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Upper Bounds on the Flight Speed of Hydrocarbon-Fueled
Scramjet-Powered Vehicles
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Estimates of upper bounds on � ight Mach number for scramjet-powered vehicles operating on liquid hydro-
carbon fuels assuming either equilibrium or frozen nozzle chemistry are presented. For an axisymmetric missile-
shaped vehicle, these upper bounds lie between Mach 9 and 10.

Nomenclature
A = area
CD = drag coef� cient
CT g = gross engine thrust coef� cient
CTN = net vehicle force coef� cient
ERe = effective fuel-air equivalence ratio
M = Mach number
p = pressure
q = dynamic pressure
® = angle of attack
´c = fuel combustion ef� ciency
´KE = inlet kinetic energy ef� ciency

Subscripts

c = combustor
des = design
i = inlet geometric
max = maximum
ref = reference
w = wall
0 = freestream
1–5 = engine stations (see Fig. 1)

Introduction

F ROM the inception of the supersonic combustion ramjet
(scramjet) engine cycle (see Fig. 1) in the late 1950s through

the present time, there has been much speculation about what the
upper bound on � ight Mach number is when using either a gaseous
fuel such as hydrogen or a storable liquid hydrocarbon fuel such
as kerosene. Some initial studies claimed orbital speeds (Mach 26)
and beyond for hydrogen-fueledsystems and Mach 14–16 � ight for
hydrocarbon-fueled systems.1¡3 Subsequent studies in the 1960s
and early 1970s revised these estimates downward somewhat to
Mach 15–20 and Mach 12–14,4¡7 respectively. However, most of
these studies are not con� guration speci� c, and none incorporate
what has been learned about the operation and performance of
scramjet-poweredvehicles since their printing.

Subsequent to these early studies, several modern studies have
been done for hydrogen-fueled concepts, primarily for Earth-to-
orbit space transport systems,8¡11 in which the upper speed bound
is somewhat lower, primarily in the Mach 12–16 range. There
have also been a number of studies on hydrocarbon-fueledmissile
concepts,12¡16 but none of these addressed the upper Mach number
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limit. The purpose of this paper is to present a modern, system-
atic approach to reestablishing these limits for hydrocarbon-fueled
vehicles and to provide a representativeexample for reference.

Upper Bound(s) on Flight Mach Number
The approach used to establish the upper bounds on � ight Mach

number was to conduct performance sensitivity studies on a liquid
hydrocarbon-fueledscramjet-poweredmissile based on the known
physicsand chemistryof scramjet enginesand their requisiteenergy
balancewith the vehicle’s structure.The engine cycle analysis code
used was RJPA,17 the current U.S. industry standard for scramjet
engines. To keep the initial computational matrix to a manageable
level, only an axisymmetric nose inlet scramjet engine/missile con-
� gurationwas considered,18;19 as shown in Fig. 1. Any other engine
con� guration, for example, aft-mountedengine,underslungengine,
podded engine(s), etc., would have lower thrust performance, pri-
marily because of lower air capture and, therefore, a lower upper
bound on � ight Mach number.

It was also assumed that the inlet design Mach number was the
same as the � ight Mach number (a variable geometry inlet) to max-
imize thrust at these high � ight speeds and that the vehicle � ew at a
constant dynamic pressure q0 equal to 47.88 MN/m2 (1000 lbf/ft2 ).
The boundson inlet area contractionchosen are also based on work
with variable geometry inlets20 and, therefore, representativeof the
upper limits on inlet area contraction (and thrust generation) for all
� ight speeds. The correspondinginlet kinetic energy ef� ciencies as
a function of � ight speed and area contraction were also obtained
from Ref. 20.

JP-7 endothermic liquid hydrocarbonfuel was chosen rather than
RJ-5 as used in Refs. 12, 18, and 19 because such a fuel will likely
be required for structuralcooling at � ight Mach numbers above 6.5.
For simplicity, it was assumed that any engine structural cooling
required was accomplished with the engine fuel � ow, the net effect
on the energy balancebeing zero.Here, it is assumed that the energy
transferredto the fuelduringstructuralcoolingexactlyequalstheen-
ergy addedto the fuelbefore its injectionin the combustor.Although
this would not be the exact case in an actual engine or � ight vehicle,
it is representativeof what happens in an engine, that is, any energy
extracted from the engine’s structurevia fuel cooling to maintain its
integrity will end up being injected into the combustor (or the exit
nozzle if the cooling fuel � ow rate is higher than that required by
the engine). The best circumstance is when all of the heated fuel is
injectedinto thecombustor,resultingin a nearlyadiabaticenergyex-
tractionand additionprocess.Any in� uence on engine performance
other than this is beyond the scope of the current study.

