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Perforations in fuel disks not indicated
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» 2] %5% ?ZE ;‘;é Early German Hybrid Rocket Engine

Lutz, O, Akademie. Luftfahrtforschungen, 37,13-41, 1943
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Causes of impractical rocket = Disadvantages

Disavantages due to intrinsic features of hybrid combustion
- Low fuel regression rate
- Low combustion efficiency
- Time and local variations of fuel regression rate
- Equivalence ratio shift with burning time

Difficult to attain maximum performance

Key issues required for overcoming the disadvantages
- To increase the fuel regression rate
- To increase the combustion efficiency
- To burn a fuel grain at a predetermined equivalence ratio
- To achieve long duration burning
- To predict the time-variation of ballistic parameters

4 TRRUTRG) {anavided Dy-4AXS
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The fuel regression rate of hybrid combustion is mainly determined by
convective heat transfer from the flame to the fuel surface

. oT he and Qg are key parameters
Fps Qr =—4 oy — controlling
surfac
Flame T:
I : fuel regression rate mEJ OO Heiaht
: i Heat €19
Q+: total heating energy KG 1o Vaporization I he
Fuel
For PP fuel and typical - | = 0.23 Tw
physico-chemical values Re \ r— o —
Hybrid rocket combustion inevitably 01 2
results in a low I due to a flame zone | 4 1 hze
established within a boundary layer with 10 0.023
a thickness of a few mm or more
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* KEFERHREICATRELRYEDITS
* AFELOLITUVERBREZRND

@ To reduce boundary layer thickness by @ Swirling oxidizer
Increasing flow velocity near the surface injection

@ To adopt a fuel with a low melting point @ Paraffin fuel
and a low Q-

Concerning paraffin fuels :

Q+ Is mainly dominated by melting process due to low melting
point and thus liquid droplet entrainment into main gas flow

. FT0070 paraffin PP Oxidizer Flow
T =314KkIKgy = 1129 kI/kgo,, - TDrones
. Rt } o
Ordinary paraffin fuels cause an Flame
increase in I up to several times than om0 SL(')?ilé'd
solid fuels like PP and PMMA. Paraffin

6 TRRUTRG) {anavided Dy-4AXS
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Why is n, rather low for hybrid engines compared to solid and liquid ones?

> Solid rocket combustion ﬂ;’hoﬂf'ames
Solid fuel and oxidizer are Motor length () a
premixed on a micron-meter \mmp does not o
scale in the propellant influence 1,
(F+O)mixture on a um scale
> Liquid rocket combustion Uniform reaction time
Liquid fuel and oxidizer Combustion el :
atomize, vaporize, mix with ) occurs throughout =
=
each other, and burn on a the whole Oxidizer | Qo et
. Oroxand F Dropjets
droplet-size scale chamber space Atomiaton
Vaporization and Combustion

= on a droplet-size scale
Mixing

In hybrid rocket combustion

The burning scale is much larger than those of other engines, and the
effects of combustion chamber length differ from those of other engines.

7 TRRUTRG) {anavided Dy-4AXS
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Large non-premixed flame

> Hybrid rocket combustion / onagrain-length scale
Hybrid combustion with a large non- . [ Fuel
. . i Oxidizer ombustion
premixed flame like a large solid fuel
combustion occurs on a grain-length scale _ Sufficient Insifficient.

7af
Dar=222 > Dar= 22—
A8} or

B Characteristic fluid dynamic time 7a

* Fuel from the front region == The whole chamber volume is available for burning
* Fuel from the rear region == Only a short chamber length is available for burning

AV
T, = Pe avall g T, decreases with axial position along fuel grain

m T I
B Characteristic reactionﬁe’Erﬁ&’l;fi‘\t b (FESTATEDFIEESD J

Tr increases with flow distance due to a decrease in oxidizer concentration
and thus M combustion temperature

eFuel from the front region completely
burns due to a sufficient reaction time

The Damkohler

ggggzrse(es%{/ir{h) =) | eFuel from the rear region has an =| low M. H
) insufficient reaction time to burn
flow distance completely
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> Swirling oxidizer injection at fuel grain head to
Increase turbulence Iin the flame zone, causing an
Increase Iin the mixing rate between oxidizer and

vaporized fuel
= 7, [ZRLT: THRIBHIABESE 1T+ 550 8
> 7, ISHLT: ShH/BIEHI R SR OEHE

