,.

The difference in booster burnout speeds is illustrated in Figure 6 for
the case in which the HCM is boosted to Mach 5 (1,475 m/s) and carries
a fuel mass of 120 to 420kg as discussed above, which changes M, for
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the HCM. Figure 6 shows the speeds that a 500kg BGV and 400kg MaRV

could have for the same M, ; the choice of these masses is explained below.

HCM curves. The HCM ranges shown in Figure 4 above include only the
powered and glide phases, assuming that the powered phase starts very
soon after booster burnout. This was true in flight tests of HCMs, where
the scramjet reached full power very shortly after booster burnout. For an
HCM, if it is possible to delay the start of the scramjet engine and add a
ballistic phase, that process could increase the HCM range.

The ballistic phase would be similar to the first part of the trajectory
of a BGV. In both cases the booster gives the vehicle a loft angle y at
booster burnout. The vehicle then follows a ballistic trajectory until it
descends into thicker atmosphere where it conducts a pull-up maneuver
to put it on a horizontal trajectory at the proper altitude to start its glide
phase in the case of a BGV, or its powered phase in the case of an HCM.%
For BGVs, the ballistic phase typically makes up about half the total range.

If an HCM included a ballistic phase, then the scramjet would not
begin producing thrust until after it entered the atmosphere, and the total
hypersonic range would include distance traveled during the ballistic,
pull-up, powered, and glide phases.’? Because the burnout speed of the
HCM would be lower than a typical BGV of the same total mass, its
ballistic phase would be shorter.

Figure 6. Burnout speeds of BGV and MaRV models compared to an HCM of the same total
mass with a constant burnout speed of V, = Mach 5 (1,475m/s). Here the HCM is carrying a
fuel mass of 120 to 420kg, which changes its total mass M, A 500-kg BGV and 400-kg MaRV
with the same M,,, could have larger boosters and therefore higher speeds V; and V,, at
booster burnout, which are shown by the upper curves. These calculations assume n=2, V,, =
2.6km/s, and ¢=0.80 in Equation 23 for the booster mass, and assume the payload includes
an interstage that is 10% of the vehicle mass (including fuel in the case of the HCM).
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We therefore assume a booster burnout speed V, and compare two
range calculations. In the first case we assume the powered phase starts
immediately after booster burnout and at the required altitude, which is
determined by V,; and the desired value of g, In the second case, we
assume that—as for the BGV—burnout occurs at a loft angle y, followed
by a ballistic phase and a pull-up phase that puts it on level flight at the
required altitude, at which point powered phase begins. This process is
discussed in detail in our analysis of BGV trajectories.®

Drag during the pull-up maneuver will slow the vehicle, so in this case
the powered phase following a ballistic phase will start at a lower speed
than it would in the first case for the same burnout speed. Larger loft
angles lead to longer ballistic phases but also to greater speed loss during
pull-up, which reduces the range of the powered and glide phases but
may increase the total range. Larger loft angles also increase the flight time.

Figures 7-9 show in black the HCM range for fuel loadings between
120 and 420kg, both with a ballistic phase (dashed curve) and without
(solid curve). In the cases with a ballistic phase, for each total mass we
calculate the range assuming the largest loft angle that still allows the
HCM vehicle to reach hypersonic speed during its powered phase (for
large loft angles the pull-up maneuver can reduce the speed at the start
of powered phase below Mach 5).3% We also assume burnout occurs at
about 40km altitude, which is what we assume for the BGV.*’

These figures also show the ranges of a BGV and MaRV that have the
same total mass as the HCM plus booster.

The calculations below were done with a change from those above. The
curves in Figure 4 assumed a booster similar to the one used in the X-51A
flight tests, which was a modified version of a one-stage ATACM booster,
although we assumed a higher fuel fraction than our estimates of the one
used in the flight tests.

