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Signi� cance of Fuel Selection for Hypersonic Vehicle Range
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Optimization studies of engine-integrated hypersonic aircraft for both cruising and accelerating missions tend
to demonstrate noticeably lower lift-to-drag ratios than those of pure aerodynamic forms. One explanation of this
is that, with low-density fuels such as hydrogen, matching lift to weight results in con� gurations that cannot take
advantage of high-lift aerodynamics, especially when they operate at high dynamic pressures for airbreathing
propulsion. Hydrogen has been the fuel of choice for hypersonic � ight because of its rapid burning rate, high
speci� c energy content, and good heat transfer properties for active cooling and recuperation. In contrast, hydro-
carbon fuels have much longer burn times and substantially lower speci� c energies, although they have substantial
packaging and handling advantages. To study this, range performance is evaluated in terms of fuel density for
hypersonic craft with time-varying lift-over-drag ratio. Historical data and geometric scaling are used to show
that with hydrocarbon fuels, which have an order of magnitude greater density than hydrogen, hypersonic cruiser
designs can take greater advantage of optimal aerodynamics. As such, hydrocarbon engine-integrated vehicles
may have comparable or superior cruise range performance in comparison to cryogenically fueled designs.

Nomenclature
Aref = force coef� cient reference area
a = zero-lift-dragconstant
b = scaled drag due to lift
CD;0 = zero-lift drag
c1; c2; c3 = vehicle scaling constants
D = drag
g = gravitational acceleration, 9.81 m/s2

Ng = centrifugal acceleration, normalized to gravity
h = fuel heating value, MJ/kg
Isp = speci� c impulse
k = drag due to lift proportionality
L = lift
M = Mach number
m = tank weight powerlaw coef� cient
n = drag due to lift powerlaw coef� cient
q1 = freestream dynamic pressure
R = range
T = thrust
u0 = cruise � ight velocity
V = volume
W = weight, kg ¢ f
" = fuel weight fraction
´ = ef� ciency
¸ = payload weight fraction
½ f = fuel density
½1 = freestream air density
Ä = normalized lift coef� cient

Subscripts

c = cruise value
D = drag
L = lift
1 = freestream

Introduction

H YDROCARBON fuels possess many operational advantages
for application to hypersonic � ight when compared to hy-
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drogen. With the exception of cryogenic methane, hydrocarbons
are storable, and their handling is familiar. In contrast, a hydrogen-
fueledcraft would have to be loaded just before launch,and its tanks
would have to be designed to handle the extra thermal stresses as-
sociated with storing cryogenic fuel inside a vessel with an outside
heated by hypersonic aerothermodynamics.

Despite handlingand safety issues,hydrogenhas oftenbeen cited
as the airbreathing fuel of choice at hypersonic Mach numbers be-
cause of its rapid burning and high mass-speci� c energy content.
Indeed, for the airbreathing transatmospheric � ight envelope, hy-
drogen is the only likely fuel that might deliver net positive thrust
up to near-orbitalvelocities.For a cruiser operatingbelow Mach 10,
or the � rst stage of a two-stage-to-orbit system, these combustion
advantages may be of less importance, and the packaging and han-
dling bene� ts of hydrocarbon fuels may result in superior overall
performance.

Hydrogen has very low density, and it has boil-off problems,
leading to packaging challenges that drive up structural mass and
required overall volume for a given mission. Cryogenics such as
hydrogen and methane will also have obvious handling problems.
In contrast,hydrocarbonsare slower burningand havebetween two-
� fths and one-third the energy per unit mass compared to hydrogen;
however, with up to 11 times the storage density, they have over
3 1

2 times more energy content per unit volume.1 The properties of
various hydrocarbons are summarized in Table 1, contrasted with
cryogenic hydrogen in both liquid and slush form.2¡5 Note that
hydrocarbonscontainapproximately15–20%hydrogen,and so they
actually store hydrogen at up to twice the density of pure cryogenic
hydrogen.

Conventional hydrocarbon fuels can be divided into two basic
categories: methane, with energy density of 50 MJ/kg and speci� c
gravity of about 0.4 (and also cryogenic storage requirements), and
the JPhydrocarbons,with nearly twice the densitybutonly40MJ/kg
speci� c energy content. Interestingly, even endothermic fuels such
as methylcyclohexane (MCH) have about the same storage prop-
erties and combustion energy content as the JP fuels, though they
may have advantages in recuperating combustion heat. Hydrogen
as either liquid or slush has about the same energy content, with a
slight differencedue to the heat of fusion, but slush has about a 15%
higher density than the liquid form.

