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The combustion performance of a novel fuel grain having a nested helical structure was experimentally 
investigated using a laboratory-scale hybrid rocket engine. This grain comprised a paraffin-based 
fuel embedded in an acrylonitrile-butadiene-styrene (ABS) substrate that provided a helical structural 
framework. The helical structure of the grain was maintained throughout the combustion process due to 
the much lower regression rate of ABS compared with that of the paraffin-based fuel. Using oxygen as the 
oxidizer at mass flow rates of 7–30 g/s, firing tests were conducted to assess combustion performance 
parameters of the novel fuel grain, including ignition characteristics, pressure oscillations, regression 
rate, and combustion efficiency. Pure paraffin-based fuel grains were also tested as a baseline fuel 
and compared. The novel fuel grain exhibited rapid, reliable ignition with stable combustion pressures. 
Analysis of pressure fluctuations by fast Fourier transform showed peaks at approximately 62, 130 and 
320 Hz, which are consistent with the characteristics of a pure paraffin-based fuel grain. It is highly likely 
that the nested helical structure did not introduce additional combustion oscillation mechanisms into the 
hybrid rocket engine. Significant improvements in regression rate were obtained using this novel grain. 
The regression rate for the novel fuel grain is approximately 20% higher than that of the paraffin-based 
fuel at an oxidizer mass flow rate of 30 g/s, and the rate of the regression rate rise was higher than 
that of the pure paraffin-based fuel as the oxidizer mass flow rate increases. Moreover, the nested helical 
structure was also found to improve combustion efficiency. A tentative explanation of all improvements 
was proposed, resorting to the exacerbated turbulence and the strengthened heat transfer.

© 2019 Elsevier Masson SAS. All rights reserved.
1. Introduction

Hybrid rocket engines generally use a solid fuel together with 
a liquid oxidizer as the propellant. This provides many advantages, 
such as a simple structure, highly safe operation and manufacture, 
adjustable thrust and low cost [1–3]. These characteristics have 
suggested applications to commercial aerospace vehicles, and such 
low-cost propulsion systems have thus received increasing atten-
tion [4–9]. However, the poor combustion performance of conven-
tional hybrid rocket fuels constrains the further development of 
hybrid rocket engines, such as low regression rates and low com-
bustion efficiencies [10,11].

Low regression rates are a well-known key issue that restricts 
development of hybrid rocket engines. As a consequence of the 
relatively slow combustion of fuels such as hydroxyl-terminated 
polybutadiene (HTPB), conventional hybrid rocket engines require 
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two compromises to achieve higher thrust levels, one of which is 
to increase the burning area of the solid fuel. However, in such 
cases, the volume utilization efficiency of hybrid rocket engines 
is decreased even if the length of the fuel grain is increased or 
if a multiple port structure is used. Moreover, during production 
or combustion processes, fuel grains with multiport structures are 
more likely to collapse [1]. Another approach to increasing the 
regression rate is to increase the mass flow rate of the oxidizer, 
although this results in high O/F ratios that in turn reduce specific 
impulse and combustion efficiency while increasing nozzle erosion.

Researchers have proposed a variety of solutions to improve the 
fuel regression rate [12–24]. From the perspective of solid fuel op-
timization, Cantwell et al. [12] found that paraffin wax and solid 
pentane exhibited excellent regression rates due to the entrain-
ment of droplets. Based on both experiments and numerical simu-
lations, Carmicino et al. [13] and Sun et al. [14] found that adding 
solid particles such as aluminum powder effectively improved the 
regression rate of solid fuels. Hashim et al. [15] demonstrated that 
addition of titanium and magnesium particles to a boron/HTPB-
based fuel augmented its combustion performance. The optimiza-
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Fig. 1. Structure of novel fuel grain. a) The ABS matrix, b) the three-dimensional nested structure including the paraffin-based fuel, and c) a photographic image of the grain.
tion of solid fuels in this manner greatly increases the regression 
rate, but also introduces new problems, such as poor mechanical 
properties, lower specific impulse values, and greater nozzle abla-
tion.

Low combustion efficiency is another key issue that limits de-
velopment of hybrid rocket engines. The aforementioned optimiza-
tion of the solid fuel is unable to change the nature of the large 
diffusion flame resulting in a lower degree of mixing and lower 
combustion efficiency. This loss is theoretically 1%–2% greater than 
in either liquids or solids [1]. As a means of improving the com-
bustion efficiency and increasing fuel regression rate, structural 
optimization is widely investigated, including that of hybrid rocket 
engines and fuel grains.