The remainder of the reference engine and vehicle geometry
(other than the inlet) is as described in Ref. 18, that is, the mis-
sile maximum diameter is 50 cm, reference area Aref is 1963.5 cm2,
and missile length is 400 cm. The engine inlet19 is A0 D Ai when
® D 0 deg. For M0 D 8, 9, 10, 11, and 12, (Ai=A2)max D 12.278,
13.922,15.500, 17.002, and 18.428,whereas ´KE D 0:9662,0.9673,
0.9700, 0.9722, and 0.9740. The cowl angle is 6 deg, the isolator
L=D is 10, the combustor area ratio is 4, the combustor wall area
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Fig. 1 Schematic of axisymmetric, scramjet-powered missile.

Fig. 2 (M0 )max plotted againstnozzle exit-to-inlet geometric area ratio
A5 /Ai for different values of ®.

is 40A2 , and the combustion ef� ciency ´c is 100%. The effective
equivalence ratio ERe is 0.5, 1.0, the inlet and combustor chem-
istry are in equilibrium, the nozzle ef� ciency is 0.98, and the nozzle
chemistry is in equilibrium or frozen.

Sensitivity studies were then performed wherein gross engine
thrust coef� cient Ctg was computed as a functionof these inputs us-
ing the following parametric variations: inlet ´KE is §0.01 from the
nominal, inlet Ai =A2 is nominal to ¡35% of the nominal, and com-
bustor A4=A2 is 1– 4. The fuel is JP-5,RJ-5, and ethylene,the nozzle
A5=Ai is 1–3, and the angle of attack ® is 0, 5, and 10 deg. Previous
studies have established the performance sensitivity of the engine
to other variations in geometry and component ef� ciencies.12;18

The resultingengine performancewas plottedas a functionof M0

and total vehicle drag coef� cient CD , with the � ight Mach number
at which the two curves cross de� ned as the maximum � ight Mach
number (M0/max . These curves are presented in the Appendix for
reference. Note that fuel temperature (or enthalpy) is not among
the variables investigated because as discussed earlier, the energy
used to heat the fuel would have come from energy extracted from
the engine’s structure to maintain its integrity, and the net effect on
engine performance (other than enhancing the ability of the fuel to
ignite and burn) is essentially nil.

The results are given in Figs. 2–6 wherein the Mach number at
which the net thrust coef� cient of the engine and vehicle equals the
vehicle’s external drag is plotted against the sensitivity parameter.
Here, the vehicle external drags are those presented in Ref. 18 or an
extension thereof from Mach 8 to 12. Included in each plot are the
ERe D 0.5 and 1.0 engine performance curves for both equilibrium
and frozen � ow in the exit nozzle.

In Fig. 2, the in� uence of A5=Ai on (M0 )max is presented for all
three angles of attack. Note that in all cases, the value of (M0)max

for frozen nozzle � ow is less than or equal to that for equilibrium
nozzle � ow. Because the nozzlechemistry at these � ight speedswill
be assumed to be frozen, subsequentdiscussionswill be focusedon
the frozenchemistryresults.The results show that for ERe D 1.0, the
maximum� ightMachnumberexperiencesa substantivedrop(about

Fig. 3 (M0 )max plotted against inlet contraction.

Fig. 4 (M0)max plotted against inlet ef� ciency variations.

2 Machnumbers) as A5=Ai increasesfrom1 to 3 for® D §5 degwith
a similar trend at the other two values of ®. Here, (M0)max decreases
from 11.75 to 9.65 for ® D §5 deg. When ® D 0 deg, (M0)max is 11
or greater.However, when ® D 10 deg, (M0)max is 9.6 or less, falling
below Mach 8 for A5=Ai > 2.