Overall, this means that, from a packaging standpoint, a
hydrocarbon-fueledvehicle will be much more dense than a com-
parable hydrogencraft, giving it greater lift-load requirements (i.e.,
smaller planform area for a given L=D ratio), which correspond to
a greater volumetric ef� ciency. The question to be explored in this
paper is whether the advantages of higher energy per unit mass in
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Table 1 Energy properties of H2 and hydrocarbon
fuels data complied from Refs. 2–5

Energy/Mass, Energy/Volume, STP density,
Fuel MJ/kg MJ/l kg/m3

Liquid H2 116.7 8.2 71
Slush H2 116.6 9.8 82
Methane 50.0 20.8 424
n-Heptane 44.6 30.3 717
JP-4 43.5 33.1 760
JP-5 43.0 35.1 815
JP-7 43.9 34.7 790
JP-8 43.2 35.0 809
Jet A 43.4 34.6 799
Kerosene 42.8 34.2 800
MCH 43.4 33.4 770

hydrogen outweigh the packaging advantages of higher energy per
unit volume for hydrocarbon,especially for a cruiser whose perfor-
mance will be measured primarily by distance traveled for a given
total weight.

Hydrogen has also been cited as the most practical fuel for active
coolingon leading-edgesurfacesand enginecomponents.However,
the endothermichydrocarbonfuels such as MCH have also received
some attention as a viable means for channeling surface heat back
into useful propulsion energy. There are several unknowns about
these fuels, such as those related to the combustion rates and health
hazardsof the endothermicfuel products(in the case of MCH, slow-
burning,potentiallycarcinogenictolueneis produced), as well as the
overallcost and requiredinfrastructureto support the use of such ex-
otics. A related and particularlypromising technologywould be the
steam reforming of hydrocarbons through chemical regeneration,
relyingon the endothermicsteamreformingprocess to cool leading-
edge surfaces and possiblyengineparts and to producemethane and
hydrogen for combustion.6 This process may be thought of as tak-
ing advantage of hydrocarbonsactually storing hydrogen at higher
density than pure cryogenic hydrogen, as cited earlier. It is clear
from the values presented in Table 1 that, if viable for cooling, en-
dothermics can be used with about the same packaging properties
as other hydrocarbons.

Cruiser Range vs Fuel
Becausehydrocarbonappears to be a viable fuel for the moderate

(and most immediately realistic) hypersonic range of � ight Mach
number less than 10, and because it is more easily handled and
storable, there is great value in studying the impact of such fuels in
optimal vehicle con� gurations. One indication is the effect of fuel
choice on range. It can be shown that the higher lift coef� cient re-
quirements of a hydrocarbon-fueledcraft are actually an advantage
in the hypersonic Mach number range because practical con� gu-
rations for these vehicles tend to operate in a regime where L=D
increases with increasing lift coef� cient.7;8

If the time rate of change in total energy (potential plus kinetic)
is equal to the net thrust power (thrust minus drag times velocity)
and lift equals weight, the so-called total energy formulation9 can
be arranged to show that
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For low-speed vehicles, a simple approximation is to take L=D,
velocity, and speci� c energy as constant, resulting in one form of
the well-known Breguet range equation: R D u0 Isp[L=D] fWinit=
W� nalg. A hypersonic craft will be traveling at suf� cient speed for
centrifugaleffects to be important. The effective weight of a hyper-
sonic craft will be W 0 D W .1 ¡ u2

0=rg/, so that range at constant
velocity and constant L=D is
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where Ng D u2
0=rg, the ratio of centrifugal to gravitational accelera-

tion. When an overall fuel weight fraction, " ´ Wtotal fuel=Wgross takeoff

and the cruise portion of the fuel weight fraction "c ´ Wcruise fuel=
Wgross takeoff are de� ned,
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where the second line is written with an algebraic approximation
to the natural logarithm function, which has O.10¡3/ accuracy for
values of " < 0:7. The cruise fuel weight fraction will obviously be
smaller than the total fuel weight fraction because some fuel must
also be used for takeoff and acceleration,deceleration,and landing,
as well as reserve. Historically, the fuel used to cruise is approxi-
mately 89% of the total supply, but this could be smaller for a hy-
personic vehicle with relatively long acceleration and deceleration
phases.9

It is possible for the second term on the right-hand side of Eq. (1)
to be signi� cant for a hypersonicaircraft. At hypersonic speeds, ki-
netic energywill generallyexceed thepotentialenergy,and, thus, the
speci� c energy might be changed during the cruise. Even with con-
stant total speci� c energy, it can be shown that periodic trajectories
that trade kinetic energy with potential energy have range advan-
tagesoverconstantaltitude,constantvelocitytrajectories.10 Optimal
periodic trajectories that cycle the engine, producing thrust at the
high dynamic pressuresat minimumaltitude,have been shown to be
especiallyadvantageousin extendingaircraft rangeover thatof level
cruise � ight. These periodic trajectories do require engine cycling
and may yield unpleasant accelerationsthat might limit their appli-
cation to inhabited hypersonic vehicles. Regardless of being level
or periodic, optimal range trajectories tend to seek constant spe-
ci� c energy. Under such conditions, if the hypersonic airbreathing
engine requires constant dynamic pressure and is powered contin-
uously through the � ight, the vehicle will be constrained to � y at
nearly constant velocity and constant altitude.11 These assumptions
will be carried through the following analysis.

