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ABSTRACT

' Data are presented indicating the rates and magnitudes of energy
e released by the liquid-phase reactions of various propellant combina-
Y tions. The data show that this energy release can contribute signifi-
cantly to the rate of vaporization of the incoming propellants and thus
aid the combustion process. Nevertheless, very low performances were
obtained in rocket motors with conventional impinging-jet injectors
when highly reactive systems such as N,O,-N,H, were employed. A
possible explanation for this low performance is that the initial reac-

ce for suchan
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ir;&Several years ago, stabilized fuming nitric acid, SFNA
(HNO, containing 14 wt % NO,, 2 to 3 wt  H.O, and
0.5 wt % HF), was substituted in the Corporal roeket
ine for red fuming nitric acid, RFNA (HNO.;' :
8 wt % NO,). This ehange in oxidizer composition
, unstablq,uamb and a large loss of perform-

hon was

INTRODUCTION

fuel used. Becaqse of these

'tlonrl* of such systems are so rapid that liquid-phase mixing is inhibited.
6 ect is presew in a series of color photographs
mis mjectmﬂements

ents are suggested for injector
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on the ‘combustion process in the nitri¢ acid-aniline plus
furfuryl alcohol propellant system. The detailed findings
of this study are reported in Ref. &, the conclusions of
which are summarizéd below:

1. The axial energy-release proﬁle'thhm mbustlon
chamber is controlled primarily by the mte of mix
ing and vaporization of the incoming ulds and", \.
the rate at which the vapors are super! o

ted to their
i gmtlon temperature »'@:.-.7:_,. e \
et t .
™
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2. The rate of vaporization of certain liquid propellants
mixed in a manner which produces droplets com-
posed of both fuel and oxidizer can be controlled by
the rate of energy released by liquid-phase and
liquid-vapor reactions within the mixed droplets.

3. The amount of energy released by the liquid-phase
reactions is determined by the rate and microscale
of mixing prior to film breakup and droplet evap-
oration. The extent of molecular mixing controls
directly the amount of energy supplied by neutrali-
zation and other reactions having very small activa-
tion energies.

4. Additional energy release in the liquid phase can be
controlled by the presence of certain catalytic
species necessary for the rapid utilization by nitra-
tion (or oxidation) of the energy made available by
neutralization (or reactions of near-zero activation
energy).

Studies of the kinetics and mechanisms of aromatic

hydrocarbon nitrations show that the nitronium ion
NO;, known to be present in anhydrous acid, plays a

R AW
e 4

major catalytic role. Electrical conductineb I
indicate that about 5% water is sufficient to
self-ionization of nitric acid almost compl
fore, the large change in performanqg An )
delay of the acid-aniline systems resulﬂng from the #
tion of a relatively small amount of water to the acid __
have been the result of a significant decrease in nitra i :
rate in the liquid phase which greatly reduced the
vaporization rate and the superheat temperature of the
propellants.

Because this work indicated that the liquid-phase
reactions may be very important in determining the over-
all combustion delay and, therefore, both the combustion
efficiency and stability in nitric acid oxidized systems, a
program was undertaken at the Jet Propulsion Laboratory
to investigate the thermal behavior and the injector design
requirements of liquid-phase-reactive propellant systems.!

BTG~k g TR

'The authors wish to gratefully acknowledge the valuable contri- :
bution of guidance and assistance made by Arthur F Grant, Ir.d
his supervision of the program. . i 4%
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S AND MAGNITUDES OF LIQUID-PHASE REAcno'Ns ‘ ,ﬁ;
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T ple response and mixing o
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high | a conce h'i:ﬁube flow system was built ! ,/ : A Pl | |
.‘ ble inner tube. A ljemahc diagram of this 4 /, SRS
ap us is shown in Fig, 1. . ther eon.&urptlon OF g oy o 1
3 .
the ceﬁié‘ tube that was used fol' some of the fests ended Z &0 7 i e ]
in a sl'grp knife edge at its downﬂteam end (see Fig. 2), g e : / P, Sis : L4
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Fxg T E fix 3 L 33 ‘
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~ CENTERING GUIDES
Measurements of a series of aliphatic alcohols were
made in order to determine the effect of chain length and

branching on the initial reactions with acid. Results of
these tests are shown in Fig. 3. The initial profile of tein-
perature rise vs mixing length can be seen to follow the
mixing-rate curve (Fig. 2) for the apparatus. The reaction
responsible for most of the temperature rise is probably a
simple weak neutralization of the fuel. Approximate cal-
culations indicate about 3 kcal/mole for each alcohol.
However, in the case of isopropyl alcohol, a second
reaction is activated.

V'xing, Pressurizing, and Dilution Regions of the
Liquid-Phase Reactor

. the neutralization reaction between
. In Flg 2 the percentage of neu-
mixing length in tube diameters.
ed by dividing the temperature
rmocouples by the temperature
rise as measured for he same fluids in an adiabatic Tests were also made with diisobutylene in JP4 and
calorimeter, It can be seq: that the tube thermocouples  hydrazine in isopropyl alcohol to test the ability of the
n accurate result for the total temperature  apparatus to determine the effect of additives. Isopro
ing rate of the knife-gdge tube depends on  alcohol had tended to give unstable combustion with & ;
sion and is quite sen&hve to mixture ratio,  in several motors operated at the Laboratory. Addition of P
our- hol&tube designs gave over 90% of com-  5-10% hydrazine had resulted in smooth combustion over
-scale miqng in 5 d.lamem! (in about 1 2% wide range of mixture ratios. The data show an increase
: the f(mr-hde-tube mixing rate is nearly ° intemperature at a rate equal to the mixing rate up to
: p to ratios of 3. tl;g ma;fmum temperature. If the nitration reaction then
sec, and tl 1"&must result in vaporization and can not be”" A

W
b & by temperature rise. i
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Because the addition of a¢
in improved stability with
reported by Aerojet,® Rez
series of tests was carried g
JP4 to determine if part ¢
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°- oo o rmxtme. The temperatures attained by a aT
% '°° : methyl alcol‘ol and diethylenetriamine, which i
.- 7 / the m getic nonhypergolic systems studietl, "
W oog / T s *;-W' Fig. 4 for purposes of comparison.
: :'4“6 ] / o The temperature rise as a function of mixtu
TN wd — after complete mixing is shown in Fig. 5. Thé§
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|~ \—~ISOAMYL ALCOHOL, » that liquid-phase reactions probably occur
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2 PRE : - E
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component may undergo fast liquid-phase reach’bns at  neutralization or nitration. However, 'a calculation for
several positions in the molecu? ‘have oolmderabl& self-  methyl vinylacetylene at 300 psi, assuming no vaporiza-
vaporization, € their resp mixtm'e rahos for tmn gives about 105 kcal/mole. It seems apparent that
ion. atlon reactions at unsaturated bonds must oecur with
idity only slightly less than the rate of mixing, and -
iel molecule must undergo several energetic
s probable that some actual oxidation is
use the value of 105 keal per mole of fuel

optlmum

era Ae mole of ]P4 alone (MW =~ 184) gives only

AR approxxm ate, ple or about 13 ca1/gm, and it therefore seems

mole of UDMH e @

3 Of abaqé 905111;;1 5 :DMH and about 105 keal/mole is produced,, A
o B hyl vmvlacetylene Since it is assumed that no lia ‘

OMH propellant s T ‘
. ‘ ization at high liquid t ture
a mixture ratio of % 5 aﬁ to mpcrlxeat the vapors 0 ver , RNRROT™Y pt Gitich, liqui NP -

high temperatures.

