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ABSTRACT In the design of hypersonic cruise vehicles, great effort is demanded to improve the per-
formances of subsystems, namely structure, aerodynamics, and propulsion. Herein, effort demanded to
realize a subsystem performance is quantified by technical merit. To achieve a feasible design, excessive
technical merit of any one subsystem should be avoided. Accordingly, a lowest-technical-merit (LTM) design
methodology has been proposed in this work. By this methodology, the design problem could be interpreted
into a parametric optimization. The solution to such an optimization corresponds to the highest feasibility.
The methodology has been implemented on two cases: deriving a hydrocarbon-fueled long-range cruiser
from Boeing X-51A, and a hydrogen-fueled LAPCAT scenario from PREPHA. The simulation results show
that LTM could achieve optimal allocations while satisfying different payload/range performances. The
designmethodology could help to improve the feasibility of hypersonic cruise vehicles. Furthermore, it could
also be used in the design of other systems.

INDEX TERMS Hypersonic cruise vehicle, design methodology, technical merit, feasibility/accessibility.

NOMENCLATURE
a Structural parameter related to overall weight
b Structural parameter related to payload
C Constraint of subsystems
ci Growth coefficient in technical-merit function
E Lift-drag ratio L/D
f System performance driver
Isp Specific impulse, s
Ma Mach number
R Range, m
Pi Performance of the i-th subsystem
P0 System performance
pi Normalized performance of the i-th subsystem
µF Fuel mass fraction
µP Payload capacity
ν Inclination factor
ω Weight factor
ψi Technical merit of the i-th subsystem
ψ0 System-gross technical merit
Superscripts:
+ Topmost level of a performance
− Floor level of a performance

The associate editor coordinating the review of this manuscript and
approving it for publication was Chaoyong Li.

D Demonstrated maximum of a performance
B Performance of basic scenario

I. INTRODUCTION
Hypersonic cruise vehicle (HCV) is a kind of vehicle
that flies at speed beyond Ma 5. It mainly works in a
cruising mode. The advantage of HCV is a combination
of high speed and high efficiency. Because of the high
speed, hypersonic vehicles could deliver payloads faster
than subsonic/supersonic airplanes does. This ability makes
hypersonic airliners, such as LAPCAT-II [1] and HEXAFLY-
Int [2], [3], a research hotspot. ISR, strike, or other
national need missions have stimulated the requirement for
high speed operational systems, e.g. Falcon Blackswift/
HTV-3X [4].

Although rockets are also suitable for high-speed flights,
airbreathing engines such as ramjets or scramjets could
absorb oxygen from the atmosphere, thus leading to less mass
consumption during combustion to achieve a given thrust.
With the airbreathing engines adopted, HCV could achieve
higher specific impulses or propulsive efficiencies [5]. There-
fore, HCV is more promising to realize a long-range high-
speed flight. Besides, since rocket is inefficient at low
speed, HCV also makes a better candidate for launch vehicle
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in multi-stage-to-orbit missions [6], for example, Sänger
Spaceplane [7].

Therefore, the prompt/efficient advantage of HCV is sig-
nificant in the applications. Nevertheless, the long-range
high-speed flight in atmosphere challenges nearly all the
subsystems in design of HCV. For each of the subsystems,
there are considerable technical problems to overcome. Due
to these problems, a prospective/applicable performance is
difficult to realize.

Specific impulse is a description of propulsive perfor-
mance. It is related to the thermal cycle of engine and flight
conditions of vehicle. However, the high-speed internal flow
proposes problems in unstart of inlet [8]–[10], combustion
stabilization [11], and thermal protection [12], [13]. Because
of these problems, propulsive performance of HCV is dif-
ficult to realize and improve [14]. To solve these problems,
techniques such as waverider forebodies [15], novel configu-
rations of inlets/diffusers (for example, Busemann inlet [16]
and Lens Analogy inlet/diffuser [17], [18]), precooling [19],
recycling of energy [20], and active control (for example,
control system with a combination of Wheeler Doublets and
vortex generator jets [21]) have become research focuses.
However, adoption of these techniques would also introduce
new problems, for example, higher empty weight caused by
additional components.