> Aft combustion chamber with an adequate

volume
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> Dependency of fuel regression rate on burning parameters

i =aG"(m,,m;,d,L,xt)=a'G"(m,,m;,d,L,Xt)

m ftotal — f (mo , d ) L, t) G: total mass flux , Go :oxidizer mass flux
. M, oxidizer mass flow rate, M; :fuel mass flow rate
Piotal = 9 (mo . d L, t) d : grain port diameter, L :grain length
t : burningtime, ¢ :equivalence ratio

> Equivalence ratio shift with burning time (O/F shift)

Muoa IS varied during burning E> e @ shit occurs

due to the increase in d o O inal / P iniia dECreases (n>0.5)
and thus the decrease in G, Fuel:PP, L=1000mm

g&s 0@:3.7471;?.]0 ZG[MPa]1659[k /(m?+s)]
. . o . . . ty = 4.7 [s], Goitm = 165. m2-s
> Variation of I with location and time 80 K" 200, = 1410 [kl
- - . . 0ng - 825 ko
Local I varies with axial position along @ 2¢ ©
the fuel grain in a complicated manner. 5% | % L %0%,
) > O QS
£ %".,1-5 B as 718 9le P
= & ©ol¥88eCols
' E1.0 =
Non-uniformity of burning behavior causes local and | §*°
early burn-outs of the fuel grain at some locations ~ % 0200 400 600 80 1000
Distance from Grain Leading Edge, x [mm]

NoZEEDESICHRRTEHH !
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FEXK-HERKOINETDO/NAT)yEA vk
IOV DMHZE-FHFE (1990-2014)

ERERIRIERIE N T)ykOrybIoO U NDIREL

PRBERFIE D HE 1992-
v NBRINAD)yRkOrybD3TE EITESE 2001
F LOXSIEARDIRELEIIEER 2001-

v BRAEFRIE R B PRGN D AIRAE  ABEBIR L RNnG 1997-

o EREBEREXE/NTA—FIDEFE 2008-
© HEAS5000NTU O NDERET-Bl{EEEITEER 2011-
P RBRRIEMREARDIRELAEERR 2010-
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We proposed a swirling oxidizer injection at fuel grain head on 1992
to increase fuel regression rates and mixing between oxidizer and
vaporized fuel.

- Swirling-Oxidizer-Flow-Type hybrid rocket engine -
Solid Fuel £, L=150 i 500 [mm]

=
o

idizer fm==)-

Swirling flow

©
o1
Q

)

Time-averaged
Overall Fuel Regression Rate, ry,,., [mm/s

o

‘Swirling injection increases oA
fuel regression rates remarkabl —
50 10

\(abOUt 3 tlmes) Intermediate Oxygen Mass FIUXO
Goitm [kg/(m?- )]
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I Fuel regression rate behavior was examined in detail using this type engine
with a swirler injector

Pressure transducer port <
Insulator (ROSNABOARD) - o
laniter  1hermocouples / Refractory (Graphite) Thermocouple 5 5
g /// Grain (PP/PMMA/Paraffin) / S
1) [N § S S [0 B
H o - I <
r 105(100) 8| 5] S
Swirler [ ;] S s L N\
Injector ~ E=EA. Eﬁ J Eg—bﬁ \ _
(S,=19.4) 150, 200, 500, 600, 1000 Nozzle(Graphite)
Gaseous Unit: [mm]

Oxygen Swirler Injector

Experimental condition D)
P.:1.0~7.0 [MPa] : ’
My 15 ~400 [g/s] SIS N
tb L o~ 27 [S] :

~ Unit: [mm ]
13 TRRUTRG) {anavided Dy-4AXS
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R
=

Fuel : PP, L = 1000 mm

‘S
) all
S 1500 — 5 S
Eo ’ F \ D_O - d |
5 1200 H— 4 %5 - _1Me-averaged values -
Z & P, 2 F = 1387 [N]
Lz 900 3 P, =3.64 [MPa]
2% 600 ) E D0 = 1.87
=2 M, 5 o =241 [s]
S 5
> E
© 5
@)

300 u \ ! 1
O | | | | | O
0

1 2 3 4 5 6
Burning Time, t, [s]

® |gnition occurred rapidly and reliably.
» Combustion oscillations did not occur when using GOX.
» For long duration burning at a constant m_, P, and F increase slightly with time.

14 TRRUTRG) {anavided Dy-4AXS
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D IOV DERF

: ¥ [Propellant: A

PP/GOX

| . L = 600 [mm]

F My =

. : \o 108 [g/S]/
© ‘t, 1254 [s] |

F 372 [N]
P.:1.18 [MPa]

® Burning tests since1993 were conducted over 500 times.
® Stable combustion and good ballistic condition were achieved
by applying swirl to oxygen injection.
F Increasing the burning duration had no intrinsic problems for engine performance.

