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*  This report on Propellant In]ectors shows the interrelat.;on of
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of recket engines. Various injector types are studied, design para-
meters established, and details of many leading foreign injectors .
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Volume IV, entitled "Propellant Injectors," is one of a series of 14 volumes covering the
compilation,.ncsunm and-analysis of German liquid rocket engines, procured from the American

\ Power Jet Co., under Contracts No. W-33-038 ac-17485 and No. AF 33(038)-3636 with the -
Intelllgence Department AMC, Wright PatterSOn Alr Force Base, Dayton Ohio. ’
ol »The 14 volumes of this series are as follows: A
Volume I .., ... e e e e . Combustion, Chambers : ' K\
~ Volume B ..., ... .. Combustion Chamber Cooling
~’Volume IIl ... ......... An:iysis of Design and Performance ol
Foreign Rocket Combustion Chambers
VolumeIV .. .......... Propellant Injectors
VolumeV .. .......... - Propellant Supply Systems
Volume VI .. .......... Rocket Engine Turbipes and Pumps.
. Volume VI . ........... ‘Thrust Control
‘ Nolume VI] . ........... Rocket- Engine Control and Safety Circuits
! Volume IX .p.......... Liquid Rocket Engine Installation and
) Flight Program Factors ‘
Volume X ............ Ground Handling of Operational Liquid
Rocket Engines
Volume XI ........... . Ground Handling of Operational Liquid
) c Rocket Engine Propellants
Volume XII- . .....,/..... Liquid Rocket Engine Test Facilities and
Testing Techniques - Peenemunde Rocket
Group
Volume XIM . .....{..... Liquid Rocket Engine Test Facilities and
Testing Techniques - BMW Rocket Group
Volume XIV . ........... Liquid Rocket Engine Production Experience
yd
' / o

RESTRICTED

WO 14 A, 00 o SECURITY INFORMATION / \ .




? . . : : . Q""“ g .a. m‘ :‘?1— _—'—.-; ‘L—._ . h v e .‘—l Y u‘ _ __’. "I -:- .
RESTRICTED. © = *wer e
. \ s : A € 3 " ;‘"
: TABLE OF CONTENTS . , ' (e
£ C vt ' 108
Page No.  — * 3
_ b
Introduction . . . ..o oo ae o a0 ede e T 1 - Ereae
Function , . ................... 3 00 0B 000® R 1 il?z
General 6onSiderat10ns ......... PUPEDE R I 1 i :
. Injector Types. . . . .. R A /' ....... AL ety 2 |
' SpPray InJectors . . . . oo i vttt e e e e e e e e e e e 2 b
Orifice Type ............. "0 0000 0dw'c ooy doookhooddo oo ook 4
. Composite Orifice- Spray Type ..... AP U oo e G 5(
{
Injector Design Parameters . ... .. YRR F I IR 6. g
Details of Leading Foreign Injectors ...... S P B f J
Individual Intersecting Sprays - P'3390A. . ., ... ... ... 0o e.. o 7
Concentric Intersecting Sprays (Self - Capping) - HWK 109-509 .......... 12
Concentritc Intersectmg Sprays (Non-Self -Capping) - Peenemunde Ring
Injector. . . . . .. .. B i e e e e e e e e NERE 12 .
Orifice-Deflector Plate Injector ~-HWKRI-210b .. ... ... 0. ¢ceeeeoo 13
Simple Orifice Type - BMW109548..............: ....... 620 G0 14
Regulable Orifice Injector - BMW 109-558. . ... ............... PR .19
Tripropellant Injector - Winkler .. .. .. ... ... ... 0.t eeoeoos 0 16 -
Spray Plate - Peenemunde C-2 (Wasserfall). . ...... U o crp RO 0 0 9 0%dg 16, —
Cup Injector for “Cold" Reaction - HWK 109-507 . . ............. e @ 19
Counterflow Injector - Peenemunde ASeries . ., . . .................. (19
Burner Head Development - Peenemunde B Series ... ............... 20 :
Composite Orifice-Spray Injector - A-4 . . . . ... ... ... ... 0 cieeeoeos 23 I~
Summary and Conclusions” . . ................... T T 3 25
Bibliographical References. . .. ... .. P00 0L 00w 0000 B0 o000000C RO ke 28 t_ :
) ’ E- x
. - ‘:E '
"
{ 'Y - A . i
] a ,') =

RN

\0 ”1'9‘219-; | | i3 ‘ B NoTe e
| L RESTR]CTED. ol /

’l}"i‘- s . . - y



“udulxm#‘n _I". ko Gty e

‘RESTRICTED

f

18a
P ~

18b

20
.21

23
24

26
27
29

30
31

32
33
34
35

36
31

B 1

. AT1-25218

[ 4

9

. LIST OF ILLUSTRATIONS ;
e saaty i | £34 s

n

P 33’0.& Hea.d of COmbustion Chamber Showing Injector . .. ..........
Pu'ts of P 3390A Combusuon'Chamber and Injectors . .. .-......... roide o
lnjector Distribution No. 1 for P 3390A ... .....................
Tpjector Distribution No."2 for P 3390A . .. ... . ... .. ....0.¢cou.u..
Injector Distribution No. 3for P 3390A .. .. ........... 7. ... ;
Injection Gage Pressures vs. Combustion Chamber Pressure for P 33
Thrust vs.Specific Consumption for P 3390A.
Injection Pressure va Merit Cot?ldxstion Rating for P 3390A ...........
Thrust vs.Chamber Pressure foX P 3390A . .. ... ....\L............
Appearancf of Thrust Nozzle After 3-Hour Run With Injector Distribution
o B S s e T s O 5 6 3 ot 3 5 ) 110 o et o e B e S
Appearance After 3-Hour Run With Injector Distribution No. 2. . ........
Formation of Dark Spots After Half -Hour Run With Injector Distribution

Jnfol b et oI 0 5 B 6 6 0.5 0l 0 00 00K 0 &0 0500 S0 D g o Gddso oo oac e 1
Thrust Nozzle Burned Through at Neck After 13- Minutq Run With Partial
Cooling’ and Injectors R-III 12-1017B. . ... . ... /... . ..o iv v s s
Thrust Nozzle Burned Through After 10-Second Stant With Injéctors R-III
A12-1017Band Partial Cooling. . . . . . . . .. . i i i v it it e et e s e e
Formation of Dark Spots After 1-Hour Run With Injector Distriemtion No. 3.
Appearance After 1-Hour Use With Injector DistributionNo. 3. ... .... ..
Final Design of HWK 109-509 Injector . . .. .. ... .................
Head of HWK 109-509 Showing Injectors in Place .............. PR
Combustion Chamber Burner Plate Showing Method of Zoning Burners Into
Three Separate Stages .
Method of Dividing the Delivery Pipes to Serve EachStage ............
Manufacture of Ring Injector .. .......... 5D00D00O0O00QGO0o0 D ok P 0 o ¢
Partial Section of 25-Ton Ring Injector .. . .. ... .... .. ..........
Assembly Drawing of 1-Ton Ring Injector . ... . ... .00
Ring Injector. . .. .. ..ot i ittt ittt it i e eans Yo o0 oc
HWK RI 210B Injector Assembly. . .. . ... ... ... it
Injector Pressure Drop vs. Efficiency Factor for BMW 109-548. . ... .. ..
Variation of Specific Propellant Consurdption With Thrust - BMW 109-548 .
Sketch of BMW 109-548 Injectof Showing Distribution of Holes and fn]ection
Angles . . .............. T e ) T o TR s e
BMW 109-548 Injector. . . . . . v v vttt i v e v ee e e B ooBgons an
BMW 109-548 Injector. . . . .« v o vt e v vttt e et e e e e e e
Inner Jacket pf Chamber for BMW 109 -548 Showing Injector Head With
Fittings WeldedinPlace . . . . . . ... ... ... .. .o v
Assembly BMW 109-558 Combustion Chamber Showing Injector Details . :
BMW 109-558 Injector Head Ready for Installation Showing Details of First-

------------------------------------

-StageInjection. .. .. .. ... ... ... e e

BMW 109-558 Injector -Subassembly Showing Detau of Inserts . . ........
Upper Portlon of BMW 109-558 Injector Giving Dimensions _
Lower Portion of BMW 109-558 Injector Giving Dimensions. . .. ....... i
Schemati¢ Arrangement of Winkler Experimental Injector (APJ Drawing

No. 051-920-04-00). . . . .. ...t v vttt it it tn e e e

Head of Wasserfall Combustion Chamber Showing Three Injector Heads . .«

Injector Spray Head for the Wasserfall Chamber . . .................

111

RESTRICTED




38

- 38
%189

; 40
)< 41
42 -

43

44

45

46

417

61~
- 62
63

65
66
67
68
69
70
1
12
73
74
5
76
71

79

80
81

Figure No. ) b

AT1-£5218

LIST OF ILLUS ‘

Experimental Spray Plate Injector 1 for Wasserfall (She&m
Experimental Spray Plate Injector I for Wasserfall (Sheet 20f 2 M’),. "
Experimental Spray Plate Injectpr II for Wasserfall . . .
Experimental Spray Plate Injecar III for Wasserfall . .
Experimental Spray Plate Injector IV for Wasserfall . .
Experimental Spray Plate Injector V for Wasserfall . . .
Early Production Versionof Wasserfall Spray Plate Injector
Final Production Version of Wasserfall Spray Plate Injector
Final Production Version of Wasserfall Spray Plate Injector- After aR\m
Proposed Wasserfall Cagcade Injector ... ..... . 0.0 00 o meen™
Proposed Wasserfall Deflector Plate Injector. . . .. '. ...... 25 s
Proposed Wasserfall Spray Plate Injector With an Impact Plate 0 g, S
Detail of HWK 109-507 Combustion Chamber With Injector . . . . ... .. ...

v
LU Y LR ]

- . 8
o e e LI )
PP .
. .

. L)

e o

- i/
o o o T bee- 1
Y
.

.
.
.
L4
.
.

A-2 Section Showing Motor and Injection System 3 n0g BB oab 600800 o0lg
’ AT g N2 3y O :

Oxygen Injector Detail
Counterflow InJector 7. . . .. v v v v neeeconannnas SRR S
Counterflow Concentric Alcohol Twist Injector DetaJl

Counterflow Copl‘gnar Alcohol Twist Injector . ........... $a'8' 0 oo s s .

Counterflow 2200-Lb Self-Capping Injector ... ... .. .. ... .. 0oeu ...
Counterflow Self -Capping Injector for 660-Lb Thrust ..............
Schematic Arrangement - Injector for 44~Lb Experimental Unit (APJ
Drawing No. 051-920-05-00) . ... .. .., ...t i i vt icencnncncsoons
Section of A-3 Engine Showing Injector Détail
Assembly Drawing of B-Series Chamber-Showing Injector
B-Series Injector Head on Test
Centrifugal Spray NozzleDetail . . . . .. .............. Y 660 oo
Orifice Nozzle Detail . . . . . .~ F S I I I
B-4/7 @xygen Injector Assembly

B-4/7 Oxygen Atomizing Cup Detail
Assembly Drawmg of a B-8 Chamber Showing Injector Head
B-8 Crifice Nozzle , .............
B-8 SpiralInsert1 .... .. .... ol ool o) el el ol e o) e J o o0 B 5 o e e s
B-8 Spiral Ingert II
B-8 Oxygen Injector Witha BallValve ... .. .....................
B-8a Chamber Assembly Showing Injector Head . .. .............. “e e
B-8a Chamber With Spray Plate Injector
RI 101B Final Version With Orifice Injector . . . ... ..
Hole Arrangement A -4 Oxygen Injector (APJ Drawing

------------------------------
----------------------------

-------------------------

--------------

0. 051-200-02 -00)

Assembly of 3080-Lb A-4 Prototype Chamber With Injector Head .-. .". . ...

