
AJCPP 2008 
March 6-8, 2008, Gyeongju, Korea  

Development of a 1500N-thrust Swirling-Oxidizer-Flow-Type Hybrid Rocket Engine 
 

SAKURAZAWA Toshiaki1, KITAGAWA Koki2, HIRA Ryuji1, MATSUO Yuji2, 
SAKURAI Takashi1, YUASA Saburo1,2 

1. Tokyo Metropolitan University 
 2. Tokyo Metropolitan Institute of Technology 

6-6 Asahigaoka Hino-City Tokyo, Japan 
sakurazawa@asyat5.tmit.ac.jp 

 
Keywords: Hybrid Rocket, Swirling-Oxidizer-Flow, LOX Vaporization, Regenerative-Cooling Nozzle, PP 

 
 
 

Abstract 
 

We have been developing a 1500N-thrust Swirling-
Oxidizer-Flow-Type hybrid rocket engine. In order to 
put the engine into practical use, we conducted long 
duration burning experiments up to 25s to examine 
the influence of configuration change of fuel grain on 
the engine performance and designed an LOX vapori-
zation nozzle to supply GOX for the 1500N-thrust 
engine. The experiment with a small hybrid rocket 
engine showed that combustion was stable and the 
engine performance was approximately constant dur-
ing combustion. There was no essential problem to 
with increasing combustion time. The LOX vaporiza-
tion nozzle designed had 30 rectangular channels with 
a depth of 0.5mm. During passing through the nozzle, 
the LOX increased in temperature and vaporized suf-
ficiently. 

 
Background 

 
Hybrid rocket engines with liquid oxygen and hy-

drocarbon polymer compound as propellants excel in 
its propellant storage and delivery system, perfor-
mance, cost, environmental impact and safety.  How-
ever, it is difficult to achieve the theoretical maximum 
specific impulse obtained in the fuel rich side due to 
low fuel regression rates. Therefore, hybrid rocket 
engines have not yet been used in practical rocket 
systems. In order to resolve this problem, we pro-
posed a swirling-oxidizer-flow-type hybrid rocket 
engine, researched by using GOX (gaseous oxygen) 
and PMMA (polymethylmethacrylate) as propel-
lants1,2). In 2001, a small-scale hybrid rocket which 
had GOX/PMMA propellants and produced 700N of 
thrust was developed.  The successful launch of the 
hybrid rocket was the first of its type in Japan3,4). 

As the next stage, we aim at the practical use of 
the hybrid rocket by which we can launch a small 
scale observation device in a high-altitude. In order to 
obtain same payload and altitude like the existing 
sounding rocket MT-135, a thrust of 3000N and a 
burning duration of 27.5s were required for the hybrid 
rocket engine. Currently, as part of the preliminary 
step, 1500N-thrust which is half the target thrust, and 
30 seconds burning duration, nearly equal to the target 

duration, a swirling-oxidizer-flow-type hybrid rocket 
engine has been developed. 

Until now, the 1500N-thrust engine successfully 
achieved 10s burning duration using GOX/PMMA 
propellants5).  Furthermore, when the burning duration 
is increased, the swirling oxidizer flow, which inhe-
rently causes the local fuel regression at the leading 
edge of the fuel grain, results in burn out of the fuel 
grain at the grain leading edge faster than the remain-
ing fuel grain. This may affect the engine perfor-
mance as well as the hybrid rocket. Then, for the pur-
pose of investigating the effect of the fuel grain confi-
guration change on engine performance when the 
combustion time increases, the experiments of long 
duration burning were carried out using a small hybr-
id rocket engine, taking safety into combustion. 

Meanwhile, in order to increase capacity of oxidiz-
er of hybrid rockets, researches on LOX (liquid oxy-
gen) use were conducted. When a swirling LOX was 
directly injected into the combustion chamber, the 
engine performance was lower than that of swirling 
GOX6). Hence, we decided to vaporize LOX before 
injecting into the combustion chamber by the heat 
exchange using a regenerative-cooled LOX vaporiza-
tion nozzle and made a small LOX vaporization noz-
zle, which fitted to our previous engine2).  The com-
bustion tests showed that LOX was safely vaporized 
through the use of the LOX vaporization nozzle and 
the performance of the swirling-oxidizer-flow-type 
hybrid rocket engine increased7).  With these results, 
an new LOX vaporization nozzle, which is fitted to a 
1500N-thrust swirling-oxidizer-flow-type hybrid 
rocket engine, was designed and constructed.  In this 
paper, above two points (a long duration burning of 
the engine and an LOX vaporization nozzle) are re-
ported. 
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Long Duration Burning Experiment Using 
GOX/PP 

 
A. Experimental Setup 

 
a. Swirling-Oxidizer-Flow-Type Hybrid Rocket 

Engine 
 
 