L/D (lift-to-drag ratio) is a description of aerodynamic
performance. Because of the strong compression at shock
waves and the high viscous effect, high drag would be yielded
on a hypersonic vehicle [22]. This is the reason for the
decline of theoretical aerodynamic performance. To improve
the aerodynamic performance, waverider [23], [24], coun-
terflowing aerospike/aerodisk [25]–[27], high-slenderness
configurations [27], [28] have been proven effective. How-
ever, the aerodynamic performance of waverider is dif-
ficult to maintain when engine and control panels are
integrated [29], [30]. The technique of counterflowing
aerospike/aerodisk demands aerospike/aerodisk and work-
flow, whereas that of slender configurations require stronger
structure. Hence the two techniques would lead to higher
empty ratio.

Besides, a sharp leading edge is also preferable for
aerodynamic performance [31]. However, speed beyond
Mach 5 would induce prominent aerodynamic heating on
surfaces [32]. The heat flux at the leading edge is in negative
correlation with the local radius of curvature. That means
a trade-off of bluntness is demanded [33]. Hence thermal
protection would put forward a restriction for aerodynamic
performance.Moreover, to endure the long-time aerodynamic
heating, a comprehensive thermal protection system (TPS)
consists of passive, radiative, and active cooling techniques
is demanded [34], [35]. This would lead to a higher empty
ratio [36].

Therefore, long-range hypersonic cruise challenges aero-
dynamics and propulsion performances. The techniques to
improve the two performances would probably introduce
new problems in design, especially a high empty ratio.

A high empty ratio means a poor structural performance or
a low useful fraction (including fuel and payload). From the
perspective of Breguet’s range formula, range is in positive
correlations with specific impulse, L/D, and fuel capacity.
To realize a given range, low propulsive and aerodynamic
performances would lead to a high requirement for fuel
capacity. Hence the payload capacity of HCV is limited. For a
given range, payload capacity could evaluate the integral per-
formance involving propulsion, aerodynamics, and structure.
According the review above, the performances of the three
subsystems are restrained by bundles of technical problems.
Then a higher performance means less feasibility and more
technical effort. In a design of a HCV pursuing a high payload
capacity or a long range, the feasibility/accessibility of the
subsystem performances should also be concerned.

To evaluate the feasibility/accessibility of a subsystem
performance, technical merit is defined as a measure of
technical effort to make. Technical merit is in negative
correlation with feasibility/accessibility, whereas in posi-
tive one with performance. For a certain subsystem, a high
performance would demands more advanced techniques or
breakthroughs, thus leading to more technical merit but low
feasibility/accessibility. A weighted combination of the tech-
nical merits of the involved subsystems could provide a com-
prehensive consideration of the system-gross technical merit.
For a scenario with the lowest system-gross technical merit,
to reduce the technical merit of a certain subsystem, the others
need to be paid with more. Hence the lowest technical merit
is a point where a balance or compromise exists among the
subsystems. To obtain such a scenario, the problem could
be formulated as a parametric optimization to minimize the
system-gross technical merit, or a multi-objective one to
minimize the technical merits of all the subsystems. Accord-
ingly, a lowest-technical-merit (LTM) design methodology is
proposed herein.

The design problem of hypersonic cruise vehicle is for-
mulated as one to satisfy the payload/range performance.
According to the performance driver, subsystems include
structure, aerodynamics, and propulsion. The topmost, floor,
and demonstrated levels of the subsystems have been made
clear by statistics, on the basis of current theories and tech-
nologies. The methodology has been implemented on two
cases: deriving a hydrocarbon-fueled long-range cruiser from
Boeing X-51A, and a hydrogen-fueled LAPCAT scenario
from PREPHA. In the two cases, LTM has proven effective
to allocate the performances/improvement. Principal subsys-
tems at different payload/ranges have been figured out.

II. LOWEST-TECHNICAL-MERIT DESIGN METHODOLOGY
A. DILEMMA IN DESIGN OF A SYSTEM
In design of a system, the basic organization consists
of upstream, system designer, and subsystems, as shown
in Fig. 1. The upstream proposes the system performance
P0 of the whole system to be maximized. This role could
be played by customer or system designer of upper level.
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FIGURE 1. Sketch map of a system design.

