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Abstract

Expermental mvestigation of eryogenic reactive coaxial sprays with Liquid oxygen as oxilizer and gaseous

m ethane as fuelwas conducted m DLR Lampoldshausen Gemany The sprays and the flan es were mvestigated by visualiza-

tion m ethods such as shadow graphy and magmg the flane an ission  The atam ization and flan e stabilization at d ifferent cham-

ber pressures and njection dinensionless mmbers such asW ebernumber (We) andmanentm flux ratio J-number are dis-

cussed It is shown that canbustion pressure affects the jet atan sation appearance and the flame stabilization significantly

Increasing chanber pressure favors the flane anchoring close to the mjection plane No correlation betveen flane lifioff dis-

tance and W eber num ber or injection velocity has been found m this study The liquid oxygen intact core length decreasesw ith

ncreasing gase-to~liquid man entum flux ratia A tan ization has significant effect on LOX /CH ; coaxial flan e stab ilization
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1 Introduction

There has been a particular nterest ofmethane as a
pran ising green propellant for rocket propulsion The at-
an ization and canbustion characteristics of LOX /CH,
propellant caomb nation have been studied to expbit the
potentialities Spray cambustion can be characterized by
three processes as vaporization mixing and chen ical

reaction processes In most engine systans the vaporr

*  U#s BEA: 2007-09-08 1£1T HER: 2007-12-11,
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zation time is at the orderof 1~ 10ms tubulentm xing
tme is about 0. I~ 1 ms and the chan ical reaction tine
is only at the order of m icroseconds .V aporization of
liquid propellant appears as the contolling process n
spray canbustion and vaporization process in tum is gov=
emed by atam ization

For atam ization characterization of a shear coaxial
mjector which is the typical mjection element for cryo-

genic propellant combustion such as LOX H, and LOX /
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CH,, the non-dmensonal numbersmainly used are the
relative gaseousW eber number (We) and the gaseous to
liquid mamentum flux ratio J, defned by We= P, (u, -
w)’d, /0 and J = Qrz.i /( Put). W eber nimber can-
pares the aerdynamic force with the surface tension
force acting on the liquid jet®”. The size of diwplets
fomed by coaxial atam izers ismainly controlled by W e-
ber number Sprays at higher W eber number can get
gnallermean droplet size Decrease in droplet diam eter
can greatly shorten the vaporization tine because the va-
porization tine of a droplet is proportional to the square
of the mitial droplet dimetet ™. O ther paran eters such
as chamber pressure p. and gas-to-liquid density ratio
have also been found affecting the atam ization
process .

Another mportant issue in non-prem xed combus-

flane stabilization

process has been studied extensively in the case of a

tion is flame stabilizatbn The

gaseous fuel jet mjected mto an anbient quiescent at
mosphere . Cryogenic coaxial injector configuration dif
fers in some notable ways fran the previous gaseous fuel
injection The oxygen is injected as a liquid jet at cryo-
genic tanperature and then it requires break ng up nto
droplets and needs energy for vaporization The oxygen
jet frm the central ube is at lw speed while the coaxial
fuel flw s at high speed So a low-velcity recirculation
zong which is essential for flan e stabilization may oc-
cur around the lw speed central region as shown in

Fig 1 For coaxial spray flane of LOX H,,

found that the flame is alvays anchored to the recircula-

it has been

tion zone mmediately after the liquid oxygen mjector
rin' """ However i this study it has also been ob-
served for LOX /CH, at same conditions that a flane
stands off at a distance from the mjector plane and is an-
chored n the turbulent m xing layer of evaporated oxy-

Therefore LOX /CH, hot tests

have been conducted at different canbustion chanber

gen and gaseous fuel .

pressures and W eber nunbers n order to mvestigate the

effects of njection and work conditions on atam ization
and flane stabilization The results are discussed n this
paper on the basis of spray and flane mages photo-

graphed during the hot tests
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Fig.1 LOX/H, flan e stabilization m echanisn in ref [ 9]