The schematic of the swirling-oxidizer-flow-type 
hybrid ocket engine used in this experiment is shown 
in Fig.1. Figure 2 shows the A-A’ cross-section in 
Figure.1.  The engine used in the experiment was fun-
damentally the same as a conventional engine and 
consists of an igniter, a swirling type injector, fuel 
grain, grain case, and a nozzle.  The igniter was a 
commercial miniature solid rocket (propellant: black 
powder). The swirling type injector had 8 rectangle 
ejections, with the geometrical swirl number of 
Sg=19.7 indicating the strength of the swirling. The 
fuel grain was changed from PMMA to PP (polypro-
pylene) with a higher theoretical specific impulse.  
With increased combustion time, the leading edge of 
fuel grain may burn-out and the grain case may be 
exposed by high temperature burnt gas. Hence the 
outside circumference of the PP grain had a 5mm 
thick layer of Bakelite as a insulation and the further 
outside circumference of the leading edge particularly 
had a carbon layer as a refractory to protect the grain 
case.  An adhesive was used to join the PP grain and 
Bakelite.  The length of the fuel grain and grain case 
was variable within the range of 400-1000mm.   

The focal point of this research was to investigate 
the effects of the grain leading edge burn-out. The 
engine used in the experiments had a PP grain in 
length of 600mm, and a thrust of approx. 300N.  The 
nozzle was made from carbon and had an expansion 
ratio of 5.4 (for a thrust of 1500N).  The combustion 
chamber pressure was measured at the nozzle inlet. 

b. Experimental system 
 

Figure 3 shows the schematic of the experimental 
system.  It consisted of the swirling-oxidizer-flow-
type hybrid rocket engine, the GOX supply system 
and the N2 supply system.  The mass flow rate of 
GOX was adjusted by setting the φ 4.0mm choking 
orifice and the GOX supplying pressure, Pu.  Burning 
experiments were carried out for the combustion 
times of 15, 20 and 25s. And the engine was purged 
with N2 after test runs.  To protect the N2 supply line 
against an inflow of GOX, the N2 supply line set a 
check valve. 

Injector 

Igniter Swirler Refractory(Carbon)

Insulator (Bakelite)

Nozzle (Carbon)Grain case

Grain (PP) Pressure Transducer Port

Fig.1 Schematic of 1500N-thrust Swirling-Oxidizer-Flow-Type hybrid rocket engine 
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Fig.3 Schematic of experimental apparatus 
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B. Experimental results 
 
a. Engine Performance 
 

Table 1 shows the experimental results.  Under the 
oxygen mass flow rate was adjusted to be constant in 
each experiment, the experimental results were almost 
the same.  As the time trace of the fuel mass flow rate 
could not be measured, the average fuel mass flow 
rate was calculated from the difference in mass of the 
fuel grain before and after the burning. The C* effi-
ciency was calculated as the ratio of the experimental 
C* obtained from the average value of the propellant 
mass flow rate and combustion chamber pressure to 
the theoretical C* based on the equilibrium condition. 
The C* efficiency of 99% or more was achieved for 
all the experiments.  The C* efficiency of experiment 
No.3 exceeded the theoretical value. The cause of this 
is considered to be a pressure gradient formed in the 
radial direction by the centrifugal forces of the swirl-
ing flow or an increase in combustion chamber pres-
sure by the effect of decrease in effective surface area 
at the nozzle throat due to the development of a boun-
dary layer at the nozzle8, 9).  In fact, when the C* effi-
ciency was estimated including the effects of the 
swirling flow pressure gradient and the pressure in-
crease due to the boundary layer effect, there is a pos-
sibility that the experimental C* efficiency was over-
estimated around 5%. 

Figure 4 shows the typical traces of the gaseous 
oxygen mass flow rate, mo, the chamber pressure, Pc, 
and the thrust, F, for the experiment No.3. It was 
found that ignition occurred rapidly and the combus-
tion chamber pressure and the oxygen mass flow rate 
were mostly stable. However, the thrust increased as 
time progressed. The average values for the engine 
performance in this experiment were F = 319N, Pc = 
1.22MPa, mo = 110.6g/s, mf = 61.5g/s, ϕ = 1.90 and 
Isp = 188.7s.  Since the nozzle used in this experiment 
was designed to have an optimum expansion ratio at 
the combustion chamber pressure of 4MPa, a small 
value for the specific impulse was obtained any from 
the experiments. In fact, the burning test used PP 
grain in 1000mm length and GOX at the combustion 
chamber pressure of 3.7MPa showed the engine per-
formance of GOX mass flow rate: 387.5g/s, chamber 
pressure: 3.72MPa, thrust: 1419N, equivalence ratio: 
1.86 and specific impulse: 241.7s. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Burning was generally stable however, at t=20s a 

