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Effect of Ultrasonic Wave Energy on Combustion Characteristics of
Hydrocarbon Fuel

Chang Han Bae

Department of Mechanical Engineering, The Graduate School

Pukyong National University

Abstract

This study was performed to analyze the combustion characteristics of
storable hydrocarbon—fuels with ultrasonic wave energy. The demand for
launching satellites is rapidly increasing due to the decreasing cost of
space launch vehicles. In particular, the demand for small satellites is
steadily rising because of the reduced development and launch costs, as
well as the short lead time. Small satellites are primarily operated in Low
Earth Orbit (LEO), which has the disadvantage of short mission duration
due to perturbations such as gravity and atmospheric drag. To make up
for these disadvantage, propulsion system is required for orbit transition
and attitude control. Among them, chemical propulsion systems that use
storable fuels are suitable as fuels for small satellites due to their high
thrust performance and high energy density per unit volume. But, the
characteristic of storability requires sufficient phase change energy for
combustion. This can cause combustion instability, such as ignition delay,
which can degrade the performance of thruster. However, ultrasonic
atomization can be used to create droplets that can be burned immediately.
In addition, when ultrasonic energy is excited to the fuel, the combustion
efficiency can be increased due to the -cavitation effect, such as the
collapse of the hydrocarbon chain structure. To take advantages of this

effect, an experiment was conducted to explicate the behavior of an



ultrasonically—atomized kerosene lifted-flame in accord with position of
ultrasonic standing wave (USW) and the carrier gas flow-rate. The
combustion region was visualized by using DSLR, ICCD camera and
Schlieren photography with the high-speed camera. As a result, when the
flame was exposed to ultrasonic standing wave, it was confined within the
boundary region of the standing-wave field, and its OH radical (OH")
emission field was intensified. Flame chopping by USW could be also
observed in detail through the distribution of OH*. And in order to
determine the effect of ultrasonic-wave excitation time on the combustion
characteristics of kerosene, an experiment was conducted. The fuel,
kerosene and oxygen were injected through a coaxial shear injector and
burned in a model combustion chamber. The ultrasonic-wave excitation
time(t.) was set to 0, 30, and 60 seconds, and the composition of the fuel
was analyzed by gas chromatography mass spectrometry (GC/MS). The
OH" intensity was then acquired by ICCD camera. As a result, the
temperature of the fuel was higher with the increase of t., and the
hydrocarbon chain structure of high molecular composition was
decomposed into low carbon numbers composition and free radicals by the
cavitation effect due to the ultrasonic-wave excitation energy. As a

consequence, OH" emission intensity increased with te.
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Fig. 2.6. Lifted flame images according to the flow—rate of carrier
gas and the height of USW excitation region.
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Fig. 2.8. Contour image of the distribution of OH" emission.

o] 318 Ao = FAHEHT. Fig. 2.99] ol #Ix|3 A" 3F(transverse

4

W F2d sepugol wAsE Save AMe FA 5 Ak oF F

_19_



Nommalized OH emission intensity [1,.]

Normalized OH emission intensity L]

"

Normalized OH' emission intensity ;]

48

43

8.7

4.6

4.5

G4

Vertical direction [mm]

W45 0 25 30 35 4D 45
Transverse direction [mm]

(a) with ultrasonic standing wave (h; =

-2.00 SLM
_——1.95 8LM
——1.90 SLM
——1.85 SLM
~——1.80 8LM
—1.77 SLM

Vertical direction [mm}

0 15 20 25 30 38 40 45
Transverse direction [mim]

3% -2.00 SLM
—— 1.95 SLM
7 —— 1.90 SLM
—— 1.85 SLM
& ——1.80 SLM
—— 1.77 SLM
50 g
40
30
26 :
19 {
o ¢ i :
] 02 04 05 D8 1
Normalized OH' emission intensity {2,.]

20 mm)

2.00 SLM

fiH]
—— 195 SLM
G —— 1.90 SLM
—1.85 SLM
80 ——1.80 SLM
——177 SLM

o L L i

b] 02 0.4 05 5.3 1
Normalized OH' emission intensity [y

(b) with ultrasonic standing wave (h; = 10 mm)

——2.00 SLM
——1.958LM|--
——1.90 SLM
——1.85 SLM
—180SLM|
——1.77 SLM

Vertical direction [mm}

16 15 20 25 30 35 40 45
Transverse direction [mm]

(c) with ultrasonic standing

_20_

2.00 SLM

23§
——1.95 SLM
G —— 1.90 SLM
——1.85 SLM
80 ——1.80 SLM
—177 SLM
53 F -
ELES
30+ :
20k :
ik :
o | P

9 02 0.4 035 5.3 1
Normalized OH'" emission intensity [y

wave (h; = 0 mm)



5 1 83 2.00 SLM
. ——1.95 SLM
z 70 ——1.90 SLM
§ %1 £ ——1.85SLM
£ £ ——1.80 SLM
—— 177 SLM
@ { 2
QEJQJ- v E 40
: ~2.00 5LM ?a
I =
Toosl —1essm| g%
T |——1.90 SLM 3
& Iy —1.855Lm = r
Toar [ 4 j——1.80 SLM|
/g 15 L
£ / |—1.77 5LM
Z paq L4 L . . L L . g L& ; ; ; ; ;
6 5 16 5 20 35 30 35 40 45 ) 02 0.4 08 0.3 1
Transverse direction [mm] Normalized OH emission intensity [1, ]

(d) Without ultrasonic standing wave
Fig. 2.9. Normalized OH" emission intensity according to flow-rate
of carrier gas.