For many craft, including a hypersonic vehicle, constant L=D is
a poor assumption because of the large variation in overall weight
during a cruise � ight. To match decreasing weight, lift must be re-
duced, and, thus, L=D may change. This decrease in lift might be
realized by � ying to lower dynamic pressure, � ap adjustments, or
change in vehicleattitude; the last is most likelybecausereduceddy-
namic pressure may inhibit successful combustion in a hypersonic
airbreathing engine, and substantial � ap de� ections will generally
increase drag signi� cantly. Thus, constant velocity is also a reason-
able hypersoniccruise assumption as is constantdynamic pressure.

When drag is decomposed into an angle-independentcomponent
(including skin-friction, leading-edge, and base effects) and wave
drag, which can be written as drag due to lift with CD;lift D kCn

L ,

L=D D CL

¯¡
CD;0 C kC n

L

¢
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which is plotted in Fig. 1 for two representativevalues of minimum
drag coef� cient and k D 1. The constant k and the zero-lift drag
determine the maximum achievable L=D because
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Fig. 1 L/D vs CL for k = 1 and CD;0 = 0.001 and 0.01.

At maximum L=D, CD;0 D .n ¡ 1/kCn
L , meaning that optimal

designs generally have from one-half to two-thirds of the drag
in wave drag, depending on n. The prediction of hypersonic tan-
gent wedge theory is n D 2, k D 3=.8[° C 1]µ/, where µ is the sur-
face angle of obliquity; in the linear-theory limit, k D M=4, and,
therefore, depends on Mach number, and in the Newtonian limit,
n D 1:5 and k D 1, independent of Mach number.12 For the vehi-
cles of interest here, typical aerodynamic con� gurations will have
values of 1:5 < n < 2 and k » 1–1.5, consistent with experimental
measurements.13

The L=D ratio can be written in terms of maximum available
L=D performance:

L

D
D 4kCL

[L=D]¡2
max C 4k2C2

L

(6)

The maximum L=D occurs at a lift coef� cient CL ;maxL=D Dp
.CD ;0=k/. This value of CL is generally different from the maxi-

mum possible CL , which will typically coincide with small values
of L=D. This maximum value thus represents an aerodynamic per-
formance that may not be achieved in a practical integrated cruise
vehicle with lift matched to weight. This is because the required
valueof lift coef� cient, as set by the total weight, planformarea, and
engine-determineddynamic pressure, may dictate a value of L=D
that is less than can be achieved without the matching constraints.

If lift coef� cient is below the value for maximum L=D, it will be
bene� cial to L=D to increase the effective loading, that is, increase
average vehicle density at a given dynamic pressure. Conversely, if
CL is above the value for maximum L=D, decreasing the effective
loading will increase achieved L=D. Note that this analysis does
not explicitly include contributions to lift from the engine, which
may be hard to separatefrom aerodynamiclift on a hypersoniccraft.
Also note that trim adjustments as the vehicle lift is reduced may
have the effect of reducing drag, thereby reducing the sensitivityof
L=D to CL ; this effect is equivalent to reducing the value of k in
Eq. (4) by some vehicle-speci�c factor.

When Eq. (1) is integratedwith the changing L=D of Eq. (4), the
range is
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with constants a D q1 ArefCD;0 and b D k.q1 Aref/
1 ¡ n , where dy-

namic pressure is q1 D 1
2
½u2

0 . With integration of n D 2, a reason-
able assumption for slender hypersonic shapes, the range equation
follows an inverse tangent function,not the logarithmic function for
constant L=D:
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Equation (8) is equivalent to the range expression � rst derivedby
Bert for jet aircraft with varying L=D � ying at constant altitude.14

To solve the range equation in terms of fuel density and speci� c
energy, it is useful to write the weight ratio terms as a function of
the fuel weight fraction "c and a normalized lift load de� ned as:
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The range is then
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In the second line of Eq. (10), an approximation for the inverse
tangent function has been used to write the range in an algebraic
form. The algebraic form of Eq. (10) permits ready exploration
of design limits. Note that this range equation now has two mass-
fraction variables: "c and Ä, both of which are dependent on the
average density of the vehicle.