small spike occurred in both the thrust and combus-
tion chamber pressure.  The cause for this was that 
when burning progressed to the bond surface of the 
grain and Bakelite, part of the grain peeled off and 
suddenly passed through the nozzle without burning.  
An increase in fuel mass flow rate made it possible 
for the thrust to increase as time progressed. This is 
the supported by the following result and considera-
tion. In the experiments, the oxygen mass flow rate 
and combustion chamber pressure were mostly stable. 
As the fuel mass flow rate increased due to the grain 
surface area becoming larger with the progression of 
time, the equivalence ratio increased making the en-
gine performance drop but the thrust increase.  From 
the experiments, increasing the burning duration of 
the swirling-oxidizer-flow-type hybrid rocket engine 
had no intrinsic problems and it could be operated 
without large change of engine performance over time. 
 
b. Configuration Change of Fuel Grain 
 

Figure 5 shows the appearance of the grain after the 
experiments.  For the grain of the experiment No.1, 
which was the shortest burning duration condition, it 
was identified that large deep depressions interspersed 
with small shallow depressions corresponding to the 
number of swirler holes within a region 20mm from 
the leading edge of the grain.  For the grain of the 
experiment No.2, with the next longest burning dura-
tion, more than 50% was burnt out and only a partial 
amount of the grain remained in a 30mm section from 
the leading edge. 

Table 1 Experimental results (Average) 

・ ・ 

1 15 301 1.17 109.1 58.2 1.82 99.6
2 20 314 1.18 112.3 57.6 1.75 99.1
3 25 319 1.22 110.6 61.5 1.90 102.0
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Then for the grain of the experiment No. 3, with the 
longest burning duration, 30mm from the grain lead-
ing edge of the grain was completely burnt-out.  From 
this result, it was found that between t=15-25s, burn 
out of the grain leading edge of the grain occurred. 

The Bakelite positioned around the grain had car-
bonized its surface in experiments No. 1 and No. 2, 
and was partially burnt out in experiment No. 3.  
However, the carbon positioned around the Bakelite 
appeared to be completely untouched by burning and 
was confirmed to be extremely effective as fire proof-
ing. 

In addition, partial burn-out on the injector surface 
joining the fuel grain was confirmed. This partial 
burn-out of the stainless steel injector was considered 
to be from exposure to high temperature oxygen rich 
gas when the fuel grain touching the surface of the 
injector burnt out.  Hereafter, it is necessary to set 
refractory between the injector and the grain. 
 
c. Local Fuel Regression Rate 
 

Figure 6 shows the local fuel regression rate, r, 
against distance from the grain leading edge, x, for the 
experiments No. 1-3 measured after combustions. 
However, for the experiment No. 3, there were no 
values for the burnt out part 40mm from the grain 
leading edge of the fuel grain omitted. For all the ex-
periments, the local fuel regression rates between 
x=0-100mm was comparatively large, and it de-
creased as x increased, and from x=100mm even as x 
increased downstream, it remained mostly constant.  
Also, even if the burning duration increased, from 
x=100mm and downstream, the local fuel regression 
rates were independent of the burning duration. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Generally, the relationship between the fuel regres-

sion rate, r, and distance, x, of hybrid rocket engines 
without swirling can be theoretically approximated in 
the following formula, r=CG0.8x-0.2, where C is a con-
stant and G is propellant mass flux9). 

This formula contains two effects. One is that the 
boundary layer becomes thicker downstream and the 
amount of heat transferred decreases, resulting in de-
crease of the fuel regression rate. The other is that as 
the mass of burnt fuel is increased in going down-
stream, the propellant mass flux, G, becomes larger 
and the increasing flow velocity decreases the boun-
dary layer thickness, resulting in increase of the heat 
transferate and fuel regression rate. Whereas in the 
case of swirling oxidizer flow, it is considered that the 
local fuel regression rate gets smaller with increasing 
x due to swirling flow becoming weaker as the cir-
cumferential velocity component decreases due to 
frictional resistance or additional fuel without angular 
momentum. 

Experiment 
No No.1  t = 15s No.2  t = 20s No.3  t = 25s 
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Fig. 5 Appearance of grain leading edge after combustions 
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From the above discussion and the appearance of 
the grain after combustion, it is considered that in the 
region near the grain rim that has the most influence 
from swirling, as a result of the formation of imping-
ing jet flames between the grain surface and the swirl-
ing oxygen jets, there are large deep depressions cor-
responding to the number of swirler holes. Adjoining 
those are comparatively small and shallow depres-
sions in the region of x=20mm. These configurations 
increase the fuel regression rate locally.  These swirl-
ing oxygen jets get caught up the regional flow and 
fuel in further downstream and make complex surface 
flows. However, the velocity distribution of the swirl-
ing flow becomes uniform downstream, which makes 
the depressions shallow and in turn, the local fuel 
regression rate, r becomes small.  In fact, these de-
pressions can be seen up to x=100mm, and further 
downstream the combined effects of boundary layers 
and angular momentum mentioned above causes the 
fuel grain to be consumed uniformly, even if the burn-
ing duration is increased. 
 

