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Abstract

In micro-turbojet engines with less than 350 kW power, it is not easy to find a suitable fuel injector with good spray quality. However,
the rotating fuel injection system can potentially provide high atomization quality without the high-pressure fuel pump through the cen-
trifugal forces of the engine shaft. With this motivation, a very small rotating fuel injector with 40 mm diameter is designed for the mi-
cro-turbo jet engine. It is directly linked to a high-speed rotational spindle capable of a speed up to 100,000 rpm. The droplet size, veloc-
ity, and spray distribution from the PDPA (Phase Doppler Particle Analyzer) system are measured. The spray is also visualized by a
high-speed camera. The test results show that the length of liquid column from injection orifice is controlled by the rotational speeds and
that SMD (Sauter Mean Diameter) is decreased with increasing rotational speeds. At a rotational speed of 73.3 m/s (35,000 rpm), SMD is
lower than 60 pm at the entirety of the measuring space in the case of Type 2 (injection orifice diameter of 1.5 mm) and Type 3 (injection
orifice diameter of 2.2 mm). Therefore, conceptually, it is possible to apply this small rotating fuel injection system to the micro-turbojet

engine combustor.
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1. Introduction

Annular combustors with rotating fuel injection systems
have been frequently employed in gas turbines. Such system is
successfully adopted in a number of Turbomeca engines and
others. The system is advantageous mainly because it is inex-
pensive and simple. In terms of atomization, the rotating fuel
injection system produces a fine fuel spray even at partial-
loading or idle conditions [1].

The role of a gas turbine fuel atomizer is to distribute the
drops into the combustion zone. The spatial distribution de-
pends on the penetration of the fuel spray into the primary
zone and is closely coupled to the aerodynamic flow pattern.
A pressure swirl atomizer or an air-blast atomizer can meet
these requirements. These injectors require many high-quality
components such as axial or radial swirlers, swirl chamber,
filter, and discharge orifice; however, the rotating fuel injec-
tion system can be applied more economically than conven-
tional injectors.
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The rotating fuel injection system has been studied by Mor-
ishita [2] and Dahm et al. [3, 4]. In those studies, the atomiza-
tion process is explained by limited measurement data of
droplet size and velocity. Morishita measured droplet size by
collecting droplets on a silicon oil film made on a glass plate.
Microscopic photography was used to measure the droplet
size. The droplet size was measured at a distance of 100 mm
from the outer periphery of the rotating disc single point.
From his measurement, empirical Eq. (1) for water was de-
rived. This equation is good for understanding the general
concept of a rotating fuel injection system. The droplet size is
a function of the peripheral velocity and flow rate.

QO.ZDO,S
SMD =3,300% 5~ (1)
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Dahm et al. studied the atomization process by visualization
in a variety of fuel slinger geometries over a range of operat-
ing conditions. That study attempted to make some correla-
tions from the experimental data of Morishita [2]. From the
study by Dahm et al., empirical Eq. (2) between the SMD and
the liquid film thickness was derived.
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atomization performance is properly expressed by a funda-
mental correlation in terms of the Weber number, which is
based on a length scale appropriate for the liquid breakup re-
gime.

Meanwhile, the capability to control the fuel injection proc-
ess is essential for the gas turbine combustor. When designing
and developing the gas turbine combustor, it is crucial to de-
termine the spray distribution, droplet size, and velocity fields
in the primary combustion zone. Unfortunately, previous re-
searchers could not use the laser diagnostics technique. Con-
sequently, spray information in the overall flow fields could
not be presented due to the limited measurement data. In this
study, a spray test rig was constructed for measuring spray
characteristics of the rotational fuel injection system by apply-
ing Phase Doppler Particle Analyzer (PDPA) laser diagnostic
technique. By using this system, the droplet size (SMD), ve- (b) Photograph of the test rig
locity distribution, and spray pattern were measured.
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Fig. 1. Spray test rig with PDPA system.