15 TRRUTRG) {anavided Dy-4AXS
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o Real f)c* = Corrected Misp = Nlsp / 0.98

I Fuel:PMMA

O [with swirl - i iniacti

¥ e (], P=1.16-1.19 [MPa] ¢ =0.62~0.64 Adding sw!rl to the oxygen injection

I |a =500 , =3.32-3. . L32-LI N made e+ increase by about 10%.

. |o 1000 ., =38 ., 7206

— Without swirl d +

g & L=500 [mm],P=1.22~1.81 [MPa] ,» €0.53~0.

=1.0 [ ¢ was Increased substantially due

S - to an increase of I even in the

= 7o) same volume of the combustion

= : :

U with swirl chamber.

= 0.9 ) 1

= & : Increase by abqgut &

S ) _ 0 . : :

L without swirl | 10 7° Swirling motion is useful for

S Improving engine performance with
0.8 regards to both F]c*, in turn, f]c

0.8 0.9 1.0 1.1

Measured C* Efficiency, nc« [ -]

16

and the combustion chamber length.
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HARDNAT RO ybDiTE EIFRT "5
TMIT Hybrid Rocket with early swirling-oxidizer-flow-type engine %
1825
15 1385 23
0 o = A
(c%l e ~C J ;{@ﬂ g,
_S.Parachute/ \OxygenTank/—— " |}~~~
- Nozzle
Sensor and Battery>0l€noid VaIvPeMM A Grai
unit : [mm]

FIRST SUCCESS in launching a small hybrid
rocket in Japan in 2001

[Propellant : PMMA / Gas OZ(GOX)]

Altitude : 600 m, Thrust: 700 N

® This launch was substantiated the availability

of this type injection method.
17 Tais gacymgnt g niavided by A
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O PP P, =0.38~3.77 [MPa]
L =150 ~1000 [mm]

APMMA P, =0.67 ~4.32 [MPa]
L =150 ~1000 [mm]

[0 WAX P, =1.04~2.04 [MPa]
L =200 [mm]

IZ/"Elbout 7 times

Fover = 0.9004G i+
Fover = 0.0813Ggich >/

[EN
o

Fover = 0.0332G i "

2018-6-28

>

1%&77(3*

Experimental Results using
a Swirling-type Engine with
L=200 mm

fex [

Fuel |t [s1| ¢ [] (not corrected)

Paraffin
(FT-0070)

PP 4-27111-29 092-1.0

2-4 | 38-53 0.73-0.84

v Fuel regression rates remarkany\

Increased.
= C* efficiency and thus combustion

Time-averaged
Overall Fuel Regression Rate, Fgver [MM/S]
[N

o
[ —

1 10 100 1000
Intermediate Oxygen Mass Flux, Goitm [Kg/(m?®-s)]

18

\ efficiencies were very low. )
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INT T 42 EPP D RABEIR R D LLER

Paraffin (FT-0070)

13:58
2010. 9. 2

Goitm ¢ [ I
Fuel |y | [ | [ | ot
160 | P Pe 10 & | Paraffin] 191 1532073 | 31
120 I ™&g| ep | 2387 | 112097 046
80 ' W\\;\\I inaae . 0.6
| | F F i 04 2 The fuel regression rate was very
o | |  lo2 2 large, but a large amount of fuel only
0 L [— . 11, E melted in the combustion chamber
01234567 012345678 ©

Burning Time [s] and was exhausted without burn out.
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In our small hybrid rocket engine with a
large L/D ratio, F/O ratio became too large.

Engine with a short
combustion chamber

E | Combustion efficiency was too low

with an adequate volume

All

940
® 60

D
|ﬁrﬁﬁ//ll/

200

A 4

Nozzle
AN

» Aft combustion chamber

Example ﬂ
g [ OA% %
mm) ([ J= atcc
7 ! How to determine
W ] the volume?
| L
_ 63 Unit: mm

Premixed flame between
— unburned fuel and air

at ¢ =3.8,Pc=2.02 MPa
ne==0.74
20 T gacymant feynuayided by-ghXp.
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When assuming (z,)gea €9ual to (z,)ey,, the combustion chamber volume
Including the aft combustion chamber is roughly estimated from the
pressure ratio of the ideal value to the experimental value.

(" (P ) )
g ~ c /ideal
(\/C ) ideal — (\/C ) exp ( PC ) xp )

.

