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Abstract
Aerospace aircraft has significantly improved the life quality of human beings and extended the capability of space explosion 
since its appearance in 1903, in which liquid propellants or fuels provide the key power source. For jet fuels, its property 
of energy density plays an important role in determining the flight range, load, and performance of the aircraft. Therefore, 
the design and fabrication of high-energy-density (HED) fuels attract more and more attention from researchers all over the 
world. Herein, we briefly introduce the development of liquid jet fuels and HED fuels and demonstrate the future development 
of HED fuels. To further improve the energy density of fuel, the approaches of design and construction of multi-cyclic and 
stained molecule structures are proposed. To break through the density limit of hydrocarbon fuels, the addition of energetic 
nanoparticles in HED fuels to produce nanofluid or gelled fuels may provide a facile and effective method to significantly 
increase the energy density. This work provides the perspective for the development of HED fuels for advanced aircrafts.
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Introduction

Aerospace technology has undergone tremendous develop-
ment since the first flight by Wright Brothers in 1903, which 
has significantly improved the life quality of human beings 
and extended the capability of space explosion [1]. Nowa-
days, aerospace vehicles mainly include commercial/mili-
tary airplanes, missiles, rockets, spaceships, and satellites, 
which are equipped with turbine, turbofan, ramjet, or rocket 
engines, and liquid hydrocarbon fuels are the main energy 
sources for propulsion [2]. Currently, the high-performance 
aircrafts are aiming for high thrust-to-weight ratio, high 

flight speed, and long flight distance. In this case, the energy 
density of fuels is critically important because it determines 
the flight range and payload of aircraft vehicles [3]. The 
mostly used jet fuels, like RP-3 (directly distilled from 
petroleum), have a relatively low density of 0.77–0.83 g/
mL. Since 1950s, the high-energy-density (HED) fuels were 
synthesized, and considerable progress has been achieved 
later, especially in the past 20 years [4]. Herein, we will 
summarize the development of HED liquid fuels and pro-
pose the strategies to further increase their energy density.

Development of Liquid HED Fuel

For the volume-limited aircraft vehicles (especially for 
missiles), increasing energy density of the applied fuel 
helps to decrease the fuel tank volume to save more space 
for electronics and other components [5], or to extend the 
flight range and/or increase the payload without change 
of fuel tank [6]. The energy density of fuel is directly 
determined by the density and volumetric net heat of com-
bustion (NHOC), and the latter is almost linearly posi-
tively correlated to the former (Fig. 1). Therefore, HED 
hydrocarbon fuel can also be named high-density fuel. The 
density of the widely used RP-3 is only 0.77–0.83 g/mL, 
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while the density of synthetic HED fuels can reach 0.93 g/
mL, such as JP-10 (America), T-10 (Russia), and HD-1 
(China) (with their energy density increased by ca. 16%). 
Table 1 shows the composition and properties of typical 
HED fuels. These HED fuels all possess multi-cyclic mol-
ecule structures. The significant increase in fuel energy 
density can offset the slight decrease in gravimetric NHOC 
(caused by the decrease of hydrogen content), which is 
highly important to increase the flight distance of aircraft 
vehicles. Furthermore, liquid hydrocarbon fuels with den-
sity higher than 1.0 g/mL have also been developed, such 
as RJ-5 and RJ-7. However, RJ-5 has a very high freezing 
point (about 0 ℃) and RJ-7 shows high viscosity (> 400 
mm2/s @ –40 ℃). When these fuels are applied in aircraft 
vehicles, the supercooled circumstances of high altitude 
may freeze the fuel or increase the viscosity suddenly, 
which will quickly cause the shutdown of engines. There-
fore, the design and synthesis of HED fuel should not only 
consider the property of high density, but also make sure 
the high performance of other physicochemical proper-
ties, like cryogenic property, flash point, thermal oxidation 
stability, and so on.