The system designer has the duty to realize the system per-
formance by joint efforts of the subsystems. However, from
the perspective of a certain subsystem designer, improvement
of the performance Pi (i ∈ [1,N ]) is related to advances
of technology. This would lead to additional technical effort
to realize and technical difficulties to implement. Hence the
performance allocated to each of the subsystems is desired to
be minimized. From the perspective of the system designer,
there are two problems in concern:

(1) the system performance P0 should be satisfied at least
and maximized at best;

(2) the performance of any one subsystem should not be
too demanded, to avoid infeasibility caused by exces-
sive technical effort and risks.

This leads to a dilemma to face for the system designer.
To deal with this dilemma, a lowest-technical-merit design

methodology is proposed herein.

B. TECHNICAL MERIT
For a subsystem, its performance Pi could access a level no
lower than the floor level P−i , whereas could not access the
theoretical topmost P+i .
With the two boundaries involved, the performance could

be normalized as (1). The equation indicates that pi is a
dimensionless quantity within 0-1. A normalized perfor-
mance of 0 is related to the floor level P−i , whereas one of 1
is related to the topmost level P+i .

pi =
Pi − P

−

i

P+i − P
−

i

∈ [0, 1) (1)

For a subsystem, it is more difficult to adopt a higher
normalized performance pi, which means less feasibil-
ity/accessibility. The topmost, floor, demonstrated (maxi-
mum), and basic levels of subsystems of a design could be
organized by Table. 1. In the table, P+i is the theoretical
topmost level, P−i is the floor level (minimum demonstrated
level at present), PDi is the maximum demonstrated level at
present, and PBi is the performance of the basic scenario.

To quantify the effort to achieve a subsystem performance,
a technical merit is defined as a function of normalized

TABLE 1. The topmost/floor/demonstrated/basic levels of subsystems.

performance, as shown in (2).

ψi = 9(pi) (2)

The technical-merit function 9 should satisfy the following
properties:
(1) Technical merit is in positive correlation with normal-

ized performance. Hence it is monotone increasing,
as shown in (3).

9 ′i =
d9i

dpi
> 0 (3)

(2) Improvement on the basis of a higher performance
would be more difficult. Hence the second derivative
of technical merit is positive, as shown in (4).

9 ′′i =
d29i

dp2i
> 0 (4)

(3) Technical merit is a relative quantity whose single
value is without physical significance. The base point
is related to the floor performance. The technical merit
at the floor level could be set to 0, as shown in (5).

9i(0) = 0 (5)

(4) The development of theory is in advance of realization.
Hence the topmost level is inaccessible at current tech-
nology level, which lies an asymptotic line for technical
merit, as shown in (6).

lim
pi→1

9i(pi)→+∞ (6)

(5) Since technical merit is a relative quantity, two
technical-merit functions in linear correlations, 9i and
9̃i shown in (7), are equivalent. c is a constant.

9̃i = c9i, (c > 0) (7)

According to the last property, if a technical-merit function
crosses Point (0.5, 1), as shown in (8), it could be called as
basis function. This definition means that for a normalized
performance pi of 0.5, the technical merit of the subsystem
is 1. A basis function is adequate to describe the correlation
between technical merit and normalized performance of one
subsystem.

9(0.5) = 1 (8)

Here gives several alternative basis functions 9. The curves
of the functions are plotted in Fig. 2. The figure indicates
that the function in (11) with coefficient ci = 0.5 could
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FIGURE 2. Curves of alternative basis functions 9.

approximate that in (9) and (10). Therefore, only (11) is
adopted to estimate the technical merits of the subsystems.
The subsystems are different in the coefficient ci. Fig. 2 also
indicates that a higher ci yields a lower technical merit at
pi < 0.5 whereas a higher at pi > 0.5. Hence ci is in positive
correlation with 9 ′′. A higher ci means the growth ratio of
technical merit along with normalized performance would
increase faster. Accordingly, ci is called as growth coefficient
herein.

9i = tan
(π
2
pi
)

(9)

9i = − log2(1− pi) (10)

9i =
pi

2ci−1(1− pi)ci
, (ci > 0) (11)

For a design with a basic scenario, the technical merit of
a subsystem should base on that of the scenario, as shown
in (12).

ψi = 9 (pi)−9
(
pBi
)

(12)

C. SYSTEM-GROSS TECHNICAL MERIT
To include impacts of subsystems on the system, technical
merits could be multiplied by weight factors. Weight factor
is a property of a subsystem. Accordingly, the system-gross
technical merit could be estimated by a weighted sum of the
technical merits of all its subsystems, as shown in (11).