For representativeweight fraction values of "c D 0.5 and 0.7,
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These are plotted in Fig. 2, normalized to thrust power.
It is interesting to probe the extremes of Eq. (10). In the limit of

very large Ä, which represents a very high average density craft,
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Conversely, in the limit of very large reference area to weight, that
is, very small Ä, correspondingto a very low density craft, range is
directly proportional to weight per reference area:

R ¼ 2´h
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Higher-density fuel can, therefore, offer either a range advantage
or disadvantage, depending on the relative size of the craft. Most
vehicles of interest will have values of Ä between about 0.5 and 5
and values of " between 0.5 and 0.9, and so actual craft will not

Fig. 2 Range, normalized to � ight velocity times Isp times maximum
aerodynamic L/D, for fuel weight fractions " = 0.5 and 0.7, as a function
of normalized lift coef� cient X ; also shown are normalized ranges if L/D
is constant during entire � ight.
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approach these limits of Eqs. (12) and (13). However, these results
suggests that there is, for any mission and vehicleclass, an optimum
average vehicle density, which may be arrived at by a combination
of several fuels.

More generally, neglecting the distinction between overall " and
"c , the sensitivity of range to the choice of L=D, ", and Ä is as
follows:
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D 1 (14)
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The range sensitivities with respect to " and Ä are plotted in Fig. 3
for representativevalues of ", as a functionof Ä. Note that for these
typical values, when L=D is varying through the � ight accordingto
the assumptions of Eq. (4), range is more sensitive to fuel weight
fraction than maximum L=D and least sensitive to initial lift coef-
� cient. This once again indicates the importance of packaging ef� -
ciency and, therefore, increased fuel density, in determining range.
The derivativeof rangewith respect to fuel weight fractionis always
positive, meaning that the range always increases when fuel weight
fraction increases.

Note that the derivativewith respect to normalized lift coef� cient
Ä has a zero value for each fuel weight fraction". For smaller values
of Ä, the derivative is positive, but for large values it is negative.
The zero point corresponds to a vehicle that has an optimum value
of lift coef� cient, traversing the L=D peak in Fig. 1. For very small
values of Ä, the vehicle is � ying on the far left side of Fig. 1, at a
low L=D; for very large values of Ä, the vehicle is on the far right
side of Fig. 1, also at low L=D. Note that the estimated value for a
hydrocarbonhypersoniccraft is in the range of Ä » 2–4, very close
to this optimal zero point in the derivative of range with respect
to Ä. Hydrogen-fueled craft, with Ä » 0:4–0.7, are operating in a
regime in which increase in lift coef� cient (i.e., increasing vehicle
density or decreasing dynamic pressure) will increase range.

Speci� c Impulse and Fuel Selection

Accounting for the effect of fuel selection on u0 Isp in the range
equationrequiresan estimatefor the scalingof thrustpowerwith fuel

Fig. 3 Logarithmicderivativeof rangewith respect to fuel weight frac-
tion " and normalized lift coef� cient X .

speci� c energy. Speci� c impulse times � ight velocity is the thrust
power divided by weight � ow rate of fuel, so that u0 Isp D ´h=g,
which is overall ef� ciency ´ times the fuel heatingvalue h (reported
as energy per unit mass of fuel consumed) divided by gravitational
acceleration g (Ref. 15). This leads to the result that the product
of velocity times speci� c impulse should be roughly constant for
a given fuel type (and of course engine class). A hydrogen-fueled
scramjet, with speci� c energy of 119.6 MJ/kg, should, therefore,
have 2.85 times the thrust power of a comparable hydrocarbon-
fueledengine.The analysisof Ref. 16 predicts that hydrogenscram-
jets will have Isp D 3000 s at Mach 6, Isp D 2500 s at Mach 8,
Isp D 2000 s at Mach 10, and Isp D 1200 s at Mach 15. These all
correspond to overall thrust-power ef� ciencies of »50%. Corre-
sponding hydrocarbon scramjet performance will be Isp D 1000 s
at Mach 6, Isp D 880 s at Mach 8, and Isp D 700 s at Mach 10, the
last assuming it is even possible to operate a hydrocarbon scram-
jet above Mach 8 (Ref. 6). With endothermic fuels and reforma-
tion techniques, hydrocarbon speci� c impulse might be increased
signi� cantly.

Overall ef� ciency ´ includes propulsive and thermodynamic
losses. This means that the � rst two terms in the range equation
should scale approximately in proportion to fuel energy per unit
mass, assumingconstant ef� ciency.The ef� ciency ´ may, in fact, be
very different for hydrocarbonand hydrogen fuels, especially given
differencesin mixing,combustionrates,and recuperativeproperties,
though considerationof such is beyond the scope of this treatment.