2 Experimental setup

The expermental mvestigation has been perfom ed
on theM 3 test facility at DLR -Lan poldshausen Gem a-
ny The test bench is equipped with a single-njector
cambustion chanberw ith 140 mm X 40 mm quartz w in-
dow s as optical access for visualizing the spray and flane
evolution ( see Fig.2( a)). The mjector elanent is a
shear coaxial mjector as schanatically shown m Fig 2
(b). The liqud oxygen is njected fran the central pipe
and gaseous CH, goes through the annular passage a-
wound the LOX post The LOX pipe and the njector
faceplate are changeable to get different dinensions of
LOX and methane mjection diameterd, and d, for achie-
ving desired injection W eber/ number canbnations
The LOX pipe thickness ¢ keeps 0.4 mm for all the m-
Jector geam etries and test conditions of this work for the
sake of its effect on flane stabilization

The methane tank was at anbient temperature and
the LOX mlet tanperature was 80 K. The canbustion
was nitiated by a torch igniter The duration for each
testwas 2 s since the optical w ndows were uncooled

The canbustion chanber pressure nvestigated was 1.5

* Anchor’ means a flan e base to stabilize at sanewhere An anchored flane is a flan e stabilized near the njector faceplate while a lifted

flan e stabilized at a distance downstrean fran the njection plane A flane angle refers to the expansion angle mwhich the flane expands

fran the flane base to awide flame region  as shown n Fig. 3 A jet breaks up means a contnuous mtact liquid core starts to disintegrate

nto discontinuous liquid blobs
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MPa 3 MPa 5 MPa respectively but the propellant
m xture ratio n the canbustor kept around 3.4 There
was a convergent nozzle at the exit of the canbustor ( see
Fig.2(a)) tomaintan the chanber pressures at steady
canbuston state and thus the p, changed w ith the m ass
flw rate of propellant supply We= 500~ 30 00Q J=
0.2~ 2.0 There were at least wo tests for one condr
tion to check the experimental reproducib ility

The detailed test cond itions discussed n this paper
were listed n Table 1. In order to mvestigate the effect
of chanber pressure test Case 1 and Case 2 were at
sm ilarW eber;/ number canbmnations but the chamber
pressure changed fram 0. 15MPa to 0.3MPa The pro-
pellint mass flow rates ncreased at 0.3 MPa chanber
pressure and the mjector diameter d, had also to be
changed correspondingly in order to achieve s ilar in-
jection W ebers/ numbers at different pressures

When the chanber pressure kept unchanged the
injection We could be increased via changing injector dr
mensions tog Case 1 and Case 3 at 0. I5MPa for n-
stance In Case 4 for exanple smaller outer dianeter
d, of gaseous annular slit than that of Case 2 brought
higherW eber number and relative velocity at 0.3 MPa

pressure Therefore the effect of We and other njection

conditions on atan ization and flane could be exan ned
Test Case 5 was listed to show the results at 0.5
MPa canbustion pressure The propellant mass flow
rates needed for 0.5 MPa were much higher than those
at0.15MPa and 0.3 MPa

njection We could be obtained in the case

n consequence no s ilar

A high-resolution shadow graph setup was used for
recording the liquid oxygen spray mfomation The Ko~
dak Flwmaster 2 K canera recorded the mages at
0.055 mm /pxel high spatial resolution but only 4
fram es/second acquisition rate The shadowgraph m age
size was about 95 mm X30 mm. The flw field was fro-
zen by means of a back light fram a nanolite with an
18ns flash duration n order to elin nate possble inage
blurrng of high-velocity droplets because of long canera
shutter tine

Flame evolution was visualized w ith an intensified
high-speed CCD canera m a 9 kH z acquisition rate and
a 256 x 128 pixel resolution The caneraw as fitted w ith
aUV lens and a narrow band filter ( 300~ 310 nm, the
radiation band of OH radical m the flame) to record the
OH radical em ission during the canbustion process The

OH emission mage size was about 140 mm x40 mm.