Experimental Result
For FT-0070 paraffin , |; The aft combustion chamber volume requires

the pressure ratio of about 30% of the main combustion chamber
Ideal to Exp was volume for complete combustion.

about 1.2 to 1.4. U

FT-0070 paraffin HRE Liquid Rocket Engines
L*: about 3.7 m > L*: 0.561t01.78 m

21 TRRUTRG) {anavided Dy-4AXS
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PRGEIR I ENe-Sh TR D EE

KR IR DERTF
> * BAMRBE GL H

VR

«$ 100 —|.
o J
02

0
j: .
i

e UNLIM | NO. | Gowe [kg/(sm?] | ¢ [ | ne*[]
R R RERERE IO T LA RE AR/
. i #2 35.3 3.40 0.87
RIGEREER  ORAMREERE
#4 36.9 1.82 0.99
w0 T ) a0
20 &
FRBEE IM o / . i Pave = 1.06 Pc §
DR | 095 5 Z.300 | " 8=
FORE | @/Nﬁ}//g;; por 200 2 <
X 20.9 -0 3 =Ry
509 | £ 5% - P27 K jos B¢
§ ¢ W'thof't ;Cf/too shoydcc = 100 RBAE TN los 2
BAEMRGE | 5 085 RS R S
E () W 0 1 2 3 4 5
HEE 08 Burning Time [s]

0 200 400 600
Time-averaged Main and Post C.C. Volume [cm?]

Ho B AMBEEZE T ATV MREER
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Side view: Swirling flames of PMMA with GO,

KRB FHROBI AN DERE

Injector ~ Strong swirling motion L=500 mm Nozzle

Dim streaks

» The obligue directions
of the streak flames
coincide with the swirl
directions of the O, flow.

Clearsireaks  girling flow directions

might adhere to the burning grain surface.

detached from the surface.

® In the leading edge region, the streaks were seen clearly, and thus the flames

» In the rear region, the streaks became dim, and thus the flames might become

Appearance of grain after burning = The leading edge region was covered with
Grain head  Larger fuel regressionrate larger deep depressions (smooth and clean

surface) consumed by the O, injection flows.
r In the downstream, carbon decomposed
from the grain adhered to the surface.
¥ The fuel regression rate in the leading edge
region is controlled by the swirling O, wall

’ AR S jet along the grain independent of the
_' Fuel : PP oxygen mass flux based on the burning port
O2 flow direction— area.

SN )
7 8 9 10 M 12 13 14 15 16 17 18 19 20 21 22

23
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Thermocouple

| Grain (PP,PMMA)
Quartz glass GOX

Refractory Thermocouple
(Graphite) LN
Digital camera High-speed _ Pressure port o
High-pass video [ N
Filter ~ C,Filter %j % i ?( ~
\ ? N . 7
X -
A R EE
I / Camera || @_
o | 7 77
COFilter — Half mirror " N =
200 \
Graphite nozzle
Thermocouple ,
Swirler injector (Sg=19.4) Unit : [mm]

Direct and filtered flame appearances can be observed from the front
through a quartz glass

24 TRRUTRG) {anavided Dy-4AXS
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9-r
N
>_
r
@_ﬁ

(c)

Fuel PMMA PMMA
0O, flow Swirling Non-swirling
(j(\lllll ~ e B <
[ka/(my-5)] 11.9 10.1 127 13.5
o[-] 1.62 1.47 0.81 0.42

The centrifugal force due to the swirling motion of the O, injection
brought flames close to the grain surface, resulting in an increase of the
fuel regression rates.

25 TRRUTRG) {anavided Dy-4AXS
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— PMMA (Front View) — PP

G,=10.1 kg/(m?-s), ¢ =1.47, Pc=1.0 MPa G,=11.9 kg/(m?-s), ¢ =1.62, Pc=1.0 MPa

¥ Disturbed annulus swirling aggregate flames for PMMA and PP developed
near the grain surface.

» The flames for PMMA was thinner and developed closer to the grain surface
than that for PP.

26 TRRUTRG) {anavided Dy-4AXS
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High-speed video picture
(Oblique view, 500 FPS)

Small streak flames

P.=0.7 MPa, G,=10.4 kg/(m?*- s), ¢ =1.7

Fuel : PP

Video picture (Obligue view,
1/8000 s, 30 FPS)

Grain edge (Injector side)

Grain edge (Nozzle side)

P.=1.0 MPa, G,=18.5 kg/(m?- s), ¢ = 1.2

¥ The disturbed swirling flames in the leading edge region consisted of an
aggregate of small streak flames.

» Small streak flames moved along the swirling flow direction.

» The flames might adhere to the burning grain surface in the leading edge region.