Assembly of 9240-Lb A-4 Prototype Chamber With Three Injector Heads .
Assembly of A-4 Chamber With 18 Injector Heads. ©. .. ........
Assembly of A-4 Chamber With Injector Heads Spaced Around Pel'iphery of
Chamber Head

-----------------------------------------

Alcohol Injection Cup of A-4 Showing Injection Nozzles ................
Inside of an A-4 Chamber Head Showing 18 Injector Heads and Effects of a
Burnout . . . ... ... e e e e e e e e WwOdbonoldaow boamao
Alcohol Injection Nozzles . . .. .. ...........c0oveeeveeons -
Assembly of A-4 Chamber Showing Detail of Injector Heads . . ..........
4 o
’ n . ,

RESTRICTED = -

|
r[]f]l

T

7

T TR

-

Ty

e R Ty el B

*

(op
L

P g .

]v'}_r]. ;},'] Ul

L=
sl




*82

83
84
85
86
87

e T e TR eLen ..._ y bu\yu A
lq-wdaﬂoc ' 4 bn slemt Y ’-

'RESTRICTED

LIST OF ILLUSTRATIONS (Cont'd)

Figure No. .. , . i - - Page Na.

L} -

A-4 Chamber Showing Details of Injectog' Heads .. .... e 139.

Assembly of A-4 Chamber With 18 Injector Heads (Final Development) 5 0 o o 141
A-4 Head Section Showing Injector Installation . ... .................. 143

Cutaway of A-4 Combustion, Chamber Showing Stgucture . .............. 144 -

Hole Arrangement A-4 Alcohol Injector (APJ Drawing No. 051™- 200-01-00) 145
Assembly of A-4 Chaml?er Showing Spray Plate Injector . . . . . ] BBt 6 b o147
u“'

-

LIST OF SYMBOLS

Q =_Volume rate of flow (cu in./sec)
C =Coefficient of discharge
A = Total discharge area (sq in.)
AP &/Pressure drop across injector (psi)

P = Density (Ib/cu in.)

¢ = Jet velocity (ft/sec)

F = Rated thrust (1b) ®
Fo = Density of oxidizer (1b/éu in.)
£; = Density of fuel (Ib/cu in.)
Chamber pressure (psi)

ixture ratio (oxidizer/fuel) -

ressure at nozzle exit (psi)

'Tg o
[« 3N IR ¥ o)
NN

= Nozzle expansion ratio

m"’i

= Specific propellant consumption (1b/1000 b sec)
w Weight flow of propellants (Ib/sec)

Subscripts

f = fuel
0 = oxidizer

S ATIe85218 S | v \
S RESTRICTED
4 WAO- 12 juN o8 Dol Pt ’ .

bl \r.S

: O S




\

" 1/ The Germans designated self- -reacting propellant combinations (such as nitric acid-Tonka) as
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The function of the propellant in]ector is to introduce the propellants in the combustion cham
ber so as to obtain a safe, high-efficiency combustion. Although causing the efficient’reaction of =
—“two highly concentrated energy sources would appear to be a simple matter, the injector design, in
fact, presents one of the most complicated and difficult problems in the development of the rocket
engine. This problem is increased by the complexity of'the mechanical design frequently requirod
to secure fhe desired propellant distribution in the limited s e ?vailable.

General Considerations

7

’ ."‘" “ In ..r / ._._
Analysis of foreign rocket-injector design experience discloses that the development of pro-
pellant injection must take into account not only quantitative but also qualitative factors. These re-—_
late to the kinetics of propellant injection as well as to the interaction of the propellant injector i

with other system components., It is desirable that these be brieflynioted before proceedlng to the »—-‘30
dxscussion of their effects in speclfic cases, 2

s .
‘" The relazonship of the propellant m]ector to other parts of the rocket engine is less marked /= -
than that of other system com ts. The pressure drop through the injector affects the selection _3
of the propellant supply system;.for example, high injector drops are rarely compatible with pres- 7
sure feed systems but are frequently permissible with pumps. !

~

4

The design of the propellant injector must, however, be closely correlated with combustion
chamber and ignition characteristics. Thus, American research discloses a relationship between
injector design and heat transfer to the walls. A poor choice of injection angle may locate ﬂy
flame front and maximum temperature directly on the wall. . These factors make the
lem more critical and may result in motor failure. The us uftd spark-plug ignition fre(penﬂy car- .
ries with it a need for the accurate location of the propell intersection at a given point, M—. hr; E
nic igniters are less critical in this regard o3

£
o

T mem

m

It is rather surprising to note that injectors of all basic types were successfully denlopod for
both self-reacting and non-self-reacting propellants. However, it is evident that ad ents }or
the sell- re:mting or hypergole type, were less critical than for the non-self-reacting % iw

The design of injectors for anergole propellants is complicated by the fact that the rlﬂ m——
ation of gases at the point of combustion tends to throw the remainder of the propellants away from —
each other. Accordingly, extremely accurate and thorough initial distribution appéars desirable. 5
This was confirmed by Peenemunde experience. ==

’ U E

hypergoles " Non-self-reacting propellants (such as liquid oxygen-alcobol) were termed "aner-
goles.” These definitions will be adhered to in the bedy of this report.

] . ”
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heat& nsfer coulderations Thus .partial vapé
Hons. blsed'on flow in the 1iquid state and causes the 1
| g m to pe riqrmanqc.z Also, account must be taken. of tbe
! : e d tlbﬂc acid, uid injectors intended for repeat use must be capable of

gl “n b 4 g . ’ ..- 1
propellant injectors, regardless of the propellant combinatlon or detail design, must sati
roqnircments with respect to sa.fety, reproduclbillty, ease of fabrication and service, °

The lmportanc designlng for sa.fety is self-evident.- The reaction zonée must be confined to, -

V% the cpmbustion chamber and the possibility of "flashbacks"” either during operation or between runs_-3

must be eliminated. Accordingly, reliable seals ‘must be provided in the injector head to prevent ' w\'

the propellam:s from premixing before injection. Furthermore, refineients are necessary in the, i ?e
detail dtslgn to prevent one of the propellants from dribbling pstream to the injector and reacting

there when the motor -i¥ restarted. The latter point was a sodrce of considerable difficulty in com-- 3

lbuatlon chambers deslgned for intermittent use ina horizontal posltior\1

Reproducibility is an extremely important, practical consideration in multloriﬁce type injec-
tors, siice they require an accurate determination of the ‘intersection point for the réacting sprays.
Designs intended for mass production must be selected so as to pe'rmit the maintenance of practical
tolerances. This factor is directly related to ease of fabrication in designs such as the Wasserfall,
which require the drilling of many closely spaced holes. ‘A single setupfor the boring operation is

- rarely possible, since the holes are generally directed at various angles. The time-consuming na-
ture of this kind of operation is augmented by the need for absolutely smooth, clean holes. Such
I requirements frequently result in excessive rejection rates during manufacture and are, consequent-
. -41 lmpractical for mass production.

, INJECTOR TYPES
Injectors may, in general/ be divided into two major groups: the spray type, where the pro-

péllants are injected in conical or cylindrical sprays; and the orifice type, where the propellants
—are iﬂjected in solid streams. Each of these groups may be further differentiated.

. Spray Injectors

-+

The four main types in the spray group are:

1. Individual intersecting sprays
2. Concentric intersecting sprays
3. Ring injectors-

4. Centrifugal types

ol Des cr‘lgtion : - c

N In the operation of the individual intersecting Spray type, separate injectors are used for each
propellant. The propellants emerge from the injectors through an annular slot in a hollow conical
spray and are directed so that they impinge against each other. Injectors of this type were found in
the P 3373, P 3374, and P 3390A. . ' !

”»
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In the concentric type of injector the individual prﬁam are injochd tlr &m”f.'
annular slots and emerge in hollow concentric sprays pray angles are s0 arz -
impinge against each other. 'l'he Walter 109-509 is an example of this type

-'... -~ ol &

The ring injector is a variation of the concentric spray type In most casec, altcr.hr*
inject the different propellants, the respective sprays intersecting with each other.”This injector
was developed by Dr. Beck (deceased). It was proposed for various Peenemunde apyucaﬂc- and
was applied in the Rheintochter III. , . 4

T Ei’;‘uw m
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The operation of the centrifugal type of injector varies from the others in that the M
spray. shape is attained by the centrifugal action of the propenzx:s as they lea cmt
motion is usually imparted to the propellants by tangential entfy into the hhcz' from

_ which they shread out into’a conical spray as tb‘sy leave through the orifices. An altermate WL—
\ danamngthecemﬂngalmaiouiébymné spiral inserts. Mermhedthk'ibtq-:- '
N plication in Peenemmde designs. E o
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Centrifugal injectors were rarely used alone except with a monopropellant In bipropellant
systems they were usually used for the inner spray in conjunction with a concentric spray type. It
is also possible to use centrifugal injectors to achieve individual mtersectln‘g\%r\ays.

o

., Characteristics _ :

The individual intersecting spray injector has the least favorable characteristics because of
\the difficulty of getting' all of the oxidizer to intersect with all of the fuel,so that no unburned pro-
“ﬁellants leave the chamber. Another disadvantage is the fact that fnore than one injector ha's to be

'-." ’used which raises additional manufacturing and service problems. To offset its poor distrlbution

' qualities several such injectors were usually used together and the slots were made very thin as
an aid to thorough atomization of the propellants. An advantage of this design is that if something

" goes wrong with one of the injectors the efficiency suffers but the system is likely to continue run-
ning. Moreover, there is no problem of sealing or leakage; hence\the design can be very s1mple and
the tolerances need not be exacting.

Concentric spray injectors achieve generally satisfactory distribution because mixture takes
place around the whole periphery of the concentric spray. In general, this type of injector was of
machihed cohstruction and did not require very much servicing. It was very safe as long as tight
seals were maintained. On the other hand, concentric intersecting spray injectors appear to be less
.efficient in'large units. Extreme care must be exercised in-the manufacture of this type of injector,
since the individual propellant passageways must be completely sealed from one another to avoid
premixing and-risk of explosion.

‘ Propellant atomization is finer with ring injectors than with concentric spray injectors because
the propellants are led through a larger number of thinner annular slots. However, ring injectors
are extremely difficult to manufacture. The complexity of the design is aggravated by the require-
ment that the introduction of propellant should not be affected by conditions upstream from the in-
jection point. Moreover, ring injectors must be built to very close tolerances.

One of the outstanding problems in the fabrication of the annular slots, wlich are characteris-
tic of the spray-type injector, arises from the need for holding the annular slots absolutely uniform.
Any deviation in slot width upsets the balance among the sheets of propellant injected and results in
poor mixing, with consequent detriment to performance.

Orifice ! !E : -

)

- Three varieties of orifice injectors have been found. The most widely used had holes for both
_.propellants drilled to form a circular pattern around the face of the injector. The usual arrange-
.ment was two oxidizer orifices to one of fuel, set at angles which caused two oxidizer streams to
impinge on a single stream of fuel. The resultant mixture ratio closely approximated that required
for thé most commonly used propellant combinations. It also provided a good balance for the€ re-
.quired injector pressure drops.
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"with a multitude of holes. This is known as the spray-plate type and is characteristic d many

" jectors on the test stand, which had ‘apparently passed inspection during manufacture.
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This simple orifice m)ector was intended primarlly for hypergole applicatlon, where the lgai- .
tion lag period usually provided reasonably good mixing oppdrtunity for the solid, high- density -
streams. It was found in the BMW 109-558, 109-548, and HWK RI 21,

]

The second type is a version of the first, in which the whole face of the injector is covered .

Peenemunde injectors, including that of the Wasserfall.
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Many diﬁgrent spray-plate arrangements were tested. Frequently, with hypergoles, a portion}:.
of the holes was allocated to maintaining combustign by providing intersecting axidizer and fuel, '
Other groups of holes, intended to secure good atomization, impinged fuel streams against each '
other and oxidizer streams against each other, thereby eﬁecuvely breaking up the propellants.
two zones were located close together so that the generated-propellant mists would react. Such ar-
rangements weré-found in the Wasserfall and the RI-101b.