ψ0 =

N∑
i=1

ωiψi,

(
ωi ≥ 0,

N∑
i=1

ωi = 1

)
(13)

ωi is the weight factor of the i-th subsystem. A higher
weight factor ωi means more contribution of the subsys-
tem to the system-gross technical merit. In minimization of
the latter, the performance of the subsystem would be less
demanded, which is desirable for the subsystem. Therefore,
each subsystems tends to conceive a highweight factor, which
causes a trade-off among the subsystems. That means the

TABLE 2. Weight factors of subsystems.

weight factor of each subsystem should be accepted by all
the subsystems. Accordingly, a strategy to conduct such a
trade-off is demanded. To realize such a trade-off, the system
designer needs to coordinate the opinions of the subsystems.
Herein, two optional strategies are offered:
(1) Subjective strategy. All the subsystems put forward

weight factors to each other; and the weight factor of
one subsystem is the average of all that it received,
as shown in Table. 2. ω(j)

i , (i, j ∈ [1,N ]) denotes the
weight factor put forward by the j-th subsystem to the
i-th one. This strategy could also be formulated as

ωi =
1
N

N∑
j=1
ω
(j)
i , (∀i ∈ [1,N ])

N∑
i=1

ω
(j)
i = 1, (∀j ∈ [1,N ])

(14)

(2) Objective strategy. All the subsystems acknowledge
that the technical merits (ωiψi) corresponds to their
PDi are the same. Since weight factor is an objective
knowledge on howmuch a subsystem contributes to the
system-gross technical merit, it should be independent
on basic scenarios. Then ωi9i of all the subsystems
should also be equal. The strategy could be formulated
as
ω191

(
pD1
)
= ω292

(
pD2
)
= · · · = ωN9N

(
pDN
)

N∑
i=1

ωi = 1
(15)

If development of a subsystem is to stimulate, a high
performance of this subsystem should be permitted in min-
imization of the system-gross technical merit. With the
system-gross technical merit in (13) recognized as perfor-
mance measure of a multi-objective optimization, the weight
factor of this subsystem should decrease. With the subjective
inclination level quantized by νi, the system-gross technical
merit could be revised as (16).

ψ0 =

N∑
i=1

νiωiψi, (0 < νi ≤ 1) (16)

νi ∈ (0, 1] is the inclination factor of the i-th subsystem. Its
default value is 1. When no subjective inclination is consid-
ered, the default should be adopted. If development of the i-th
subsystem is to stimulate, a νi < 1 should be adopted. In some
circumstances, for example, the capacity/potential of the i-th
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TABLE 3. Composition of system-gross technical merit.

subsystem designer is limited, the performance/improvement
of this subsystem should be restrained. Then a νi > 1 should
be adopted.

Therefore, the system-gross technical merit contributed by
each subsystem consists of three parts:
(1) 9i (or ci) describing the growth of technical merit

along with subsystem performance, decided by each
subsystem;

(2) ωi describing the contribution of each subsystem,
accepted by all the subsystems;

(3) νi describing the subjective inclination level to each
subsystem, proposed by the system designer.

Accordingly, the terms of system-gross technical merit could
be organized by Table. 3

D. LOWEST-TECHNICAL-MERIT DESIGN METHOD
The design problem of a system could be formulated into a
parametric optimization as follows:

Find : P1,P2, · · · ,PN
Min : ψ0

Satisfy : f (P1,P2, · · · ,PN ) ≥ P0

s.t.

{
Pi ∈ [P−i ,P

+

i ] i = 1, 2, · · · ,N
C(P1,P2, · · · ,PN ) ≤ 0

(17)

where, f is the system performance driver. C is the inequal-
ity constraint include couplings among the performances of
subsystems. This formulation means to find a set of phys-
ically significant performances, with system performance
and constraints satisfied, and with the system-gross technical
merit minimized. Hence this methodology is called as lowest-
technical-merit (LTM) design methodology. Reducing tech-
nical merit in one subsystem would lead to more technical
merit increment in the others. The optimization could also be
recognize as a multi-objective one to minimize the technical
merits of all the subsystems. Then an excessive subsystem
performance could be avoided. Therefore, the LTM design
methodology could provide a balance allocation of perfor-
mances among the subsystems.