27
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PMMA/O, counter flow diffusion flame

2500
D
Na 588.9
2400 I 589.5
2 CH 431{ C, 5636
< 300 [
.y C,516.5
3 200 \
E (:/2 436.5 c/2473.7
S \
[72]
[%2) 1 1 1
T 350 400 450 500 550 60
Wave Length [nm]

~

e

&

Emission Intensity [Arbitrary Unit]

2018-6-28

VRDONRKANRIRIL

PMMA flame in the combustion chamber
Pc=0.41 [MPa], Go=1.75[kg/(m2-s)], ¢=0.48

150

100

50

OH 306.4

\

4959
CO44979 CO

499.6

5033 530.8 550.8
505.2 CO4533.1 CO45533
555.4

507.0 535.1

Ca 422.7

/

300

400

Wave Length

500 600

[nm ]

C, & CH /UK
COFIt

D> — RV RAE KR RIEER AT D FHE LA
= BRLRIRERIE/NAT )y ybIT oD BRIEEE

[SHRRUK K DFEZ RIE
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PMMA Emissions
Continuum C, CcO PMMA grain
t, =5.0[s]
P, =1.2[MPa] The continuum
G oitn =8.0 emission
[kgn’(mz's)] > 580 nm
¢ =167
Exposure time = C2 emission:
1/4000 [1/s] | 2=516 nm
PP Emissions Yo AA=1.7 nm
C, CcO PP grain
t, =5.0[s] CO emission:
P, =0.9 [MPa] A=501 nm
Goum=11.2 Y5 AA=9.1 nm
[kg/(m~-s)]
p=1384][-]
Exposure time =
1/4000 [1/s]

The gas-phase reactions of PMMA with oxygen occurred substantially near the
PMMA grain surface

Some gas-phase reactions of PP with oxygen may occur near the central region of
the PP combustion chamber.
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R R EBLK
> LOXSAbHefift DL L ¢ LOXBAERASIE/ ZILERE
) = LoEERHRIL/ XIVIZES
LOXEE(= & B4 BEE O ikt S SS9

KT - PRIGEHR Bh 0D 5 £ D 1

* RFTRMERBEREREZAE

> BCHIRIEREMBFED D) - BIBENA A ORI B KR
72 BH NS
. o Lt BERHERREE BB
> It/y‘/fﬁjétd) FEERETR [CC) —BmEeET ILaEs
FEDHEL - SEEFA OMRIEEEE DA

:> - HEH5000N B ATEET %

> #H5000N TPV DEE L 55 - SRR - 7 — A T2

(HRAWG /ISAS L)
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LOX &b/ X JL IR EER
PO(T) Experimental appearance

fe e E3Mo | We proposed the LOX vaporization nozzle

v Lox 1 and succeeded to vaporize LOX in the nozzle.
LOX Tank Supply

Valve

)

.
&)

F
B

Change Valve
(¢4.73)

11 I
é‘ ‘ ‘ ‘ Unit: [mm]
GOX LOX

Thrust : 362 [N]

Burning time : 5.5 [s]

Chamber Pressure : 1.37 [MPa]
Oxygen Mass Flow Rate : 136 [g/s]

N
\ 4

136 Unit: [mm]

32 This goouyraal sy by-N8



NTYyEnryb VR L 2018-6-28
 — RN s L=t S o y— H= Lk B2
LOX b/ X IIVABERRF D T O &L T BERE FE
i g‘ Ignition Quenching 900
< 2.5 1 500 nz 28 1700 =
s % S - /| g g
S 2.0f 1400 & & 22 c "
. : 4+
2 1.5} 1300 2 @0 (15058
o ~ B =
ml.oq 1200 3 2 &< s
3 S £ 23 J300 N ®
20.5; : 1100 Z £ Oc¢ 2
= Myox S S
= 0 b 0 > 5
O 01 23 456 S = 50 100
Burning Duration, 7 [s] e 0 1.2 3 4 S5 6
g ’ Burning Time, ty [S]
Thrust: 362N Chamber Pressure:1.37MPa >FEiflER ET FIEDMEIL
EEB 71 = ek bk ==
LOX Mass Flow Rate:136.4g/s >R - R XL D XE
\
( - . - P . \
* Rapid and reliable ignition and stable combustion was observed.
» Self-sustained LOX-vaporization operation was successfully
L demonstrated. )
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> LOXSAL AT D HEL [ - LoXBARHSIE/ZILIZES
PRBEEERIZRLTI

- REFRSEREEE R
> BACEITREL RS [m) - MEEAXXOARIELLERE

#Z AR i e
BN BT AR 2 R EEZTZE L5
> IVOUREOREEBRETE ) —BRRRETILEHEE
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EZ{EF| e R B R A XD /AR R R EEDRFH (1)

Side view: Swirling flames of PMMA with GO,

Injector ~ Strong swirling motion L=500 mm Nozzle

Clearstreaks Swirling flow directions Dim streaks

RIAERAETHENEDD

» The obligue directions
of the streak flames
coincide with the swirl
directions of the O, flow.

might adhere to the burning grain surface.

detached from the surface.