The third type employed random injection of the propellants with no attempt to secure Mcr-x
Section. It was hoped thatthe number of holes would be large enough to insure that all of the fuel

and oxidizer would eventually react. This type was found in' early Peenemunde designs, but it was"
gradually abandoned.

The element of randomization is frequently present even in highly developed injectors. For

mple, the A-4 injector apparently distributed a certain amount of its propellant unreacted into
:: combustion chamber proper. .

Depending upon their complexity, varying degrees of manufacturing difficulty were encounter

with orifice-type injectors. Analysis eof Peenemunde test results discloses many rejections of h-

)

¢

Composite Orifice-Spray Type

In many cases the Injector cohsists’of compésites of orifice and npnp. The A-4 hjoeta'
of this type. It represented the end point of a long and detailed series of experiments. It is " ‘60
that the Peenemunde organization began its development with a composite counterflow istjector -
which was tried in the A-1 and A-2. I was thought that the cmmterﬂp.batu‘M_ﬂth
mixing, but these were found unnecessary, and the A-1, A-2 type gradually evolved into the "burne:
head” arrangement used in the A-4. This design sequence is of definite interest, and is m

below in the sections of this report that deal with the Peenemmde counterflow injector, B -au-.
and A-4. ' B
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INJECTOR DESIGN DARAMETERS ‘ R .

‘While the design of a specific injector must rely heavily on the results of past eXperience,
definite.procedure may be set forth for determining fundamental dimensions. When the’ propellant
mixture ratio, thrust, chamber pressure, and operating altitude have been selected, it is pos,sible to
solve the fundamental equation F = ¢ (W/g) for the total weight rate flow of the propellants, since the

. value ¢ may be calculated for each pressure. ratio and for the mixture ratio for each propellant
N combination.”

Theoretically calculated jet velocity values may then be corrected by various evaluation pa-
" rameters, including X, (discussed in section 511—0 12A (Vol. I) of this réport). The corrected value
should be used in obtaming the required propellant flow. The total weight flow may then be broken
down into its components accqrding to the mixture ratio. The applicable formulas are as follows:
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The reqmred discharge areas as a function oI the pressure drop selected may then be deter-
mined from the convenuonal equation:

Q=CA 2g-?_p ‘ ~ 4 .

Theory alone is inadequate to determine the value of the discharge coefficient, C; hence, pre-
' liminary design assigns values based on past-experience. Injectors employing a well-rounded ori-
‘ fice may assume a value of 0.9 - 0.95, and when slots are used, a value of 0.85 - 0.9 may be select-
| ed. As in other nozzle and orifice applxcatlons it has been found that the specific conditions of -~
/ manufacture and finish definitely affect the exact value of the injector-nozzle coefficient. Similarly,
- the all-impofkant questions of distribution and "quality” ot dispersion are not theoretically predicta-
ble, especially in the case of liquid oxygen. This factor may be illustrated by Peenemunde tests
/ showing the importance of almost microscopic-scratches and burrs in the orifice exit on the injec-
tor pattern. ~
\ The selection of the pressure drop is usually based on experience with the propellant combina-
_ tion and injector design.: The chamber pressure drops for various foreign injectors are summarized
' in Tahle 1, "Summary of Foreign Injectors.” Peenemunde usually preferred relatiyely low injector
A pressure drops, while other organizations terided to work at higher values. Two extreme cases
were located. The first is the initial pressure drop of appraximately 1200 psl in the 1092548, This
system, however, is of the unregulated, “run down" type and the initial pressure drop is a type of
transient that is speedily reduced. The second case is the radical proposal of Saenger, in which the
710 psi pressure drop is partly a consequence of the other design characteristics of the system.
Inasmuch as it was not confirmed by experimental testing, this value should be regarded with caution.
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The only limiting factor in assigning the pressure drop is to set it. hlzh enouﬁ to a.in"ly- I:.. v
draulic stability. That is, to make certain that any small increase in chamber pressure will not < i
cause pulsations to be set up. The mechanism of pulsing arises when a local rease in chikaibor & 3 4
pressure overcomes the injection pressure, so that the propellant supply temporarily cmu. - '
this occurs, the exhaustion of propellants continues until the chamber_pressure drops enou‘h to per-- — fﬁ.‘
mit the flow to be resumed. In this way a series of oscillations may be set up, sometlmea wihx dis-— -
astrous results

DETAILS OF LEADING FOREIGN INJECTORS i

T
Indlv1dual Intersecting Sprays - P 3390A !

?

The desxgn of the ln]ectors ‘for the BMW P 3390A represented a logical and orderly development (
program based on previous experience with the P 3373 and P 3374.: In the P 3390A design eight slngle- ;
spray injectors were spaced in the chamber head. (See Figs. 1 and 2.) Four were for nitric acid
injection and four for methyl alcohol. Figure 1 is a cutaway section showing the injectors in place, ‘
and Fig. 2 is a photograph showing a breakdown of the injector parts. The acid and alcohol injectors .
are identical ‘except for the size of the slot width, which is determined by the dimensions of the outer .
housing.

_‘.I'j-.i-]',m

-

At the'start of this development program a number of points, regarded as fundamental to a good

injection system were enumerated as follows: ) - 50
_1. Low specific propellant consumption _ ¥i
2. Clear and even exhaust jet ;
i% 3. Steady combystion 3¢
4. Good mixing of the propellants during the cruising thrust period, at low injectlon- ;
pressure drops / (&
5. Even temperature distribution on the inner jacket. - 3

In order to attain these requirements the following points were measured:

}. Specific propellant consumption and efficiency of combustion as a function of injection-
pressure drop

2, lnﬂuence of arrangement of the in]ectors in the head on the specific propellant con- . e i
sumptlon ¢

4. Influence of the injector design on the specific propellant consumption.

In order to investigate the effect of injector distribution on specific propellant consumption,
five series of tests were carried out'with three different injector arrangements. Figures 3, 4, and .
5 show the arrangements of the injectors and their characteristics. The tests are tabulated and dis-
cussed below and plotted in Figs. 6 to 9. :

Series 1 =

Injectop, with twist insert (Dwg. No. T-255-01.017/018)2/ -
Distribution’No. 2 (Fig. 4)
/  Dural inner jacket with 2.24-in, diameter exhaust nozzle (Dwg No. T-255-02. 100)_/

v

5, Drawing numbers given refer to presently unavailable German drawlngs It is known, however,

that these closely resemble the injectors shown in Fig. 1. . : '
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‘ o I 2 Series 1 Test Results o ~
. . k g 4 )

h Thrust (1b) 990 * 1100 1320 2240 3080 P
- " Chamber Pressure 199. 213 256 -+ 405 ¢ 540 /
(psi) . | _ A
Specific Propellant 7.14 7.0 6.4 . 5.8 5.25 .
Consumption | - .
(1b/1000 1b sec) . : ‘
Mixture Ratio 2.36 2 2 2.1 2
(Ib acid/Ib alc) ' -

Attempts were made to hold the mixture ratio constant, but it was found that injectors having”
twist inserts did not have the same mixture ratio at all injection pressures. The injector distribu-
_tion Used in this test series produced an exhaust that was very streaky and definitely divided into
,zones. The nonuniform propellant distribution caused various degrees of corrosion in the inner walls
"of the test motor, which became very rough at the throat and burned through in a short time. -

‘ Combustion at all thrusts was very unsteady and noisy, and at low thrusts strong’surges with
flashes of light were noted in the exhaust. The light flashes, due to the sudden addition of large
amounts of nitric acid, gave the impression of afterburning outside the combustion chamber.

Series 2 ; ’ &

Injector T-255-01.017/018 with twist insert

s Injector Distribution No. 2 (Fig. 4) ' )
5 - : Steel Ihner Jacket T-285 Sk 357 2.36-in. diameter throat ’
, Series 2 Test Results
o ‘I <
Thrust (lb) 880 1320 | 1930 2200 3150 3300
Chamber Pressure 171 227 | 327 355 4917 525
(psi) el s
Injection Pressure (psi) 192 256 374 398 569 : 604
Specific Propellant 7.6 6.6 6.4 5.75 5.3 5.3
9 Consumption | [
(1b/1000 1b sec) .
.»  Mixture Ratio - 2 2 2 2 2.2 2
(lb acid/lb alc) ’, a2

A /

These tests wére very similar 4o those of Series 1 except that the inner jacket was made of
steel. Again, the poor distribution caused high temperatures in the chamber and left black markings
on the inner jacket, plainly showing that the combustion gases are divided into four zones. (Note .
discolored areas in Fig. 10.) The injector head also shows the effects of nonuniform combustion.

(See Fig. 11,) The oscillations in injection pressure and the unsteady combustion were exactly the

same as in the previous series of teﬁts

an
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Series 3 ) . L

Injector R I 12-1017a without insert .
Injector Distribution No. 1 (Fig. 3) ) R N
Steel Inner Jacket T 265 Sk 357 2.36-in. dlameter throat ’

\ I , Series 3 Test Rests 4 4
Thrust (Ib) l 792" | 826 [925 |1100 |2640 ;10 2860, |.3300
Chamber Pressure 149 156 177.5 | 184.5 | 426 430 455 525
(psi) R W
Injection Pressure  163.5]170.5 | 191.7 | 199 490 511 532.5 |~ 625
(psi) : iCo :
Specific Propellant l 10 8 10.2 8.8 5.43 5.4 | 5.37 5.3
Consumption . }
(1b/1000 1b sec) a - N :
Mixture Ratio 1.8 1.8 1.8 1.5 2.07 2.08} 2.08| . 2.08
(1b acid/1b alc) ]

0
Several changes were introduced for the Series 3 tests. Thrust was regulated by throttling
valves in the propellant line. The twist inserts were eliminated from the injectors in the hope of
preventing vibrations and oscillations. In addition, ‘the injector distribution was altered. Because
several conditions were changed in the same series of tests, it was difficult to ascribe the results
to a particular change. Nevertheless, the following conclusions were arrived at after many tests:

1. The use of Injector Distribution No. 1 largely eliminated the streaky exhaust pattern,
which became uniform and much clearer. Stress on the inner jacket was more even, but it still
showed the formation of dark areas caused by high temperatures, and the throat was still rough and
had a tendency to distort and dent.

2. It was found that specific propellant consumption is affected by injection pressure
drop. Removal of the twist sprays, which would take some pressure drop, caused poorer atomiza-
tlon of the droplets and, consequently, higher specific propellant consumptions. (See Figs. 7 and
8. ) 2/ Indeed, atomization was so bad in the lower thrust regions that there was danger of explosion,
combustion being characterized by violent ‘oscillations and flashes of flame.

‘ “

‘

Series 4

Injector R III 12-1017b without insert v
Injector Distribution No. 1 (Fig. 3)
Steel Inner Jacket T-255 Sk 357 2.36-in. diameter throat

¢
3, It is interesting to note that the figure of merit of Fig. 8 reduces to the parameter X, dlscnssed
in the combustion chamber section (51 0-12A, Vol. I) of this report.

s‘p (theoretical) _ L. (act.) _c (act.) _x
W, (actual) Igp (theo.) c (theo.)

L] hY
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) Series 4 Test Results ~ . -
S . ° : 4 A \ o ) ' c
Thrust (Ib) - 705 946 1065 1385 2750 |3190 (3300
Ch(a:;b)er Pressure 134.9 177.5 213 241.5 440 . 511 529
i ; : -
AN lpje(:sti;)n Pressure 142 191.5 241.5 211 567 675 696
Specﬂgc Propellant - 1.9 69 | 65 6.2 5.18| 4,96 4.9
' S Consumption ' ) . N .
5 " (Ib/1000 1b sec) . . :
e Ratio .2 "2 2 ~-2 "2 ) 2
(1b acid/Ib alc) - 1< -

~

Since it was necessary to eliminate the twist inserts while yet improving the atomization over
that in Series 3, the injector cross sections.were made smaller and the sealing cones were given a
=5 double angle for better distribution of the propellants. The double angle caused the resulting spray
to come out in a'thick-walled, rather than a very thin-walled cone. With these changes, the quality ™
of combustion improved, the combustion chamber temperature increased, and the specific propel-
- lant consumptmn went down.