An approximate ca]culahon of the heat of reaction per i eed be very energetic. Furthermore, the reactlons
mole of the diethylaminé gives 35 keal per mole of ** occur in times of the order of &e mixing time of the

fuelﬁnch could be the result of‘a( single- anhydrous propellants.
" e ; = - ‘v h 3
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-'Ill. MIXTURE-RATIO DISTRIBUTION AND COMBUSTION EFI-'ICiE

From the foregoing sections it can be concluded that
the best injector design for hypergolic propellant com-
binations is one which will produce maximum liquid-
phase mixing. While the liquid-phase reactions will then
control the vaporization rate and accelerate the combus-
tion process, the over-all combustion efficiency attained
in any given chamber is also dependent on the uniformity
of the mixture-ratio distribution produced by the injector.

Most ‘engines are operated at over-all mixture ratios
corresponding to the maximum on a theoretical perform-
ance curve. Since any deviation from this mixture ratio
therefore results in lower performance, it is apparent that
not only the over-all but the local mixture ratios, as well,
must be accurately controlled if highest performance is
to be attained. Combustion may be kinetically complete
in relatively short distances over a wide range of mixture
ratios for any particular propellant combination. How-
ever, at any over-all mixture ratio near maximum per-
formance, the sum of the energy released by complete
combustion of propellants operating at various local mix-
ture ratios in the chamber will always be less than that -
produced by having all local mixture ratios equal to the
over-all ratio. Any deviations in local mixture ratio pro-
duced by an injector element can only be corrected by

turbulent mixing and diffusion in a relatively low density” r

accelerating fluid. Such a proeess in normal chamberr
geometries requires fairly long chamber lengths propor-
tional to the size of the nonuniform local mixture-ratio
regions. Therefore, unless a very large number of injector
elements are used, the resulting mixture-ratio distribution
produced by each element should be as uniform as
possible.

atterns produce mixture-ratio distributions which vary
greatly from point to point and utilize little of the avail-

i: able liquid-phase reaction energy for vaporization. The
~use of impinging streams of oxidizer on fuel in the case
of the acid-oxidized propellant systems produced the best
performance in the smallest chamber of element types
except a premixer. For example, a double row of imping-

ing doublets was used with success in the injector of the
Corporal engine and in the second-stage Vanguard engine.

z Injector types such as the showerhead or like-on-like
L

Some tests conducted during this program using dilute
acid and base solutions, as well as previous investigations

Page 6

using dyed inert liquids (Ref. 2), have shown.
individual droplets in the spray resulting from
streams actually contain both propellants at a
ratio close to the local-spray mixture ratio. The prés )
test measurements determined the pH of the droplets o
a spray sample by impinging them on special indicato
paper. Thus, impinging the propellants (providing they
are not too reactive, as will be pointed out later) will pro-
vide good liquid-phase mixing down to the sub-droplet
scale.

It is not sufficient, however, to merely obtain geometri-
cal alignment of impinging streams if a uniform local * % "
mixture-ratio distribution is to be obtained. Work carnedr? b
out at the Laboratory (Ref. 3) has shown that the veloeity
profile of the streams must be symmetrical and that the
momentum ratio for a pair of impinging streams must
have a singular value for any particular propellant com- i
bination at any given mixture ratio to give most uniform £y
mixture-ratio distribution. In Ref. 4, equations relating
the optimum mixture-ratio distribution to the mixture
ratio, orifice-area ratio, and propellant-densnty ratio were
given for several other unpingmg-stream elements. Those
elements covered were a two-on-one a two-on-two, and
a four- -on-one. ‘

Y
¥

" The unportance of nperatmg at the co;'rect
ratio fora given orlﬁce-atea‘raho can be seen from Plate

1 and 2.Plate 1 shows alapen—ﬂame test of two SF
streapls/impmging ‘on"one JPX stream. The operating
mixture ratio in this case does not meet the momentum-
raﬁrequxrements for uniform mixture-ratio distribution
specified in Ref. 4 for a t? injector element. The fuel
stream does 1 e the oxidizer, but is deflected
to the outside of the spray fan. The central 90 de: of the
spray which is rust colored is so oxidizer rich that gﬁxtion
does not even occur. At the edges of this oﬂdxza—nch
region are two narrow zones where the oxidizer and fuel
are well enough mixed that a bipropellant flame is estab-
lished. These regions appear as a hot blue flame in Plate 1.
At the outer edges of the spray, the fuel-rich droplets
ignited by the bipropellant flame burn with the surround-
ing air. The white patch obscuring part of the bipropel-
lant flame area at the bottom of the spray is caused by
fuel vapor burning in air outside the plane of the spray. .

The same injector element is shown in Plate 2 opera




ed throughout most of the spray except at
otter edges where some fuel-rich vapor is mixing
ning with air. It is apparent that mere spatial
‘of impinging’streams is not satisfactory if good
stion efficiency is to be produced.

two photographs show an additional feature of
In Plate 1, thecenterdthespnynearthe
impin gemqnt point appears dark because only nearly pure
w::xﬂizerenstsmtheﬂmdﬁhnmﬁusregion The

extreme
Farth in ¢
evolution, are the regions of spontaneous igr an

bnpropellait combustion. In Plate ",«-4-“: ni ormity of
vapor and NO. gas is quité ap'parent near the impinge-
ment point. The effect of these two distributions on the
combustion efficiency expected in a rocket engine is quite
obvious.

S
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: mgryath SFNA and ]PX'*I‘h s propellant system@roduces
" just ¢nough heat to be hypergolic under certain condi-

a relatively uniform bipropellant combustion zone occur-
ring several inches away from the point of impingement.

The structure of the spray shows a narrow cone angle

which is very similar to that produced by this element

with inert fluids. Although some vapor evolution is evi-
, its rate and magnitude do not significantly affect the
naining liquid-spray mass distribution. A large number
hquld droplet streaks can be seen, each droplet finally
sting into flame:

Laiiah LT

A large amount of products from the initial reactions
_are condensed against the cool face of the injector. This
. material is primarily the result of the back spray which
" amounts to about 10% of the total flow for this type of
element. Thecooling is sufficient to prevent ignition, and
# the material simply foams off the face of the injector as
' gases are generated within the liquid mass.

The more reactive system SENA-UDMH with the same
type of injector is shown in Plate 4. Practically no ignition
delay is apparent, and the absence of liquid-drop streaks
indicates a more rapid vaporization. Although the back-

¢ spray products condense on the cool injector face, the
L : :

. surface of this foam is ignited and bums. The products
_ closest to the injector face are apparently cooled below
;he ignition temperature and flow downward off the i m]ec-
4 tor flange. The resulting mass distribution in_the main
:§pmy shows some expansion over the water spray pattern.

i)
W

tions. The element is shown operating near the optimum
&maftxan N,O— DMH h .
mixture-ratio distribution condition. Neglecting the ten- : v Srg showi i ol H’ é

uous yellow-toned vapor-air flame, the main spray shbws: ;

°l"’3The small increase in cone angle, however, indicates that

e

{
»

1gmt10n,

N

although ignition of the initial vapors is al
taneous, the main vapor evolution probably
sometu&e after hqmd film breakup into dro le

' o

o 5

Plate 5 shows operation at a mixture ratio more fu
than the ratio for optimum mixing. The rapid evolt
of gas at the impingement point has greatly inc
the resultant spray-cone angle. The spray is fuel riel
on the outside, as indicated by the streak patterns of
few fuel droplets. The wide angles of divergence of
streaks indicate that initial vapor generation occurree
violently within the initial liquid mass just after im
ment. This gas evolution is apparent in the pho
There is only a trace of condensed froth on the:
face, and the light liquid film that does co\ér én o !
from the direct back spray burns 1mmed1®ly
dripping off. Apparently, unlike the acic
tems, the N.Q, system does not form l))ig}l b
stable liquid products. It is probablq :
oxidation to water vapor and other s

In Plates 6 and e operatfon is s]lGWn
and optlmum mixture ratios, respeotwy
plete self- vaporuatmn is indicated. s

Thus, by utilizing hydraulncal]v stabllized
streams “(as deﬁné’&'nhy the crxtena of B.ef 3)

| Nearly.tom-

E

hypergols can elumnate much of ’the cntléal depénd-
of combustion qﬁmehey on recgéulatum patterns no
mally reqmted fétﬁpply both hg for vapafi;éhoﬁ 'nd

turbulence: i i‘! _

e




esult of system studies made ear!y m 1951 the
ory undertook the investigation of two promising
sle propellant combinations: N.O,-hydrazine and
hydrazine. Based on the r described above.
#he injector supporting- reseurehe::%m g)mposed for

fese storable systems had the bnewﬂg 7og T

. Development of an mpetbr element whxch would
produce as uniform a m!xture-r;lth distribution as
7 - Dossible.