A LTM design could be implemented by steps shown
in Fig. 3. The system performance driver should be firstly
put forward. Accordingly, the involved subsystems could
be listed. Then the topmost, floor, and demonstrated lev-
els of each subsystem should be determined, on the basis
of currently theories and technologies. The technical-merit
function of each subsystem should be specified according
to the growing feature of technical effort. The weight factor

FIGURE 3. Steps of the Lowest-Technical-Merit design methodology.

of each subsystem should be estimated on the basis of the
demonstrated level. The inclination factor should be provided
by the system designer to decide which subsystem is to
stimulate. Afterwards, the constraints among the subsystems
should also be modeled. Then the design problem could be
interpreted into a parameter optimization to minimize the
system-gross technical merit. By solving the optimization
problem, the subsystem performances could be determined.

Technical merit provides a way to compare the perfor-
mances of different subsystems. The subsystem with the
highest technical merit (ωiψi) should be assigned with the
highest performance or improvement. Such a subsystem is
called as the principal subsystem.

E. RECURSION OF METHODOLOGY
The tree map of a multi-level system is shown in Fig. 4.
According to the figure, design of each subsystem could
also be recognized as an independent problem. With LTM
implemented on the i-th subsystem, its technical merit is
the weighted sum of that of its secondary subsystems. The
technical-merit function 9i could be obtained by

9i =

Ni∑
j=1

ωijψij(pij)

Ni∑
j=1

ωijψij(0.5)

pi = fi(pi1, pi2, · · · , piNi )

(18)

where, Ni is the number of secondary subsystems of the
i-th subsystem. ωij, ψij, and pij are respectively weight fac-
tor, technical merit, and normalized performance of the j-th
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FIGURE 4. Dendrogram.

secondary subsystem. fi is the performance driver of the i-th
subsystem. On the basis of the 9i − pi curve of (18), growth
coefficient of the i-th subsystem could be obtained by fitting.
The fitted curve should approximate (18) especially within
pi ∈ [pBi , 1).
Besides, for a subsystem contains no secondary subsys-

tems, the technical-merit function in (11) with a growth coef-
ficient of 0.5 could be adopted.

III. DESIGN PROBLEM OF A HYPERSONIC CRUISE
VEHICLE
A. SYSTEM PERFORMANCE DRIVERS: PAYLOAD/RANGE
Küchemann has provided a weight breakdown analysis,
as shown in (19). a and b are structural parameters. a involves
components whose weight is proportional to the overall
weight, including wings, undercarriage, services and equip-
ments. b involves components whose weight is proportional
to payload, including fuselage, furnishings and the payload
itself.

W = aW + bWP +WF +WE (19)

WE is the weight of engine. In a HCV, the mass and the
thrust of scramjets/ramjets are proportional to the cowl area
A, as shown in (20) and (21). IE is the areal density of engine,
q is the dynamic pressure, CT is the thrust coefficient.

WE = IEAg (20)

T = qACT (21)

Besides, the thrust is also proportional to the gross weight of
vehicle, as shown in (22). (T/W ) is the thrust-weight ratio.
It is a design index related to acceleration and maneuverabil-
ity.

T = (T/W ) ·W (22)

With (20)-(22) combined, the weight of engine could be
revised as (23). It is proportional to gross weight of
vehicle.

WE =
IEg
qCT

(T/W ) ·W ∝ W (23)

With (23) substituted into (19), WE could be contained in
the function term aW . Then the gross weight could be revised
as

W = aW + bWP +WF (24)

With two sides of (24) divided by gross weight, the payload
capacity of the HCV could be estimated by

µP =
1
b
(1− µF − a) (25)

µF is the fuel mass fraction consumed over the cruising
process. It could be estimated by Breguet’s range formula,
as shown in (26). The estimation is derived from a steady
cruise with constant velocity and constant L/D.

R = −VIspE · ln(1− µF )

⇒ µF = 1− exp
(
−

R
VIspE

)
(26)

With (26) substituted into (25), the latter could be revised
as (27). a and b are related to structural performance; Isp
is propulsive performance; E is aerodynamic performance.
Besides, R is range, V is velocity. The equation indicates
that a long range could lead to a low payload capacity.
Hence range and payload are a couple of contradictories.
With one of them specified, by (27), the other could make
the performance evaluation of hypersonic cruise vehicles.
Accordingly, the system performance is described by a couple
of payload/range.