Baseline Vehicle Model

Becauserangedependsonboth" andÄ, it is of interestto compare
likely values for these parameters for both hydrogen and hydrocar-
bon craft. To estimate practical values for Ä, it is most useful to
compare within shapes with the same basic geometry. Once a base-
line valueof normalizedweight Ä is estimated,values can be scaled
for different vehicle densities. For a given class of geometries, the
aerodynamicforce coef� cient referencearea will scalewith volume
as aref D c3V 2=3, where c3 is a volumetric ef� ciency, so that � xed
total weight Ä, which is inversely proportional to reference area, is
directly proportional to .½ f /

2=3 .
There is no historicaldatabaseforhydrogen-fueledcraft for sizing

estimates.An optimizedhydrogen-fueledcruiser has been designed
and described in Ref. 17 and will be used to scale a hydrogen-fueled
baseline. This vehicle is a Mach 10 cruiser operating at dynamic
pressures of about 1 atm, with airframe L=D D 3.78 and 864 m2

planform area (shown in Fig. 4), and is very similar to the dual-
fuel vehicle described in Ref. 18, except that it employs waverider
aerodynamics for optimum L=D. The vehicles of Refs. 17 and 18
use both hydrocarbonand hydrogen fuel, with approximately 90%
hydrogen and 10% JP-7, by volume. The JP-7 powers lower-speed
engines, which can be refueled in air. The 7300 km range craft of
Ref. 17 has a fuel weight fractionof " D 0.58andÄ D 0:33with total
mass of 226,600kg. Lift coef� cient of this range-optimizedvehicle
is CL D 0.0313, and CD D 0.00829 at 48 kPa dynamic pressure,
required for ef� cient scramjet combustion. The hydrogen-fueled
hypersonic vehicles described in Refs. 7 and 8 also had " D 0.58,
with average density of 124 kg/m3 .

Note that the baseline con� guration of Fig. 4 is a single-point
design that has been optimizedwith lift constrainedto equalweight,
resulting in a value of L=D, which is less than half the maximum
value for a pure waverider airframe, as explained earlier. That does
not imply that this speci� c vehicle could be � own with much higher
L=D; instead, the con� guration in Fig. 4 belongs to a family of
shapes that could be optimized to provide higher L=D if dynamic
pressure were not constrained by the engine requirements.

Figure 5 presents the relative range performance of JP- and
methane-fueledcraft, compared to a hydrogen-fueledvehicle.A hy-
drocarboncraft operating at Mach 8 with the same total weight and
fuel fractionwould haveÄ D 2:94 which translatesinto»60%of the
range of the hydrogen-fueledcraft with the same total initial weight
and fuel fraction. The fuel weight fraction of the hydrocarbon-
fueled craft should be somewhat higher than the baseline hydrogen
design.
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Fig. 4 Baseline hypersonic reference vehicle, used for scaling range performance.

Fig. 5 Relative range of Mach 10 hydrogen and Mach 8 hydrocarbon-
fueled craft, as a function of fuel weight ratio, compared to a baseline
15-km range craft.

Higher-density hydrocarbon fuels will have smaller tanks com-
pared to low-density (and, thus, high volume) hydrogen fuel, which
will in turn increase the relative " of the hydrocarbondesign.There
is, unfortunately, no known detailed study for a hydrocarbon-only
hypersoniccruiser comparable to the vehicles presented in Refs. 17
and 18, and so the hydrocarbon vehicle must be sized with appro-
priate scaling assumptions. Raymer9 has � t historical data for a
wide range of aircraft types and weights and has provided pow-
erlaw curve � ts for the empty weight fraction as a function of
total weight. The general trend is that the empty weight fraction
decreases as total weight increases, which is equivalent to fuel
weight fraction increasing with total weight.9 This is not surpris-
ing, given the increased volumetric ef� ciency of a larger aircraft.
Though there is obviously no historical database for hypersonic
cruisers, they might be compared to long-range bombers, with an
empirically correlated behavior of " ¼ 1 ¡ 1:033W ¡0:7

T where WT

is the weight measured in newtons. For a 100,000-kg aircraft, this
yields " D 0.61; at 1,000,000kg, " D 0.67. For comparison, the fuel
fraction of the JP-7-powered SR-71, with total mass of 75,600 kg,
is estimated at " D 0.62; for the 899,500-kg Concorde, " D 0.67,
and for the 242,540-kg delta-wing XB-70, powered by JP-6,
" D 0.63.