Using a two-stage booster would be more efficient and give a some-
what smaller booster mass, although because the HCM is accelerated to
relatively low speeds, this change would not make a big difference in
its total mass. However, using a two-stage booster would be significantly
more efficient in the BGV and MaRV cases, since they are accelerated
to higher speeds.

We assume that if a military were building a new type of weapon for
which speed and mass were a priority, that design would include an opti-
mized booster rather than relying on existing motors, as were used in
tests. Booster technology is well-developed, and one would expect that
aspect to be a straightforward part of the overall design process. The
calculations below therefore assume a two-stage booster for all three sys-
tems (HCM, BGV, and MaRV). Aside from that change, the HCM calcu-
lations are done in the same way as described above.
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Figure 7. A comparison of range versus total mass for various vehicles, assuming the HCM
is boosted to an initial speed of V,; = Mach 5. In these curves, the HCM carries between
120 to 420kg of fuel, which increases the burn time t, from 3.5 minutes (210s) to more
than 12 minutes (7355s). The total mass is the mass of the vehicle, fuel, interstage, and extra
structural mass from scaling up the vehicle to hold the fuel, plus the booster. The black
curves show the HCM range with (dashed) and without (solid) a ballistic phase. The burn-
out speeds of the BGV and MaRVs assume vehicle masses of 500 and 400kg, respectively,
and the same total mass as the HCM, and the resulting ranges are shown by the gray
dotted curve (BGV) and gray solid curve (MaRV). If the MaRV mass could be made less than
400kg, which is likely, the gray MaRV curve would move upwards, as shown in Figure 10.
The times on the right edge of the plot are the flight time in minutes of the longest-range
trajectories shown for each curve.

Figure 8. A comparison of range versus total mass for various vehicles, assuming the HCM is
boosted to an initial speed of V,, = Mach 6. Other details as in Figure 7.

The calculations below consider HCM models with total masses up to
about 3,000kg. The models at the upper end of this mass range would be
too heavy to carry on some aircraft, although the Mayhem vehicle discussed
above is reported to be air-launched and may have a mass of about 3,000kg.%
These and heavier vehicles could be launched from other platforms, including
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Figure 9. A comparison of range versus total mass for various vehicles, assuming the HCM is
boosted to an initial speed of V,, = Mach 6.5. Other details as in Figure 7.

Figure 10. Range versus total mass for different values of the BGV (gray curves) and MaRV
(black curves) vehicle masses. These calculations assume n = 2, V,, = 2.6 km/s, and ¢ = 0.80 in
Equation 23 for the booster mass, and assume the payload includes an interstage that is 10%
of the vehicle mass.

ships, like the Russian Zircon. Significantly larger HCMs not designed for
air-launching could use different designs for the HCM vehicle.

BGV curves. The BGV hypersonic range is calculated assuming a burnout speed
Vy based on M,, as discussed above, and at a loft angle y chosen to give a
hypersonic glide range equal to the sum of the ranges of its ballistic and pull-
up phases.®” Glide range is calculated until the vehicle slows to Mach 5.

We assume that the BGV has a higher maximum value of L/D than
the HCM (2.2 vs. 1.8) since there are fewer constraints on its design than
on the HCM vehicle design. Moreover, HCM features like the engine inlet
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can increase the drag of the vehicle. L/D=2.2 is the value estimated for
the BGV currently being developed by the Army and Navy.®

The payload for the BGV will be less massive than that of the HCM
since it does not include fuel. The BGV vehicle may also have lower mass
than the 557kg of the HCM vehicle (the X-51A mass without fuel) because
it does not carry the fuel pumps and other equipment related to operating
the scramjet. While the BGV’s average speed in the atmosphere will be
higher than the HCM, it can be flown at a lower value of g, since it can
maintain higher altitudes, which helps mitigate stress and heating during
glide. However, the HCM has the advantage that it is actively cooled by
circulating its fuel to absorb heat from the vehicle surface, which presum-
ably reduces the amount of heat shielding required.