From the perspective of structural optimization of the hybrid 
rocket engine, Paccagnella et al. [16] demonstrated numerically 
that use of a swirl injector increased the fuel regression rate and 
combustion efficiency. Ohyama et al. [17] investigated the effects of 
multi-section swirl injection on the fuel regression rate and com-
bustion efficiency, while Kumar et al. [18] found that the presence 
of protrusions enhanced the combustion performance of fuel grain. 
These structures do significantly improve performance, but typi-
cally add mass to the engine that cannot burn to generate gases 
for propulsion [19].

Structural improvement of the fuel grain, without the above 
shortcomings, has received attention as another solution to effec-
tively improve the combustion performance [23–39]. For example, 
Changjin Lee et al. [23] and Hui Tian et al. [24] investigated the 
effect of the helical grain on the regression rate by experimental 
and numerical study. The development of three-dimensional (3D) 
printing technology has assisted in fuel grain research [25–31]. 
Using this process, it is possible to easily and conveniently pro-
duce fuel grain specimens that would be difficult or costly to form 
by traditional manufacturing methods [32,33]. On this basis, var-
ious experimental investigations have examined the combustion 
performance of different fuel grain structures, such as swirl pat-
terns, helical ports and combined ports, which can greatly enhance 
combustion performance [34–39]. In particular, Whitmore et al. 
[34–36] significantly improved the regression rate and specific im-
pulse obtained from acrylonitrile–butadiene–styrene (ABS) grains 
by adjusting the component proportions, and also obtained bet-
ter combustion performance from such ABS grain using a helical 
port structure. However, during the combustion of a hybrid rocket 
engine, these characteristic structures in the fuel grain gradually 
disappear, resulting in a slow decrease in performance.

The present work examined a novel fuel grain having a nested 
helical structure designed to generate turbulence that improves 
both regression rate and combustion efficiency. This effect was 
assessed using grains comprising a paraffin-based fuel embedded 
in an ABS substrate. In this system, the ABS substrate provides a 
helical structural framework for the paraffin-based fuel. The com-
bustion performance of this new grain was experimentally investi-
gated using a laboratory-scale hybrid rocket engine with oxygen as 
the oxidizer. Pure paraffin-based fuel grain was tested as a baseline 
fuel and compared to the novel fuel. The ignition performance was 
examined by following the evolution of the combustion chamber 
pressure with time, while oscillations of the combustion pressure 
were analyzed using a fast Fourier transform (FFT) algorithm to 
process the pressure data. Both the regression rate and the com-
bustion efficiency of this novel fuel grain were investigated and are 
discussed in detail herein.

2. Fuel grain manufacturing

A nested helical structure was proposed for the solid fuel grain. 
The basic concept was to take advantage of the different regression 
rates of ABS and a paraffin-based fuel to maintain the structure 
throughout the entire combustion process. As shown in Fig. 1, the 
novel grain consisted of two parts: a substrate having a nested he-
lical structure (Fig. 1a) and the paraffin-based fuel (Fig. 1b). The 
substrate was made of an ABS material and was fabricated using 
3D printing. This component of the grain was meant to provide 
mechanical support to the paraffin-based fuel and also served as 
an additional fuel. It comprised an outer wall and twelve inte-
grated blades (thickness δ is 1.5 mm) spiraling in the axial di-
rection. The paraffin-based fuel was the main component of the 
grain, accounting for 86% of the total mass (without the outer wall 
of the novel grain). The mechanical properties of the paraffin were 
enhanced by incorporating additives such as ethylene vinyl acetate 
copolymer, stearic acid and carbon powder. The formulation of this 
fuel has been previously published [40].