However, dark spots and stripes continued to form along the entire length of the jacket (Fig.
~12), following the course of the cooling spiral. Thése showed that the mixing of the propellants
still. had not attained the desired value. In this series the temperature was found to be so high that
if the coolant flow were reduced by even a small amount the throat would burn through (See F:g
13.)

. .

The exhaust in this series was clear and uniform, and on a clear day it was completely invisi-
ble at full thrust. This combustion system and chamber were.accepted, but another test was run to
see if any further improvements could be made.

" Series 5 .
\ «
Injector R NI 12-1017b without insert

. Injector Distribution No. 3 (Fig. 5) c :
~ Steel Inner Jacket T-255 Sk 353 2.36-&. diameter throat

3

Series 5 Test Results ’
T T l [ T |
Thrust (1b) 1100 |1320 1760 | 2200 2350 . ! 2750 | 3235 3300
Chamber Pressure 198.6 | 234.1 298 | 362 | 383 ° 440 518 | 525
(psi) ‘ '
Injection Pressure | ° 220 265.8 |, 355 447 ‘ 418 561 | 681 696 |
Specific Propellant 65! 6.15 5.65 545 5.3 5.1 4.9 "4.83
Coasumption i ‘ !
(1b/1000 1Ib sec) | !
’ Mixture Ratio 2 2 2 2 2 2 2 r
(1b acid, b alc) ' | |

J
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The difference between this and the preteding series of tests was in the in - .
clearly demonstrating the cause of the improved results. In this case the exhaust was ehu‘ :
clean, and free from propellant zones. The Mach nodes were very distinct and the com .
the lower thrust regions was better than in Series 4. Also, the chamber and injector head were
found to have a more even temperature distribution, as can be seen by the UWWW'
Figs. 14 and 15." Further improvements in this system were deeméd impossible a basi
change m the head or injectors.

\

Conclusions - . 0

The Iollowing conclusions may be drawn:

1. The efficienty of combustion depends in the region of lower pressures on, such
to atomization as the twist inserts and the double-angle poppets.

A -

2. The m)ectot distribution showed only a slight influence on the speciﬁc propellant
consumption. However, it is necegsiry that the best bos ible distribution be used for uniformity d =
the exhaust and for good temperattre distribution in the combustion chamber. These tests showed ..
that Injector Distribution No. 1 was acceptable, but that No. 3 had the best distribution and very -i-
form exhaust. as well as a somewhat better specific propellant comumptjon. .

3. The quality of combustion and the steadine3s of tbe exhaust are mainly dependeﬁ om
injector design. It was determined that the injectors with twist inserts showed strong oscillations
in injection pressure, while injectors without twist gave quiet combustion and uniform combustion

f—

pressures. |

. =5

S
B

4, Combustion with clean exhaust appears to depend upon two major factors: \

Mixture ratio The combustiods were calibrated for a 2:1 mixture ratio, which was
theoretically-optimum. Hydraulic regulation maintained the ratio and kept the methyl- alcwd and
nitric -acid pressures constant.

Injector Distribution The best distribution was ‘Gbtained when there was a 1:1 oppo-
sition of an acid and .lcohol spray assembly. Furthermore, the distribution study showed that in-
jectors of the same propellant should not be adjacent to each other, nor should they inject in the
same direction. R is rather surprising that experimentation was required to reach this apparently -
obvious conclusion. These tests also confirm the general experience that it is possible for umburned -
zones of each of the propellants to be exhausted if the distribution is poor. .

5. Best results were obtained with injector R Il 12-1017b, having the following charac-

teristics:
Diameter of nitric acid annulus = 0.292 in.
Diameter of methyl alcohol annulus = 0.252 in.
Poppet angle =70 o

The design sequence described above casts light on the injector design techniques and proce-
dures used by BMW. An interesting note is that, although the same injector was used in both the
P 3373 and P 3374. these basic tests verenotcarnedodumlthedevelmdthepm The
fact that this was BMW's first attempt to build 2 -prime mover for a piloted dircraft probably stime-
lated the more extended effort. This work represents a leading reference for the design of anergole .
injectors (specxhcally nitric acid-alcohol), and presents many points &f interest Ior future dcvelq;-
ment.

l‘ l‘::-“:x' 1 . ' - - ".
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Concentric Intersecting Spray (Self- Cayping) - HWK 109-509 .

The 109-509 injection system was developed by Walter as the result of a long testing program"
beginning with the RI-203b. The individual injection units were of the concentric-slot type, with ~
hydrogen peroxide on the inside ahd C-stoff on the outside. The over-all 1n}ectmn system (Figs.

" 17 and 18) was designed to permit groups of 1n]ectors to be shut off during th€ threottling process.

Tliree stages were used: the first two consisted of three injector ‘units €ach, and the third
stage consisted of six. Their somewhat asymmetric distribution is clearly shown in Fig. 18a. The
.T-stoff connections run directly into the injector, while for any given stage a single C-stoff inlet
supplies the entire group of injectors through a plenum chamber. Accordingly, care should be takeh-
in analyzing this figure to avoid the 1mpressnon that the unit marked "c" is anything else but a fill
. connection.

o .

The operation of the 109-509 injeetor is similar in principle to that of the P 3390A. Its major
interest lies in its mechanical design. (See Fig. 16.) A spring-loaded, self-capping poppet was
used to prevent any C-stoff leakage from working its way up into the T stoff injector and causihg _
explosions. iral guides, equivalent.in action to the "twist 1nserts of the P 3390A, were satis-
factorily used%n the 109-509.

‘A final point of detail'design interest is the use of an insert piece to form the C-stoff injection
annulus. This simplified the tolerance problem and made possible an individual matching of the in-
jector dimensions with the desired slit widths, Although such an arrangement made interchange- o N
ability difficult, it certainly acted to reduce the manufacturing rejection rate.

@n important advantage of the use of stages was the reasonably high degree of throttlin.g that’
could be achieved without detriment to performance. The analysis of the throttling characteristics -
of the 109-509 is cévered in detail in section 51-0-12D (Vol. VII) of this report.

A further benefit arose from the simplification of the startmg problem. Walter apparently
found that smooth starts were ditficult if large quantities of hydrogen peroxide (T -stotf) were sud-
denly introduced into the chamber. On the other hand. optimum ignition requires the injectors to be
operating at full flow at design pressure. These conflicting requirements were reconcilea by re-
course to staging. whlch permitted the gradual introduction of T-stoff.

Concentric Intersecting Sprays (Non~Self—Capping) - Peenemunde Ring Injector

Attempts to apply the principle of concentric rings to units of large thrust resulted in the ring
injector developed by Professor Beck iﬁat Peenemunde. The large flow of propellants dictated an
arrangement of more than one set of concentric rings, and much of the work on this injector was
directed toward finding a mechanically acceptable design.

The rings were arranged so that the r'esp'c‘rctive fuel and oxidizer spray cones-intersectec.
Although the direction of the slots was always parallel to the axis of the motor. surface tension
forces acting on the curved surface of the rings were expected to produce a bending of the sheets of
liquid into a cone. This is schematically illustrated in Fig. 19. No direct experimental evidence of
the operation of these surface tension forces was obtained. While it is probable that they were ob-
served at a given pressure drop in "cold" testing with water or unreacted propellants, heat-transfer
considerations and the Tocation of the flame front would all play a part in the final result during ac-
tual runs. The operation of the ring injector, therefore, may be expected to be different for aner-
goles and hypergoles. i fl

o [ 4N
4/ Professor Beck was killed in the Allied air raid on Peenemunde in 1943.

-
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Various methods of construction were prwm”e design shown in Fig. 20 is the orlglml 1

Beck injector. A casting (1) forms the basic piece for the injector. A series of grooves (2) are ¢
machined into it. The individual insert rings (3) are machined and assembled/?ra shrink fit which
produced a tight and reliable construction. The differential temperature f inking was approxf
mately 320 F. However, warpage may be expgcted to cause difficulties with concemricltg r g

The second design, Fig. 21, differs from the original by the use of ingert rings with oriﬂces’
The rings are held in place not only by a shrink fit but by a sawing and spinning operation performed®
on the rings to hold the inserts in place. This construction supplies the propellants by holes drilled &
from the top of the injector down into the individual grooves. It then passes through orifices in the 5§
ring inserts and-through the metering annulus formed between the ring and the walls. On the whole,
‘the proposed constfructxon appears less desirable than in Fig: 20, since the additional machining pro-
‘duces no compensa ing adva?.tage Furthermore jhe characteristics of the annulus depéM in large

measure on the accuracy and precision of the spinning process.
AN _ N
« The arrangement proposed in Fig. 22 eliminates the use of (a built-up construction and may be
fabricated from a die casting according to the process shown in Fig.,19. The die casting is machined

and sawed, the long rings are spun into place, and the ring slots are finish machined. ‘This constfuc-
.tion appears to be a considerable improvement over its predecessors. e

/'.

The ring construction was suggested on a number of occasions as a substitute for the A-4 in-
jector, not on performance grounds but, rather, because of the comparative ease of fabrication. It
will be recdiled that the A-4 required the assembly of 18 individual burner heads, each consisting of
a number of individual parts. The possibility of substituting a sipgle ufit constryction for this ar-
rangement was attractlve even if performance was somewhat diminished. In point of fact, however,

Pegnemunde never succeeded in developing a ring injector of performance equal to that of the A-4
burner head.

I
»

Tests with the ring injector in both large and small chambers disclose a pronounced tendency
toward vibration and noisiness, sothat oscillations appear to be a result of the basic kinetics of the
spray intersection. Oscillations are not only a symptom o( inefficient performance but also repre-
sent a safety hazard.

The ring injector coastruction appears best suited to applications of one -time operation jn ; a
vertical attitude. because the close praximity of the unsealed concentric rings renders probable a
cross leakage of the propellant during the period of shutoff. This would almost certainly result in
explosion on restart. At horizontal operation there is the possibility not only of cross leakage but
also of asymmetric distribution if a low-pressure start should be undertaken. Depending on the wo—
pellant selection, this may offer an additional source of difficulty.

L)
Orifice—Deﬂector Plate Injector - HWK RI-210b i : ) \

The Walter injector for the RI-210b was intended for ase in the Enzian power plant and was te
. operate with hypergole propellants. The injector assembly, shown in Fig. 23, is of welded mild-steel
coastruction and is bolted to the combustion chamber by means of a flange. b contradistinction to
the types prenoxsly discussed, the injector also formed the head of the combustion chamber.

Its operation wds as follots The axidizer enters throxgh a fitting at the bead of the injedtor .
and fills the plenum chamber. A portion of the axidizer then enters the combustion chamber through
29 orifices arranged around its circumference and inclined outward at‘an angle of 45°. The remain-
der of the axidizer is led into an outer chamber where another series of 20 orifices, fnclined to-
ward - the center of the combustion chamber at an angle of 40°, provides a further h)ectic- of the
oxidizer into the chamber. The fuel enters through a fitting at the top of a circular half-tube welded
to the top of the injector. From there it passes through 20 orifices and is injected parallel to the
combustion chamber axis. The streams emerging from the inner and outer axidizer orifices and the
fuel orifices are designed to strike a target plate at their point of idcrsectkn and then enter the
combusfion chamber proper. . .