CH
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(a) The M3 Combustor (b) Sketch of the coaxial injector
Fig 2 Cambustor and injector of LOX /CH, spray cam bustion tests
Table 1 Test conditions
Test case p, MPa We ] d | /mm d, fmm  m3/(gls) m32(gls) Pg 2 w(m/s)  (u,—w) /(mls) Re Re,
1 0.15 7260 0 47 1. 4 57 237 70 8.0x10™* 12 8 296 2 76 400 92 880
2 .3 8417 Q46 L6 &7 3L 9 9 4 16.1 %10 * 13 2 209 8 89 840 126 570
3 0.15 12504 @ 79 1. 4 Ll 23 7 70 8.0x10™* 12 8 388 2 76 400 96 550
4 0.3 15747 (O 84 L6 30 3L 9 9 4 16.1 %1074 13:2 286 8 89 840 134 230
5 0.5 24593 0 51 L6 30 52 6 155 26.8x 104 217 276 3 146 440 222 130
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3 Results and discussion

3.1 Effect of canbustion chamber pressure

The LOX /CH, coaxial spray flane has been found
o be easily lifted off at lw canbustion pressure 1 e
0. I5SMPa chanber pressure The flane does not stabr
lize n the recirculation zone clse to the LOX pipe tip
as consistently observed for LOX H, flane **” ", The
LOX /CH, flane is lifted fram the i jector face plane and

anchors n them king layer of gaseous oxygen and meth-

FFlame base

allift Dame.test Case |

Flame anchoring
posiion 4

Fig 4 Shadowgraph inage of the reactive spray
of test Case 1 with a lifted flane

The canbustion pressure seems to affect the jet at-
an zation appearance and the flame pattem greatly In
contrastw ith Case 1 at 0. 15MPa the spray and flane
of Case 2 at 0. 3M Pa look very different ( See Fig 3( b)
and Fig. 5),

sinilar m the wo cases The liquid core seems wavier

though the mjection W eberJ numbers are

and more droplets and liquid fbres are present than that
in Case 1L The most significant difference is that the
flan e base moves upstrean and anchors at the i jector
rin at 3MPa

W hen the cambustion pressure raises up to 0.5
MPa
difference canpared w ith that of 0. 3 MPa ( See Case 5

the flane anchoring position does not show big

in Fig 6). The flane at 0. 5M Pa appears to be attached
clse o the mjector exit The liquid spray however

seam s rather different canparing w ith liquid jet at lower

ane far downstrean fron the ijector surface ( see Fig 3
(a), Fig 4).
contours and the flane colors are related w ith the radia-
ton mtensity of OH radicals n the flane zone Figure 4

Figure 3 shows the photographed flane

mamly shows the liquid oxygen jet mfomation The
flane is also visble i the shadowgraph mage due to the
Schlieren effect The distance fran the flan e base to the
njector exit is about 8 times of the liquid oxygen post

diameter al the condition of test Case L

(b) Anchored flame, test Case 2

Spray and flam e stabilization at
p.=0.3MPa ( test Case 2)

pressures A lthough the infact liquid core breaks up
rather early there is a long wavy liquid core till outside
of the mage scope The liquid core is surrounded by
dense tny dwoplet cloud and big droplets gradually be-
can e more clearly vishlew ith the propagation of the liq-
uid jet as the tiny droplets in the cloud are being con-
sumed n the caonbustion process Liquid kmps mstead
of clear liqui liganents and fibers are visble n the i
lm mnated region of the mages Thismay be due to the
supply of much more liquid oxygen
mass flw rate at 0. 5MPa

One theory about the lift-off of a wrbulent non-

i e higher liquid

pram xed flan e has been proposed that is  the position
of the lifted flane concems the m atching betw een the lo-

cal flw vebcity at the position near stoichimetic ratio
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Fig 6 Shadowgraph inages of LOX/CH, at
0. 5MPa pressure ( test Case 5) ’
contour and the turbulent buming velocity of a prem ixed Fig.7 Detail of the spray pattern from the injector to

flane**. Then the flme anchoring position mamnly de-
pends on where the stoichiom etic ratio achieves and the
can parison of the flw velocity and the wibulent buming
velocily at that position