µP =
1
b

[
exp

(
−

R
VIspE

)
− a

]
(27)

In such a performance driver, three subsystems are
involved in the performance driver, namely structure, aero-
dynamics, and propulsion.

B. SUBSYSTEM 1: STRUCTURE
a and b are in negative correlation with structural perfor-
mance. Smaller a and b mean higher structural efficiency.
Steelant’s statistics [37] indicates that a ranges within 0.2-
0.4, whereas that b ranges within 1.75-2.25. Accordingly,
a could be considered as the principal factor of structural
performance, whereas b = 2 is adopted. Hence the structural
performance could be formulated as

P1 = −a (28)

For an existing vehicle, the structural performance could be
estimated by its payload and fuel capacities, as shown in (29).

P1 = µF + bµP − 1 (29)

Payload and fuel capacities of supersonic/hypersonic vehi-
cles are plotted in Fig. 5. The data shown in the figure consist
of following parts:
(1) LAPCAT concepts [37]–[39]: MR2.4/M4.5/M8/A2

scenarios.
(2) Other hypersonic concepts: HyperSoar 2000 [40], [41],

NASP X30 [42], NASA Ma6 Transport/Fighter [43],
and recalculated Scale 1 PREPHA Vehicle [38].

(3) Demonstrated Hypersonic Vehicles: Lockheed
HYCAT-1/1A/4 [43], ROCKWELLVehicle [43], X-15
[37], and X-51A [44].
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FIGURE 5. Fuel/payload capacities and structural performances of
high-speed vehicles.

(4) Demonstrated Supersonic Vehicles [37]: Tu-144D,
Concorde, XB-70A, Sukhoi T-4, SR-71.

The levels of a are also shown in Fig. 5. The figure indicates
that the structural performance of demonstrated hypersonic
vehicles are located within [−0.6,−0.4]. That of hypersonic
concepts (including LAPCAT scenarios) are higher, because
of the improvement of structure technology. That of the
demonstrated supersonic vehicles are also higher than that
of the demonstrated hypersonic ones, because of the thermal
protection system adopted in the latter.

C. SUBSYSTEM 2: AERODYNAMICS
The aerodynamic performances have been attained by hyper-
sonic vehicles are shown in Fig. 6. Wherein, the data of
models including CAV, Sänger Spaceplane, X-34, and X-
38 are from Ernst’s book [7], that of X-33 is from Murphy’s
work [45], that of Boeing X-51A is from Mutzman’s [46],
and that of X-43A is from Engelund’s [47]. Besides, data in
works namely Williams [48], Harloff [49], Feng et al. [50],
Lewis [30], Wang et al. [51], and Huiyu et al. [52] are also
referred.

In this figure, aerodynamic performances at differentMach
numbers could be divided into three regions:

(1) From 1 to 3.5: demonstrated vehicles locate.
(2) From 3.5 to EC : most numerical simulations and aero-

dynamic experiments of clean configurations locate.
EC is defined in (30).

EC =
4(Ma+ 3)

Ma
(30)

(3) From EC to EB: most theoretical estimations/
predictions locate. EB is the L/D barrier defined in (31).

EB =
6(Ma+ 2)

Ma
(31)

FIGURE 6. Aerodynamic performances of different hypersonic vehicles.

According to the figure, ED = 3.5 could be adopted.
The difference between ED and EB is caused by bluntness,
and integration of control surfaces and propulsion system.
According to Wang’s work [51], these factors could cause
decline of aerodynamic performance by more than 50%. The
similar conclusions have also been obtained by Lewis [30]
and Charles et al. [29].
According to the figure, at present,EB is still the theoretical

topmost level of aerodynamic performance; L/D of 1 could be
recognized as the floor.

D. SUBSYSTEM 3: PROPULSION
Specific impulse is a performance of propulsion system.
It describes the available thrust per fuel mass flowrate,
as shown in (32). To satisfy a given thrust requirement,
a propulsion system with higher specific impulse would con-
sumes less fuel.

Isp =
T
ṁFg

(32)

According to Heiser and Pratt [53], specific impulse of
ramjets/scramjets could be estimated by

Isp =
V
fg

[
−1+

√
ηKE (1+ f )

(
1+

ηbfhPR
ht0

)]
(33)

where, ηKE is kinetic efficiency; ht0 is the specific total
enthalpy, as shown in (34).

ht0 = cpT0 +
1
2
V 2
0 = cpT0

(
1+

γ − 1
2

Ma2
)

(34)

With a static temperature of T0 = 250 K adopted, this esti-
mation is independent on altitude. With an ηKE = 1 adopted,
the result is the topmost level of propulsive performance in
theoretical.