It is therefore not clear whether the BGV vehicle mass can be reduced
significantly below that of the empty HCM vehicle. In the comparisons
below we assume the BGV can be made 10% lighter than the HCM and
has a mass of 500kg. Figure 10 shows how the range changes with total
mass for different values of the BGV vehicle mass between 450 and 550kg.

The BGV results are shown as the gray dotted curves in Figures 7-9.
These figures show that for equal total masses, the 500kg BGV has a
shorter range than the HCM with a ballistic phase for all the cases con-
sidered here. This is because of the significantly higher speed required by
the BGV to reach the same range as the HCM, which drives up the
booster mass more than adding fuel to the HCM.

MaRV curves. Figures 7-9 show that the comparison to MaRVs is quite
different. Since MaRVs do not experience the stress and heating of a long
glide phase in the atmosphere, they can be made significantly less massive
than an HCM or BGV. For example, in the 2000s the United States flight-
tested a MaRV being developed for the Conventional Trident Modification
(CTM). It was based on the Mk-4 reentry vehicle with flaps for aerodynamic
maneuvering that gave high accuracy and was intended to carry a warhead
that released a spray of tungsten rods.®’ The intended range of the CTM
was more than 6,000km and it had a much higher reentry speed (near
Mach 20) than the systems considered here, yet the MaRV’s mass was
reported to be only 2501b (114kg).”

The calculations for Figures 7-9 conservatively assume a MaRV vehicle
mass of 400kg—more than three times larger than the MaRV tested for
the CTM. If the MaRV mass were less than 400kg, its burnout speed and
therefore its range would increase compared to the black curves in Figures
7-9; Figure 10 compares its range to that of a 300-kg MaRV.

The MaRV hypersonic range is calculated on a trajectory that assumes
that booster burnout gives a speed V,, based on M, as discussed above,
loft angle 40°, and altitude 40km. Even though the MaRV requires a
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higher speed than the HCM to reach the same range, the smaller MaRV
mass keeps M,,, smaller than for the HCM for all ranges considered.

Comparison

Figures 7-9 show that for all the cases considered here, the MaRV has a
longer range and shorter flight time than the HCM and BGV for the
same total mass. This is especially true for systems with low total mass.
Moreover, if the MaRV vehicle mass were less than 400kg, its burnout
speed and therefore its range would increase relative to that shown here,
for the same M,

In addition, calculations for Figure 7 show that for M,, = 2,300 kg, the
HCM can reach a range of 1,030 km in 12.8 minutes while a MaRV of
that mass could reach that range in about 7 minutes—a flight time more
than 40% shorter.

The upper end of the range and mass calculations in Figures 7-9 assume
the HCM is carrying 420kg of fuel, which represents a 75% increase over
the dry mass of the X-51A vehicle and would increase the volume of the
vehicle by 50%. Larger increases in fuel mass would likely require a dif-
ferent model for the HCM vehicle, so extending the analysis would require
a different set of HCM parameters.

The average speeds (excluding boost phase) of the HCMs for the lon-
gest-range trajectories in Figures 7-9 are Mach 4.7, 4.9, and 4.9, respec-
tively. The corresponding average speeds for the longest-range MaRV
trajectories in those figures are Mach 7.6, 8.2, and 8.5. Moreover, the
speed of the MaRV during reentry would be large enough to evade current
terminal missile defenses.

The figures show that the range of the HCM for a total mass of 2,300kg
is greatest in the Mach 5 case—about 1,030 km—since the booster can
accelerate more fuel to this lower initial speed. This HCM range for M,
= 2,300kg falls to about 960km for V, = Mach 6, and 940km for Mach
6.5. This illustrates that the range depends more on the amount of fuel
the vehicle carries than on its initial speed.

As noted, HCMs have a range advantage over BGVs with the same
total mass in the cases we considered.