A similar trend is noted for ERe D 0.5 as well, although the ab-
solute values of (M0 )max are substantially lower. For ® D 0 deg,
(M0 )max drops from 10.3 to 8.3 as A5=Ai increases from 1 to 3,
and at ® D §5 deg, it drops from a maximum value of 9.5 when
A5=Ai D 1 to below 8 when A5=Ai exceeds 2.15. For ® D §10 deg,
(M0 )max is always less than 8.

What does all of this mean? First, when ERe D 1.0, the vehicle
will have no additional axial acceleration capabilities, and so the
values of (M0 )max are just that, absolute maximums. If acceleration
capabilities are desired or required (as they almost always are) at
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Fig. 5 (M0 )max plotted against combustor area ratio.

Fig. 6 (M0)max plotted against fuel type.

these � ight speeds, then a reduced ERe is necessary. In this study,
the lower bound on this reduced ERe is assumed to be 0.5. Further-
more, for the altitudes of interest in these studies (>30 km), the
vehicle will require an angle of attack of 5 deg or greater to cruise,
and so the ® D 0 deg results are not applicable unless a ballistic
trajectory is commanded, a highly unlikely scenario because this
is an airbreathing engine. As a consequence, the maximum Mach
number curvesapplicableto this vehiclewhen cruisingat a dynamic
pressure of 47.88 MN/m2 are those bounded by ERe D 0.5 and 1.0
and ® D §5 deg.

Althoughthese argumentscompress the boundson (M0/max, there
is still a substantial spread. For example, for A5=Ai D 1, the max-
imum � ight Mach number will vary between 9.5 and 11.75, the
choice depending on the acceleration capability desired. Note that
engine thrust and fuel speci� c impulse Isp exhibit opposing trends
with the value of A5=Ai . The lower the valueof A5=Ai is, the higher
the absolute value of thrust (for a � xed nozzle exit area) because of
an increase in the amount of air captured by the engine. The op-
posite is true, however, for Isp. As a result, an engine with a high
Isp may well have a low thrust and vice versa. These trends are
apparent in the curves of Fig. 2, wherein the maximum Mach num-
ber decreases with increasing A5=Ai because of decreasing engine
thrust. Ultimately, the actual value of (M0/max will depend on the

speci� c vehicle design and mission range and accelerationrequire-
ments. Because of this dichotomy, subsequentsensitivitycurves are
presented for ® D §5 deg and two values of A5=Ai , 1 and 3.

Figure 3 presents the sensitivity of (M0/max to decreases in the
inlet area contraction ratio given earlier (increase in the inlet throat
area A2). The result indicatesthat (M0/max is not very sensitiveto in-
creases in the inlet throat area, irrespectiveof the value of A5=Ai , at
least in the 0–30% range investigated herein. For ERe D 1, (M0/max

decreases from 11.75 to 11.05 with a 30% increase in the inlet
throat area A2 with A5=Ai D 1.0. When A5=Ai D 3.0, (M0/max de-
creases from 9.65 to 9.25. For ERe D 0.5 and A5=Ai D 1.0, (M0/max

decreases from 9.5 to 8.8. For A5=Ai D 3.0, (M0/max is always less
than 8.

Figure 4 presents the corresponding curves for a §0.01 varia-
tion in inlet kinetic energy ef� ciency ´KE . These results show that
(M0/max is not sensitive to large changes in inlet pressure recovery,
at least at the � ight speeds of interest. When ERe and A5=Ai D 1.0,
a §0.01 change in ´KE only changes (M0/max by C0.35 and ¡0.45,
respectively,ranging in value from 12.1 to 11.3.When A5=Ai D 3.0,
the range is from 9.75 to 9.4, respectively, and when ERe D 0.5 and
A5=Ai D 1.0, the range is from 9.75 to 9.3, respectively. (M0/max is
always less than 8 when ERe D 0.5 and A5=Ai D 3.0.

Figure 5 presentsthe sensitivityof (M0/max to combustorarea ratio
A4=A2. The sensitivityof (M0/max to changesin combustorarea ratio
is largeandon the sameorderofmagnitudeas its sensitivityto A5=Ai

for frozen nozzle chemistry. For the cases studied with ERe D 1.0,
(M0/max varies from11.75when A4=A2 D 4 to 10 for a constantarea
combustor for A5=Ai D 1. The respective values when A5=Ai D 3
are 9.65 and 8.1. When ERe D 0.5, (M0/max varies between 9.5 and
8.6 when A5=Ai D 1 (about 50% of the variation at ERe D 1) and is
always less than 8 when A5=Ai D 3.

