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FOREWORD

This report presents the work accomplished on Phase I

of the Advanced Cryogenic Rocket Engine Program, Aero-

spike Nozzle Concept under Air Force Contract AFO4(611)-
11399. The work reported herein was condvcted by Rocketdyne,
A Division of North American Rockwell Corporation, 6633
Canoga Avenue, Canoga Park, California, under the Technical
direction of Capt. Vernon L. Mahugh, Project Engineer,

Air Force Rocket Propulsion laboratory, Edwerds, California.
This report covers the contract period 1 March 1966 through
21 October 1967.

A portion of the design and tooling effert in Task II
represents a joint effort with the Advanced Erngineering
Program, System end Dynamic Investigation (Acrespike),
Contract NAS8-19.

Classified information has been extracted from documents

listed under References.

This report, submitted January 1968, has been assigned
Rocketdyne Report No. R-7168, Volumes I and II.

This technical report has been reviewed and is approved.

Vernon L. Mahugh

Capt, USAF

Project Engineer

Air Force Rocket Propulsion Laboratory

Ernie D. Braunschweig

Capt, USAF

Program Manager

Air Force Rocket Propulsion Laboratory

|




dnsoo sutfuy 9udrig oxrdsosay ‘eosrdsijuoxy

i

ii




#14-29/63/6-%TMX1

Lx0yex0qE] ProTg
BuTaTg puUe 989 [IEM-

enBacy j®
2qny 304

R R

;909 1dsTqUOX]

v

i



™

'S - ° RS tot ae.

ABSTRATT

(U) Technical results obtained at the completion of

the contract effort are described for the Advanced
Cryogenic Rocket Engine Program, Aerospike. This pro-
gram includes analysis and preliminary design of an
advanced rocket engine using an aerospike nozzle and
experimental evaluation of critical technology related
to the aerospike concept. Component and system features,
physical arrangements, design parameters and dotails,
operational characteristics, and performance have been
established for an ~ptimum demonstrator engine. Studies
were made of application of a flight engine to certain
vehicles. Experimental injector performance investigations
and experimental cooling investigations on segment chambers
were conducted, producing the target combustion per-
formance. Various materials were studied far long

life of thrust chamber cooling passages and the target
life was demonstrated. Full-scale, cooled thrust cham-
bers were fabricated and tested for overall combustor
and nozzle performance demonstrations. Injector failure
limited these tests; however, nozzle and comhustor per-
formance were u8 predicted when not influcnced by excess
leakage. Structural and cooling evaluations weie con-
ducted on a segment embodying essential elements of the

Demonstrator chamber design.
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TASK TI: FABRICATION AND TEST

INJECTOR PERFORMANCE INVESTIGATICHW
(2.5K SOLID-WALL SEGMENTS)

Objectives and Requiremrents

(C) The requirements of this subtask were to evaluate promising injector
designs in solid-wall 2.5K chamber segwents and select the injector con-
figuration to be used in the 2.5K and 20K tube~wall segments and in the
full-scale (250K) workhorse thrust chambers. The =zelected injector was
tohave demonstrated stable, high-nerfermance combustion over a mixture
ratio range from 5:1 to 7:1 and throttled operation (100 to 200 percent).
During these segment tests, the dimensions of the combustion chamber also
were to be varied to evaluate the effects on combustion efficiency. In
this manner, the selection of chamber dimensions, rwade during the design

and analysis effort, was to be confirmed.

(C) The 2.5K segment injector investigation effort was designed to utilize
the segmentation potential of the aerospike thrust chamber for the develop-
men£ of candidate injector patterns fo¥ the 250K injector. The experimental
objectives of this task wgre: (1) selecting an injector design that de-
livers characteristic velocity efficiency in excess of 0.96 over the operat-
ing range, (2) determining thrust chamber heat transfer characteristics,
(3) developing a gas tapoff system that yields gases suitable for use as

a turbine working fluid, (%) evaluating injector dvrability, (5) determin-
ing injector stability, and (6) developing injector patterns that would
lend themselves to fakrication of the 250K injector. The segment approach
provided the capability fur rapid turnaround time when major injector
changee were being made, and provided a much larger amount of data within -

the planned program than had originally been anticipated.