The volumetricef� ciency,de� ned as the ratio of (volume)2=3 over
surface area, of the historical vehicles cited is generally lower than
for blended lifting body shapes envisioned for hypersonic � ight.
For instance, the volumetric ef� ciency of the XB-70 is approxi-
mately 2%, compared to 10–20% ef� ciencies for blended hyper-
sonic forms.19 Given that fuel weight fraction will increase with in-
creasing volumetric ef� ciency, it is not unreasonableto assume that
a packaging-optimized hypersonic hydrocarbon craft could have
" D 0.7 or higher. As shown in Fig. 5, with " D 0.7, the hydrocar-
bon craft would have 90% of the range of the hydrogen vehicle. At
" D 0.8, which is clearly an optimistic value, the hydrocarboncraft
has 25% greater range than hydrogen craft with a 58% fuel weight
fraction.

Fuel Fraction vs Fuel Density

To scale fuel weight fraction in more detail, tank weight is
modeled as a function of the volume of contained fuel, such that
Wtank D c1V m

fuel where m should be between one-half, for a cylin-
drical tank with � xed wall thickness, and one, for a spherical tank
with constant pressure. The tank in this case includes the integral
fuel-containingstructureand associatedmass and subsystems.Note
that historical correlations of rocket tank mass in Ref. 20 generally
indicate that cryogenichydrogentank mass scales linearlywith con-
tained fuel mass, whereas hydrocarbonfuel tanks scale with the 0.6
power of fuel mass.20 These correlationswere actuallyderived from
both high-speedaircraft and rockets, and it can therefore be argued
that a hypersonicaircraft hydrocarbontank will scale with approxi-
mately the one-half power of fuel mass, whereas the hydrogen tank
mass will scale in proportion to fuel mass. The added weight from
the thermal protection system, also a function of surface area, will
obviously complicate this scaling.

It is assumed that the total vehicle volume is proportional to the
fuel volume.17 When engine weight is modeled as proportional
to maximum thrust, and payload as proportional to total weight,
Wengine C Wpayload D c2Winitial , with

c2 D ¸ C 1
[L=D]max[T=W ]engine

(17)

where ¸ is the payload weight fraction. Fuel weight fraction can be
written for a given initial weight in terms of fuel density ½ f :

" D [1 ¡ c2]Wfuel

Wfuel C Wtank
D

[1 ¡ c2]½ f gVfuel

½ f gVfuel C c1V m
fuel

D
[1 ¡ c2]½ f g/m

.½ f g/m C c1."Winitial/m ¡ 1
(18)

For the fuel weight fraction,

"m C
µ

.½ f g/m

c1Wm ¡ 1
initial

¶
" ¡

µ
.1 ¡ c2/.½ f g/m

c1W m ¡ 1
initial

¶
D 0 (19)

which has two important closed-form solutions:

"jm D 1 D .1 ¡ c2/½ f g

½ f g C c1

"jm D 1
2

D 1 C
c2

1

2½ f gWinitial
¡ c2

¡
c1p

½ f gWinitial

s

1 C
c2

1

4½ f gWinitial
¡ c2 (20)

If tank/structural weight is scaled linearly with volume, that is,
m D 1, the constant of proportionality for hydrogen fuel is c1 D
490 N/m3 for the baseline vehicle. If tank weight is calculated
for m D 0.5, c1 D 17,000 N/m3=2 . Figure 6 presents the fuel weight



LEWIS 1219

Fig. 6 Fuel weight fraction vs fuel density, modeled with constant
thickness (m = 1

2
) and constant stress (m = 1) tanks.

fraction as a function of fuel density, for the limiting values of
m D 1 and 0.5, based on the reference vehicle. For either value of
m, if this same tank mass model were applicable to hydrocarbon,
the equivalent-weighthydrocarboncruise vehiclewould have a fuel
weight fractiongreater than0.8,which is certainlyoverlyoptimistic.

Lift-to-Drag Ef� ciency

As described earlier, one of the results of various optimized
propulsion integration studies has been the realization that overall
L=D with engine installation is generally lower than that promised
by pure aerodynamicforms. For instance, the baselinecon� guration
for the scaling studies shown in Fig. 4 is a fully integrated scramjet-
powered craft optimized for maximum range performance with a
scramjet engine. The airframe is derived from a hypersonic wa-
verider inlet forebody, which is de� ned to provide high component
L=D (Ref. 21). The engine-integratedvehicle has L=D D 3:8, com-
pared to a pure waverider in this operating regime, which would be
expected to have L=D > 7 (Refs. 19, 22–24). Clearly, the processof
integrating the engine has reduced the delivered L=D performance.