Development of Liquid Fuels with High 
Energy and High Energy Density

For the weight-limited aircraft vehicles, their take-off weight 
is highly restricted, such as rocket and spacecraft. In this 
case, the specific impulse of liquid fuel is the key property, 
which highly depends on the gravimetric NHOC of fuel, 
the matching oxidant, and the composition of combustion 
products [7]. Normally, the increase in gravimetric NHOC 
can increase the specific impulse. For example, the specific 
impulses of the Syntin (Russia) and quadricyclane (QC) 
fuels are 5–6 s higher than those of rocket kerosene (RP-1 
and RP-2, using O2 as the oxidant). Different from HED 
fuels, the above high-energy fuels all possess the stained 
molecule structure to provide more combustion heat. Mean-
while, the increase in density of high-energy fuel also ben-
efits to save more space for aircraft vehicles or extend the 
flight range. So, liquid fuels with both high energy and high 
energy density are expected to meet the demand of volume-
limited and weight-limited aircraft vehicles.

As shown in Fig. 2a, for the multi-cyclic fuels with five- 
or six-membered rings, the gravimetric NHOC increases 
linearly with (H/C)/M0.02 (M is molecule weight), while it 
decreases linearly with (H/C)/M0.02 for the strained fuels 
with three- or four-membered rings. From Fig. 2b, the den-
sity of all fuels decreases linearly with (H/C)/M0.19. The 
above results indicate that the multi-cyclic molecule struc-
ture with relatively low H/C ratio (high molecule weight) 
and more highly strained rings will show both high-energy 
and HED properties. For example, the typical strained QC 
(with one four-membered ring and two three-membered 
rings) shows 18% higher density and 5–6 s higher specific 
impulse than those of RP-1 and RP-2.

Recently, the hydrocarbon fuels with compact polycyclic 
molecule structures and strained three- or four-membered 
rings have been synthesized, and the typical fuels and their 
properties are shown in Fig. 3. Obviously, the introduction of 
three- or four-membered rings can obtain the highly strained 
fuels with both high density and specific impulse. These 
works provide the guidance for rational design and synthesis 

Fig. 1   Volumetric NHOC of 64 kinds of hydrocarbon fuels vs. den-
sity ( Reproduced with permission from Ref. [5]. Copyright © 2020)

Table 1   Composition and properties of typical HED fuels

Fuel Composition Density at 20 ℃ (g/mL) Freezing 
point (℃)

Viscosity 
(mm2/s, –40 
℃)

Volumet-
ric NHOC 
(MJ/L)

RJ-4 Tetrahydrodimethylcyclopentadiene 0.930  < –40 60 39.0
RJ-5 endo, endo-Dihydrodinorbornadiene 1.080 0 – 44.9
JP-10 (HD-01) exo-Tetrahydrodicyclopentadiene 0.936 –79 19 39.6
T-10 Blend of exo- and endo-tetrahydrodicyclopentadiene 0.942 (15 ℃) –60 25 39.7
RJ-7 Ternary blend of tetrahydrotricyclopentadiene, 

dihydro-indanylnorbornene and JP-10
1.010 –  > 400 42.1
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of fuels with high energy and high energy density, which are 
promising for the application in advanced rocket and rocket-
based combined cycle engines.

Energetic Nanofluid or Gelled Fuels

Until now, impressive progress has been made in the syn-
thesis of HED liquid fuel (including the multi-cyclic and 
strained fuels, derived from petroleum, coal, biomass, and 
so on), via thermal polymerization, isomerization, photoca-
talysis, and hydrogenation processes [8–12]. However, with 
the limitation of inherent characteristics of hydrocarbon 
molecules, the increase extent of energy density for HED 
liquid fuel is less than 30% comparing with RP-3 jet fuel.