Longer HCM ranges

Operation of the scramjet limits the speed of HCMs during the powered

phase to less than about Mach 7. Increasing the distance they can travel

within the atmosphere therefore requires increasing the time that the scram-

jet operates, which requires increasing the amount of fuel the HCM carries.
We can illustrate the limits on an HCM’s powered range R, and show

how it depends on the key parameters using the Breguet equation, which
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as noted above is an approximate expression for the range of an HCM
during its powered phase. It can be written in the form:

LV m
R,=——1 In|1+—L 38
" DAY ( Mj G

0

where m; is the fuel mass and M, is the mass of the vehicle without fuel.
This equation assumes that the vehicle is traveling with constant speed V
and constant L/D.%!

Since specific impulse for a scramjet falls off with 1/V, it is convenient
to write it as:

I(S)Vw
I,(V)= BT (39)

where I is the value of the specific impulse at a speed V. Equation
38 can then be written:

($)y7() m
R, = LIV |14 2 (40)
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Here, the speed of the vehicle only enters through A.

The second factor in Equation 40 vanishes for m; = 0 and increases
slowly with m, taking the value 0.7 for m, = M,, i.e., when the vehicle
carries a fuel mass equal to its dry mass. The term in brackets therefore
sets the scale of the range of the powered phase. For speeds considered
here, A ~ 0.96 and varies slowly with velocity, so the range is set by the
values of the specific impulse and L/D.

In the calculation above we assumed a vehicle with I,/ = 900s at V¥
= Mach 5 and L/D=1.3 to 1.5 during the powered phase, when the angle
of attack is kept low. Using these values, the first term in brackets is about
2,000km. This value cannot be increased significantly without significant
increases in specific impulse or L/D.

These values give a powered range R, = 810km if the vehicle carries
half its mass in fuel (m/M, = 0.5) and 1,400km if it is able to carry a
fuel mass equal to the empty vehicle mass (m/M, = 1). Extending the
range to 2,000 km would require an X-51A-like vehicle to carry more than
a ton of fuel, which would almost certainly require a redesigned vehicle
with a larger vehicle mass, reflecting the need for more structural support
to carry this mass of fuel.

As a result, achieving very long powered ranges with HCMs appears
difficult—even if there is not a limit on total mass as there is for
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air-launched vehicles. This is a general result, applying also to vehicles
that are dissimilar to the X-51A.

Note that using hydrogen rather than hydrocarbon fuel will increase
the specific impulse by a factor of about three, but the fuel mass m; that
a vehicle could carry would be reduced because hydrogen has a much
lower density than hydrocarbons (the density of hydrogen even as a liquid
is less than one-tenth that of jet fuel), and storing hydrogen at high
pressures and/or low temperatures increases the mass of storage tanks
and therefore increases M, As a result, even though hydrogen releases
almost three times as much energy per mass in combustion as hydrocar-

bon fuels, Equation 40 shows that achieving large values of R, remains
difficult.”

Conclusions

The goal of this analysis is to assess the capability of scramjet-powered
HCMs and compare them to alternative systems.

HCMs being developed for military use have two major shortcomings.
The first is that they are restricted to low hypersonic speeds because of
the properties of hydrocarbon fuels. Their low speed means they cannot
evade terminal missile defenses similar in capabilities to PAC-3 intercep-
tors.”* It also increases their delivery time over a given range compared
to other missiles.

The second issue is that increasing the distance an HCM can travel in
the atmosphere requires increasing the amount of fuel it carries, which
drives up its mass. Adding the mass of the booster needed to accelerate
the vehicle up to speed will give a total mass more than double that of
the fueled vehicle, so longer range systems may be too massive to be air-
launched. In particular, HCMs with ranges longer than 1,100-1,300 km
would likely need to be launched from ships or ground-based systems,
even with moderate advancements in technology (e.g., improved specific
impulse of the scramjet).