Why is there this sensitivity to combustor and nozzle exit area
ratio? It is because of the in� uence of the type of kinetics in the
exit nozzle. The larger the area expansion in the exit nozzle is, the
stronger the in� uence of frozen chemistry on engine performance.
For example, for a � xed exit nozzle area, a low value of combus-
tor area ratio will result in a larger nozzle exit-to-combustor exit
area expansion than for a larger combustor exit area (or combustor
area ratio). This, in turn, results in more of the total nozzle exit-
to-combustor inlet area expansion taking place in the nozzle when
the chemistry is nearly frozen, as compared to the expansion taking
place in the combustor, where the chemistry is assumed to be in
equilibrium.

As a result, care must be taken in the amount of area expansion
permitted (or assumed) in the combustor when performing engine
cycle performance calculations such as those in this (or any previ-
ous) study.Because the total area expansionbetween the combustor
entrance and nozzle exit can be assigned to either the combustor or
exit nozzle, and equilibrium chemistry is assumed in the combus-
tor and frozen chemistry in the exit nozzle, quite different engine
and vehicle performance estimates can be computed for the same
engine con� guration dependingon where this area expansion (and,
therefore, type of chemistry) is assumed to take place. For example,
the limits shown in Figs. 2–6 would move to the left as less area ex-
pansionis taken in the combustor (less energy is availablefor thrust,
it is tied up in dissociated chemical species) and to the right as the
combustor area ratio approaches the total area expansion available.

Consequently, care must be exercised as to where the total
combustor-plus-exitnozzle area expansionis taken. Remember that
the assumption of equilibrium chemistry in the combustor is based
on a low-to-moderate area expansion in the combustor. Otherwise,
the actual combustor exit chemistry will move away from equilib-
rium and toward frozen � ow. As a result, an upper bound on A4=A2

of 4 was taken for this study.
The last set of sensitivity curves are for the type of hydrocarbon

fuel used in the engine. As shown in Fig. 6, (M0/max is quite insen-
sitive to the type of fuel used, irrespective of ERe , for A5=Ai D 1.0.
Here,RJ-5 is a dense(speci� c gravityD 1.08) storablehydrocarbon,
JP-7 is a lighter (speci� c gravity< 0.8) storable endothermichydro-
carbon, and ethylene (C2H4) is a light gaseoushydrocarbonand one
of the endothermic decompositionproducts of JP-7. Because these



1202 WALTRUP

same trends (with lower absolute values) are valid for other values
of A5=Ai , they are not included for brevity.

Finally, if one were to limit the value of ERe to 0.5, it is possi-
ble to set a more precise (and also reasonable) bound on (M0 )max.
If this hypothesis is accepted, the maximum � ight Mach number
of a hydrocarbon-fueled scramjet-powered vehicle � ying a q0 D
47.88 MN/m2 trajectory would be between Mach 9 and 10.

Conclusions
To summarize, a reasonableupper bound on � ight Mach number

would appear to be between Mach 9 and 10, but the precise value

Fig. A1 Engine gross thrust as a function of � ight Mach number for ® = 0 deg.

Fig. A2 Engine gross thrust as a function of � ight Mach number for ® = 5 deg.

is a strong function of the vehicle design and mission acceleration
and cruise range requirements. The upper bound is most sensitive
to variations in the nozzle exit-to-diffuser-inletand combustor area
ratios and much less sensitive to inlet area contraction and inlet
ef� ciency. It is very insensitiveto the type of hydrocarbonfuel used,
but range and other systems considerations may be quite sensitive
to the fuel type.

Appendix: Scramjet Performance Curves
for Determination of Maximum

Flight Mach Number (Figs. A1–A7)
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Fig. A3 Engine gross thrust as a function of � ight Mach number for ® = 10 deg.

Fig. A4 Effect of inlet area contraction on engine gross thrust at ® = 5 deg.

Fig. A5 Effect of inlet kinetic energy ef� ciency on engine gross thrust
at ® = 5 deg.

Fig. A6 Effect of combustor area ration on engine gross thrust at
® = 5 deg.
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Fig. A7 Effect of fuel type on engine gross thrust at ® = 5 deg.
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