Kuranov et al. [54] has provided a statistics about spe-
cific impulse of different airbreathing engines. The current
available performances of ramjets, scramjets, and rockets are
shown in Fig. 7. Data of X-51A and SABRE are also plotted.

The maximum available specific impulse of rockets
could be adopted as the floor level of hydrocarbon-fueled
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FIGURE 7. Propulsive performances of demonstrated ramjets/scramjets.

airbreathing engines, whereas that the topmost level of hydro-
carbon ones could be adopted as that of hydrogen-fueled
ones.

IV. LTM DESIGN OF HYPERSONIC CRUISE VEHICLES
A. INTERPRETATION OF LTM DESIGN PROBLEM
To allocate the improvements to achieve a most feasible
scenario, LTM is implemented. A hypersonic cruise vehicle
with the subsystem performances resulted from LTM design
is called as LTM-HCV herein.

The design problem could be interpreted into a parametric
optimization, as shown in (35).

Find : P1,E, Isp
Min : ψ0

Satisfy :
1
b

[
exp

(
−

R
VIspE

)
+ P1

]
≥ µP

s.t.


P1 ∈ [P−1 ,P

+

1 ]
E ∈ [E−,E+]
Isp ∈ [I−sp, I

+
sp]

(35)

B. CASE 1: FROM X-51A TO A LONG-RANGE CRUISER
X-51A has demonstrated technologies of structure (light
materials/structure), aerodynamics (waverider), and propul-
sion (scramjet). As a demonstrator, it is unnecessary to
possesses a long range or a high payload capacity. Spec-
ifications of Boeing X-51A are shown in Table. 4. The
table indicates that range of X-51A is only 740 km. To
derive a long-range cruiser fromX-51A, the three subsystems
should be improved. LTM is implemented to allocate the
improvements, with X-51A adopted as the basic scenario.
The specifications of the cruiser are also shown in Table. 4.
As X-51A does, the cruiser adopts JP-7 fuel, and flies
at Ma 6.

The topmost/floor/demonstrated/basic levels of each sub-
system are specified in Table. 5. It should be noted that the
topmost of aerodynamics, and the topmost and demonstrated

TABLE 4. Specifications of boeing X-51A and long-range cruiser.

TABLE 5. The topmost/floor/demonstrated/basic levels of subsystems of
the long-range cruiser.

TABLE 6. Composition of system-gross technical merit of the long-range
cruiser.

of propulsion are relative with Mach number. The levels of
propulsion are also dependent on the fuel type, JP-7.

The components of system-gross technical merit are shown
in Table. 6 The growth coefficients of the subsystems are
set as 0.5. The weight factors are estimated by the strategy
in (15) and the levels in Table. 5. Table. 6 indicates that
propulsion possesses the lowest weight factor, followed by
aerodynamics. The inclination factors of the subsystems are
set as 1, i.e. there is no subjective inclination among the
subsystems.

Design results of the cruiser with different ranges are
shown in Fig. 8. The figure indicates that the technical
merits and performances of the subsystems increase with
range. The technical merits of the subsystems are plotted
in Fig. 8.(a). Among the subsystems, when range is shorter
than 7.8× 103 km, aerodynamics is the principal subsystem
where most technical merit should be paid. When range is
longer than 7.8 × 103 km, structure becomes the principal.
The performances of structure, aerodynamics, and propul-
sion are respectively plotted in Fig.8.(b), (c), and (d). For
a range longer than 4 × 103 km, the aerodynamic perfor-
mance exceeds its demonstrated maximum; for one longer
than 4.2 × 103 km, the structural does; for one longer than
10× 103 km, the propulsive does. Therefore, advanced tech-
nologies of aerodynamics and structure are urgently desired
to break through the currently demonstrated levels. This con-
clusion is in line with the published conceptual scenarios
in Figs. 5,6, and 7.