. ¢ 2. Determination of the scaling ch acteristics of such
., | anelement up to 5,000-1b thrust, - the mi
. | " 4
| & number of elements rec “dny to -tb
b (4 level and chamber geometry be specxﬁed
3. Investigation of the 1s combinations of
a such elements on the combu rofile and stability
? at several total- thmg levels e e
34 f au:’ N ‘V‘
olic combir

. Initial testing ofi these two
"~ was carried out usi
* elements at various thru
T
- JPL’s Edwards Aic ¥
row of impinging
modified to meet ti
and N.H,. The pe!_’fo
were disappointinj“g}y.l?y. In one type of 20,000-Ib injec-
tor having 90 pairs of impinging streams, a characteristic
- velocity of only 4,100 ft/se‘q’ﬂvas obtained. In addition,

, 4 eﬁ were also made at
ce Base Test Station using a double
ms at 20,000-1b thrust with orifices

ptmum mixing criteria for N,O,

extremely rough combustion. ocewrred in most cases.

Using single-element configurations such as doublets and
triplets, which worked well with acid-oxidized hypergolic
systems using fuels other than hydrazine, performance
was low and, in addition, explosions occurred throughout
each of the tests ?Wiﬂlt N.O, and N.H,.

The two-on-two element \gave the highest performance
and stability with both N. ,O,~N.H, and CIF,-N.H,, but
the maximum characteristic velocity at 500-1b thrust was
still only 5,300 ft/sec. To find the reasons for this low
performance, studies were made of open flames of
N.O,-N:H, and of the combustion of N.O~N.H, in
transparent rocket-mator chambers. From these studies
it appeared that the low performance obtained with
N204—I\ Ely rqulted because these hqm,.ds react so rapldly
id-phase mixing and di

' o "K'é;‘» pingement 9""

il
T

. through the inner tube is shown

1g mpmg',k -stream slnglé*ﬂect;r

ance r&ﬁd}s from these early tests

an immediate wol@t vapor gevolutlon at
the two liquids. Thus, a substantial portion of the oxid
and fuel may be blown apart without being mi
thermore the viole‘nce of the effect disturbs" th@

is hlghly unstable.

.‘J

The impingement of concentric streams Qf' ater on the
flat end of a rod is shown in Plate 8 A thln slightly cone-
shaped fan is formed. The same coneéntri

'havmg N.O, flowing through the o

" reddish.region on the right and th.g y
the left suggest that the oxidizer and
by the ~vxolence of the mltxal reaction b

-

these ‘two zones where g
contrast in mass distributio

very striking. =

fuel and oxidizer is again suggestod by the dominap
reddish zone on the left nd 12 i xm‘ns
B %

is shown at 120 and g,~ vely In Pl
streaks from hydrazme droplets can be seert movi

at right angles to the resultant spray fan, w}d 1 W ek,
be quite flat if the fluids were inert. The yér owxsh r&mn
is characteristic of N.H,-rich cnmbustlon ‘ Wedar

Plate 13 shows two framm frb '—
picture of a single pair of impingin ,streams des:gned on
the basis of equal stream momentum (Ref. 3) operating in
a transparent combustion chamber at 200 psia. Again,
evidence of incomplete mixing of fuel and oxidizer, even

at high pressure, is shown. In Plate 14, two sequénbes of
fppgles from ‘this motion picture show that the hydrazine-
rlaiﬁnpor region undergoes violent explosions about 100
times a second. Thus, the low performance obtained with .
impinging-stream injectors may be due to yery poor initial " "23
mixture-ratio distribution, ‘persxstmg even out through




carried out at
- splash-plate injector |

by"!ar the best performanco
with N.O-N.H,. The reason for this result, in light
the data a now sars clearer. A schematic
or is shown'i ‘in Plate 15. On the right side, a typical
sction of a doublet impinging-stream injector is
_ . The separation of oxidizer and fuel from the
pingement point is indicated. The left-hand side shows
a ¢ross section of the same injector with a splash plate in
* position. The separated oxidizer vapor and spray cannot
channel down the wall but are forced past the injector
* face and pass again into the fuel spray a and vapor coming
off the lip of the plate. This seumddlv mixing, plus the
: t of the forced recirculation of hot
cts, results in a very large increase in
ata for impinging-stream injectors are
both with and without a splash plate,
000-1b thrust.

WwWe,
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THEORETICAL EQUILIBRIUM FLOW ¢ g . g e
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R =200 psia
‘ 3 =40in. » . i

" 20,000 Ib, SPLASH PLATE
* A 20,000 Ib, NO PLATE

W 45,000 Ib, SPLASH PLATE
UNSTABILIZED STREAMS
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e

0.8 ) 1.0 ] 12
MIXTURE RATIO
Fig. 6. Performance of N.O,~N:H, at 20,000- and
45,000-Ib Thrust
§ Because of the successful results obtained with a spldsh

late in the 20,000-1b-thrust motor, a splash- -plate injector
‘__beyng investicated for the £.000-1b-thrust N;.().—I\;.II,“»

. w:ffer a range of engine scalability and flexibility of
‘mr‘

9h()Wn in Fig 6 indicates that the splash -plate
appears to give lower performance at the lngher thrus&
Ievels, This result may be connected with the linear
dimensions of the larger motors, so that secondary mixing
uniformity may be more difficult to achieve. The hydra
zine leaving the ﬂﬁ:f the plate must travel farther
reach the Lexﬁmi oxidizer core. Since the pressure dro
across the splash plate indicates a high-velocity compres- -
sible fluid flowing out through the splash-plate opening,
radial penetration of the hydrazine into this oxidizer-rich
flow to give complete secondary mixing may be quite. \

smlo limited. : : {

' Bcc;ﬁlﬁt‘ of this possible scale limitation and the larg!aé%' ,;'
L* required, the splash-plate injector is considered to be ’ E
()nlv an interim solution for immediate develupment pro- . ﬁ :
grams using N.H,. Work is therefore continuing on the‘

development of stable, high-performance injector ele-
M «4'??“ 1 T ) ~

s for extremelys reactive systems. Such elements
g conditions much wider than is possible with the
splash-plate design.