2. Experimental conditions

The diagram of the spray test rig is shown in Fig. 1(a), and
its photograph is shown in Fig. 1(b). The experimental appara-
tus consists of a high-speed rotational device (air-spindle),
water feeder, pressurized water tank, rotational water injection
nozzle, acrylic case, and PDPA system. The air-spindle and
shaft are directly connected to the rotational fuel injection
nozzle. The axial direction of the metering orifice coincides
with the injection orifice. Water is used as the test fluid instead
of an aviation fuel (e.g., JP-8) in order to avoid harm to human
bodies.

The water supply process is as follows. Water is pressurized
by high-pressure air and goes to the metering orifices of the
fuel-supplying nozzle. Water is spread out on the inner wall of
the rotational injection nozzle through centrifugal forces. Wa- (c) Section A-A (d) Section B-B
ter then enters several injection orifices. After passing through
the injection orifices, water is spouted to the surroundings.

Orifice

Orifice

Fig. 2. Diagrams of the rotating fuel injector.
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Type 1 Type 2 Type 3

The thin film or ligament is then gradually broken and atom-
ized to droplets. Sprayed water is continuously drained
through the drain port at the bottom of the acrylic case.

A PDPA system is composed of a laser source (6W Ar-Ion),
a transmitter, a receiver, a signal processor, and 3-D traverse
system. Spray visualization is performed by a Photron Fast-
cam SAl.1 camera with a 150 W HVC-SL light source. The
three types of injection orifices shown in Fig. 2 and Fig. 3 are
used. The detailed specifications of the Type 1, Type 2, and Fig. 3. Photographs of the rotating fuel injector.
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Table 1. Types of rotating fuel injector.

Number of orifice (ea) Orifice Orifice
Section A | Section B | Total diameter total agea
(mm) (mm°)
el § 4 12 0.5 236
Type2 | 8 4 12 15 21.20
Tped |8 4 12 22 4559

Y(mm)
°

X(mm)

Fig. 5. Combustor layout.

Type 3 injectors are shown in Table 1. The diameters of the
injection orifices are 0.5, 1.5, and 2.2 mm, respectively. The
injection orifices are placed on both sides along the center line
of the injector surface. There are eight orifices at Section A
and 4 orifices at Section B. The spray test is performed with
water at a flow rate of 15 kg/h and rotational speeds of 15,000,
20,000, 25,000, 30,000, and 35,000 rpm under ambient condi-
tions. PDPA measuring grids are shown in Fig. 4. The meas-
uring positions are 111 points on the X-Y plane. These are
automatically moved by a 3-D traversing system. The maxi-
mum sampling data is 10,000 and the maximum measuring
time is 20 s for each point.

The slinger combustor, which incorporates the rotating fuel
injection system, is shown in Fig. 5. The length of combustor
is approximately 200 mm, and the diameter of outer liner is
approximately 160 mm. Considering that the diameter of the
rotating injector is 40 mm, the effective reaction region for
primary combustion should take place at less than 50 mm in
height from the outer surface of the rotating injector to the
outer liner. Due to this geometrical limitation, spray character

5,000 rpm-10.5 m/s 10,000 rpm-20.9 m/s 15,000 rpm-31.4 m/s

20,000 rpm-41.9 m/s 25,000 rpm-52.3 m/s 30,000 rpm-62.9 m/s

35,000 rpm-73.3 m/s 40,000 rpm-83.7 m/s

Fig. 6. Spray visualization with rotational speed values of a Type 2
injector (rpm-disc peripheral velocity).

istics and droplet behavior were studied from a location less
than 50 mm from the rotating nozzle surface.