_21_



Fig. 2.10& A4283 712 A2k #4714 §3% Avznzel @
ARFE S5 A FF MAse] F78 hot 0

o+ 20%, 282 HY 26% 7V S7Hs
Z Geoln dolzEze PHE BAAA

o
rr
B
oo
o
o
o
v,
=8
fN
Lo
b o_u,

718}-&(evaporation rate)S ¥FAAIZIAL, =& TA XY A8 F=T

Mg Ao R F/AA FHaTs P Ane] FA Fs

=
GHT hob 10, 20 mme o, 7FASHA] & ARG dASARES ¥

o+ 16%, 8.5% 2z} w3ttt w3k 7] f-3Fol e A5 Aw o)
m

71717V 7F 7 E A+ h7F 0 mm¥ wiolH, hol Z71e A 1
52 | [ —A—with USW (h, = 0.0 mm)
—=— with USW (h, = 10.0 mm)
5 with USW (h, = 20.0 mm)
54.8 | | —@—without USW
(@) L
Easl
C L
a4l
Q- F
Eial
(2] L
& 4
g 4f
3 38|
B38|
I °
36
34|
32 | n 1 I 1 1 1 " 1 " 1
1.75 1.8 1.85 1.9 1.95 2

Flow rate of carrier gas [SLM]

Fig. 2.10 Fuel consumption without or with USW according to carrier
gas flow-rate.

_22_



1l

oA 9] fZ(spillage)Z 3l Z

3 &= el 71¢Q

_23_



M. =53 39 AZAF 7| ALk4 9

e
b
[
o,

1. 47Hi 4

Azie dEdel deddy Basad duz we 444 2 U=
FY 5o hUR 9L wejs

TH38-39]. ARt ARALS =& AW} AqUAE 878t &% F97]

>
plﬂ
[
o
m
=2
a
a.
w0
0
=
it
=
2
re
b
i
o
o
B
9
=
B
ol
o
filo

AEClAS ARo] 28T NG A A gEHOT Yojue
A4 F shfolth oA W 283 shxle] o walsls AulEHol AL A
Mol gEHQ Fx9l alkened A&7 AFHL kA 7Id] F
23 oUAE 715 A ARFo] FHE PHFL AETEE Add

HU

_24_



ol

g
=y
X
Th

SRS
/\Eé]'

_g]

|

I

AFZA

]

(e}

ahz

I

*

AZA-7]

s

_g]

Z=3 7Fde

ZTE Fig.

A o] 7N

Sl L
]

3.19} Fig. 3.2¢]

om, A=

A

o] $43% STS304= A ZH

Fig. 3.3¢] 1

L
)

R

SR EERCCE oY

Fig. 3.1 Overview of the experimental apparatus.

_25_



A& WHxE7] fs] H o ZHE 17 mm, 24 mme Zold AT H]
w3 A4sA o HE AW

A, AR E ARAR st EX] U Fol A ol ESE T, spark plugE
AZ1AAA 7L 17EE o] Hetdt. dad=z g5 F4 AoE

=
muel fuA, A @ HHAAE sl FSH HolEE HolH

—I—I_l Flow Meter Needle Valve
T
Ful OO —+H1

Tank

Flow Meter
CO f—

_®
| o
. ‘_©©©©

©

GCH,
Model Combustor

Fig. 3.2. Schematic of experimental setup.

_26_

Nk
QL
[
[>
o



3]
=

|

e stge A

©

Uepd .

Oxidizer

=

=

Fuel
Inj.

A

Al

da Al EA

A1

=
=

SFA .

[

Fuel |

g

sl ol

=

=

—

)

I = 2ld.
Fig. 3.50= =53 7Izls St &9

O

o) ( _‘

Fig. 3.3. Schematic of model combustor and temperature sensor

Manifold
& Injector
Combustion
Chamber

position.

Ao el 2]
Petoll X" 2=2H

°©

o

=i

)

s

_27_

stow, 1 A A& Table 3.13 #t}.

S

o

=

kHzo] ™,
AFE 3



Fig. 3.5. Plenum chamber assembly.
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Table 3.1. Experimental parameter.

Excitation Fuel Mass Oxygen Mass ) )
) Equivalence Combustion
Time, te Flow Rate Flow Rate Ratio (6) Time(s)
atio ime(s

(s) (g/s) (g/s)

0

30 9 12 2.55 4

60

Table 3.2. Operation condition of GC-MS.

Model GCMS-QP2010 Ultra
Column 30 m X 0.25 mm(1.D)
Carrier gas He
Injection temperature 280.00TC
Injection volume 0.2 uL
Initial temp. 40C
Oven temperature Rate 10C/min
Final temp. 300C
EdALd WRA FEH= 7HA 3kdel olnAl= DSLR 7HHEHE
3 FFIJY. a8 g9 d4a A= =AHS 98] band-pass

filter(central wave length: 307.1 = 3 nm)7} 2" ICCD (Intensified

Charge Coupled Device) 7Hig}E o]&3sle] OH" Add A=

AT
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Fig. 3.8. Normalied OH=* emission intensity according to the
ultrasonic excitation time variation.
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Fig. 3.9. Temperature profiles of the model combustor wall
according to the ultrasonic excitation time variation.
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