Fig. 7 shows a typical spray pattem for a lifted
LOX/CH, flane A schematic diagran ( see Fig 8) of
the flame stabilization of LOX /CH, coaxial sprays is
specu lated based on mages lke Fig 7 A lthough there
is sin ilar recircu lation wake n the near field of the n-
jector as what is shown n Fig 1 for LOX H,, the low
bummg velocity of CH, cannot match the flw velbcity
near sloichiam etic contour asH, does ( lan mar flane ve-
city 3.93 m /s for CHyand 10. 7m /s forH, at anbient
conditions ''¥ ). Another possble reason m ight be the
narrow flanm ability lim its of CH, (5. 1% ~ 61% vohme
9%k

Even if there is one pomt n the near field

percent i contrast with the 4% ~ linits for
H,'"™).
where the stoich i etic gaseous m xture of methane and
vaporized oxygen is gnited the narrow flanm ability re-
gion restricts the spread of the flane and the great heat
absorption of cryogenic oxygen vaporization may quench
the flame Only at further dow nstrean, the injection ve-
locity rapidly relaxes to a much lower lcal velocity of
the chanber flw and the oxygen vaporization rate is also
sufficient to feed the flme then the flame front can
stand at san e large turbulent eddies n them xing layer
The reaction heat release frum the flane base greatly n-
creases the evaporation rate of oxygen thus a sudden ex-
pansion of dense oxygen inmediately after the flme an-
choring position can be seen fram all the mages with a
lifted flane ( shown as Fig 7).

The wibulent buming velcity Sy of a pran xed
flane n reaction-sheet regine which is a typical engine

flane regime may be related to the lan mar flan e veloc-

flame anchoring position for a lifted LOX/CH, flame

jFlame front
Outer mixing laver R
N |' _~_Flame zone
- k'Y A -
CH~= 2
== Inner mixing laver
Lox [ S e -
Il'l Turbulent\ Dense oxvegen
»ddy :
| Case 2 \\;mc“m- LOX intact core

Fig.8 Speculated schematic diagram of coaxial

sprays and lifted flame of LOX/CH,
ity Sy as Sy /Sy = 3.5(v w /50",
wotm ean-square flow fluctating vebcity . The S,

! 5
where v . is the

was expermentally found to be proportional 1o p; ',

0.7
me:) *
- 015

p. . TheReynolds number at higher pressure is high-

then the Sy may be related with p.as S; o (v’

er but themean vebcity m the canbustion chanber be-
canes less Then itm ight be reasonable to assume the
pressure does not affectv’,,. greatly as it is the product
of mrbulent ntensity and mean velocity So the wrbu-
lent flame velocity S¢ may not change obviously with
cambustion pressure at the test conditions of this study

The injection relative velocity betveen gas and lig-
uil however is much lwer at higher pressure if the
njection W eber numbers are sinilay Case 1 and 2 for
mnstance The njector exit flw velocities are about 35%
~ 40We lower at0. 3M Pa pressure but the oxygen vapor
ization rate m ight be s ilar because of sin ilar W eber
numbers Thus it is possble at 0. 3 M Pa that the urbu-
lent flane velocity can match the flw vebeity in a thick
enough region to resist flame quenching n the mjector
wake

Thep. effect of above test results is comcidentw ith
the result derived by Juniper ' fran num erical mvestr

gations A rata ¢=1/§, of LOX pipe thickness ¢t and
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the lan nar flane thickness § is considered as a contiol
paran eter for flane stabilization A flane is easy to be
anchored when the ratio is large (¢> 1). Consilerng

- 0.5

flane thickness § =< a /S, = kRT/(p.C, S, ) *<p. =~ as
S, e p:n's. p. mcrease can result n snaller flane
thickness and thus greater thickness ratio ¥, which fa-
vors the flane anchoring
3.2 Effect of injection conditions

W hen the njection nondmensional numbers W e~
ber:/ numbers are increased the atan ization appear
ance changes to same extent ( See Case 3 at 0. 15 MPa
and Case 4 at 0.3 MPa n Fig.9). The shorter ntact
liquid core and finer droplets are present at higher W e-
berand J numbers Droplets are discemible n a w ider