6000 T 2 B = T
THEORETICAL EQUILIBRIUM FLOW. ¢*
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A. General Charaqqris-‘:ia with Acid-Oxidized
Propellant Combinations
“M‘ -

One approach to the design of an injector element pro-
viding better mixing and higher performance with the
N.O,- and CIF ~hvdrazine systems has evolved from the
apparatus described in Section I1. Designed to study
the rates of liquid-phase reactions between fuels and
oxidizers, this apparatus consisted of a set of concentric
tubes. The inner tube contained radial holes and was
retractable so that various amounts of premixing could be
obtained. During the studies of liquid reactions, visual
observation of the jet issuing from this set of tubes with
some premixing showed that for reactive combinations
the propellants were extensively vaporized and expanded
rapidly and uniformly without any additional atomization
technique being required. It appgared that such a device
would introduce the propellants intothe combustion zone
£ with a uniform mixture ratio and mass distribution.

The water stream emanating from a set of concentric

_ E “tubes is shown n Plate 16. The end of the inner tube is
- lamt to a knife edge in order to avoid stagnant regions at
£ e end of this tube. The two streams remain conecentric

gﬂ‘bcities are
jequal. The resultant stream is also u
élraction of the inner tube into the outer one. As shown
in¥ig. 2, for nonreactive fluids about 40 dlametets of tube

5 is quite different with
_ ‘ § ‘the behavior of the
*ntrlc-tube m]ector wrtﬂ JPXSin the inner tube and
NA in the annulus. The 40 wt ¥ UDMH contained in
Cis just enough to make this propellant combination
ergolic at 1 atmosphere. The inner tube is retracted
in., which is equivalent to about 4 tube diameters of
ing length (referred to the inside diameter of the outer
5¢). With inert fluids this amount of retraction produces
very little liquid-phase mixing. In Plate 17, the rust color
epresents regions rich in nitric acid, the bright streaks
gpresent droplets burning, and the bluish flow represents
idizer-rich gas-phase rca(-tiofk_;l'lle. droplets do not burst
gto flame until enough heat has -Err;géllera\ted by liquid-
ase reactions to brmg the droplets to the ignition tem-
fature. The prugv lummous flame is therefore locatcd

a F' A
1 W > -r

HE ’ coucmmlc-wu INJECTOR

" the individual liquid streams sufficiently to enhanab mixs

by the -

=, k'o Q.‘

&

» K ¥ .‘v(-\ ‘ ~. 1
some distance off the end of the tiiBel From th
it is apparent that even at such a smamf@%
tion, sufficient mixing and reaction take place
most of the propellant, Therefore, the mech
liquid- plmse mixing with tbese reactlve ﬂurds

1cturg«

ently the vapors generated upon initial contact b{eal\"‘ti

ing. The resultant premixed vapor-liquid m\ture\ppgars 1
to be fairly uniform in mixing-ratio dxsmbuhon and under-

goes smooth combustion. % wd

The characteristics of the flame producea &r they, ~
concentric-tube injector with the SFNA-JPX pro t
system are strongly affected by the extent of retraction,
the inner tube is retracted, the liquid-phase mixing q‘ﬁ
the extent of the initial reactions are greatly enhanced. At
a sufficiently large retraction—about 5 diameters for this
system—enough reaction takes place to raise the pressure
in the miting rcgion ab()ve the valuc required for crit“

atomizes tlje hqmd and further mixes it \nth the v.;pﬁtfg"f;; -
Subsequent éxpansion cools the mixture to a temperatire
sufficiently low to preclude spontaneous ignition. A

Plate 18 shows. the opcratmn of ﬁ:e SENA-JPX system |
described above with a retraction equwalent to 5 diam- g
eters (0.35 in.). The gases escaping from the outer tube -
form an expansion cone characteristic of gases escai!hgft'; Fog
at supercritical pressure. The gaseous products formed o
upon the initial reactions and cooled by the subquuent :
expansion are apparently stable enough that they crmnot
undergo further combustioniwithout the uddmon of heat
from an external source, such as a prcvums]) established
flame front. The flame is established through spontancous &,
ignition during the startup transient when the propellant *
flows have not yet reached their full values and w hen the

vapors escaping frem the mixing region have not yet D)
reached sonic flow. The flame front then locates itself.at #‘l’
a position where the space velocity of the premixed vapors %
is equal to the flame-propagation velocity. The uniformi y
of the flame ffont gives an indication of the uniformity
mixture-ratio distribution within the vapor. The few ran-
dom bright streaks in the flame are probably due” m
mixing and combustlon with air.

"‘. 3oy




3 y 5 *':
actions gre
&b
a.own *ﬁ“ Plate 43..

Sﬁ ﬁ(meters The press ' ,gemted in the mix-
('be quq.ntlt) org seous f&]’{%ts genemted
- increased retraettons, which results in-an
3 m Vapor \'Llouty Uﬁer some condxt_xons the

‘m;mt‘h and ~t.xh]o (xt all retmchon; below the blowoff
l‘umt

. A propelet svstem sllghtly more reactive than the
) A-J*P)\ system is SENA-UDMH. Plate 19 shows the
opcmtion of this system with UDMH in the inner tube
: “;% at_zero retraction. The initial reactions between the two
: )pellants proceed with a very slight ignition delay to
. pmduee a mixed vapor which results in a smoothly burn-
‘f “ing flame. Retraction of the inner tube with this propellant
- system produces combustion similar to that shown in
l*» P}ate 18. The two propellants again are premixed in the
@hl’er tube, undergo some initial reactions, vaporize
_ because of the heat released in these reactions, and escape
from the tube at sonic velocity. The flame can again be
blown off the end of the tube. '

B. Initial Rocket-Motor Tests with Acid-Oxidized
Propellant Combinations

In light of the observations described above, it appeared

;" that the concentric-tube configuration could successfully
be used as an actual injector element. The 40-lb-thrust

' scale injector element shown in Fig. 8 was therefore con-
structed. To enhance the mixing of the pmpellants the
inner tube was closed at the end and four radial holes,
each one-half the tube diarmeter, were provided. The
inner tube was made retractable in order that motor tests

- could be carried out at different retraction distances. The
. inner tube could be retracted during any given run. The
f; - characteristic exhaust velocities obtained with this injec-
z tor using SENA and UDMH were quite high. Tests were
~carried out at chamber pressures from 150 to 300 psia,
and ecombustion was smooth and stable at all retractions.

- The chamber had a contraction ratio. of about 7:1.
~Performance first increased with retractlon but then
, ecreased (see Tables 1 and 2). Peak performance as high
4 d& 97% of theoretical frozen-flow characteristic exhaust
: ity, uncorrected for heat losses to the cooled chamber
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CHAMBER DIAMETER

to 0.08 in. Optimum
apparently takes plac€ at this point. At longer retract
a blowoff condition, such as shown in Plate 18, may o
Under these conditions the flame probably anchors i
at some point dowhStream in the chamber where recir
lation is strong enough to establish a flame front. Du
one run, at a retraction of 1.2 diameters, ignition did
occur in the chamber, and no luminous exhaust .
observed. The measured characteristic exhaust veloci
3,759 ft/sec indicated that approximately 50% of the
heat available had been released in the initial react
The higher performance.lévels attained at an L* of 31
(Table 2) are the pesult of opemtmg at h:gher misx
ratlos and qf hawﬁg' X lower :
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L T

0.10
0.10
0.10
0.10

b

'u269

3 ‘v
y ,Wsk

235

)&

197 -

'%ST-" |

“Rough, low-frequency
“Wery rough, two-level's

94.6
93.0
93.8°
94.6"
95.6
93.0
95.8

. 95.0°

961

93.6.