3. Results and discussion

3.1 Visualization

The breakup processes of the spray with rotational speeds
of 5,000, 10,000, 15,000, 20,000, 25,000, 30,000, 35,000, and
40,000 rpm on a mass flow rate of 15 kg/h are shown in Fig. 6.
The liquid disintegration processes of the rotating fuel injec-
tion system based on Fig. 6 are shown in Fig. 7. Dahm et al.
[4] divided the breakup process into subcritical, transitional,
and supercritical breakup. In a subcritical breakup with a small
Reynolds number, the liquid sheets spouted from the injection
orifice disintegrate a single liquid column into large drops of
fairly uniform size. This is the Rayleigh mechanism of
breakup. In a transitional breakup, the jet is broken up by jet
oscillations with respect to the jet axis. The magnitude of these
oscillations increases with air resistance until a complete dis-
integration of the jet occurs. A wide range of drop sizes is
produced. In a supercritical breakup, the atomization is com-
plete within a short distance from the discharge orifice.

As shown in Figs. 6 and 7, the breakup process of the spray
with rotational speed values up to 15,000 rpm corresponds to a
subcritical breakup. The liquid sheets that come out of the
injection orifice are drawn into a single liquid column that
then undergoes a breakup process. In a subcritical breakup,
surface tension is sufficiently strong relative to the film inertia
to draw the liquid into a single large ligament. At 20,000—
30,000 rpm, large numbers of ligament take place. The diame-
ters of the ligament decrease, and this leads to fine drop sizes.
At the same time, the distance of liquid column is rapidly de-
creased. At over 30,000 rpm, the jet nearly disintegrates from
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Fig. 7. Schematics of liquid disintegration of the rotating fuel injection
system.
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Fig. 8. SMD with rotational speed at X=50 mm (Type 1).
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Fig. 9. SMD with rotational speed at X=50 mm (Type 2).
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Fig. 10. SMD with rotational speed at X=50 mm (Type 3).
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Fig. 11. Droplet peripheral velocity with rotational speed at X=50 mm
(Type 2).

the injection orifice. This corresponds to a super-critical
breakup condition. In a supercritical breakup, inertial effects
cause the film to break into many smaller ligaments.

3.2 PDPA measurement

The SMD (droplet size) distributions with several rotational
speeds at X=50 mm are shown in Figs. 8-10. In this experi-
ment, the main flame location is expected to be at a distance
of 50 mm from the shaft axis. The flame location is verified
from the micro-turbojet engine combustor test by Lee et al. [6].
As the rotational speed increases, the droplet diameter de-
creases. This result can be explained by the visualization from
Fig. 6 and the velocity data from Fig. 11. When the rotational
speed is increased, the drop peripheral velocity is likewise
increased, therefore, the relative velocity between the sur-
round gas and the ejected water is increased. As shown in Fig.
6, these velocity differences shorten the length of the liquid
column until it finally becomes well atomized. At 35,000 rpm,
the droplet diameter of Type 1 varies from 29.59 um to 67.03
pum. That of Type 2 and Type 3 varies from 36.99 um to
59.22 pm and from 37.82 pm to 50.94 pum, respectively, under
the same conditions. Choi et al. [5] performed ignition and
combustion tests with a rotating fuel injection nozzle. From
their experimental test results, ignition of the rotating fuel
injection system is possible with a droplet diameter of ap-
proximately 60 pum, and stable combustion is observed at the
droplet diameter of 50 um. Therefore, the ignition point of
combustion on a rotating disc system with a 40 mm diameter
occurs at approximately a rotating speed value of 35,000 rpm
or a disc peripheral velocity of 73.3 m/s of Type 2 or Type 3.
In Fig. 8, there are large fluctuations in the 15,000 rpm case.
This might be due to the unstable disintegration process at a
low rotational speed.