region and thus bigger flane angle is also observed
pap—

Flame anchoring
position

{a) Test Case 3

b

(b) Test Case 4

Fig.9 Spray and flam e stabilization at
higher W eber and .J- numbers

Flane stabilization however does not show obvr
ous change correspondingly The flane at 0. IS MPa is
lifted off far fran the njection plane agam but the flane
at 0. 3M Pa s observed to anchor close to the injector as
it occurs at bwerW eber and J-numbers And the flane
lift-off distance does not change obviously w ith the W e-
ber number or injection velocity toa Case 1 and Case 3
for mstance The reason may be although high njection
velocity has the tendency to lift the flane off fram the n-
jection plane high W eber number also favours the oxy=
gen atom ization and vaporization and thus favours the
flan e anchoring upstrean (Note Injection W eber num=
ber is proportional to the square of the njection velocr
ty). The opposite effects of mjection vebcity and W eber

number on flane stabilization may counteract w ith each

other so a direct correlation of flan e lifi-off d istance w ith

W eber nimber or mjection velocity cannot be obtamned

45 pofCH, at288 K 10014

4.0r = -e-gofliquid oxygen -7 40013 E
- 35' .'. _lz‘l ‘i‘:’
SR Y S {00125
- L] ~ =]
S 25¢ I 10.011-2
= 2.0F L 5
-%-‘ I.S' _,f-/l “I'.I 00]0§

1.Op ’_,-’ S 0(}[}93

0.5¢ Te H0.008

G 1 1 1 L §
0.1 02 03 04 05 06
Pressure/MPa

Fig 10 Themal properties of LOX and CH,

When relative mjection velocities are sinilar as
shown mn Case I, Case 4 and Case § the flane stabilr
zation pattems change when the can bustion pressure and
We mncrease The flane anchors near the mjector plane
n Case 4 and Case § Greater oxygen vaporization rate
due to high We at hicher pressure may help the flme to
propagate more upstrean i the oxygen-lean m xng layer
and to sustan the fline mn the near mjector field As
pressure mcreases the density of the coaxial gaseous
CH, ncreases and the surface tension of liquil oxygen

[ 14]

decreases ( see Fig 11)" . Then theWe ismuch grea-
ter at hicher pressure although the exit relative velocities
are sm ilar

The liquid ntact core length has been found to be
mainly controlled by the gas-to-liquid man entum flux ra-
tio J and is decreasing with the mncreasing i e,
The ntact core lengths of liquid oxygen evalated fran
the shadowgraph mages are shown n Fig. 11 corre
sponding to the five tests cases discussed above The n-
tact core lengths n this study agree w ith above results
except the test Case 2 at 0. 3M Pa

There are at least wo tests for one condition and
four i ages per test The standand deviation of the core
length fron the mean at a condition is also shown m
Fig 11 The great deviation mainly cames fran the liq-
uid jet pulsation itself during the disintegration process
according to the data statistic analysis of Y ang et al ™',
Canpared to the effect on flane stabilization chanber
pressure does not show obvious mpact on the ntact core
length of liquid oxygen At higher pressure the length

shows greater deviation than that at 0. 15 MPa
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._E § . p=0.15 MPa tion and ignition phenanena n LOX /GH, rocket combu
g L e p=03MPa tors| J]. J. of Propulsion and Paver, 2001, 17(4): 794
15k * pL=l}5 MPa ~ 799
|8_3 [)‘I4 075 0:6 [;-If UI,S ﬂfq '|T0 [ 7] Porcheron . Carreau | I, Prevostl, etal Effect of m-

Momentum flux ratio

Fig 11 Liquid intact core lengths of the five test cases

4 Conclusions

The atan ization and f{lame stabilization of LOX/
CH, reactive coaxial spray at different chanber pressures
and W eber numbers are discussed n this paper It is
shown that canbustion pressure affects the jet atam iza-
tion appearance and the flan e stabilization sign ificantly
The LOX /CH, flane is prone to lift at 0. I5MPa In-
creasing chanber pressure helps the flane anchor clse
to the mjection plane No correlation beween flane lift-
off distance and the W eber number or injection velocity
has been found n this sudy The liquid oxygen mtact
core length shows mverse relationship with the gaseous-
liquid manentum flux ratio A tam ization has significant
effect on flane stabilization The chanber pressure af
fects flame stabilization mamnly because it affects atom
zation quality by m eans of its effect on density surface

tension, mjection velocity and W eber number
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