Preparation of the grain can be divided into two major stages: 
3D printing and centrifugal casting. The substrate was first de-
signed using 3D graphics software and then imported into a 3D 
printer (Raise3D N2 Plus) for slice printing, using 1.75 mm com-
mercial ABS consumables as printing material. The hot bed and 
nozzle were set to temperatures of 100 and 240 ◦C, respectively, 
during printing. To shorten the preparation time, the layer height 
was set to 0.25 mm although, even so, almost ten hours of print-
ing were required to produce the matrix. In contrast to the typical 
molding of a paraffin-based fuel grain, which requires a pheno-
lic resin tube as the insulation layer together with a molding die, 
the printed matrix was not only an important structural compo-
nent of the novel fuel grain, but could also be used as an in-
sulating material and mold in the subsequent centrifugal casting 
process. Because the deformation temperature of ABS is approx-
imately 120 ◦C, the paraffin-based fuel was heated at 120 ◦C to 
prevent deformation of the blades. The centrifuge speed was set 
to 1400 rpm and a multiple casting method was used in conjunc-
tion with effective cooling to minimize thermal stress and prevent 
internal cracks or defects during the casting process. During cast-
ing, the paraffin-based fuel was added until it completely filled 
the gaps between the blades. The final product, which required 
approximately 20 h to prepare in total, is shown in Fig. 1c.

3. Experimental setup

The hybrid rocket engine test facility is shown in Fig. 2. The 
apparatus consisted of a pipeline system, ignition system, hybrid 
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Fig. 2. Laboratory-scale hybrid rocket engine piping system.

Fig. 3. Schematic of experimental setup for the laboratory-scale hybrid rocket engine tests.
rocket engine and control system. The piping comprised four lines 
that were used to supply methane for ignition, oxygen for ignition, 
the oxidizer and nitrogen. Grain ignition was performed using a 
methane/oxygen torch activated by a conventional spark plug. The 
total mass flow rate during ignition was set to 3 g/s and was con-
trolled by a sonic orifice. The equivalence ratio was set to 1.25 and 
the ignition time was 2 s. The mass flow rate of the oxidizer was 
controlled by an F-203AV mass flow controller (Bronkhost) having 
a maximum flow rate of 35 g/s and an accuracy of ±(0.5%+0.1%FS). 
The mass flow rate of oxygen ranged from 7 to 30 g/s. Nitrogen 
was used as a purge gas after the hybrid rocket ceased operation.

The laboratory-scale hybrid rocket engine used in this work is 
shown in Fig. 3. The igniter and oxidizer inlet were positioned at 
the head of engine. The length of the main combustion chamber 
was 125 mm, which was equal to the length of the fuel grain. The 
fore and aft ends of the combustion chamber had lengths of 20 
and 50 mm, respectively. The inner diameter of the engine was 70 
mm and the inner diameter of the bore in the solid fuel grain was 
30 mm. Chamber pressure was monitored by installing two ports 
in the pre and post combustion chambers. A conical nozzle with a 
throat diameter of 6 mm was employed.

The control system consisted of an NI board, an industrial com-
puter and a control program. The engine was remotely controlled 
and data were acquired using a control program installed on the 
computer, based on the LabVIEW software package. The data ac-
quisition frequencies were 100 and 1000 Hz. The sequential control 
of the system is summarized in Table 1. The firing test and data 
collection began at t = 0 s; at t = 5 s, the oxidizer mass flow con-
troller was activated to establish a stable back pressure; ignition 
occurred at approximately t = 8 s; at t = 18 s, the oxidizer sup-
ply was stopped and the engine turned off. The total experimental 
time was 40 s.
Table 1
Timing control during testing of the lab-scale hybrid rocket engine.

Serial number Time, s Action

1 0.0 Turn on data acquisition
2 3.0 Open SV-1 and SV-3
3 5.0 Open mass flow controller
4 7.0 Spark plug discharge
5 8.0 Open SV-C and SV-O
6 9.0 Close SV-C and SV-O, turn off power of ignition
7 18.0 Close SV-1 and mass flow controller
8 19.0 Open SV-2
9 39.0 Close SV-2 and SV-3
10 40.0 Turn off data acquisition

4. Results and discussion

Over 35 firing tests were conducted to investigate the combus-
tion performance of the grains with nested helical structures. The 
combustion performances of the paraffin-based fuel grain and a 
3D printed fuel grain made solely with ABS were also assessed 
for comparison purposes. The resulting data were analyzed to as-
sess ignition performance, pressure oscillations, regression rate and 
combustion efficiency. The results are presented in Table 2.