® In the leading edge region, the streaks were seen clearly, and thus the flames

» In the rear region, the streaks became dim, and thus the flames might become

Appearance of grain after burning = The leading edge region was covered with
Grain head  Larger fuel regressionrate larger deep depressions (smooth and clean

surface) consumed by the O, injection flows.
r In the downstream, carbon decomposed
from the grain adhered to the surface.
¥ The fuel regression rate in the leading edge
region is controlled by the swirling O, wall

’ AR S jet along the grain independent of the
_' Fuel : PP oxygen mass flux based on the burning port
O2 flow direction— area.

SN )
7 8 9 10 M 12 13 14 15 16 17 18 19 20 21 22
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ERAEF| R e B R EA XD BFTAMRREEDRFH (2)

! Bl O AIE%E AR

—J
-~ -

3.5 z =

o - X 100 mm
é 30 ] _ E>C =3.77~4.O[2][I\C/|;Pa] 8.4 kgl

%) o) (" ty, = 4.7[s], Goave = 168.4 [kg/(m~*s
2% |l Independent on Goaye || " 2 ag i Sl ipoe laie o)
R P
o S ~ ty = 7.9]s], Goave = 104.3 [kg/(m~-s
S 20 b dependent on Goae ||® “ 1o 897 [/ (m- 9]
g*;g Ao _ _ @ =159]s], = 785 [kg/(m*+s)]
= aé 15 Pie 0503089 decreasing with t, CErE e
% S o L | At = 68[5], Goae = 69.5 [kg/(m’:s)]
°z © YW 97989058 _[|[©O =148[sl = 550 [kg/(m’s)]
F3§1Do§i:“5-33o$ O  =250[s), = 436 [kg/(m*s)]
< oo A § §
> ) e
— 205 p $Péa 86 & Fuel: PP, L=600, 1000 mm
3

Fuel:PP DBEAMRFIZRERRESf
0 200 400 600 800 1000
Distance from Grain Leading Edge, X, mm

[ A A 2R R BE D
> AIfEER © B GERIORZEKR, T LA VAEIREFLEL
> BAE > B IREIOEE/N FLIVREICEKET S
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ERAbF| R e B R EA XD BFTAMRREEDRFEH (3)

ESHATHOBFIREEGEEE - W“m T

£ 5

g2 30 : :

38 7 feconstant Leading Edge Region C ™ Rear

O _x

53

§ o 0,0 e = 379.5 ~ 399.7 [g/s]

= S X 2 m, =294.1 [9/s]

25,10 (1,5 0 % M, =159.5~199.4 [g/s]

SSE V.AV,A m, =100.0 ~ 111.7 [g/s]

x. SE >, p> e =59.3 [9/s]

ER %, % Mo = 66.9 [g/s] &~ Sg=32.3

LL

:Io’ %

g8 o | |ETBORmmEREEE

g;% 03 l l Lot | - > EJ&{E%IJE%;JIL;E(:gﬁ({Kﬁ

L 100 > EAOEEFEL

-<>E—< 0 Local Value of Average O>2<ygen Mass Flux, > 7—__90) (i%’)gfidj‘ﬁb\
Golave, kg/(m 'S)

B4 EB 0D /3 AT A 48 4 B 5
> BEREN—TEDGE. BRILRIEERRICFREKFLEL
> ENPEHAFEERRN—ETH, BRAEICERIKEFITS
> PABEERZ (LY LAV ALEICEHBEIEFIE ERRICITKFLLRL
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A& AR R U MR 7 BR D T R R B FE LR/ N T A— R L DR 1R

Axial-averaged Local Fuel

Leading Edge Region : fravel0-100 Rear Region : Fravelx =100-60011000
Sg=19.4 Sg=19.4
-l | O P =377 ~402 [MPa] m @ P, =377 ~4.02 [MPa]
b Y- O p =am a6 el B o . Tam “oes para
| O P =172 ~233 [MPa] B P, =172 ~233 [MPa]
3.0 SA32P3° ~098 - 124 [MPd] 3.0 A P, =098 ~124 [MPa] |
. g=32.
Fuel._ PP . Y% P, =196 [MPa] Fuel: PP Sg=32.3
Leading Edge Region , = Rear Region * P, =196 [MPg]
" |
IS e d 0.734
= o 8 oave “lave
= S 5 |fae=0.00339 ( —lave g
Z = $ ave 0
1 O o
= g5
g T 2.5 T
< B 5 g —
p Mo/ A 0.668 s A
o —= i o - B
@ Fre =4.85x10°| 222/ T gq E < m &
4 “ <G
) o
o — g |
o
0.3 11 |8 l l 8 0.3 111 1 1 1 1
410" 10 4-10 600 1000 6000
Moave / Ainj S 1 r‘noave dIave S kg
-, enm d g m? s
y2 Alave 0