. - -
(% o 3¢‘13 - . L=

RESTRICTED




T T caderian W B 313 gy e

; _The deflector plate serves the purposé of further atomizing the propellant streams. It also
& compensates for any smali misalignment of holes that may have occurred during manufacture. The
‘. propellant ignition lag was apparently sufficient to prevent combustion from taking place on the sur-

face of the plate; hence, the plate was kept relatively cool. In order to reduce the heat transfer, the

downstream section of the plate was coated with the same ceramic used to line the combustion cham~
ber. ' ' s - N '
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Figure 23 shows that the chamber pressure tap protrudes well down into the chamber. While no

test data are available on this point, the flame front appears to be beyond the pipe entrance, since it
would-otherwise burn .out. This injector is extremely simple and appears, in general, to be well de-

signed. Its method of arrangement and mountingdiffersfrom BMW's, who used built-up, bolted in-
jector assemblies, while Walter, as usual, tended to prefer welding. . '

D

- Simple Orifice Type - BMW 109-548 . b _

= ] . i N

The BMW 109-548 rocket engine was intended to be an expendable missile, and used nitric acid
and Tonka as propellants. Its mission dictated the use of the simplest and cheapest construction
Possible; this was reflected in the injector design. Ny

The 109-548 injector (Flgs 26-29) was to consist of three groups of orifices, each consisting
of two oxidizer and one fuel orifice. g ‘ .

The development of this injector was begun with several simplified designs. In one of these the
orifices were drilled parallel to the axis of the motor. This arrangement was unsatisfactory (Figs.
24 and 25), because the propellants did not impinge against one another except as mixed by turbu-
lence in the chamber. At least part of the reason for the failure of this linjector was that only six-
nitric dcid and three Tonka orifices were used, and these were spaced too far apart.

Figure 24 presents a plot of injector pressure drop vs. efficiency factor (equivalent to the pa-
rameter X) for the P 3378, which was the prototype designation of the 109-348. Although the effi-
ciency appears to increase with the pressure drop, this may, well be accidental since the motor does
not gemain at any given chamber pressure but continually runs down. Test results are, therefore. h
rather unreliable.

Another experimental injector preceeding the final design provided parallel injection in con- |
junction with swirl inserts, designed to produce a spray effect. This was an improvement over pure-
parallel injection, but nof as ‘efficient as the final design, in which the swirlers were eliminated in
favor of direct impingement. The angles of impingement apparently influenced the combustion effi-

‘ ciency. Orifice angles just less than 45  seem to have been most effective,

The construction of the injector was simplified to the maximum degree. The base piece was
cast and machined, the orifices drilled by multiple drill presses, the entrance fittings*were welded
on, and the eatire assembly was welded to the combustion chamber. -Since this power plant was for
one-time use only, disassembly and inspection were unnecessary, and the all-welded construction was
satisfactory. The use of hypergole propellants made accurate drilling of the orifices desirable, -

though not absolutely necessary. since the hypergoles reacted even when small misalignments were
present.

Leakage and corrosion were prevented by covering the holes with a special grease that was
blowtt off when operation started. This precaution was taken to avoid explosion; the Tonka was in-
jected approximately half 2 second before the nitric acid and there was the possibility that it could
get into the nitric acid orifices. . ‘ )

[ 4
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: The perf(‘nnce of this injector was not outstanding, but its extreme simpuc_tty and

‘ construction appear to have been well chosen. From the standpoint of future devels
ences with the alternate orifice arrangements tend to demonstrate the sq)erlori

™ parallel ipjection. . :

4

Regulable Orifice Injector - BMW 109-558

The BMW 109-558 injector was of the typical hypergole type, using nitric acid and Toanka
- propellants. Its unusual feature was the arr ment for throttling by sbutting off groups ﬂ i
‘holes. .
4
The design details of the 109-558 may be seen in Figs. 30-34. Figure 30 shows the injector - -
assembly. Injection of the propellants was achieved through a circular arrangement of 12 grioups of | "
- orifices, each containing one Tonka and two acid orlfic%. The upper end of the orific€ holes could

lator. In this.way the unit could be throttled by varying the propellant supply.

Although most of the thrust was provided by the ring of orifices, a single, nonthrottlable stage ~
consisting of two acid sprays intersecting with one fuel spray was located in the center. This was -
‘ apparently intended to maintain tbe combustxon by providing a constznt thrust of 132}13 JZ %

The regulable stage could be varied from 132 to 835 b thrust. Regulation took place as follows,
(See Fig. 30.) Through a series of gears from the Mach number regulator, part No.. 12 activated = ’
sears Nos. 10 and 15. Gear No. 15 rotated the nitric acid control piece (18), and gear No. 10, acting- _ (
through part No. 7, turned the Tonka regulating piece (21). Both throttling shoes were held ﬂmh to
. the surface by springs (19)and (20). They were arranged so that, as they revolved, they continuaily *. - ¢
: varied the number of orifices opened to the flow of propellants thereby producing a corresponding
variation in thrust. , 1 q
The total number of orifices was 39. Twenty-six were for nitric acid and had a diameter of
0.0748 in.; the remaining 13 were Tonka orifices with a diameter of 0.0354 in. All were drilled so
that the streams intersected at a common point. This arrangement had the usual two uxidizer 2
streams intersecting with one fuel stream, but, contrary to the usual design practice, each group of
= two oxidizer streams and one fuel stream intersected with each of the other groups. This seems
relatively inefficient since the combustion takes place at a single point rather than at a mumber of
points around the chamber. However, the common jntersection of all of the streams was probably
desirable because of the regulator characteristics, which would otherwise make it possible for a
fuel stream to intersect with only one or even no axidizer stream, instead of the usual two, dem~'
on the position of the throttle. The possibility of improper mixing and inefficient combustion was .
‘reduced by the method of intersection selected. ,
The mechanical construction of this injector was fairly difficult. The throttling piece must fit
closely to prevent leakage, and all the propellant streams must intersect at.a common point. A high
degree of accuracy was, therefore, required.

The upper part of the injector was made of a casting and boited to the lower section. The oxi-
dizer and fuel spaces thereby created were sealed off from each other by seal (16). Seals (14) and
(33 prevented the fuel and oxidizer from leaking around the throttle drive shafts.

‘ .

-\ma;ordmdvnntzgedthmdesngnsmtbehckdcooliagptovisiosfwthea'ﬂkaﬁed

\ because of throttling. The orifice head was too thick for successful heat transfer {from the propel- -
lant flowing behind it hence. the orifice exits were not very well cooled. The importance of this
factor was diminished by the fact that the umit was intended for single (be caly. N the orifices ré-
' mained intact for the approximately 60-sec life of the missile, they were good emcugh.

‘ ATI-feil® ’ ’ . 15 | ‘.
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3 Early versions of this injector were made entirely of cast iron, but the orifices became so
‘ corroded that the mixture ratio was completely altered. To remedy this condition while still usmg

a cast-irog head, it would have beén necessary to 1n?ert steel bushings into which the orifices would
be drllled Rather than go to all this trouble, a high-quality steel injector was used in the final ver-_
sion. Moreover, the deformatlon of the control parts and the largef(nctlonal forces between the con- *
trol slide and the cast-iron head caused excessive torques and made regulation impossible. .

The 109-558 represents an interesting experiment in throttlable ipjectors. It would appear to
be satisfactory if the manufacturing difficulties could be overcome.

Tripropellant Injector - Winkler =~ .

.

—Thé rocket experiments of Johannes Winkler were carried on during‘ the years 1933 - 1939. ‘
While few details of his tripropellant injector are available, they are of interest in a general analy- 4
ilii o.(f foreign liquid rocket research because this was the only example encountered of a trlpropel-

tem using water as a coolant in the main chamber.

» l/ :
The Winkler injector was used on a test unit developing a thrust of 220 lb and an exhaust ve-
‘ locity of 6370 ft/sec.” The sche matic drawing (F'lg. 35) shows the arrangement of three concentric
rings of holes stepped downst:eam from each other. Each ring had 24 holes drilled parallel to the
axis of the chamber. 2/ The inner ring supplied gasoline; the middle ring. liquid oxygen; and the
outer rmg. water. Provision was made for an igniter in the center of the injector. !

The relatively high performance reported for this unit does not seem to be sustained by the
injector details. Truly parallel injection downstream was demonstrated to have very poor mixture
and combustion pfoperties. Furthermore, the distribution of the water in 24 holes around the pe-
riphery of the chamber must be rather inefficient and requires a relatively large percentage of
water.

\._ \This injector is of interest as amalogous to the rocket work of the American, Dr. Robert H.
Goddard. who also used a tripropellant combination. In Goddard's engine. however. the water was
injected tangentially on the walls, thereby achieving a better distribution; and the alcohol and axygen
were injected in the form of concentric impinging sprays. Since the exhaust velocities reported by
Winkler were of the order of magnitude of those reparted by Goddard for a much superior injector,
the_conclusion is inevitable that Winkler's results were either exaggerated or obtained with another
System.

‘ Spray Plate - Peenemunde C-2 (Wasserfall) .

. The Wasserfall injector was begun in 1942, while the A-4 was reaching its final stage of devel-
opment. The design of the Wasserfall injector began with A-4 type burner heads ang gracually
evolved into the spray plate. R. therefore. forms an interesting study of the practical changes that
take place in the course of a design sequence and. because of the intensive effort expended by
Peenemunde on this type of m)ector offers considerable insight into spray- plate desi 1gn-

Figure 36 shows ome of the earliest C-2 designs using three injection heads of the A-4 type.
R is not known whether such 2 unit was actually built and tested with visol and nitric acid. but the
next design (Fig. 37) represented a depnrture in the direction of the spray plate. The three injector
heads were combined into 2 single large unit that contained both oxidizer and fuel-spray nozzles. -

5/APJ reference, No. F 13-47 states that these hales were all approximately 0.04 in. in diameter.
but this does not seem to conform with the mixture ratio requirements. {

3 l ) - 4 —— .
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Although the nozf¥es were retained, they v]ere all in one head and spaced alternately as in the 8 :
plate types. The premixing zones of the injector heads were gone, and the flame front occurred
immediately adjacent to the sprays. The welded construction of its predecessor was, however, re-
tained . 3

e

In the net version (Fig. 38) the m)ector reached the first stage of its finmal form. Eight diﬂer—-
ent hole Sizes and arrangements were pfoposed with the intention of testing for the optimum mixture _
rapo and pressure drop. Eight circular rows of holes for oxidizer and fuel were drilled In 2 plate
that comprised the head of the combustion chamber. The rows were spaced-in folir groups of two '
each. In the first, third, and fourth groups (counting from the inside), oxidizer streams from adja-,
cent holes unpmged against each other. as d)d)the fuel from adjacent holes. In the second group the"
holes were arranged so that two axidizer stréams impinged against one of fuel. This group was to
maintain ignition, whereas the other three were intended for atomization. This arrangemem of igni-
tion holes was maintained throughout the design sequence. ]

The reason for atomizing the propeliants by spraying them against their own kind rather than
against the opposite component was to avoid 1gmu£ at the point of impact, because the resulting ;
gases could drive the remaining propellants apart before they were thoroughly atomized. The motion
of the combustion gases from the ignition group caused a swirling of the atomized propellants from

the other three groups so that they eventually contacted each other in a mist. .

Rxperience wnt.h“'llus version led to an attempt in the next (Fig. 39) to improve the ignition.

Twenty-four centrifugal spray nozzles were inserted for ignition purposes, 12 for oxidizer, and 12
for fuel. The other propellants were injected as before.

L}

The succeedmo version reverted back to an injector similar to that in the first version. (See
Fig. 40.) The number of holes was increased to 324 for fuel and 432 for axidizer. The holes ranged’
around the combustion head ir 12 circular rows, grouped by twos as in the first version. Four of the

groups impinged against each other and two were used for ignition. These groups were arnnged as
follows:

~
.

Group No. - Purpose

. Atomization
Ignition |
Atomization -
Ignition
_ Atomization /
447 Atomxzztmn _ 3

N U W N

The following version (Fig. 41) attempted to determine whether the distance between holes had
any effect on the injection qualities. Therefore, the number, diameter, and arrangement of holes fin
this injector were identical with the precedxm; one except that the size was co-qxessed to abowt
three -quarters of the original.