95.6

94.0

93.2

'ﬂame is oﬁce anchorcd in the chamber, it cannot be blown

Table 2. Performance of 31-in.-L" SNA-UDMH
Premix Injector

Contraction ratio = 7

Dcfd,’ uncorrected for heat losses

i::;:( e(?:' r £ | c /c:h fr
psia ft/sec %
g.in. " £
0.02 252 1.92 4730 90.7
0.02 255 226 4870 92.0
0.02. 264t 1.96 1o
0.02 264
0.02 270 °
% 0.06 o
0.06 276
0.06 278 8.5
0.08 262"
0.08 267 %
0.08 269 %
0.10 248
0.124 262 .
0.134 266
0.134 266
0.159 202
0.172 244
#No luminous flame reoc!ion.

‘.mmxturc ratio dlstnbutmn was estabhshcd" even. though -

'»vg&h the fuelzm the annulas=With=the irmer & )

tlvelv high pressure in’ the 1 mixing region f
pressure in the combustmn dmmbc The second

out. Establishment of the luminous flame can-be accon
plished by starting the motor dat a mall; retraction
then retracting the inner tube ltl()dl,l' com

tions. In this manner retractions in %‘W‘Y’i
can be obtained without the loss of

- B

T '1‘__'

€ Inmul Tests with N 0,

was low gnd the combustadh was qmte rough. Thls%
behavior was attributed to the nonuniform mmngangi
propellant distribution produced by the four-hole injector
without premixing. Gross imbalances in the mixture-ratio
distribution may give rise to.detonable hydrazine-rich
mixtures in the chamber and may lead to incomplete
combustion, Attempts to retract the inner tubé'p ?

sharp explﬂstons occurring at random throu&,houm

and finally resulted in destruction of the tubes.

In order to improve the mixing at minimum l'ctraction‘,fli;;? e
the inner tube was modified by the inclusion of a ﬂate"
dlstnbutor at the end of this tube. This cunﬂgumtlon%
the ssmall scale produced a striated radial sheet of :
propellant which apparently® pemrated the
stream - of the other propellant. Thus, a fairly uniform

X A,

> ;

Lot

m(ﬂxﬁ"ﬂ a~eh‘1mﬂena§1<- e‘h"‘mst Veloglf"‘ 5.




g&;cﬁuld be materially improveg
he inner tube. At a retraction of 1 diamete; e

actaenstxc exhaust veloclty mcreased to 5 600 ft/snek

- responding to 98% of theow , At

for heat losses.

s occurred in the mixing region which finally
esulted in the destruction of the injector. In the process
of trying to determine the regions of stable operation of
such an injector with premixing, it was discovered that
- beveling the end of the outer tube at an included angle of
60 deg resulted in both stable operation and high per-
formance even at zero retraction. The final design which
" Thas been found to glve the best operation is shown in
,Flgs 9 and 10. £
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Fig. 10. Distributor Pin Used in 40-It
: Concemric-l'ube ln]od

The deflector pin (Fig. 10) ﬁxed in pla “5
it into the threaded inner E& nd t
inner tube in a collet. Thls 1w
has been found superior at st
tried, which include soft €0
soldering, and nickel- se bdzmg the hr
px}éuced w1tﬂ"t

provement in the umformlty of the spray

rﬁ‘)ﬁﬁbl ‘could be ﬁchipved by remoying the guide vanes

farther upstream but then the neck’ holding the head of
the distributor would be severely weakened. The four
guide vanes which fix the inner tube with’ respect to the
outer tube are cut from a flat sheet and are spot welded
to the inner tube. They also disturb the flow pattern, but
to a smaller degree than the vanes in the inner tube, as
they are located farther upstream. The resultant hollow-
cone spray produced by water flowing through both the
inner tube and the annulus exhibits mass flow imbalances
caused by all eight guide vanes.

The performance as a function of _mixture ratio of the
concentric-tube injector shown in'Fig. 8 3, modified -accord-
ing to designs shown in Figs. 9 and 10 and using
N.O,-N.H,, is given in Table 3. A correction to measured
c* values was made for héat transfer using the equation

R ;/ 8H, + 0O,
[Cﬂl’l' cmﬁu Ach

i

'-lt_\.«

At 40-1b thrust this correﬁbn was appreciable, amounting
to about 4%; whereas at the higher thrust levels the mag-
nitude of the correction falls off rapidly, and they were
generally not made. data were obtained with the
fuel in the annulus and the oxidizer in the inner tube.

et
-
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CHARACTERISTIC VELOGITY, fi/sec

RATIO = 7.7 FOR ALL C
TED FOR HEAT LOSSES
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" 5110
5250 Figure vanatxol}s

5330 by varying the pro

g

ow rates at constant .

o %
= O O'9RS OIS

7h zg diameter. »If the no: er is changed to a dlﬂere' o
286 i ‘ value, a T cur\tq “with vanahon in propellant flow
3 7 L5 1.265 5370 rate is ob ned. Furthermore, the maximum of this new
. curve occurs at the chamber pressure correspondlgg foie 1§
" smg o prope]lah‘ts ha d Ee affect on' the per- the same prope;lant flow rate as the max1mlim of ﬂ) g .
ance at this thrust scale. A comparison of the “N‘ i
mance of the céncéntnc-tube element with a two- 'l'qble 4 Performance of 40.|b-Thms| Nzo ~N.H ;

o0 and a tﬁplet elément using the same propellant ; Mdﬁ- with Two-on-Two ln|e¢'or Elemenv '

smbination is shown in Fig. 11. Data for the two-on-two = 31 in. «

e J ) ‘ Rive, iy

triplet clements are presented in Tables 4 and 5 O&nfmchon selio = 7.7 i 4
ectively. At equal chamber lengths and diameters the ~ Data corrected for heat losses A

ntrlc tube imjéctor performs considerably better

J“than either of the other two injectors. Since the activation » : s ' r {
: gies of the gas-phase reactions are not dependent on %
g injector characteristics, one possible explanation for j A ::: g ﬁ:
mprovement is that the concentric-tibe m;ectop

G008 L Thpmdae o TOWLT W b
ces a more uniform initial mixture-ratio distribution, - D, TR 104 ;

is necessary for eomplete co;ﬁbﬁggm - : :;;2 ' :ﬁ? 4

rottling charactenstlcs ‘of the cpnpen *ibe s.t%:?w“‘ e : }M )
‘described above with the fuel in thgannulus and B

n"




S lb-T : N (o) —N?_H‘ = ines’ Wnsu‘l'ea N
l'hple -’npdpr Element water to prevent t
combustion chambe
Whether such a shut

e S , F =

ft/sec

5300

: |:1o‘{ 5260 :
1.05 1‘_’?1 5300 Heat transfe r plate
e e minimal. The ove at-tringfer gl
o g ; , in2ghc. ThENe
0. 5260 Py 2s approxinige 3 : ,
! chamber was al§o low. The yalue predi

method describe Ref. 5 for t& combustion gl
) 15 3% hlgher th the rate actually measured. s,
. quite significant, especially in light of thg ﬁct thag e
——— predictions made by Bartz’s method are normally to toodow
for thrust.chambers with high Contractlon\iatlas Appar-
——  ently the zegions ad;gcent to the chamber walls for some

distance dviynstream“of the impingement g@t are

e SE3R hydrazme {the pro}ellant in the annulus in th

ould give a relatively cool bou
wnstream to coh'lplete the co

PRESSURE, psio )
tions quxckly ﬁll;the Cross- sectlonal area of the

! . Fig. 12. Performan ; 49“!"""’"" N.O.-N.H, so that little reeirm,latxon of very hot gases occars,,
| ' Concentric-Tube Inje @ Function of the heat transféﬁ‘fo the chamber walls is
\ Chumhﬁ;}ret ' decreased over ‘mmal reglon of the‘ cham