2IS—hSDEEE B L HIE B R FEEFEE MR L=S LAV
DEEEROEY [ ORRICIHKE DELLHIE SRR T EEY
SERE M H B LAY
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HEHSKNB ST O D ERAFREHFT A

rERER

> EHHEHNSKN LLE, R KREEREHESD 75kN LIF
PRBERFRE 10 s LA E

> EHPRFBERERERE 3 mm/s KLk
FIIC*FNE 95 % LI L @ERIEFIGOX

> IR 1500mm LT, EE15t LT
> BIBFOBRFENEREBEDORE
PRGEEE HETBISR 2 4Pl E

> IVUURBERENDTEE 4QxKNEARAERN

Wkl

> MRMEEAEISEIEFGRIERAXET S
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LR REREES ELU-FH2EBREET IV

HIT#&EB

2 N

®77E8

rfi - FFEIIZ—F{E r-.b _ a,GC,) n’
T a%mAaY oy gomL
di — 2|’}At-|—dH
N ) | d=2r, At+d, = 2a'£
Lf
5 \_

~

’ 4'rho,i Sg
C-:'o,i —
. d,
Aoy S9 ) At +d.
i-1 dO -

/

B &% X, BATRRERRERICE DEARIRERE N\(TYyRArvb I DUt RE/ AT A
—SDRFLEL TR FEISONT, BAMEFHFRHXE Vol 61,No 3,pp 71-78,2013
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1600
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AH IBREETL

itE FEREETIL
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457

e
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( r=aG; Z&EA)

J£71 Pc [MPa]
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4

2 3
B5fE 5]

3.7

5 0

2018-6-28

HE FMBEETIL
aN 7 B

)
- 15’;%&%{%’»/

]

2 3
BfE 7 [s]

PP, Sg=19.4, L=1000 mm, m.,,.= 388 g/s, G,,,.= 177 kg/s-m?

B SH2EBBETETIL:
EERELRZRICIEAD-HAELIZ, EBEFRED

BT BRI EEDITIEMNT S

KARHEDZELX
RERDPRBETIED
BN
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Mass Flow Rate,

- 2.0
mg
MREERE
4 1.8
ehygr | 16
@

. 4 14

Mgy
RREASEERE |

RETTZSMEERE Ty |

! ! ! ! ! ! 10

0 2 4 6 8 10 12

Burning Time, t [s]

Equivalence Ratio, ¢

2018-6-28
FrRE&EH
-BEEHERE : 1.37kols
-Sg : 194
- A% . PP
LA

RZE 56 mm 44200 mm
K 097m
(AT#EER0.10 m #&AEF0.87 m )

-/ X)L:
AA—kE 32 mm
H O 4% 82 mm
C*¥p - 1.0
- C, & : 1.0

-HIFE (RAFTRERFZERE: £94.7 mm/s)

PRBERFRE (2L T
T =

THLI LAV ERFETREE
BIEAP DA Z REITE I D7EL
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Combustion Chamber Pressure, Pc [MPa]
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FrREIRIZE{E F 8 (2)

(12 BRI/, | "GOXFiZE :13709/s

RSAME -BREERREE ;228 mm/s

F11E) LEE 132

6 3 = 702
5 HENF = c '
_ PAEE R E ) = = | PRBERERI & (D
b © ) D QO3 B s g
; 4 2 | = HFEICED
L e ER IR 12 R T, 2
o 3 B R RRE T 5 E (2.7 mm/s —1.7mm/s)
2 2 #HEBT LA 1 8 o1 O -HIREMARERS
' (b]
= g T | 1B#‘@2mmiiE
1 = = 0B RITHIBER
> &=
0 2 4 6 8 10 12 k /
Burning Time, t [s]
é - R :5349 N -PREEIE : 4.26 MPa A
IO RE

-EREBIE =R : 250 kg/(m?2-s)

-PREERNEE 3600 K
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Thermocouple

Rupture Disk

X2 \\j@ Unit:[mm]

2018-6-28

AN Y] N m By 2] e ISRV

O (HRIBFZR :HRWG /ISAS)