Our analysis considers HCMs that use technology more advanced than
that of the X-51A, for example, Figures 4 and 7-9 assume I, = 900s
rather than 800s. We also assume the HCM vehicle can carry three and
a half times as much fuel as the X-51A without requiring significant
increases in structural mass or heat shielding beyond that required to
scale up the vehicle to hold the additional fuel. Achieving significantly
longer ranges for the same total mass would therefore require further
increases in I, which may be difficult.

The capabilities shown in Figure 7, therefore, appear to be essentially
an upper limit to the capabilities of an HCM that is light enough to be
air-launched from fighter aircraft.
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In summary, the analysis finds:

o While the total mass (mass of booster +vehicle) of HCMs can be less
than BGVs of the same range, MaRVs could be significantly less mas-
sive than HCMs of the same range.

o Keeping the mass of HCMs low restricts them to relatively short ranges,
since the amount of fuel required for longer ranges drives up their mass.

o« HCMs are limited to low hypersonic speeds relative to BGVs and
MaRVs (below about Mach 7) because of the properties of hydrocar-
bon-fueled scramjet engines. Hydrogen-fuel scramjet engines could
operate at higher speeds (above Mach 10), but issues of fuel storage
limit their utility for military missions.

o HCMs' lower speed gives them longer flight times than BGVs and
MaRVs over the same range.

« HCMs' low speeds make them vulnerable to interception by terminal
missile defenses, which BGVs and MaRVs can evade.

In addition to strike missions, the other mission discussed for HCMs
is carrying sensors and flying low-altitude trajectories to provide surveil-
lance and intelligence-gathering on demand. This mission makes use of
the fact that HCMs can maneuver throughout flight, and that their maneu-
verability is greater than that of BGVs of the same range. However, the
difference in maneuverability is due largely to the fact that HCMs travel
at lower speeds than BGVs so that smaller forces are needed to turn them.

This finding means, however, that maneuverability can be further
increased by further reducing the speed of the vehicle, using supersonic
vehicles with speeds of Mach 3 to 4 rather than hypersonic vehicles with
speeds of Mach 5 to 6. Supersonic cruise missiles would have several
important advantages for applications in which speed is not the primary
consideration. Not only would they be more maneuverable than HCMs,
they can also be powered by ramjets or turbojets rather than scramjets,
which increases their reliability and fuel efficiently. Ramjets and turbojets
(like that flown on the SR-71) could have specific impulses more than
twice that of a scramjet at Mach 5, leading to more efficient fuel use that
could be used to reduce their mass or increase their range.”> In addition,
since drag scales as V? and heating as V7, subsonic vehicles face fewer of
the structural and thermal problems that can affect hypersonic weapons.

As a result, while there may be specialized missions for which the
combination of characteristics of an HCM appear well suited, HCMs do
not appear to offer general advantages for either strike or surveillance
missions compared to alternative systems. In particular:

o If the priority is low mass for a given range, an HCM performs
better than a BGV, but a MaRV performs better than an HCM in
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the cases considered here, especially taking into account that MaRV
vehicles can likely be made significantly lighter than those consid-
ered here.

o If the priority is speed and delivery time, a MaRV performs consid-
erably better than an HCM. Because a MaRV vehicle can be lighter
than an HCM vehicle and the fuel it carries, a MaRV can be accel-
erated to a higher speed with the same total mass of vehicle plus
booster.

« Since MaRV vehicles can be made lighter than HCMs, MaRVs could
carry a significantly larger warhead.

« Hydrocarbon-fueled HCMs are limited to low hypersonic speeds
(below about Mach 7) and are therefore too slow to evade current
terminal missile defenses. Both MaRVs and BGVs can have speeds
high enough to evade those defenses.

o If the priority is maneuverability during midcourse, then supersonic
cruise missiles could have greater maneuverability than HCMs and
would allow the system to use a ramjet or turbojet engine, which
would be more efficient and reliable than a scramjet. An HCM can
maneuver faster and with fewer costs than a BGV. MaRVs cannot
maneuver in midcourse.

o If the primary goals for maneuvering are achieving high accuracy and
retargeting over hundreds of kms, then a MaRV can do that as well
by maneuvering during reentry. The ability to maneuver during mid-
course may be less useful for strike weapons that are air-launched
because of flexibility in the location of their launch point.