_ ; - sumably, if the o !
‘curve in Fig. 12. Hence it%) the ﬁle variation in heat-transfer rate duesto
the characteristic exhaust ﬁelomt'! Jwﬂ’h chamber pressure will be observed. ‘-‘
is du<, to changes in the mlxmg ch ---f' §

to any pressure dependenee of the 'ml | reactions . . &
involved. It appears; therefore, that aﬁ.least for this D. Open-Flame Studies Opr -N.H,

injector-propellant combination, optimuntinjection veloc- In order to understand the comb 1stion Qf
ities exist. On the oxidizer side, 25 ft/sec is required, and  propellant combmatlon and té nd Otg‘
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. pressure drops corresponding to these veloci

4.2 psiy respectively. Pressure drops of this} magmnﬁd is particularly 1nsttuct1ve as the mg@se Sark br‘ : ;

are easily varied over a large ratio, even in pressure-f of nitrogen tehon& identifies re
systems. in this component. Regions rich if ydrazme

+ & The eombustion was f d to be smooth and stgble x tlﬁed by tho,eo lorless hqwd 1tself b2 a yel]ow ﬂ =gl
A call g éssres and at all chamber lengths. No damdge
sort to the injector was noted, even t ough the injee-
ol had f)een started wAl over 01! dﬁm and'
“had bgertrun for apumulatwe time of about 45 min. Start-

»

1. Knife\ @
a'_duced by {2
- retraction

. The charactenstxcs
ife-edge concent
in the inner tube and N;

pnman
V'mamly droplef"s of hydrazme
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ﬂame is almost completely absent. This
reams is quite unexpected in light of the
that with less reactive systems, such as the ones
. in Plates 17 to 19, much more reaction takes place
fidentical injection conditions.

e differences in behavior may be explained in terms
je rates of the initial reactions of the various propel-
§ystems. With relatively slow reacting systems, such
A—]PX and SFNA-UDMH, there is an ignition

p-ofsthe order of a few milliseconds. That is,

pis not.initiated until a few milliseconds after
‘ ghlave come into contact. During this time
,.,# sphase mixing may take place. The mixed
in the liquid phase until enough heat
)  propellants and to bring the
mition point. The vapors and
panner then serve to atomize
ent. The resultant liquid-vapor
bustion.

e reactlon delay appears to be
ment of its exact value has

however‘ tests it can be esti-
it the delay time is ‘Jess than 1 millisec.

such a short time mterva’i very little liquid- phase

. 'some reaction takes place almost immediately,
il the gaseous reaction products may form an expanding
buffer between the propellants. Thus, additional

ateraction between the propellants could be prevented
anid the f@el and oxidizer streams would diverge without
undergoing further combustion. The differences in the
combustion ¢haracteristics of the systems considered may
thus be due te differences in the delay times of the ‘initial
energetic reactions. .

Under some conditions the innergube may be retracted
into the outer one to provide a cenfined mixing section.
Undu these conditions the hlgh-veloﬁty liquid-vapor
fixture escaping from the mixing sectiom consists of a
core of oxidizer surrounded by a mantle of fuel.
is ease the propellants may react upon contact within
er tube, ‘and the gases generated in the initial reac-

1 the two propellants is exceedingly slight, ,3 &n

"§tcd that peak pressures as high a

t&mﬁoﬁ of gade
soﬁe lﬁa&qﬁlease /i urst of
tlon the ténp‘rature of ﬁ'ne propell ts and h‘le OTess
within the mixing zone are in Ev@n :
temperature and pressure reach hi enguﬁ

cause explosive decomposition of the hydra ing ar

intermediate reaction products that may be prese
the damage inflicted upon the mix

ated within the mixing zone, B _
such magnitude, the propellant flows are comple
stagnated which results in an ingrease in the ti
ence of the still uncombusted propelknts

pressure and temperature 1s;1gam established,
rie to eﬁ)loswe decomposxhon Thus one di

ellants reversed is 1de{ht1c.1|. From the”above
it is apparent that premixing of N.,O, and
“set of knife-edge concentric tubes is not
er the reaction proceeds with destructive

the propellan escapmg from the mixing section are. lam-
inated to s uch a degree that complete combustion is not
possible nf:gny reasonable chamber length. A\

component in the center tube so that 1"'
angles on the component in the ann
degree of ypenetration: :

expected w&s’uch a geoqlatry The charactenstxcs of
flame produced by a set of eoncentric tubes with suc
deflector at the ‘end of the inner tube are shown in P
21. In this phetograph the oxidizer is in the annulus
the fuel is in the center tube. Compared to the str
produced Mﬂaout‘ the deflector (Plate 20) there is
marked mcreas\e' in the extent of reaction. A fair amo t
of separation is, however, still evident. The fuel is forced
predominantly to the inside while some of the'gxidi
formsl};uggltle around the flame. Apparently,
enough quantity of heat is released during thesni
tions to vaporlze most of thé woxidizer. H

not complete]y va?onzed and streaks chd?ract
. : drop ets are apparent in ‘the photograph

bumig d:op]ets appeaf to penetrate

g



xture ratio within the"
it appears at first glan

) “The characten of the ﬂame are not matermﬁp
tﬁ by the presence of a flat injector face plate, as
r-{n Plate 22. The degree of separation of the two
ants appears to be unchanged. The large droplet
from the bottom of the injector face plate is
frazine that has been sprayed through the oxidi
ntle and has accumulated on the 1n]ector face pla

#ehough to cause spontaneous decomposition; instead, the
Whydrazine burns in air and nitrogen tetroxide vapor y ith
a diffusion flame. b 41 \
4 Jﬂ‘ . g 3

g'mm Plate 22 it appears that a more uniform mixture-

ratio g.slnbutlon may be established by redi¢ctmg the
excess oxidizer surrounding the flame in such a manner

that i has to pass tlhbugh the flame where?t can react

with excess fuel. This may be conveniently’ accomplished

by thi '@d,’bdn of a short chamber section to the injector

face jplacé. Plate 23 shows the operation of the injector

de ed above with a 0.15-in.-long, 0.925-in.-diameter
Alalgxber section. The mixture-ratio distribution in this
flame shows great improvement over that without the
chamber section. However, some ox1dlm emwentratxon
on the outside of the flame and some streak

ing hydrazine droplets are still present. .
previous photographs, the center portion of the flame is
marked by the surrounding luminous reaction zones. The
liquid streams at the bottom of the chamber are due to

' " water used for eooling the combustion chamber section.

e

ek it i

‘The true character of this flame can be seen more
early in Plate 24, which shows the operation of the
njector with a 1.0-in.-long, 0.925-in.-diameter ‘chamber.
;ﬁlp fuel is again in the center tube and the oxidizer is
in the annulus. Because of the absence of a large luminous
_ combustion mantle, the center portion of the flame can
- be seen quite clearly. A possible interpretation of the
f" 4 ~ pieture is that the flame consists essentially of three parts:
elatively cool hydrazine-rich core located in the center;
, idizer present in relatively high concentrations in the
‘ outer portions of the flame; and a zone of highly luminous
k reaction in between. Streaks due to burning hydrazine

4
F

“are no longer present. Apparently, 4 large.- s

nearly complete vaporization. Co
eds toward completion by vapor-pl

By sufficiently increasing the propelldr'i t flow rates, th
pressure within the l-in.-long chamber :“,J- cal
raised high enough so that sonic flow is reached ¢
open end of the chamber. Under such eonditiof
approximate value of the characteristic exhaust veél :
may be determined by measuring the propellant ow
rates and the chamber pressure at the injector end. An
appropriate correction for the velocity head can the
made with reasonable accuracy. In this ne
teristic exhaust velocities of about 4 800
obtained with fair reproducibility. Thisme
a characteristic length L* of only 1'in., a 3
of the total available heat release has tal € ;"‘.pla L
gas-phase residence time, which is rela ) the ¢
teristic chamber length, therefore can mt be an i
tant parameter in determining om%ll performa.nee
rate of initial mixing and the umfnrmnly of thp
ratio distribution within the combust
to be of much greater lmport.pnce i

inches.