4.1. Ignition

Reliable ignition together with stable combustion are necessary 
for any rocket engine. Fig. 4 presents a series of photographic im-
ages showing the functioning of the laboratory-scale hybrid rocket 
with the novel fuel grain, including ignition, flame development 
and flameout. During the initial ignition stage, the Mach ring at 
the nozzle outlet was clearly visible. With the development of full 
combustion, a bright flame appeared that was evidently stable as 
it grew.
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Table 2
Summary of test results.

No. Materials Mass flow rate of oxidizer, g/s Thrust, kg Combustion pressure, MPa O/F Structure

1 ABS fuel + Paraffin-based fuel 20.5 6.4 1.47 1.9 12 blades with helical structure
2 ABS fuel + Paraffin-based fuel 23.7 7.8 1.63 2.2 12 blades with helical structure
3 ABS fuel + Paraffin-based fuel 19.0 6.5 1.39 2.0 12 blades with helical structure
4 ABS fuel + Paraffin-based fuel 14.4 5.0 1.10 1.8 12 blades with helical structure
5 ABS fuel + Paraffin-based fuel 7.1 2.7 0.58 1.2 12 blades with helical structure
6 ABS fuel + Paraffin-based fuel 9.5 3.3 0.72 1.5 12 blades with helical structure
7 ABS fuel + Paraffin-based fuel 28.9 9.7 2.06 2.6 12 blades with helical structure
8 ABS fuel + Paraffin-based fuel 27.8 8.9 1.89 2.3 12 blades with helical structure
9 Pure ABS fuel 21.5 3.8 1.54 4.3 Single hole
10 Paraffin-based fuel 21.7 6.2 1.40 2.5 Single hole
11 Paraffin-based fuel 25.7 8.2 1.79 2.6 Single hole
12 Paraffin-based fuel 14.3 5.0 1.07 1.8 Single hole
13 Paraffin-based fuel 18.6 6.4 1.36 2.1 Single hole
14 Paraffin-based fuel 9.5 2.8 0.70 1.5 Single hole
15 Paraffin-based fuel 12.0 3.5 0.85 1.8 Single hole
16 Paraffin-based fuel 25.6 8.3 1.68 2.8 Single hole
17 Paraffin-based fuel 24.8 7.6 1.65 2.7 Single hole

Fig. 4. Images showing laboratory-scale hybrid rocket engine firing test employing the novel fuel grain.

Fig. 5. Time histories of chamber pressure from typical firing tests using a) the novel fuel grain and b) the paraffin-based fuel grain.
The ignition performance of the novel fuel grain was examined 
by assessing the evolutions of pressure during combustion of the 
new grain and of a paraffin-based fuel grain, which are compared 
in Fig. 5. At approximately 8.2 s, the solenoid valves providing 
the methane and oxygen opened and the CH4/O2 torch was acti-
vated. After approximately 0.2 s, the combustion chamber pressure 
rapidly increased to 1 MPa, indicating successful ignition. At ap-
proximately 8.5 s, the two sonic orifices that controlled the mass 
flow rates of methane and oxygen failed due to the increased back 
pressure.

In the case of the paraffin-based fuel grain (Fig. 5b), the en-
tire ignition process was smooth and rapid, demonstrating that 
both novel fuel grains and paraffin-based fuel grains showed sim-
ilar ignition performances. The times at which the methane and 
oxygen solenoids appear open are slightly different in these two 
plots, which is attributed to the switching delay of valves and the 
execution delay of the command from the control system.

4.2. Pressure oscillations

Combustion pressure is a critical parameter that characterizes 
the performance of a hybrid rocket engine. Fig. 6 summarizes vari-
ations in combustion chamber pressure obtained with different 
fuel grains. It is evident from Fig. 6a that the combustion chamber 
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Fig. 6. Combustion chamber pressures during combustion of a) paraffin-based and ABS fuel grains, and b) novel and paraffin-based fuel grains.
pressure generated by the ABS fuel grain was slightly higher than 
that of the paraffin-based fuel grain, which was mainly due to the 
higher combustion equivalence ratio of the former (with a low re-
gression rate) at the same mass flow rate. However, Fig. 6b shows 
that the average chamber pressure was substantially unaffected by 
the novel structure or the addition of ABS fuel. Fig. 6b demon-
strates that the combustion pressure of the novel fuel grain was 
stable. The average pressures were approximately equal no matter 
at high oxidizer mass flow rate of 19 g/s (Tests 3 and 13) or at the 
low mass flow rates of 9.5 g/s (Tests 6 and 14). But the amplitude 
of the pressure oscillations increased in Tests 3 (Fig. 6a).