C. CASE 2: FROM PREPHA TO A LAPCAT SCENARIO
LAPCAT II [38] is aimed to design a hypersonic airliner with
a payload capacity of 60 × 103 kg and a range of 18.7 ×
103 km. Re-evaluation of PREPHA [1], [38] at Ma 8 shows
only adequate for a range of 13.5 × 103 km. To converge
a LAPCAT scenario on the basis of PREPHA, the range
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FIGURE 8. Long-range cruisers with different ranges. (µP = 0.1).

TABLE 7. Specifications of PREPHA and LAPCAT scenarios.

performance should be satisfied. Besides, the gross weight of
the vehicle is also desired to reduce, which means a high pay-
load capacity is pursued. LTM is implemented to realize such
a design, with PREPHA adopted as the basic scenario. The
specifications of the PREPHA and LAPCAT scenarios are
shown in Table. 7. The two scenarios adopt liquid hydrogen
as fuel. Besides, it should be noted that the payload capacity
of PREPHA is estimated on the basis of payload weight 60 t
and the gross weight 700 t.

The topmost/floor/demonstrated/basic levels of each sub-
system are specified in Table. 8. The topmost of aerody-
namics, and the topmost and demonstrated of propulsion

TABLE 8. The topmost/floor/demonstrated/basic levels of subsystems of
LAPCAT.

are relative with Mach number. The levels of propulsion are
also dependent on the fuel type, liquid hydrogen. The basic
aerodynamic and propulsive performances are provided by
re-evaluation of PREPHA, whereas the basic structural one
is estimated on the basis of range. The table indicates that
the structural performance of PREPHA exceeds the demon-
strated. Since the former has not been demonstrated, it is only
used as the basic; however, the demonstrated level maintains
−0.4.
The components of system-gross technical merit are shown

in Table. 9 The growth coefficients of the subsystems are set
as 0.5. The weight factors are estimated by the strategy in (15)
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FIGURE 9. LAPCAT scenarios with different gross take-off weights.

TABLE 9. Composition of system-gross technical merit of LAPCAT.

and the levels in Table. 8. Table. 9 indicates that propulsion
possesses the lowest weight factor, followed by structure. The
inclination factors of the subsystems are set as 1, i.e. there is
no subjective inclination among the subsystems.

Design results of the LAPCAT scenario with different
gross take-off weights are shown in Fig. IV-B. The fig-
ure indicates that the technical merits and performances of
the subsystems decline with weight. The technical merits
of the subsystems are plotted in Fig. IV-B.(a). Among the
subsystems, when weight is higher than 420 t (µP ≤ 0.1429),
propulsion is the principal subsystem where most technical
merit should be paid. When weight is lighter than 420 t,
structure becomes the principal. The performances of struc-

ture, aerodynamics, and propulsion are respectively plotted
in Fig.IV-B.(b), (c), and (d). For a weight lighter than 1200 t
(µP ≥ 0.05), the structural performance exceeds its demon-
strated maximum; for one lighter than 1050 t (µP ≥ 0.0571),
the aerodynamic does; for one lighter than 280 t (µP ≥
0.2143), the propulsive does. Therefore, advanced technolo-
gies of aerodynamics and structure are urgently desired to
break through the currently demonstrated levels.

V. CONCLUSION
To enhance the feasibility/accessibility of a hypersonic cruise
vehicles (HCV) scenario, a lowest-technical-merit design
methodology has been proposed. The methodology could
allocate performances/improvements among subsystems, and
converge to the most feasible system design scenario. Struc-
ture, aerodynamics, and propulsion are involved in con-
struction of the system performance driver, payload/range
performance. A hydrocarbon-fueled long-range cruiser has
been derived from Boeing X-51A, and a hydrogen-fueled
LAPCAT scenario from PREPHA. The simulation results
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show that LTM could achieve the optimal allocations while
satisfying different payload/range performances. The next
works will contain more accurate modelings of the subsys-
tems for hypersonic cruise vehicles. Besides, a payload/range
performance driver of periodic cruise is also in consideration.

The remarkable conclusions for the two LTM design cases
are detailed as follows:
(1) For hydrocarbon-fueled HCV with different ranges,

aerodynamics or structure is the principal subsystem
worthing most technical merit.

(2) For hydrogen-fueled HCV with different gross weights
(or payload capacities), propulsion or structure is the
principal subsystem worthing most technical merit.

(3) In hydrocarbon-/hydrogen-fueledHCV, advanced tech-
nologies of structure and aerodynamics are urgently
demanded to break through the currently demonstrated
levels.
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