This low value of realizable L=D can be attributed to the very
low density of its hydrogen fuel; recall that overall density was
124 kg/m3, includingfuel, structure,and payload.7;8 The optimizing
code used to select the maximum range con� gurationmatches lift to
weight for level cruise � ight,but altitudeis � xedby the requirements
of engine inlet conditions. This has the result that the shape that
promises high L=D is operating at relatively low altitude, that is,
high dynamic pressure,where it need only generate a fractionof the
total available lift, and so actual L=D is smaller than the maximum
achievable.

From this example, another way to view the effect of fuel se-
lection on the vehicle performance is to calculate the actual L=D
with Eq. (4), compared to the maximum attainable value de� ned
in Eq. (2). Because fuel is consumed during � ight, and lift require-
ments are thereforedecreasing,L=D will also be changing through-
out the � ight. For most con� gurations of this type, � ight L=D will
be smaller than the maximum attainable L=D and will increase ini-
tially as weight is reduced, and so required lift is decreased. It is,
thus, of interest to determine the best schedule for L=D. Note that,
for conventional jet aircraft, it is well known that maximum range
corresponds to a velocity that yields L=D that is 87% of the maxi-
mum L=D (Ref. 9). However, in the presentwork it is assumed that
the vehicle � ies at the maximum available velocity as dictated by
propulsionand aerothermodynamics,without regard for identifying
the velocity that delivers maximum range.

From the de� nition of Ä, we can write the L=D ratio at the
beginning and the end of � ight as

L

D

­­­­
initial

D 2Ä

1 C Ä2

µ
L

D

¶

max

L

D

­­­­
� nal

D 2[1 ¡ "c]Ä
1 C [1 ¡ "c]2Ä2

µ
L

D

¶

max

(21)

from which it is clear that the initial L=D would be maximum if
Ä D 1 or that the � nal L=D would be maximum if Ä D 1=[1 ¡ "].
The value of Ä that provides maximum range for a given Isp and
� ight velocity is found by solving for dR=dÄ D 0 from Eq. (10):

Ämaxrange D
p

1=.1 ¡ "c/ (22)

The correspondingmaximum achievable range is

R D
2u0 Isp

.1 ¡ Ng/

µ
L

D

¶

max

tan¡1

»
"c

2
p

1 ¡ "c

¼

»D
u0 Isp

.1 ¡ Ng/

µ
L

D

¶

max

»
"c

p
1 ¡ "c

1 ¡ "c C 0:07"2
c

¼
(23)

If the vehiclecan be designedto satisfy this conditionby appropriate
selection of average density, then the maximum L=D during the
� ight approaches the aerodynamic limit. Interestingly, under these
conditions, the initial and � nal values of L=D are equal:

L

D

­­­­
initial

D
L

D

­­­­
� nal

D 2
p

1 ¡ "c

2 ¡ "c

µ
L

D

¶

max

(24)

In other words, to achieve maximum range, the L=D starts out
below the maximum, reaches a peak in the middle of the � ight, and
� nishes with the same L=D with which it began. Maximizing L=D
at either the beginning of cruise or end of cruise will not optimize
overallperformance.This optimal L=D scheduleis equivalentto the
results of Bowcutt, who performed detailed vehicle optimizations
for maximum range.25 Note that in the limit of a very high-density
fuel, that is, " ! 1, the maximumrangevalueof Ä is in� nity, and the
initial and � nal values of L=D are zero. In the other limit of " ! 0,
in which the fuel has zero density, L=D is constant and equal to the
maximum possible aerodynamic L=D, but the vehicle then has zero
range.

This behavior is demonstrated in Fig. 7, which shows the actual
L=D, dividedby maximumachievableL=D, of a hypersonicvehicle
at the beginning of cruise and the end of cruise, as a function of
Ä. Note, for instance, that a vehicle that has Ä D 1 begins with
maximum L=D, but L=D that can drop by as little as 20% if the
fuel weight fraction is 50%, or as much as 80% if the fuel weight
fraction is 90%. Thus, an aircraft that is designed for L=D D 6, for
example,will onlyhave L=D D 1.2 at theendof its cruise.Similarly,
a craft that is to have the maximum range at, for example, " D 0.7,
with a maximum achievable L=D D 6, will start with L=D D 5.06,
peak at L=D D 6 somewhere in mid� ight, and then complete its
cruise at L=D D 5.06 again.