« MaRVs could use the same kinds of sensors and guidance technology
being developed for BGVs and HCMs and could therefore have sim-
ilar accuracy.

The Air Force has expressed interest in HCMs as strike weapons that
can be carried on aircraft other than B-52s. Our analysis shows there are
better alternatives.

Recent reports say the U.S. Air Force is rethinking its HCM devel-
opment programs and the role of such weapons. For example, funding
for the Air Force’s Mayhem program, which was the next step in
developing HCMs beyond systems like HACM, has been cut and the
Air Force is “conducting an Analysis of Alternatives...over the next
year to refine the requirement for high-speed strike.” Referring to the
Mayhem program, an Air Force official stated, “What we are more
interested in right now, in terms of a feasibility perspective, is a high-
Mach turbine engine”?¢

Our analysis illustrates some of the key issues that should be considered
in assessing the capabilities and desirability of HCMs.
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Appendix A. Basic hypersonic flight equations

A key parameter in the analysis of hypersonic vehicles is dynamic pressure, q, which
characterizes the kinetic energy per unit volume of the air surrounding a vehicle. This
quantity is defined by:

1
9 :EPVZ (Al)

where p and V are the atmospheric density and speed at which the vehicle is flying, re-
spectively. We consider below how g, enters into the design and flight of boost-glide vehi-
cles (BGVs) and hypersonic cruise missiles (HCMs).

BGV analysis

BGVs are boosted to high speed by rockets, then glide without power. The key equations
characterizing the forces acting on these vehicles during glide (lift, gravity, drag, and the
stresses experienced by vehicle structures) and their surface heating are:

FLiﬁ =C,Aq, = MgA (A2)
FDmg = CDA qO (A3)
Physical stress~ pV?* ~ g, (A9)

Heating~ pV° ~q,V (A5)


https://www.jet-engine.net/miltfspec.htm
https://www.jet-engine.net/miltfspec.htm

266 e D. WRIGHT AND C. L. TRACY

where C; and C,, are the lift and drag coeflicients and A is a reference area. The second
equality of Equation A2 represents the requirement that the lift be sufficient to counter
gravity and keep the vehicle aloft. Here g=9.8m/s? and:

VZ
;L(V):1—W (A6)
is an inertial term that reduces the apparent gravitational force due to the high speed of
the vehicle, where V, = [g(R,+h)]"?> = 7,915m/s at altitudes relevant here; V, is the orbital
velocity of an object in a circular orbit at altitude h. A(V) varies slowly with V in the range
of speeds considered here, from 0.966 at Mach 5 to 0.933 at Mach 7.
The glide range of a BGV for the speeds considered here can be written:

LV -V,
Rowe =578 (A7)
¢ D2ga(v)
where V is the speed at the start of glide, the lift-to-drag ratio is L/D=F,;/Fp,,, = C;/C,

and V; is the speed at the end of glide phase. To calculate the range over which the vehi-
cle could remain in hypersonic flight, V; = Mach 5.”

Both C; and C;,, and therefore L/D, are functions of the angle-of-attack « at which the
vehicle is flown.”

BGVs are designed to have a value of L/D that is as large as possible, since it deter-
mines the range for a given speed V, as shown by Equation A7. Yet while subsonic aircraft
can have L/D of 15 to 20, the BGVs the United States have flight tested appear to have
values less than three.”®

Using Equation A2, the dynamic pressure can be written as:

_ Mg _pgh (A8)

9 C,A ]/D

where the ballistic coefficient § = M/C,A. The BGV’s equilibrium flight altitude / can be
found from the atmospheric density p(h) during flight:

CAV* V?