The pressure oscillations of the novel fuel grain were investi-
gated and the results of a fast Fourier transform of the pressure 
spectrum are shown in Fig. 7. Similar to previous reports [41], 
the amplitude spectrum of pressure fluctuations for the new grain 
typically contained three distinct peaks at approximately 62, 130 
and 320 Hz. It is extremely significant that the amplitude spec-
trum of the pressure fluctuation for the novel grain was basically 
equivalent to that of the paraffin-based grain, although the pres-
sure fluctuation amplitude of the former grain is slightly higher. 
Zilwa et al. [42] reported that these peaks correspond to low fre-
quency instability of the hybrid engine, the Helmholtz mode and 
the longitudinal acoustic half-wave, respectively. We noticed that 
the pressure oscillation amplitude of the novel fuel grain has a 
maximum at 32 Hz with an amplitude of 1.4% of the maximum; at 
higher frequency around 100 Hz, the spectrum showed an ampli-
tude of 0.1%; the longitudinal acoustic mode can be distinguished 
around 320 Hz with an amplitude of 0.1%. Low frequency pres-
sure oscillations appeared with a dominant frequency around 32 
Hz. There are two possible reasons for the low frequency instabil-
ity: unsteadiness of the fuel production and coupling between the 
delay in the boundary layer response to changes in mass flow and 
thermal lag in the solid fuel. Compared with the paraffin-based 
fuel grain shown in Fig. 7, the amplitude of low frequency oscil-
lations of the novel grain increased by about 180%. This is likely 
due to chattering associated with the periodic accumulation and 
breakoff of ABS from the fuel surface. To sum up, the nested heli-
cal structure showed no tendency to introduce additional combus-
tion oscillation mechanisms, although the amplitude of the original 
pressure oscillation is slightly amplified.

4.3. Regression rate

The regression rate is the most important characteristic of a 
solid fuel, as this parameter largely determines the thrust of the 
engine. Complete characterization of this quantity as a function 
of all relevant operational variables of the hybrid rocket engine is 
therefore critical for the satisfactory design of a practical system. 
There are several ways to express the regression rate of the solid 
fuel in a hybrid rocket engine, among which its expression as a 
function of the oxidizer mass flow flux is widely used [43]:
Fig. 7. Pressure spectra obtained during combustion of a paraffin-based fuel grain 
and the novel fuel grain.

ṙ = aGn
ox = a

(
ṁox

A

)n

, (1)

where A represents the port area, ṁox represents the mass flow 
rate of the oxidizer, Gox represents the oxidizer mass flux, a and n 
are constants obtained by fitting the experimental results. Owing 
to the short working time of the hybrid rocket engine, the regres-
sion rates in this paper were calculated as average values, using 
the expression:

ṙ = d f − d0

2t
=

√
d2

0 + 4(m f 0−m f )

πρL − d0

2t
(2)

where d0 and d f represent the average inner diameters of the fuel 
grains before and after the firing test, respectively; m f 0 and m f

represent the qualities of the fuel grain before and after the com-
bustion; L is the length of the solid fuel grain; t is the working 
time of the hybrid rocket engine. Because the nested grain com-
prised two materials, the density ρ was expressed as an average 
value, given by:

ρ = ρpωp + ρAB SωAB S (3)

where ρp and ωp represent the density and mass fraction of the 
nested paraffin-based fuel, respectively; ρAB S and ωAB S represent 
the analogous values of the ABS material, respectively.

Due to the different regression rate of ABS and paraffin-based 
fuel, the mass consumption ratio of ABS continued to decrease as 
the combustion proceeded. Based on the experimental result, Fig. 8
shows the change in shape and inner diameter of the novel fuel 
grain before and after the combustion. After the firing test, the 
average inner diameter of the paraffin-based fuel (dp ) changed to 
45 mm, while that of ABS fuel (dAB S ) changed to about 40 mm due 
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Fig. 8. Changes in shape and average inner diameter of the novel fuel grain before and after the combustion.
to the low regression rate. Owing to the initial average mass frac-
tion of paraffin-based fuel (ωp ) is approximately 86%, ρp is 0.915 
g/cm3 and ρAB S is 1.100 g/cm3, the ρ obtained by this method is:

ρ = ρpωp + ρAB SωAB S = 0.941g/cm3 (4)

And according to the change of the cross section of the novel 
fuel grain, the mass of ABS consumed (mAB Sconsumed ) after firing test 
is:

mAB Sconsumed = ρAB S V AB Sconsumed

≈ 12ρAB S Lδ

(
dAB S

2
− d0

2

)
≈ 12.4g (5)

where V AB Sconsumed represents the volume change of the ABS after 
the firing test. The mass of the paraffin-based fuel consumed after 
firing test (mPconsumed ) is:

mPconsumed = ρp V pconsumed

≈ ρP

[
πd2

p − πd2
0

4
L − 12Lδ

(
dp

2
− d0

2

)]
≈ 85.6g (6)

where V Pconsumed represents the volume change of the paraffin-
based fuel after the firing test. The mass consumption ratio of ABS 
(ωAB Sconsumed ) during the combustion process is:

ωAB Sconsumed = mAB Sconsumed

mAB Sconsumed + mpconsumed

≈ 12.7% (7)

The average density of the fuel consumed in the combustion 
process (ρconsumed) is:

ρconsumed = ρpωpconsumed + ρAB SωAB Sconsumed ≈ 0.938g/cm3 (8)

Therefore, the deviation between the ρ obtained by this 
method and ρactual is about 0.4%. the deviation e between the ρ
obtained by this method and the ρconsumed is:

e = ρ − ρconsumed

ρconsumed
≈ 0.32% (9)

All tests were performed while keeping the inner diameter of 
the fuel grain basically constant and varying the mass flow rate 
of oxygen to ensure variations in the flux density, and Fig. 9 plots 
the regression rates of the nested helical grains as a function of 
oxidizer flux. Equations for regression rates for both the paraffin-
based fuel and the novel fuel grain were obtained by fitting the 
experimental results, to give, respectively:
Fig. 9. Comparison of regression rates of novel fuel grains, paraffin-based fuel grains, 
and HTPB fuel grains (data taken from reference [1]).

ṙN = 0.47G0.43
ox (10)

and

ṙ P = 0.46G0.32
ox , (11)

where the regression rate is in units of mm/s, and the oxidizer 
mass flux is in g/cm2. In laboratory-scale tests of the hybrid rocket 
engine with a mass flow rate of 30 g/s, the regression rate of the 
novel fuel grain was increased by 20% compared with that of the 
paraffin-based fuel grain and by 123% when compared with the 
HTPB fuel grain reported in [1]. These results indicate that this 
helical structure significantly enhanced the regression rate.

A photographic image of a typical fuel grain after a combustion 
test is provided in Fig. 10. The nested helical structure on the inner 
surface of the fuel grain, which resulted from the different burning 
rates of the ABS and paraffin-based fuels, verified our hypothesis 
that the nested helical structure could maintain throughout the 
combustion process. When oxidizer is injected into the combus-
tion chamber, it is guided by the fuel grain in the axial direction 
just as in a standard single-bore grain. Simultaneously, the nested 
helical structure also induces a helical motion in the oxidizer gas 
along the rotational direction of the helical blades which increases 
the swirl strength of the internal flow. Most importantly, numerous 
recirculation zones may be formed at the groove between adjacent 
vanes, which exacerbates the radial disturbance of the gas. The ini-
tially stable laminar boundary layer is destroyed by the resulting 
flow instability and by vortices generated by the recirculation zone. 
Turbulence on the inner surface of the fuel grain will increase, and 
the droplet entrainment may become more intense. Eventually, the 
exchanges of both heat and matter between the inner surface of 
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Fig. 10. Inner surface of a novel fuel grain with a nested helical structure after com-
bustion.

the fuel grain and the main flow zone are increased, such that the 
regression rate is increased.

Material incompatibility may cause debonding between the ABS 
and paraffin-based fuel during the molding process. However, the 
experimental results showed that the newly designed hybrid rocket 
engine was not significantly affected by cracks within the fuel 
grain and that the structure of its inner surface of the fuel grain 
was basically unchanged after combustion. This result confirmed 
that the paraffin-based fuel grain exhibited the ability to self-repair 
as a result of the low surface tension and low melting point of the 
paraffin.