The droplet peripheral velocity (V) profile with several ro-
tational speeds at X=50 mm is shown in Fig. 11. From Fig. 11,
the droplet peripheral velocity increases with increasing rota-
tional speeds. Furthermore, the droplet peripheral velocity on
the Y (-) zone is larger than on the Y (+) zone. This dissym-
metry is caused by the arrangement of the injection orifices.
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The Y (-) zone has injection orifices two times larger than the
Y (+) zone. This result also can be seen in the volume flux
contours in Fig. 12. The volume flux shows spatial distribu-
tion with several rotational speeds of Type 2. The ejecting
spray is concentrated along the injection orifice angle of 30° at
15,000 rpm. As rotational speeds increase, volume flux is
spread out to a wide area. Thus, droplets are sprayed more
widely in higher rotational speeds. The volume flux with vari-
ous injector types of 35,000 rpm rotational speed are shown in
Fig. 13. The spatial distribution of the volume flux is sepa-
rated at both sides in a Type 1 injector, but as the injector ori-
fice diameter is increased, a more uniform volume flux is
found in Type 2 and Type 3. A uniform spray is promising for
better combustion performance.

The liquid film diagram within a rotating channel of diame-
ter dywhen Coriolis force on the flow in the channel is small is
shown in Fig. 14. From this, the liquid film thickness calcu-

Type 2 (15,000 rpm)
—

Type 2 (25,000 pm)
50 B

cclem”2/s celem”2/s

Type 2 (35,000 rpm)

10 10

Fig. 12. Volume flux with rotational speed (Type 2).

Type 1 Type 2

celemA2fs celem”2/s

0 10
Y (mm)

Fig. 13. Volume flux with injector types (35,000 rpm).

lated by Eq. (3) from Dahm's study can be derived.

3 1/3 104 /3
4
T p,ROd
The liquid film thickness from the Eq. (3) relative to the pe-
ripheral velocity is shown in Fig. 15. Liquid film thickness
decreases with peripheral velocity and orifice diameters. In
this figure, the liquid film thickness of Type 1 is quite differ-
ent from those of Types 2 and 3. The SMD relative to the
peripheral velocity at an X=50 mm distance on the maximum
velocity position is shown in Fig. 16. In conclusion, the SMD
has direct relation to the rotational speed and the number of
injection orifice. In addition, a large orifice diameter offers
some advantage for producing a finer drop distribution. The
SMD relative to the liquid film thickness is shown in Fig. 17.
Here, SMD increases with increasing liquid film thickness in
all three types. Thus, there is a close correlation between the
SMD and the film thickness.

Fig. 14. Diagram of the liquid film of the rotating fuel injector.
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Fig. 15. Liquid film thickness relative to the peripheral velocity.
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Fig. 16. SMD relative to peripheral velocity at X=50 mm.
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Fig. 17. SMD relative to the liquid film thickness.

The non-dimensional droplet size (SMD/d’) relative to the
Weber number, which is based on the equivalent orifice di-
ameter d', is shown in Fig. 18. The Weber number based on
the equivalent orifice diameter is expressed as Eq. (4):

ngpzd'

We, = (where, d'=d,—t) 4

The gas density is p, =1.225 kg/m?*, and liquid surface
tension is ¢ =0.072 N/m . This equation gives valuable
correlation between SMD, orifice diameter (d,), liquid film
thickness (t), and Weber number. In Fig. 18, the non-
dimensional droplet size (SMD/d ") decreases with increasing
Weber number (Wey) in all three cases. Mazallon et al. [7]
divided the atomization processes by the Weber number as
“liquid column break up”, “bag-shear break up,” and “‘shear
breakup”. Arai et al. [8] showed that increasing the relative
velocity between the air and liquid shortens the breakup length
for the disintegration of liquid sheets injected into a co-
flowing airstream. These studies show that the disintegration
of a droplet is determined by the aerodynamic force. This
result also follows general trends of the disintegration mecha-
nism. Thus, in the rotating fuel injection system, aerodynamic
force induced by the rotational speed controls the disintegra-
tion process of the droplet.