L

(h): 2MgA _ 2q, (49)

The value of g, during BGV flight is not highly constrained. The vehicle must be flown
with g, low enough to produce stress and heating (Equations A4 and AS5) that the vehicle
can withstand at its flight speed V, but high enough to produce lift sufficient to keep the
vehicle aloft (Equation A2) at the angle of attack that maximizes L/D. The vehicle will then
glide at an altitude determined by those values of q, and V (Equation A9).

HCM analysis

The situation for HCMs is different from that of BGVs because these vehicles must also
take in enough air from the atmosphere to burn fuel in the engine at a level that produc-
es high thrust. Unlike rocket engines, which carry both their fuel and oxidizer, HCMs
carry fuel but get their oxidizer from the atmosphere.



SCIENCE & GLOBAL SECURITY 267

The mass of the HCM will change as it burns its fuel. Since g, is kept roughly constant
during flight, Equation A2 implies that C;A will have to decrease during the powered
phase, which means the angle-of-attack « will have to change while the scramjet is
burning.!%

Adding a scramjet to the vehicle requires several equations describing vehicle thrust,
vehicle mass, and airflow rate, in addition to Equations A2 through AS5:

T=rngl, (A10)
M(t)= M, -t (A11)

4 mf Ain
M =—L=pVA =220 Al2
=7 PVA, =254, (A12)

Equation A10 gives the thrust T of the engine in terms of 1, the fuel flow rate to the
engine, and I, the engine’s specific impulse. Equation A1l gives the change in vehicle mass
M(t) as the fuel burns, where ¢ is the time the fuel has been burning and M, = M(0).
Equation A12 gives the air flow to the engine needed to burn the fuel, where A,, is the
inlet capture area that the vehicle uses to collect air for the engine, and:

Fo (413)
ma
is the ratio between the mass flows of air and fuel needed to burn the fuel efficiently.
The angle-of-attack « at which the vehicle is flown is determined by Equation A2, which
requires that:

CL(a)A:M (A14)

9

At constant q,, this angle therefore depends on t (through M(t)) and weakly on V
(though 1) during the HCM’s powered phase.

Because HCMs are flown at high values of q,, as discussed below, Equation A14 shows
that the vehicle will be flown with a small value of C,A, which corresponds to a small
value of a during the powered phase. As a result, an HCM will typically not fly at a value
of a that maximizes L/D during this phase.

HCMs and q,
For HCMs, the value of g, is determined by the following considerations.

The thrust generated by an HCM is produced by chemical reactions in the engine that
accelerate the mass of the fuel and the air used to burn it to very high speeds; the engine
then converts that change in momentum to a change in momentum of the vehicle.
Achieving high thrust requires the engine to accelerate a large mass of fuel and air to a

high speed, which then exits the vehicle.

High thrust therefore requires a large air mass flow into the engine.!® Equation A12
shows that the air flow is proportional to g, which requires HCM:s to fly at high g,.!2 This
explain in part why the X-51A was flown at very high g, around 110kPa, compared to
the HTV-2 BGV, which flew at g, less than 20kPa.
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At the same time, however, the value of g, will be limited by the levels of stress and
heating the vehicle can withstand, since both scale with g, (Equations A4 and A5).

It is important to note that HCMs rely on active cooling since they circulate their fuel
to collect heat from portions of the vehicle surface and engine before it enters the com-
bustor, which both provides cooling and preheats the fuel. This allows HCMs to operate
with higher surface heating rates than they could otherwise.

The result of these considerations is that HCMs must fly in a narrow flight corridor
defined by suitable combinations of velocity and altitude. If g, is too low there will not be
enough air mass flow to the engine, but if g, is too high the stresses and heating will be
too great.!® The X-51A was flown keeping g, relatively constant during flight, presumably
to maintain high thrust and acceptable levels of stress and heating.
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