To break through the above bottleneck, the addition of 
energetic nanoparticles (NPs) (such as nano-sized Al or B) 
in HED fuels is a very promising approach, and this class 
of HED suspended fuel is denoted as nanofluid fuels. Al 
(density of 2.7 g/cm3, volumetric NHOC of 83.86 MJ/L) 

and B (density of 2.34  g/cm3, volumetric NHOC of 
137.45 MJ/L) nanoparticles are the most used energetic 
materials to significantly increase the energy density of 
liquid hydrocarbon fuels [13]. Figure 4 shows the density 
range, gravimetric NHOC range, and volumetric NHOC 
range of multi-cyclic hydrocarbons, strained hydrocar-
bons, and nanofluid fuels. The 25 wt.% addition of nano-
Al or nano-B in HD-01 or QC HED fuels can obtain the 
high-performance fuel with high density of 1.1–1.25 g/cm3 
and high volumetric NHOC of 42.8–62.9 MJ/L. Moreover, 
adding Al or B nanoparticles can also shorten the ignition 
delay, increase the combustion efficiency and reduce the 
oxygen demand of fuel [14, 15]. The combustion result 
of rocket engine confirms that the ignition delay time of 
QC containing 15 wt.% Al NPs is 26 ms shorter than that 
of pristine QC, and the volumetric specific impulse is 
increased by ca. 3% [16]. Although the nanofluid fuels 
show very high energy density, there are still many prob-
lems that need to be solved for practical application.

Fig. 2   a Gravimetric NHOC of 64 hydrocarbon fuels vs. (H/C)/M0.02 and b the densities (20 ℃) of 64 hydrocarbon fuels vs. (H/C)/M0.19 ( Repro-
duced with permission from Ref. [5]. Copyright © 2020)

Fig. 3   Properties of typical 
strained hydrocarbon fuels. 
Note: the specific impulse 
was calculated using rocket 
propulsion analysis software 
(RPA v.2.3) with O2 (l) as the 
oxidants, and the chamber 
pressure, oxidizer excess coef-
ficient and expansion pressure 
ratio were 7 MPa, 0.7 and 70, 
respectively
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The energetic particles are generally nanosized and easy 
to agglomerate and settle. Therefore, stabilizing the liquid 
hydrocarbon-solid NPs suspension becomes a big challenge 
for the synthesis, storage, and utilization of energetic nano-
fluid fuels. In order to obtain stable suspension nanofluid, 
the repulsive force among the NPs must be larger than their 
attractive force. Long-chain surfactant molecules can attach 
to the particle surface to form absorbed layer, and the over-
lap of the surfactant layer will produce repulsive force to 
overcome the van der Waals attraction, thus leading to high 
fuel stability. Using trioctylphosphineoxide (TOPO) as pro-
tecting ligands, the nanofluid containing 30 wt.% B NPs 
shows a good suspension property, with ca. 17% B NPs set-
tlement from the nanofluid fuel in 3 d [17].

Even though, the long-term storage stability of nanofluid 
fuels is still far from the demand of their practical applica-
tion. The development of the fuel with phase change ability, 
which is prepared as a solid state with the stable state for 
storage and can be quickly converted into liquid for usage 
under the condition of shearing or heating, seems to be a 
promising method, like the recent developed gelled fuel 
system [18].

Conclusions

HED fuels attract more and more attention to promote the 
performance of advanced aircraft vehicles, especially for 
space savings and flight range extension. Different from the 
normal jet fuels (RP-3), HED fuels are all synthesized with 
very good batch stability (like JP-10). The properties of HED 
fuels are directly determined by their molecule structures: 
the multi-cyclic structures with five- or six-membered rings 
show high energy density and are used for volume-limited 
aircraft vehicles, while multi-cyclic structures with three- 
or four-membered rings possess high energy and specific 
impulse and are used for the weight-limited aircraft vehicles. 
However, besides the density and NHOC properties, other 

performance of fuels should also be concerned, like freez-
ing point, flashing point, viscosity, during the design and 
synthesis of new type of advanced fuels.

Adding energetic NPs in HED fuels is expected to greatly 
increase the energy density, but it is very difficult to stable 
the high-density NPs in liquid fuels (even the effective pro-
tecting ligands have been applied), which faces many prob-
lems during the practical application (i.e., storage, transpor-
tation, atomization, and combustion). Gelling the nanofluid 
fuels into the non-Newtonian fluid should be a good strategy 
to tackle these problems.
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