In the next injector (Fig- 42) the number of double rows was again six but oaly ome was used
for ignition purposes. Also. improved material was used and the thickness of the plate could be dey
creased. This change proved to be advantageous since it saved not only weight but also considerable
manufacturing time. R was also the {irst coamipletely solid-plate injector, without any material takes
out of its center. All the {eed holes drilled in through the side were dead-ended.

-

Tte first production imjector intbes;enes(}'ig.ﬂ)diﬂcndtro-lhmt-hhlh vzt
holeswereconcentntedmonmthecenterthantheﬁnrm Again, two rows of holes were Vi
used for igmitioa. nsmmlmmmpcdam_ermmoaw“m .
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. . 'The final production of the Wasserfall injector sequeace (Fig. 44) represented radical innova-
ﬁoas from the standpoint of both design and manufacture. Ignition was nb longer accomplished by - =
-impinging the propellants but, rather, by intersecting flat sprays of the fuel with streams of the oxi-
“dizer. Furthermore, while the use of holes was retained for the injection of oxidizer and some of
the fuel, most of the fuel was injected in flat sprays. Flat sprays represented an innovation requir-
ing extreme accuracy of manufacture, since the hydraulic characteristics of the spray slot vary with
the dimensions. The extremely small snzes (0.031'in. by 0.0197 in. and 0.0354 in.) required highly
accurate machining operations. '

“

»

In the simplified manufacture of this injector the body was cast and grooved. The next step was
to machine the openings for the fuel sprays and to drill the necessary fuel holes. The opening in the
center was then threaded and the piece again finish-machined to fit the motor. The center plug was
inserted into the body and the holed oxidizer insert pieces were fitted into the milled slots in the
grooves.

C

" Attention should be called to an ingenious method of reducing the rejection rate and simplifying
manufacture. Figure 44 shows that the oxidizer holes were drilled separately on insert plates and
slipped into place. This made it possible to obtain well-machined sets of inserts and, hence, a good
hole arrangement . Although no manufacturing details are available, it appears probable that leakage
around the slots was prevented by the use of a shrink or press fit.

This mJector is pictured in Fig. 45 after a run. The face is seen to be scored, but the various
fuel and oxidizer openings appear to be intact. Since this injector was intendedfor one-time use, the
scoring should nbt appreciably aﬁect its performance. *

Although the injector described above was satisfactory, other proposals were advanced to im-
prove the design. One of these (Fig. 46) was a cascade type, where the oxidizer was injected through
orifices in a series of steps and impinged against the foel coming in at right angles to it. The mix-
ture then impinged against deflector plates so as to improve the atomization and mixing. This design
offers an interesting arrangenient, but the cooling problem would probably have been very serious.

Another proposal (Fig. 47) represents a simplification and development of the idea proposed
above. Fuel and oxidizer were impinged against themselves for atomization. Ignition was initiated
by spraying a small amount of axidizer and fuel against a deflector plate in the center of the injector.
The major part of the propellants was atomized by their being impinged agamst themselves and the
resulting streams were directed against a deflector plate for further atomization and mixing. Ths

proposal was never constructed because of the conclusion of the war.

The last proposal located for the development of the Wasserfall injector (Fig. 48) was made in
January 1945. The novelty of this arrangement consisted in the use of an impact plate against which’

the ignition group was to impinge.

L}

Although the drawing number indicates that this design represented the“?arly stages of a pro-

. it is of interest since it shows that the Peenemunde designers felt it possible to place a de-
flector plate and its supports some distance downstream from the injector. Two poss ibilities may
be conjectured: first, the deflector plate would survive long enough to establish a smooth ignition
and then burn away, or, second the flame front would be beyond the deflector plate surface and,
“hence, would not be exposed to destructive temperatures.

Certain details of this arrangement from the drawing are worth detailed comment. The ignition
deflector plate is a ring held by 2 number of sheet-metal supports and is located 0.6 in. downgtream
from the m]ector face. A second deflector plate consists of a tapered ring arranged along the out-
side of. the injector periphery and inclined jnward at a 30 angle. Rs outer edge is approximately
1.1 in. from the face plate. While it would appear that the ignition deflector is in danger of burnout ;
the outer ome appears to have a better chance of enduring throughout the run. Unfortunately. this
ar was never built and. hence. no test data are available.
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" that the arrangement in which approximately three-quarters of the propellant impinges op itself !or
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The above’g!esi,gﬁ: sequence permits the examination of a series of changes in foreign i
development. In this case it would appear that two lédding factors were invol ' 0
of ignition and the improvement of atomization. Since no test data have been
clusions cannot be drawn, but the coitinuing modifications make it appear that the
not offer a satisfactory design. - :

ln addition to manufacturing difficulties requiring accurate finish of a mnlt:lpuclty o smll
orifices and passages, the spray plate also required extremely good distribution. It may well be

atomization, while only approximately one-quarter of the propellant ignites directly on iasuing frﬂn
the spray plate, may be at fault. It will be noted that successful BMW injectors impinged all of the ™

fuel on all of the oxidizer,, thereby reporting a better velocity. This conclusion must, howmr be - 5-*-
confirmed by test results before being regarded as conclusive. ¢ 5 %

- -

Cup-Injector for "Cold" Reaction ~-HWK 109-507 =2

_pose. “ 0
Counterfléw Injector - Peenemunde A Series - : e

’ L
: ATI-g1e 19 A -
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“The HWK 109-507 injector-was intended for application in a "cold” motor. Inasmuch as hyﬁ'o-v—-
gen peroxide and liquid catalyst react quite completely if given time for thorough mixing, injector
de51gn may be considerably simplified.

»

The operation of the cup type m}ector for the 109-507 may be followed from Fig. 49. Catxlyst
was injected through line (B) and impinged upod impact plate (C), which atoniized the catalyst to
some extent. The hydrogen peroxide was injected through a series of holes in an atomizing cup CD)
Both propellants then mixed in the mixing cup (E).

{

The method by which the catalyst was injected caused it to tend toward one side of the cup after ~
bouncing back from the impact plate. Moreover, since the catalyst came through a relatively layge
opening and was dependent for "atomization upon the force with which it hit the impact plate, atomi-
zation was usually far from complete. This was, therefore, not very satisfactory. ‘

- ' {
Consequently, swirl vanes had to be provided in the chamber as an additional aid to mixing and — .

atomization. The presence of these vanes tended to keep the propellants\in the chamber for a longer
period, thereby allowing more time for mixing to take place. It will be noted that the use of swirl =
vanes was posSible only because of the low chamber temperature produced by the hydrogen pertxkb
reaction. Other propellant combinations would have caused the vanes to burn out before the end of
the run. & -
. i ) ‘

Despite the crude arrangement, the velocity efficiency factor X caiculates to 0.825 (theoretical -
value: 3780 ft/sec; test value: 3175 ft/sec), confirming the impression that simple injectors are e
satisfactory for use ina cold reaction if the turbulence and stay time are adequate. Furthermore, :
the relatively low temperature of the reaction makes it possible to take liberties in design which ..
are not permissible with other propellants. i

The HWK 109-507 injectbr was the standard type devgloped by Walter for the hydrogen-perox-
ide. liquid-catalyst combination, and was also used on the HWK 109-500, 109-501, 109-502 as well
as in steam generator applications such as the A-4. It appears to be quite satisfactory for this pur-

The counterflow injector represeﬁed an initial stage of the Peenemunde development, and
variations of its basic.form were used in all of the early A series as well as in the early B series
JATO. Specifically designed for alcohol and liquid oxygen, it embodied a number of theories which
had been developed in prototype research carried out by various private cmtons and wniversities

participating in the Peenemu;*e program.
*

e RESTRICTED B



RESTRICTED

~™\

The counterflow injectors were specialized cases of the individual lntersectmg orifice type
combined with the orifice-spray type. They are in a category by themselves because either one or:
both of the propellants are injected in a direction that is opposed to the flow of the combustion gases
This was done in order to preheat the propellants and ensure efficient atomization. \ 1

“ * In the first versions of the counterflow injector, “used in the A-1 and A-2° (Fig. 50),the res ér:t ;
direction of both propellants was toward the head of the chamber, with the fuel on the outside aud the.
oxidizer on the inside.” The fuel was injected at three points around the center of the chimber, :
through an orifice injector that consisted of a flat piece with straight holes drilled in it. The fuel
flow was toward the center of the chamber in the direction of the head. The oxidizer, injected

through a number of holes, impinged against a holed deflector that allowed part of it to pase through
while the remainder was deflected toward the head of the chamber.

The ineffective atomization of the oxidizer. coqpled with the locatidn of the fuel mjectors mid- _
way in the chamber, was probably responsible for the poor results of this method. As soon as com-
bustion started, a large proportion of the fuel could be blasted out of the chamber before coming into
contact with the oxidizer. In addition, the position of the fuel injectors made the combustlon very
B susceptlble to zoning, so that large amounts of oxygen could also remain unburned.

=
-

In later designs the oxygen was injected through orifice cups similar to those in Fig. 51. The
cups were spaced around the head of the chamber and injected the oxygen in the direction of the
nozzle. An attempt was also made to improve the atpmization of the alcohol (Fig. 52) by injecting
it through an inner and an outer tube, thus producing agnular sprays. The two resulting sprays
Jimpinged against each other before coming into contact with the oxygen.

It is to be noted that in this new design the position of the fuel and oxidizer was reversed. The
alcohol is now in the center and the liquid oxygen on the outside. This was done because the com-
bustion heated the efttire center pylgn, so that if liquid oxygen were injected through it, the oxygen
would become partly vaporized before being injected, and result in a varying mixture ratio. A dis-
advantage of putting the liquid oxygen on the outside was that it impinged against the heated walls of
the chamber and could easily cause them to burn out if they were inadequately cooled.

This method of injection was retained in sucCee‘dlng designs, but the following modifications
were tried. The alcohol passed through a number of spirals and emerged in four spray cones. (See
Fig. 53.) This improved the atomization but did not splve the distribution and mixing problems As
shown in Fig. 54. therefore. four conical sprays were arranged in the same plane, instead of in con-
centric circles as in the previous design. In this case there was one fuel spray for every oxidizer
Spray. but the mixing and distribution. although improved, was still poor.

In the next two designs (Figs. 55and586) self-capping inpectors were attempted. In Fig. 55 the
inj)ector was so designed that parts (1) and (3) were fixed members and parts (2), (4). and (5) were
movable. The injector is shown in a closed position. At the start of operation. parts (Z) and (5) are
moved down, thereby openihg slot (A). Slot (B) remains closed by the action of spring (6). holding
piece (4) flush wit ts,mee (3). It is believed that slot (B) opens by the force of the propellant when
flow starts, and ac a means of regulation.

In Fig. 56.parts (1) and (3) are the moving parts and part (?) is fixed. When parts (1) and (3)
are moved in the direction of the nozzle. a slot’is for med between parts (2) and (3). allowing a coni-
cal fuel spray to emerge and be injected toward the head. The slot is shut when cutolf if deslred
Neither of the above designs offered any improvement over their predecessors.

One of the next designs tested was for a 44-1b thrust prototype (Fig. 57) of the A-3 injector.
This arrangement brought the alcohol down the ¢entral pylon and injected it upstream against a
deflector plate. The axygen entered through a series of parallel holes driiled in the head plate.
portion of the axygen struck the deflector plate and was intencded to cool it. while the remainder
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s passed du'ectly downstream. The fuel holes were held small to insure a high injection velocity,
‘ permitting the alcohol to move against the stream of combustion/gases and strike the impact p

This design had very pbor mixing quahtles and, consequently, poor performance. - Further-'.
more, since unburned oxygen was constantly directed against thie hot 1mpact plate, the danger of
burnout was aleays present. ) .