Thermocouple
Insulator L N
BN Refractory(Graphite®  emm) | |3 —— Thermocouples
GOXx - T i S/ Grain (PP) — \
Inlet : = / — ;
& N A | 64
I ooomies S—3 <
7 ~ R
Pressure S Al Y| S s
Transducer = . == \
Port /
_ : \ 1349
Igniter —_ \ AN

_ Thermocouple
Engine

Swirler Injector

Fitting Flange (59=19.4)

Rupture Disk — .
L Nozzle (Graphit
Fitting Flange \OZZ ¢ (Graphite)

Pressure Transducer Port

-(JLA A EE/AO—+mFE) =3.06
A5+ (45— ETILASYEB6-0
ST F—T4RIEEE :6.1 MPa

JirEnS ok
BMERE-ARX > RAITS5—a1sH
A—5ERX1) vk (13 mm-&535 mm-8
BT HoiERAREH
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SKNEREFIFRIEREB /NAT )R A4S vrIo D0 DRBEDIRF
= JXILEER

(#6-1, 5 kN, 10s)

> |SAS/JAXA HEBEFHEER TOKNISADINAT ) yka4yhk
IOy QORRGEAERMNAIRETHAEFHEZELT-
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#6-1 T REERE

el
o

2.0

B
o

1.6

W
o

1.2

g
o

0.8

Thrust, F [N]
Combustion Chamber Pressure, P, [MPa]

—
O

0.4

Oxidizer Mass Flow Rate, m,, [kg/s]

-1012 3 456 7 8 910111213

Burning time, ¢, [s]

> £ 4 5KkNTHRRBERRI10F E TORBEIZ B Ih
> EARUBREZEFEHDETIZI/ XIILAO—,DIO—232(0.25mm/s)IZ&B
AO—MEBEX CBFRERREETHLRE
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a

Measured Values Estimated Values
(Average)
Run No. £ | pe. " Goa\,e2

[kN] |[MPa]| [kg/s]| [s] | ¢ [kgé;“ tmmysg| e | e
#2-3 | 360 | 051 [153.5| 16 | 25 | 60.0 | 0.70 | 0.97 | 0.77
#2-4 |11658| 1.62 |[501.0( 46 | 1.5 | 166.0 | 1.29 | 1.00 | 0.92
#3-1 |1400| 1.43 [459.5| 88 | 1.5 | 1349 | 1.12 | 1.00 | 0.86
#3-2 |1300| 1.26 |{4169(196| 1.7 | 934 | 0.99 | 1.02 | 0.88
#4-1 14.152|2.761(1.228| 1.5 | 1.16 | 438.8 | 2.52 | 0.98 | 0.96
#4-3 14.438|2.581(1.357| 45 | 1.12 | 322.7 | 2.18 | 0.98 | 0.96
#5-1 |4.323|2.685(1.208| 44 | 1.26 | 347.0 | 241 | 1.01 | 0.99
#6-1 |3.910{2.128(1.140| 9.3 | 1.20 | 264.4 | 1.94 | 1.01 | 0.99

2018-6-28

BNAD)ykBrybIo Oy
DIRFERERT —FDFEED

A

FEHEIZHE DR RIRIREE2.41 mm/s TC*EhEE95% LU £ D R BE % Z RL
RENT OO DRGEHIHE SRR BEECCHREFDLEHEGTREERT —IZRF
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10 f 10 0 0.729
: )

+Msd
- rm,e_233x10-3( omave _f Zave g,

AG.VB dl‘J

No. 5-1
No. 6-1

- 0.541
Ainj Sg)
Uox

Axial-Averaged Local Fuel
Regression Rate, 7;. gy [MM/s]
|_I
o

® HTE-5-1
O Laboratory-scale (Sg=19.4) O Laboratory-scale (Sg=19.4)

0.1 ¢ Laboratory-scale (Sg=32.3) 14.5% ¢ Laboratory-scale (Sg=32.3)
. : : — 0.1 : . RS

4x 107 4x108 1000 10000

mox.ave/Ainj m +msd
#—Sg , 1/1'[1 ox,ave f Yave Sg ) kg/S -m2
o0x Agpe d,

a) Flow-development region (0 ~Lf) b) Fully developed flow region (L ~ L)

Axial-Averaged Local Fuel
Regression Rate, 7f gpe [MM/s]

® HTE-5-1

> KREMEIZHSHIBHMEDEILZEEL-AI/EA TR REBEREDERBRAZHR
> MHERBREEDFARENEELE

Sakurai, et.al, Performance and Regression Rate Characteristics of 5—kN Swirling—Oxidizer—-Flow—Type Hybrid Rocket Engine,
J. PROPULSION and POWER ,Vol. 33, No. 4, July—August 2017
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