4.4. Combustion efficiency

Combustion efficiency is also a significant parameter for the 
evaluation of an engine. Owing to the nature of diffusion combus-
tion, the combustion efficiency of hybrid rocket engines is typically 
lower than those of other rocket engines. Hence, it is extremely 
important to improve this parameter. Efficiencies based on C* were 
used for all tests. Based on the average combustion chamber pres-
sure, Pc , and the average mass flow rate of the propellant, ṁ, the 
average characteristic velocity was estimated as:

C∗ = Pc At

ṁ
, (12)

where At is constant due to the short experimental time. The av-
erage C* values calculated for all tests are plotted in Fig. 11 against 
O/F values. The theoretical combustion efficiency of pure paraffin, 
as calculated by Chemical Equilibrium with Applications software 
[44], was used as the baseline.

Fig. 11 showed that the combustion efficiency of the novel fuel 
grain was between 77% and 85%, while that of the paraffin-based 
fuel grain was in the range of 75%–83%. The average characteristic 
velocities of the novel grain were also higher than those of the 
paraffin-based grain at various O/F ratios.

It should be pointed out that the commercial ABS used in these 
trials had an extremely low specific impulse due to the addition 
of flame retardants. Although the combustion chamber pressure 
generated by the ABS fuel grain was higher than that obtained 
from the paraffin-based fuel grain, the calculated specific impulse 
for the ABS engine was 143 s, which was only 60%–70% of the 
specific impulse of the paraffin-based fuel grain. Even with the 
low combustion performance of the ABS, the highest specific im-
pulse obtained from the fuel grain with the nested helical structure 
was 242 s, which was higher than that of the paraffin-based fuel 
grain. These results demonstrate from another perspective that the 
novel fuel grain has significant potential to increase combustion 
efficiency.
Fig. 11. Comparison of the combustion efficiencies of the paraffin-based and novel 
fuel grains.

Similar to the mechanism by which the regression rate was im-
proved, the combustion efficiency was primarily increased because 
gas flowing through the nested helical structure formed vortices 
between adjacent blade protrusions. These in turn enhanced the 
exchanges of heat and matter between the main flow zone and 
the inner surface of the fuel grain. Consequently, mixing of the 
oxidizer and fuel was more efficient, and the burning time was in-
creased, such that chemical reactions in the combustion chamber 
were more likely to go to completion.

Investigations involving either numerical simulations or experi-
ments are needed to further examine the effect of the nested heli-
cal structure on the combustion performance. Moreover, the novel 
fuel grain should be further optimized to achieve better perfor-
mance by adjusting parameters associated with the nested helical 
structure, such as helicity and blade thickness and quantity, or by 
varying the two materials (for example, by using ABS/HTPB).

5. Conclusion

A novel fuel grain composed of a paraffin-based fuel embedded 
in an ABS substrate was designed. The ABS substrate was fabri-
cated using 3D printing and provided a helical structural frame-
work for the paraffin-based fuel. As a result of the difference in 
the regression rates of the paraffin-based and ABS fuels, the nested 
helical structure was maintained intact throughout the combustion 
process. A detailed preparation process for the novel fuel grain was 
developed and a series of experiments were conducted to explore 
the combustion performance, including the ignition characteristics, 
pressure oscillations, regression rate, and combustion efficiency. 
Pure paraffin-based fuel grain was tested as a baseline fuel and 
compared with the novel fuel grain. The following broad conclu-
sions can be drawn.

1) Ignition performance of the novel fuel grain was not affected 
by the nested helical structure, and the ignition delay time of the 
novel fuel grain is less than 0.25 s.

2) Combustion pressure of the novel fuel grain was stable, and 
it is highly likely that the nested helical structure did not intro-
duce additional combustion oscillation mechanisms into the hybrid 
rocket engines.

3) The regression rate of the novel fuel grain was significantly 
improved by the nested helical structure. With an oxidizer mass 
flow rate of 30 g/s, the regression rate of the novel fuel grain 
increased by 20% compared with that of the paraffin-based fuel 
grain. According to the fitting equation of the regression rate, fur-
ther improvements will be obtained as the oxidizer mass flux in-
creases.

4) Because the commercial ABS material used in this work has 
poor combustion performance, the novel fuel grain with nested he-
lical structure demonstrated herein has the potential for further 
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improvements and is expected to further increase the combustion 
efficiency of hybrid rocket engines.
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