The next series of three photographs, Plates 2
27, were taken under the same conditions as Pl
through 24, except that the positions of the fuel 2
dizer were reversed. In Plates 25 through 27 the fuel
the annulus and the oxidizer in the inner tube.

#* T, Plate 25 the quantity of fuel accumulated o
injector face plate appears to be far in excess o “ &
amount of oxidizer present in the same region ig Plate 22.

This is probably. a result of the fact that hydrazine has iy

boiling point and heat of vaporization high enough that
accumulation of the liquid may take place, while the oxi- -
dizer is entirely vaporized The degree of separation of
the propellants upon ¢ ch!tact is therefore probably about
equivalent in the t}g‘"ﬁcnsds ,

‘

i
It is interesting to liete that the hydrazine accumulated
on the m]ectot ace pkte in Plate 25 is quite stable ang
does not decompose explosively, even though it IS in
tact with vaporized oxidizer and is bonhng&xig rous
appears from this observation that in an
hydrazine is not prone to decompose e

Plaws 26 and 27 show the same general '



aﬁtually been observed experime

These resuits of the behavior of the N.O —N«H; pro-
pellant system in concentric-tube elements support the
ypothesis previously advanf:ed for impinging streams;
mely, that tvsm‘al reactions between these propel-
ts are so fast that good liquid-phase mixing is pre-
vented by a layer vanding gaseous reaction products
formed at the li uid interface immec.liafely} upon
contact. : 4

In addition,
suggest several
bustion:

1. The initial r%actl

scale. This

% tests with N.O, and N.H,
ciples goveming their com-

etween the N.O, aﬂd th
which do mix rel fent heat t 'f ‘ e a

substantial portion of the propellant mixtu
2. Forced hquidaphasq mixing in a very

‘ vb'ba@use gf the formatwn of
detonable fuél ahmgtures :

mixing and the uniformity in mixture-ratio distri-
a&ertstlc chamber length ahears

relatively unconfined ‘volume may be e
injection technique. ¥ Just enough volume i
for the escape of the gases ‘generated during th

3 which the propellants can be further mixed prior to

jection into the main motor chamber. Combustion can
hen be carried to completion by vapor-phase reactions
in the combustion chamber proper. Accordingly, an injec-
" tor using the exact tube configuration shown in Figs. 9
and 10 was constructediwith a 0.75-in.-long mixing section
equal in diameter to nozzle throat (0.333 in). Tests
were carried out with ner tube retracted to different
positions within this section. The characteristic
~ exhaust velocity as a ction of retraction distance is
' 3 in Fig. 13. For comparison, the performance at the
e characteristic chamber length L* and at the same
tot{d‘chamber length, including the mixing section, are
also‘!@uded. The relatively low performance at zero

4

retraction is a result of the fact that the fuel, the com-
b ;‘ iy

|
{

Y

-
Fig. 13. Performance of 40-Ib-Thrust N.O.~N.H,
. ! O

ponent in the annulus has to traverse the entire length of
the ‘mixing section as a free stream. Any initial annular
unsymmetrical distribution is magnified in the free stream,
and a nonuniform mixture-ratio distribution can result. x
L ThP:Shal’p decrease in the characteristic exhaust velmuty ‘l‘
"“Wﬁhgge&ml
impingemen
on the mixing section walls, resulting in less oxidizer
penetratlon With addmonal retractxon turbalml mixérng

. o :
pleteness of cmnbustlon are the rate of ynitiel

in the p%‘rformance is rea

_ 1{::& chamber Tength without the mixing sectyv*' "
is, h

‘; reactions, a stable mixing region might be maintained" L

] L =180
Y P-=330psio
MIXTURE RATIO=11
CONTRACTION' RATIO =7.7
DATA CORRECTED FOR HEAT
LOSSES

556 575 1.00

RETRACTION, in

025

with Concentric-Tube Injector Element as a Fun
of Retraction into a Mixing Sccﬁon

>'
X a3 !

iction is probably caused by W ‘
condensation of the deflected hydrazine.

1& that Q shght '
dover inable in the

pressure drop in the mixing section at fulL:Wio
ver, about 150 psi, which makes this method of

improving the performance impractical. In light of this & e
fact, premixing in a relatively unconfined mixing speti‘m* g
was abandoned as an injection technique. S "‘»v

&
e

'E. Motor Tests wuh N, ,—N_.H, at 80-Ib Thrust

" Based on ﬁ:e.m,cceqful dperation of the 40-lb- thrﬁst

injector, an 80-Ib-thrust element was designed, built, and
tested. The scale-up was made by increasing all pertinent
linear dimensions of the 40-Ib-thrust element by a factor £
of \ 2. Thus, all flow areas were increased by a facts
of 2 and the injection velocities were unchanged. T}
limited data obtained with this element with hydrazine
in the center tube are plotted in Fig. 14. It is wort}wﬁ
noting that characteristic exhaust velocities close to

retical frozen flow were obtained even though the char-
acteristic chamber length L* was only 12 in. Here -again
is further evidence that the characteristic chamber lem{'h
is not the parameter governing the completeness of the
combustion in a rocket motor.
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F. Motors Tests with N,O,—~N .H, al T]w

In order to determine the effect of large variations in
element size, an element was geometrically scaled from

40-Ib to 800—lb thrust. The resultant 800-1 s
shown in Figs. 15 and 16. The 0 maj 3 )

an exact g%metnq?lw | the design o o

. pellant feed pa$8dges and'ﬂ edlﬁerent methsa of ﬁxing
*E!e‘deﬂector pin at the end of the inner tube. The feed. .
passages were-redesigned to allow the estabhshmﬁ)f
stabilized turbulent velocity profiles - lg,the annulus in

a comparatwely short distance. The method of fixing the

~ ~ deflector pin used at the 40-lb-thrust scale—namely,

- ﬁll‘;‘eadmg and crimping the inner tube—was found to be
insufficient to withstand the high level of yxbnfﬁn
encountered in the first few tests v yith the
The pin was therefore fixed by

located in the center of the inre

brought out of the inner tube through an elbow and was
x silver soldered there. It was spaced with respect to the
_inner tube by means of three guide vanes. It was found
no appreciable disturbance in the flow pattern results
e vanes are located at least 1 in. upstream of the

~ @ deflector pin.

The geometrically scaled element with the tube design
of Fig. 15 produced unexpectedly rough combustion and
_ performance that was only a little better than that

obtained with a two-on-two element at this thrust level.