The final design used in the A-3, A-5, and early B unigg was an improvement of the earlier

- counterflow injectors. The alcohol-injection pylon was retained, but the dt\flector plate was o

-Atomization of the oxygen was improved by arranging six individually.supplied oxygen sprays ar
5 the head of the chamber. /’ E

While the same mechanical design was retained in the A-5 as had been used in the A-3, the
radical change was made of injecting the liquid axygen through the pylon and entering the alcohol
through the head sprays. This was probably done because it was easier to ke¢p the pylon cool than .
the walls of the chamber. Hence. the danger of burnouts was somewhat reduced. Nevertheless, the -

. problems of atomization and pylon cooling were not satisfactorily solved. Ahe A-5 performance o
was somewhat better than that of the A-3 and the factor X was improved from 0.60 to 0.72.

. Exhaustive tests disclosed that the counterflow injector did not improve performance and the
pylon became progressively shorter in further test versions. The counterflow principle was com-

- pletely abandoned with the later B series. However the general arrangement of orifice sprays may
be recogmzed m the burner head used in the®A-4. 4 .

The use of counterflow injectors does not appear to be fruitful as a means of improving per-

formance, since the predicted flow conditions in the chamber are rarely realized because -of turbu--

lence, heat transfer. .and local gas velocity. Accordingly, it does not appear worthy of further dé-
velopment. \

| | -
Burner Head Development - Peenemunde B Series ¢

Thlb series of injector design is of great interest as the forerunner of the A-4. Through many
design changes that were based on experiments rather than theory, the exhaust velocity increased
from 5250 ft, se¢ in the B-T. to 5850 ft/sec in the B-8, and up to 6000 ft/sec in the B-8a. The pro-
pellants used with these injectors were liquid oxygen and alcohol, and the thrust of the units was
2200 pounds.

‘ Figures 59and690. respectively, show one of the first designs of this injector head and a photo-

. graph of a typical example of this sequence. The injector consisted of a holed cup that sprayed the
liquid oxygen into the chamber. and four rows of fuel hozzles screwed into the walls of the chamber
head. that sprayed alcohol. These fuel nozzles weré€ of two varieties. One type (Fig. 61) was used
for cooling and had tangential entries that imparted a centrifugal motion to the fuel, causing it to be
injected in a hollow conical spray. This type was in the row nearest the axygen cup in otder to keep
the cup and head cool. and in the row at the exit of the injector head in order to keep the chamber .
cool. The other type of fuel nozzle (Fig. 62) had three radial entrances and one vertical that caused .
the fuel to be injected in solid streams intended for combustion with the liquid axygen. This
was in the two center rows of nozzles.

The liquid-oxygen injector cup contained a built-in cutolf valve as a safety feature. The
was in the form of a poppet that was spring-loaded shut in order to prevent liquid axygen from
dribbling into the chamber after cutoff. The most important feature of this valve was not in its cut-
off prooerties but in its regulating action. It was so designed that, when the propellant flow started, /'
the pressure of the propellant would overcome the Spring force and push the poppet open. This al-
lowed the propellant to enter the chamber. where combustion took place and pressure built up. This
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pressure could enter a port in the bottom of the liquid-oxygen injector cup and act on the underside
! of the poppet so that it was held open by a force equal to that exerted by the liquid-oxygen pressure,
minus the spring force minus the force exerted by the chamber pressure. For this unit, this equaled
a pressure difference of approximately 14-25 psi.

Therefore, if the chamber pressure increased 14-25 psi above its\nonnal value, the force on
" thé chamber side of the poppet would overbalance the force on the injector side and the poppet would
close. This would cut the liquid-oxygen flow and the chamber pressure would drop, thereby allow- _
ing the poppet to\reopen. It is entirely probable that this arrangement woluld produce poor tombus- .
tion, since it could set up pulsations of supply which might build up. In addition, the poopet was*
guided only at the chamber end; therefore, it had an undesirablé tendency to stick.

In the design (Fig. 63) the valve construction was improved so that the poppet was guided
at two poin The arrangement of the liquid- oxygen holes was also changed (Fig. 64) so thag all the
liquid oxygen was sprayed horizontally against the walls of the injector head. The theory was- that
the streams would hit the , further atomize, and then be deflected in the region of the alcohol
streams. The alcohol nozzles remamed the same except for slight changes in size. The arrange-
ment of the rows was changed to provide additional cooling at the injector-head exit, accomplished

/ by changing one of the rows of orifice nozzles to a row of spray nozzles.

The rest of the B-Y designs all remained basically the same as the previous one, except for
» Slight modifications in the size and design of the fuel nozzles. During this period, work started on
the B-8 model. -The injector for this unit was almost identical to the B-7 versions, except that the
fuel entrance was also provided with a cutoff valve. (See Fig. 65.) This valve consisted of a rub-
ber diaphragm that was fitted all around the injector and covered the entries to the fuel nozzles.
During normal flow the diaphragm was Iorced open by propellant pressure. When cutolf was ;les ired
a pressure greater than the fuel pressure was applied on the opposite side of the diaphragm./so that *
it was forced down on the fuel nozzles and cut off the fuel flow.

A ¥

To use this valve, a new fuel nozzle had to be designed that would have its entrance flush or N
below the seating surface of the diaphragm. This was accomplished by using spiral inserts to rotate
the flow and plaln onflce nozzles for straight injection. (See Figs. 66, 67, and 63.)

The liquid oxygen valve was the subject of the next major design change. (See F¥g. 69, ) The
poppet was replaced by a spring-loaded ball. However, it is open to the same fundamental objections
- as its predecess or. The general arrangement of spray holes, which is also characteristic of the
_ A-4 burner head, is retained. S
‘ The design of the B-8a (Fxg 70) brought about further changes in the fuel nozzles and in the

liquid-axygen injector and valve, resulting in improved operation of the valve and of fuel injection.
- The unsatisfactory spiral inserts of the B-8 were replaced by going back to tangential entry for the
cooling nozzles and radial engiry for the other nozzles. '

-

The next B-8a design (Fig. 71) was carried through to the final production version, R1-1016.
(See Fig. 72.) It represents an almost complete shift in design philosophy. The entire arrangement
of injector coatrol, an arrangement so laboriously worked out in the earlier version, was abandoned.
The new design is of the spray-plate type, amalogous in principle to those discussed for the Wasser-
fall. R is worth noting that 'Peene munde actually contemplated using the same type of injectors for
both anergole and hypergole combinations. In view of the comnsiderable success of this desnzn some
doubt is cast on the validity of theorles which hold that there is a fundamental difference in require-
ments for anergole and hypergole injection systems. This coonclusion is, however. qualified by the
absence of exact details regarding the Srrangement of the holes in the spray plate. The preceding
discussion on the Wasserfall displays the importance of even small changes in orientation, align-
jment.and patteraing in determining performance. Accordingly. the foregoing deduction must be

subject to review in the light of further: testing. D . P
. aTi-gse 3 s " :
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The {uel injection system of this B-8a design provides sevenl points of interest. Fig 7

shows that the fuel is n6t permitted to enter directly into the chamber from the jacket, but Iirst -

‘ passes through a push-pull valve, which can be set up to either open or close the system. The | .

treme ruggedness of the seals is noteworthy, as well as the simple a¥rangement used to align th

i tolerances in the poppet-piston connection. An additional feature of this fuel injection system is

. the location-of a ring of holes set around the periphery of the injector head fo provide coojﬁc. T
ygen injection is conventional for the Peenemunde spray. plate. . o

The constructional details of this injector, with its complicated configuration of the m.h body ==
and the complexity of machupng and welding, should be noted. Apparently, the oxygeninjector cham-_
_ber (L) was turned on a lathe and then the lip (M) was spun over. An extensive degree dmﬂlingm
required to form the receivers for the oxygen inlets, pressure tap, and fuel valve. g

In summary, the B-series diSplays the genesis of two leading tendencies in Peenemunde injec-
tor design: the highly efficient burner head used in the A-4, and spray plate which was attempted
in the Wasserf{all. ;

/ (3

Composite Orifice-Spray Injector - A-4

evolved from research begun as early as 1936 and was carried out not only at Peenemunde but at g
vatious universities and research institutes. Although it was not entirely satisfactory from the view- -
point of fabrication, its performance was extremely good. Exhaust velocities were variously repa't

ed from 6320 ft/sec to 7120 ft/sec. .

‘\ The A-4 injector was the end product of an extensive and lengthy development program. B _

The A-4 injector assembly was composed of 18 burner heads, ea¢h consisting, in effect, of an
individual injector. In part, this was the result of A-4 prototype development, which proceed?
a 3080-1b thrust unit. When the required thrust for the A-4 was set, it was a relatively sim mat-
/ter to combine the requisite number of these 3080-1b thrust injector units.
The operation of the burner head was based on the principle that the various streams of pro- g™t
o pellant need not intersect with one another; rather, they were injected into the burner head area in
quantities sufficient to per mit thorough mixing to take place before entering the flame front. It was e
stated, without experimental proof, that the flame front lay within the combustion chamber, at the ;
mouth of the burner hegg. Combinations of simple and centrifugzl orifices were used to secure
maximum mixing and atémization of the alcohol. The oxygen was, in all cases, injected intoamauy
holed atomizer cup, very much as in a shower head. (See Fig. 73 ) .
The experimental development described above, beginning with the counterflow injectors of the
‘ early A series and proceeding through the Peenemunde JATO development, was continued ona 3080-
Ib thrust prototype. (See Fig. 74.) To simplify experimentation, the injector head of this prototype
was bolted to the rest of the chamber and provisions were made for a replaceable oxidizer cup and
for individual alcohol orifices and spray, nozzles.

W ith the successful completmn of tests on the prototype unit, the feasibility of using a multi- .
plicity of such heads for any desired thrust was tested on an experimental motor using three eqtally
spaced burner heads. (See Fig. 75,) This proved successful, and so the third stage was to build a
complete A-4 motor using 18 heads. (See Fig. 75.) In this series the Gerinmans went successively
from 3080-1b thrust to 10,2404b and then to 55,000-1b thrust. :

In‘the final design (Fig. 82) the burner heads were arranged in two concentric rings, the outer
ring containing 12. and the inner ring 6 injector assemblies. A variety of gther arrangements was gt
tried. Figure 77 displays a case in which the injector heads were arranged around the periphery of .
the combustion chamber with their inner surfaces merged. The fuel nozzles are to be Tound throogh-
out the whole chamber head. and were apparently intended for both cooling and combustion.

P ATI-#8218 - 23 1 2 R
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vsimiilar to those in the Wasserfall. and one/ of thesé 18 shown“in Fig. 7. However. nothing came of
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Aithough no test results are available, it does not appear to have been too happy a cholce. Much of
the fuel injected from the center of the head would probably have remained unburned on leaving the
chamber. Furthermore, the location of the flame fronts would have been somewhat unsatlsfactory
from the standpoint of coolmg. s ;

In al} early units the injection cups consisted of five rows of screwed -in nozzles {an arrange-
ment very much like that shown in Fig. 86). The highest row was designed as a spray for cooling
purposes and was of the type shown in Fig. 80a. It had two tangential entry points that caused the ;
alcohol to emerge as a highly atomized spray. The next two rows of alcohol injection nozzles were
intended solely for combustion and consistéd of simple,drilled orifices, so that the fuel entered in
solid streams. The fourth and fifth rows, of the type shown in Figs. 80b and 80c, Were designed for
both cgoling and combustion. These differed from the upstream spray orifice in the use of a'large
exit bpemng, which caused the resultant spray to have a wide angle. Auxiliary holes were also -
drilled in rows 4 and 5 to inject fuel in solid streams. Furthermore, the tangential fuel entry into
the spray insert was supplemented by a hole drilled coaxially with its exit. (See Figs. d6d and 86e-)--
This would tend to make the fuel spray more "solid.” . ‘

s

The entire arrangement was determined by trial and error. Various posmons and designs were
tested before the final design was settled. A bas\lc rule of thumb used was threver the injector
wall burns out, insert add\tlonz\l cooling nozzles.’ :

P :

The foregoing descrlptlon is fundamental for the A-4 burner head. However. several details
were changed during the development process. For example, it was realized that economies could
be achieved if the simple orifices were drilled directly through the walls instead of beingfirst placeo
in inserts which were then threaded in place. In another design (Fig. 81. area M) the number of®
alcohol rows was cut down to three by combining rows (B) and (C) of Fig. 36 into one. This changed
ghe injector characteristics unfavorably and in the next version (Fig. 82, area N) the old arrange-
ment of five alcohol injection rows was used. Since orifice nozzle inserts were not required for
rows (B) and (C). it was possible to;\'educe the wall thickness. as shown in area (O) of Fig. 83.