The variation in L=D that is suggested by the results of Eq. (24)
can be understood in the context of the L=D vs CL plot of Fig. 1.
Recall that, for given values of zero-lift drag and the constant of
proportionality for drag due to lift k, there is a peak in L=D at a
maximizing value of CL . For optimum range performance, it is best

Fig. 7 Actual L/D, divided by maximumachievableaerodynamic L/D,
as a function of normalized lift coef� cient X : - - - -, is L/D at start of
� ight; ——, are L/D at end of � ight for fuel weight fraction " = 0.5,
0.7, and 0.9; also shown are the values of X which maximize range for
each ".
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Fig. 8 Comparison of variation in normalized lift coef� cient X and
value of X that maximizes range for a � xed Isp, under two assumptions
for tank scaling, as a function of fuel density; intersection of these curves
indicates density for maximum range performance.

to begin the � ight at a CL below the maximum and � nish at a CL

above the maximum, so that the maximum is encountered along
the way, with the vehicle crossing the L=D peak during its � ight.
Unfortunately, it will not always be possible to do this, given the
available values of fuel density. Hydrogen vehicles tend to have
performance in the region to the left of the L=D peak of Fig. 1. As
demonstrated in this analysis, storable hydrocarbon vehicles hold
the promise of operating closer to the peak.

Optimum Fuel Density

Given that there is an optimum value of Ä for each fuel weight
ratio ", and both Ä and " depend on fuel density, there should be an
optimalvalueof density that maximizes range.This is demonstrated
graphicallyin Fig. 8, which plots the maximum range from Eq. (24)
vs density, as well as the projected scaling of Ä with density from
the baseline vehicle. Note that the optimum density is sensitive to
tank weight scaling, but that in both cases shown, the best density
is very close to that of storable hydrocarbon fuel.

These results are calculated assuming constant u0 Isp, which is
equivlant to assuming constantoverall ef� ciency. In fact, as pointed
out earlier, the major advantageof the lower-densityhydrogenfuels
is their ability to deliver higher Isp, possibly at higher ef� ciency
than the hydrocarbon engine. If detailed data on Isp vs fuel were
available, it might be possible to incorporate Isp variations in this
analysis, which should decrease the optimal density for maximum
range somewhat because lower densityfuels tend to have higher Isp.
A combination of low-speed engines and high-speed engines, or
proper schedulingfor a combined-cycleengine,might be employed
to optimize a cruiser’s range.

Conclusions
The fundamental question explored in this effort is whether the

packaging bene� ts of high-densityhydrocarbonfuels outweigh the
high-energy content of hydrogen fuels. For a cruiser operating in
the Mach 8–10 corridor, in which it is desired to maximize cruise
range for a given total takeoff weight, the result seems to be that the
aerodynamic and volumetric advantages of storable hydrocarbons
are about equivalent or superior to the Isp advantages of hydrogen
in determining cruiser range.

Of note is that methane seems to deliver the maximum range
performance, because it combines high density with high speci� c
energy content. It was found that a methane Mach 10 cruise vehicle
in the 250,000-kgweight class would match the range of an equiva-
lent weight hydrogen vehicle if its fuel weight fractionwere greater
than 0.65, compared to 0.55 for the hydrogen craft. A storable hy-
drocarbon vehicle with a fuel weight fraction of 0.72 would match
the performance of a hydrogen craft. Both of these are appear to
be reasonable goals, given the scaling of tank and structure weight
with fuel volume. In fact, simple scaling laws predict fuel weight
fractions of 0.76 and 0.82 for methane and storable hydrocarbon,
respectively.

Given that methane is also a cryogenic liquid, the strong perfor-
mance of the JP and endothermic hydrocarbon fuels suggests that
they are the fuels of choice for a hypersonic cruiser. It is dif� cult
to evaluate an intangible such as the penalty for handling a cryo-
gen against a quanti� able range advantage, but it is likely that the
10% range improvement projected with methane is not worth the
dif� culties of using this fuel. At the very least, storable hydrocar-
bons can be refueled in � ight, making for an enormous operational
advantage.

Though not addresseddirectlyhere, centrifugallift should tend to
amplify the density effects demonstrated.At high velocity, centrifu-
gal lift will decrease the effective density of a hypersonic craft, so
that the bene� ts of higherdensity fuelswould be even more evident.
The role of engine lift might also be explored because that can have
a large impact on overall L=D in the hypersonic regime.

The range results in this study depend greatly on the modeling of
engine performance as a function of fuel. If a hydrocarbon scram-
jet can be built to operate more ef� ciently than a hydrogen-fueled
engine, the performancebene� ts of the storable fuel would be even
greater than suggested here. Conversely, if hydrogen engines prove
more ef� cient, then the hydrocarbonswill obviously be less favor-
able. Conclusionsare also based on scaling from a baseline vehicle,
and so only general trends should be drawn from this work. A more
thorough validation of the fuel tradeoffs would require a more de-
tailed vehicle design process, in which the best hydrogen cruiser is
compared to the best hydrocarbon cruiser, including more detailed
weight models, thermal protection,and Isp. The successor failureof
hydrocarbon-fueledscramjets,includingthe use of novelpropulsion
concepts, might obviously modify the derived results.
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