Meanwhile, the non-dimensional droplet size of Type 1 de-
creases more rapidly than those of the other two cases, but it is
limited by the low boundary of droplet size. In SMD meas-
urement, the spray quality of Type 1 is essentially very poor,
with low rotating speed conditions. On the other hand, the
overall SMD distributions of Types 2 and 3 are considerably
better than the Type 1 case, even though the SMD reduction
rate is not larger than in the Type 1 case. The main difference
between Type 1 and the other two cases (Types 2 and 3) is the
liquid film thickness (Fig. 15). The liquid film thickness de-
creases with increasing injection orifice diameter at the same
rotational speed and disintegrates into the small diameter of
the droplet. Consequently, injection orifice diameter also con-
trols liquid film thickness, and this liquid film thickness has a
strong influence on the disintegration process of the droplet
under the same rotational speed. Thus, increasing the orifice
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0.14 4
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0.06 4
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We,,

SMD/d"

Fig. 18. SMD/d' relative to the Weber number.
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Fig. 19. SMD/d' relative to the non-dimensional liquid film thickness
t/d,.

diameter is more effective for reducing SMD than increasing
the rotational speed.

The data analysis indicates that the critical variables of
droplet disintegration of the rotating fuel injection system are
the rotational speed, liquid film thickness, and diameter of
injection orifice. From the coupled variables, correlations can
be made between non-dimensional droplet diameter
(SMD/d") and non-dimensional liquid film thickness (t/d).
The correlation between non-dimensional droplet diameter
and non-dimensional liquid film thickness is shown in Fig. 19.
There is a strong correlation, expressed as Eq. (5), between the
non-dimensional parameters. In this case, the correlation coef-
ficient is 0.993. Therefore, the general spray information of
the rotating fuel injection system can be determined using this
equation because it utilizes the variables of the rotational
speed and injector orifice diameter.

SZD = 4.5285-1+0.0091 (5)

0

4. Conclusion

The main objective of this study is to determine the possi-
bility of applying the small diameter of rotating fuel injector to
the micro-turbojet engine. This requires the determination of
the disintegration process of the high-speed rotational fuel
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injection system relative to the rotational speed and the diame-
ter of the injection orifices. To acquire quantitative informa-
tion, the droplet size, distribution, and velocity of the spray
were measured by PDPA, and the spray was visualized by a
high-speed camera. A summary of the test results is as fol-
lows:

At over 35,000 rpm (peripheral velocity=73.3 m/s), meas-
ured droplet diameter is lower than 60 pm in most parts of the
measuring points of Type 2 and Type 3. Therefore, conceptu-
ally, it is possible to apply this small rotating fuel injection
system to the micro-turbojet engine combustor at a rotating
disc peripheral speed over 73.3 m/s.

When the rotational speed increases, the length of the liquid
column diminishes, the peripheral velocity of droplet increases,
and the SMD decreases.

When the orifice diameter increases, the disintegration loca-
tion becomes closer to the orifice exit plane and produces a
finer drop size than small orifice diameters.

The liquid film thickness in the channel serves a crucial role
in the disintegration process of the rotating injectors. There is
a linear correlation between the non-dimensional droplet size
and the non-dimensional liquid film thickness.
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Nomenclature

S . Liquid film thickness at order diameter of the rotating

disc [m]

o : Surface tension of liquid [N/m]

Uy : Absolute viscosity of liquid [N - sec/m?]
(0] . Total liquid flow rate [m*/sec]
D . Outer diameter of rotating disc [mm]

2 . Angular velocity [rad/sec]
t : Liquid film thickness [mm]
d : Orifice diameter [mm]
d’ . Equivalent orifice diameter (d’ =d,- t) [mm]
q : Volume flow rate on a per-channel [m’/sec]
R : Outer radius of rotating nozzle [mm]

Up . Peripheral velocity [m/s]

0L . Liquid density [kg/m]
SMD/d : Non-dimensional droplet diameter

t/dy : Non-dimensional liquid film thickness
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