The following presents a possxble explanation fm’ these

results:

g
- e
" - >

Page *( Tt ‘ : <1
%

. -
‘.' ,1)4- »

_ - where the propellant skeets are comparatively thin andd&

tively slow process. The lower performance at the larg

At the lar

, prgpgllaxst sheets As these sheets
impinge on §ach mhex only a very small
Mn take place before
ge of gas are generated to cause
ination of the twq_ipxopellants At the 40-1b scale,

streaked, a larger fraction of the total propellants availdy
able can take part in the initial mixing and reaction
At the 800-Ib scale, however, owing to the uniformity in
thickness and in momentum profile of the propell
sheets, no preferred ‘points for ¢ g
generated in the initial reactig
are therefore more or less un
results in a greater percent:
being unmixed. Any further mix
lants has to take place downstream in the comBy
chamber by diffusion and recirculation, which is a

scale can thus be traced to the tlncker and more

prope"g.gt-ﬂhset&
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ration of 800-lb-Thrust
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isting pre )
de only Serve to lower the
over-all performance, ‘,"do not contnbute to rough
combustion. When fuel 3§ on the outside, it is believed
that pockets consisting mainly of hydrazine vapor and 4
partially oxidized hydrazine, confined between the oxi-
dizer flow and the chamber walls, undergo explosive ;
decomposition and thus give rise to large local pressure 1
fluctuations. In the impingement zone the pressure fluc-
tuations are so large and so violent that they severely 1
disturb the propellant flows and prevent the establish- 4
ment of steady-state conditions. In fact, under some con- d
ditions the violence of these explosions is so great that
the propellant flows are completely stagnated. An oscil-
lograph record of a motor test showing the primary
fluctuations in the chamber pressure and the induced .
fluctuations in the injection pressures is shown in Fig. 17.

other appear to be f

Two methods of coping with the problem of rough
combustion and low performance appeared to be feasible.
First, the impingement zone can be removed from the

points of injection of the propellants so that fluctuations .
of the local pressure within the impingement zone cannot i

disturb the propeuant flows. Second, come controlled

m
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now forms a hoIlovg
sheet of the other proﬁe

> which mtercepts the

t approximately % i
rﬁlfmm the injector face plate. Both of the propellant
passages are shaped. in sm:h a manner that the cross-
sectional flow area decreases with distance measured in
the direction of flow just prior to injection. This insures
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* inner tube some dlsta;me out into.

T

;ﬂ Modification No. 1 of Tube Configuraﬂoniof
800-lb-Thrust Concenm:-'l’ube Inieﬂor i

_ bility. In qyler to achieve bette
e

* " operates stably only with the fuel in the‘_ : T tu

then only if the oxidizer injection veloei
approximately 40 ft/sec. If the fuel is in
large accumulation of hydrazine on the in
and on the chamber walls takes place. *
rated in the combustlon chamber qui

poses explosively, giving rise to, severe cham
fluctuations. Apparently, the same type of j
occurs if the oxidizer injection velocity ‘is to
this case a great deal of fuel is forced to the ¢
chamber and there undergoes explosive de

The performance of this injector at vari
sheet thicknesses is shown in Fig. 19. Onlk
sponding to stable operation are reported.’:
with this injector is extremely smooth
with the fuel in the inner tube and wi
injection velocities. An oscillograph recon
operation of the injector is reproduced in F
that removal of the impingement cone from
injection of the pr(zpellants does actua"y result
stability; ver, the absolute peg_fo manc
tively low., pparently ﬁgr' deal of sepa;
ing place upon initial aet ol
It is interesting to note ha
fall on a single strai 'ﬂme
tQ widely dlfferggt.nﬁectwn condmp
obtained if lﬁfdata are replotted Vs i
momentum ratio, or either of the injection ve Jocities. Fror
this it follo tbat the shape of the curve in Fig. 19 i
determin ely by the m' urera;io and is notdkpeﬁ T

fl % in. had
ombustion sta-
ni n of fuel into ﬁ
a 30-deg included
tube and the

found that extending the inner tuk
little effect on the performance
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cepted by‘24 elétivély stilic
deal of penetration is_thus obta
produced upon initial contact
streams without' materially’ 1
In fact, the"oxidizer and f

and distributed fairly eve
expanding vapors. y

) The perfomﬁ"& G

extended % in. into the chamber is’ bown
oscillograph record showing the sfébilify'
tion is reproduced in Fig. 23. The chamb:
tuations with this modification are some
those with the injector of Fig. 18; howe
tions are well within tolerable limits for
about +5-8% of steady state pressure. The

24 TRIANGULAR P : - ¢ onid
SERRATIONS, 30° this injector fts_measureg_lbvymthe percents )
“0a3TOM INCLUDED ANGLE|  characteristic velocity is extremely hi 8
“

] mixture ;ﬁﬁos Itcanbe‘s&n tha(
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> ‘fder to opti ze the performance of this type of ification ’?nth 32 saw teeth was also tested. Here tB@«
i the number of saw teeth at the end of the inner combustion was smooth, but the chaxactemffc xlian@‘ ;

ol

1

be was varied. With 16 teeth the injector operated very -veloduéwere 150 to 200 ft/sec lower than thosﬁaa
ronghly and at low performance under all conditions. with the 24-tooth mn’ tube. In addition, the p
Possibly, the 16 streams penetrate completely thro% dM ,aciossﬁthev teeth was excesswaéft is sugge: @
the ‘oxidizer, and an accumulation of hydrazine at the = further work he carnqd out to ﬁ)ﬁm;ze !‘hlS‘ ‘iif 2

I a.tnher walls occurs, This hydrazine may then decom- '  injector, with emphasis on xmpmvi'ﬁ the pex‘f 5
explosively, giving rise to rough combustion. Amod-  at high mixture ratios. Mo,




The experimental results summarized in this rep ort!
show that for certain propellants the ra Iv f vaporization
and therefore the combustion profile in rocket motors can
be controlled by the reactions occurrifg in the liquid
phase. For most acid-oxidized systems some slight delay
occurs between mixing and rapid self—vaponzhtlon Thus
uniform mixture-ratio distributions can be obtained by
various methods such as impinging streams and premixing.
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The successful operation |
N.O,-N.H, and CIF.-N.H however, appears to require
special techniques for obtaining uniform penetration of
the hydrazine into the oxidizer. This mixing must be done
rapidly and completely if hydrazine vapor explosions are
to be prevented. These hypotheses are supported both by

the very reactive systems
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photographnc studiesy :
data obtained in rece ,--. otor tests over"a
40t08001bper :

_te or by means cf Wi ciher methq of ,

con 'ry mixing. An alternative techmqudisc
penetration of fuel into an annular sheet of oxi
in the various concentric-tube designs expenm
investigated in this study. i

By using injector elements for reactive propellants
which produce on a macroscale a uniform initial mixture-
ratio distribution and maximum liquid-phase mixing, high
performance :&n\be expected with a minimum number

of such elements at any total thrust level.



¢t = d“ctaﬂsﬁc exhaust velocity, ft/sec.

Cineq = theoretical characteristic exhaust velocity based on equilibrium flow.
¢ty = theoretical characteristic exhaust velocity based on frozen flow.
AH,, = enthalpy of reaction from thermodynamical calculations.

: L* = characteristic chamber length, in.
%\ p = pressure fluctuation.

’-\ P. = chamber pressure, psia.
Q. = heat transfer from injector face to throat. ‘
r = mixture ratio (oxidizer/fuel). 2
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Plate 5. Two-on-Twao Injector Element Using N.
Mixture Ratio Mfﬁon—opﬁmum







Water Streams Impinging on Flat End of Rod, Ming

Inert-Liquid Spray Pattern
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Plate 12. ﬂN:OfSlr’ocm
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Plate 16. Concentric Tubes Having Knife-E
Resulting Stream with Water in Both Cent

Plate 17. Concentric Tubes Heva! Knif ‘ i K

Center Tube
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Plate 18. Concentric Tubes Having Knife-Edge Inner Tube, Showing

Near-uniform Vapor Mixture of SFNA-JPX with Resulting
Flame Zone (0.35-in. Retraction)
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Plate 20. Concentric Tubes Havin fﬁ-r:;Edge Inner Tube, Sl ‘

Separation of Annular N.H, ﬁlln ter Stream N.O, (Zero R
& “. f -.’-;f’ K :1.
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_ Plate 26. Concentric-Tube Injector of Plate 25 with 0.15-in.-leng hes ot
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