Design of the Lox Vaporization Nozzle 
 

The LOX vaporization nozzle is made from oxygen 
free copper which has a high thermal conductivity and 
constructed as a single piece by electroforming. The 
nozzle was designed using an in-house program as-
suming one-dimensional steady-state thermal balance 
in the nozzle10, 11).  Figure 7 shows a calculation mod-
el. This program calculated the thermal equilibrium in 
the direction of flow of the oxygen for vaporization at 
the steady-state along delimited sections of 10µm 
intervals (i) along the nozzle in the axial direction 
considering the heat convection, hg, between the burnt 
gas at the fixed state (Tg) – the inner nozzle wall 
(Twg); the heat conduction, k, between the inner nozzle 
wall (Twg) – the lower surface of the channel (Two); 
and the heat convection, ho, between the lower surface 
of the channel (Two) – the oxygen flow for vaporiza-
tion (To).  Here, the corrected Bart’z equation12) was 
used for the heat transfer coefficient between the 
burnt gas and the nozzle inner wall, and the Sieder-
Tate’s equation8), relating to the turbulent heat trans-
fer in a tube, was used for the heat transfer coefficient 
between the channels internal wall and oxygen.  The 
nozzle design parameters are follows: thrust: 1500N, 
combustion chamber pressure: 4MPa, throat diameter, 
φ:17.8mm, expansion ratio: 5.67, LOX supply pres-
sure: 4.5MPa, LOX mass flow rate: 385g/s, and num-
ber of channels for oxygen: 30. 
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Table 2 Thermal analysis results 

Cross section
area [mm2]

LOX flow
velocity [m/s]

LOX heat transfer
coefficient [kW/m2 K]

LOX pressure
[MPa]

LOX
temperature [K]

2 2.3 6.9 17.4 4.52 223 1054
1 1.2 14.2 32.1 4.57 242 903

0.5 0.6 29.9 61.3 4.70 268 767

Channel
depth[mm]

Throat (x  = 0) Channel outlet (x = -73.3)
Max nozzle wall
temperature [K]

φ
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Fig.9 LOX vaporization nozzle 
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A counter-flow method is used in which the oxygen 
flow is in the opposite direction to the flow of the 
burnt gas.  Table 2 shows, as a parameter of channel 
depth, the analytical results of the maximum nozzle 
wall temperature, Twg and the state of the oxygen at 
the flow outlet, and Fig. 8 is a graph showing the noz-
zle wall temperature, Twg, the temperature and pres-
sure of the oxygen (To, Po) and the inflowing heat flux, 
q, as a function of axial distance along the nozzle with 
a channel depth of 0.5mm.  In Fig. 8, x=-73.3 is the 
flow outlet, x=0 is the nozzle throat and x=40 is the 
flow inlet.  In Table 2, as the channel becomes shal-
lower, the nozzle wall temperature, Twg, becomes 
lower and the oxygen temperature, To, at the flow 
outlet becomes higher.  This is due to faster oxygen 
flow velocities in the channel with a small cross sec-
tional area and the heat transfer coefficient between 
the channel wall and the oxygen becoming larger.  
Hence, the nozzle vaporization capability is high as 
the channel becomes shallow.  From this results and 
based on the analytical results shown in Fig. 8, the 
0.5mm channel depth 1500N-thrust LOX vaporization 
nozzle shown in Fig. 9 was designed and is currently 
under construction. 

Hereafter, an experiment is scheduled using the 
1500N-thrust swirling-oxidizer-flow-type hybrid 
rocket engine fitted with the LOX vaporization nozzle 
shown in Fig. 9. 

 
Conclusion 

 
 Long burning experiment of 25s was carried out 

in which the leading edge of the grain was burnt-
out, and even if the grain shapes changes, there 
are no large influences in engine performance 
independent of burning duration. 

 At the grain leading edge, local fuel regression 
rate vastly increased due to the formation of im-
pinging jet flames by swirling oxygen flow. 
Downstream from x=100mm, local fuel regres-
sion rate was constant regardless of burning du-
ration. 

 At the grain leading edge, part of the Bakelite 
insulator was burnt out but the carbon was ex-
tremely effective as fire-proofing. 

 A 1500N-thrust regenerative-cooled LOX vapo-
rization nozzle with 30, 0.5mm deep channels 
was analyzed and designed that can bring LOX 
up to 268K, sufficiently vaporizing it. 
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