The brass axygen atomizer cups were screwed into the top of the burner head and fed by indi-
vidual supply lines fastened to external nipples. Figure 73 presents the detail arrangement and
dimensions of the holes. A series of flat faces was machined on the axygen spray so that the injec-
tion holes could be drilled perpendicular to the face. thus maintaining a true circular exit cross
section for the orifices and. hence, rehable flow coefficients. Manufacturing considerations also
played a part in this. decision. since it would be extremely difficult to locate holes accurately on the
curved surface. The general arrangement of the oxygen head and its orientation to the alcohol may
be seen in Fig. 84 with specml reference to points (4), (3). (6). and (7).

The details of the fimal assembly may also be noted from Figs. 34 and 85. Structurally. the
head consisted of a series of three successive welded shells which, respectively. formed the inner
wall of the combustion chamber. the jacket for regenerative cooling. and the plenum chamoer for
the alcohol. The excellent performance of the A-4 injector assembly was partly due to the fact that
unburned particles passing downstream from the flame fxont of an individual burner head had a high
probability of reacting with other unburned particles from the other heads. thereby obtaining a more
complete combustion. This accounts for the superior performance of the A -4 injector as compared
with the B series. which used only a single-burner head.

Variations due to man/ufacture were Irequently coasiderable. and each .5 -4 combustion cham-
ber was prool-tested before shipment. although the sheet metal structures were susceptible to sub-
sequent corrosion. The manufacturing difficulties encountered with the large amount of welding led
Peenemunde to search for improved arrangements. Suggestions were made to use spray plates

them.

‘
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Milifary application was influenced by the susceptibility of the injector to clogging when parti-
cles of rust would break off from the welds on the sheet metal walls. This resulted in a require-
ment that the A-4 be fired, if poséz)le within two weeks of manufacture. Interrogation of German =
personnel regarding the most probable cause of A-4 failures elicited the opinion that the rust hazard "
was predominant. 3

- ,“” 23

The A-4 injectot is not readily susceptible to disassembly. However, this requirement is not -
important in the case of a missile, if adequate preflight test procedures are carried out. In part,
this was achieved by providing for field testing of the injectors with special equipment, and by pro- - %
viding a shutoff contrdl during the launching period in case of unsatisfactory combustion (Vorstufe) -

. ! - \

In summary. the A-4 injecto;~ may be regarded as an outstanding example of a high- perfoi'(mance
injection system. Much was learned in its development that would appear capable of further appli-
cation.

’
> o o

A

) SUMMARY AND CONCLUSIONS - )

The foregomg analysis of foreign-injector development confirms the importance of step-by-
“step development as the outstanding practical means of improving injector performance. It also
discloses the considerable problems which must be overcome in the practical fabrication of injec-
tors. The over-all importance of high combustion efficiencies and low specihc propellant consump- .
tion has long been recognized. Actually, the importance varies with the impulse of the system,

systems of Jow impulse resulting in a lower penalty from inefficient combustion than those of high
1mpulse.1

et

Table 1 presents a summa;y of foreign liquid-rocket injectors. The exhaust velocity values
quoted as "actual” are the maximum reported... Accordingly, a degree of exaggeranon is possible
depending on the instrumentation and OpUmls/ of the test engineer. The values for Peenemunde,
BMW . and Walter may be expected to be fairly ehable while those for experimental injectors
should be regarded with greater caution. 8/

The relative success of the different ipjectors with reference to performance may be judged ,
‘by the bse of the parameter X (covered in detail in APJ Report No. 51-0-12A, Vol. 1), correspond-
ing to the ratio of the actual to the theoretical exhaust velocity. The range of X runs from a low of
3.555 for the RII-203b to 0.95 for the A-4. These values must be considered in the light of evidence
that widely varying exhaust velocities were reported for the same engine, depending on the chamber
pressure, mixture ratio. accuracy/of instrumentation, and accidental factors.

\

An interesting feature of this table is the disclosure of the progressive improvement which
may be achieved:with the same basic type of injector. For example, BMW improved the efficiency
of their hypergole, orifice-type injectors from X = 0.782 in the 109-548 to X = 0.85 in the 109-558.
Similarly. Peenemunde was able to improve their anergole burner head systems from relatively
poor beginnings to X - 0.95,

> Unit X
B-7 0.75
B-8 0.835
‘B-8a | 0.855°
o A-4 0.95

For example. the high exhaust-velocity values quoted by Saenger were questioned by various
German engineers who claimed that they had been exaggerated.

. I7i-eeC)2 , 2,’ - ' o . ~‘
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POSEY — - ' These improvements niay be taken as roughly indicating the \possibiljties of intensive researc '
~It will be seen that BMW improved their performance by approximately 10%, while the correspond--
‘ ing betterment for Peenemunde was 25%. _

: Of the 30 injectors covered by Table I, 20 were»predoniinatly orifice and 10 were spray. )
Neither type is associated with a single propellant combination or range of thrusts. For example,
liquid oxygen-alcohol was successfully burned in both orifice plates and spray burner heads, al-

“though orifices appeared to be less efficient. On the other hand, hypergole injectors were devel
for both sprays and orifices. The altermative types are found through the entire range of thrusts,
'W'it!i\)\ﬁecourse being had to a multiplicity of either sprays or orifices as the thrust increases.

-
v
|

Table I also'calls attention to an additional paraxkter of interest in injector design, i.e., the *
_ injector pressure drop. Reenemunde worked with lower injector drops than either Walter or BMW.
- Apparently, 20-50'psi was regarded as entirely reasonable by Peenemunde, while BMW and Walter
' preferred drops up to 200 psi.

Several unusual values were located. The Saenger injector represents an extreme case with a
drop of 710 psi. However, the entire Saenger system is atypical in its basic desxgn parameters.
Similarly, the 1200-psi pressure drop reported for the 109-548 is merely the initial pressure drop
‘ and arises from the thrust/time program of the system rather thanfromany considerations,of effi-
; ciency. {h . o

Manufacturing considerations played a considerable part in determining injector selection and
design. Inasmuch as most of the designs were ultimately planned for mass production, the factors
- of reproducibility and relative cost naturally played an important role, All of the leading foreign

S rocket drganizatxons made efforts to simplify their injector constrchon TKe spray plate was ad-
vantageous in this regard since the production operations could be highly mechanized. On the other
hand, spray injectors usually required individual attention and finishing of subassemblies. This
accounts for the efforts made by Peenemunde to redesign the highly efficient A-4 burner head and
substitute, instead, rings and spray plates. In some cases even performance was sacrificed to
makqsxmphhed fabrication possible.

The detail mechanical design of injectors was also influenced by manufacturing considerations.
The design histories of the 109-548 and the B series are cases in point. In the final analysis the
injector, in common with other parts of the rocket engine, must show the influence of mission as a
primary or a secondary fattor in determining the design characteristics, although the injector is
subject to fewer compromises and, hence is less influenced by this factor than are other engine
components.

The analysis discloses that it is relatively easy to achieve a moderate perférmance with almos!
any type of injector, but efficiencies beyond 90% are obtained only through a close study of test re-
sults and a full utilization of all design possibilities.
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N

Available from CADO : ATI-4005

J

WINKLER
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Mel]l ---- Methyl Alcohol

-Salbei -- Nitric Acid
R

[bach injector in the outer row  hu.s zn injector of the other
propellant ccomponent assiened to it in the inner row. The injection
‘ head is desipned so that when the inner injextors are rlaced in it
they face in a counterclockwise direction, whereas injectors in the
outer row are faced in a clockwise direction. This arrangement causes
the injector pairs to orerate arainst each other. It is unavoidable that
despite this, two injectors of a single propellan® are next to each

other. ! b

e Fig. 3 - Injector Distribution No. 1 for P 3320A
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Mell ---- Methyl Alcohol
bel -- Nitric Acid

!

As in distribution No. 1 each injector in the outer row has an
injector of the.other propellant asdigned to it in the inner row. As

“a result of the different directions that the injectors face when
rlaced in the injection head, the injectors in one rowm operute against
the injectors in the cther row. In conttast to distribution No. 1,
there are two pairs of injectors of the same vropellant next to each
ovher.

Fig. 4 - Injector Distribution No. 2 for P 3390A
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Mell ---- Methyl Alcohol
Salbel -- Nitric acid

The arrangement of the injectors for this’distributicn corresnonds
to that of distributicns 1 and 2. Since euch row contains injectors
of di“ferent propellants, the distribution of cropell=znts in the
cherber is uniform. There is no riling uv of propellznt in certzin
regicns =nd *there are no streaks fcrmed in the exhaust. As in the
other distributions, the direction ¢f injJectlon is determined by the
shave of the head so that an injector in-the outer row always orerates
against an injector in the inner row.

v

Fig.q5 - Injector Distribution No. ! for P 33704
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Combystion Chamber Inner Jacket T 255-Sk 357

Fig. 10 - Appearance of the Thrust Noszle After Three Hour Run With
/ Injector Distribution No. 2
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, Combustion Chamber Head T 255 - Sk 1046

Fig. 11 - Appearance of Head After Three Hour Run ®ith Injector
Distribution No. 2 '

-

Combustion Chamber Inner Jacket T 2&§5 - Sk 357

AT1-85218

Fig. 12 - Formation of Dark Spots After Half-Hour Run With
Injector Distribution No. 1
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~ Combustion Chamber Inner Jacket T 255-Sk 357

7
o
'

Fig. 13a - Thrust Nozzle Burned Through at ‘Neck After 13-Minute
Run With Partial Cooling and Injectors R-
II1 12-10175 {(cut apart)

Fig. 13b - Thrust Nozzle Burned Through After 10-Second Start With
Injectors R-III 12-1017b and Partial Cooling
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Combustion Chamber Inner Jucket T 255-Sk 357

Fig. 14 - Formation of the Dark Spets After 1-Hour Run %With
injector Distribution No. 3

-

Combustién Chamber Head T 255-Sk”10.46

Fig. 15 - Appearance After l-Hour Use With Injector
) . Distribution No. 3 A
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Fig. 17 - Head of HWK 109-509 Showing Injectors in Place
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Connection
Leeding to
Instrument Indicat
ing Combustion

Chamrber Pressvre

Connectidn to Stean
Pipe for Purging c.C.
off Resicual' Fluid

Fig. 18a - Combustion Chamber Burmer Plate Showing Method
of Zoning Burners into Three Separate Stages

2nd Stage T Stoff

3rd Stage T Stoff

h
<nd Stage C Stoff

1st Stage C Stoff

lst Stage T Stoff
-

Fig. 18b - Method of Diwiding the Delivery Pipes to 4
Serve Each Stage Walter 109-509 Motor
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Section E-F

Section C-D

N

s

Fig. 21 - Assembly Drawix;g of 1-Ton Ring Injector

View in Direction B

View in Direction A
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Fig 26 - Sketch of BMW 109-548 Injector Showing Distribution
‘ g . : of Holes ané Injecticn Angles
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Fig. 28 - BMN.109-548 Injector
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Filter iirg Shrunk on at 752-788:°F

‘ Fig. 29 - Inner Jacket of Chamber fox, BME 109-!
Showing Injector Head ¥ith
Fittings Yelded in Place
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Above 50°C
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Fig. 84 - Photograph of A-4 Head Section Showing Injector Installation
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