(C) Previous effort and analysis indicated that durability at 1500-ps{

chamber pressure would be a major problem, The performance problem would
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manifest itself primarily in the low chawber pressure regions. Heat trans-
fer in arnular combustors has been shown to be primarily a function of
chamber contour; however, injector effects on throat heat transfer have
been experienced and were expected on this effort. Fabricability of the
selected patterns restricted the choice of candidate injectors to those

that could be readily produced for the 250K injector.

(c) Stability of the patterns also was considered to be important; how-
ever, it was recognized that the 2.5K segments, representing approximately
one-half of a 250K compartment, will probably not support any acoustic
modes, the nearest mode being the first longitudinal at approximately

5500 cps, however. The posasibility of lew-frequency buzzing could not be

discounted, however.

Summary of Work Accomplished

(C) A total of 128 tests was made duriug this phase of the program, and

31 injector modifications were utilized in the testing. Tests were con-
ducted at chamber pressures ranging from 274 to 1614 psia and mixture ratios
from 3.90 to 9.71. Three injection patterns, the triplet, LO2 fan, and
reverge flow, were utilized in 123 vests. All three patterns exhibited

high perforwance, i.e., characteristic velocity efficiency in excess of

95 percent of theoretical shifting equilibrium characteristic velocity.

On the basis of these tests, the triplet injection pattern was selected

as the 250K candidate injector because this pattern yielded high character-
istic velocity efficiency over the chamber pressure range of 500 to 15C0

psia, and for aixture matics from 4.5 4o 7.5, it exhibited good durahility

and was not sukbject to cowbustion instability.

(c) Feasibility of hot-gas tapoff was demonstrated, and it waz shcwn that
the tapoff was fuel rich by observing the drop in tapoff gas temperature
when ambient temperature fuel was added to the tapoff gas downstrcam of
the thrust chamber tapoff ports. Tapoif terperatures ranged from 1400 to
1600 F over the chamber pressure range of 400 to 1500 psia.
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(C) Heat transfer data were obtained up to 900 psia chamber pressure by
the calorimetric method. The data obtained between 300 and 900 psia were
extrapolated to 1500 psia, and the predicted peak throat heat flux at 1500

psia vas 58 Btu/in?—sec.

(U) The bulk of the 2.5K segment testing was accomplished by using a
hvpergol ignition system, The majority of tests utilized C1F3, but a few !
tests were made using triethylaluminum-triethylboron(TEA-TEB). In addi- !

tion, hot-gas ignition tests were accomplished. ) !

(U) A1l the objectives of the 2.5K cegment thrust chamber testing portion
of the aerospike program were successfuily met or exceeded. The segment
testing was useful in that small-scale hardware which could be fabricated
at a reasonably low cost was used, and the segment was ideal for achieving
rapid turnaround time for testing so that many inje~tor modifications
could be tested.

(U) Resvlts from the segment tests were directly applicable to the design
end fabrication of the 250K injector. Factors that were applied were:

(1) utilization of small injection strips as building blocks for the 250K
injector, (2) the triplet injection pattern was fixed on the basis of
results from segment tests, (3) tapoff geometry and injection strip modi-
fication a#t the tapoff point was directly applied, and (4) fuel bias was
established in the segment tests.

Description of Hardw>-e and Fabrication

(U) Theoretical Basis and Background for Injector Designs. The injector

segrent work conducted under Contract NAS8-19 provided the background for
tie injector designs advanced to the aerospike effort. The resuits of that

program showed that the attainmeet of high performance with LO2 and H2
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propellants in short, toroidal chambers was solely dependent on achieving l )
maximum atomization through use of the potential energy of both the LO2

and the H2. The best performing injector of that study was & LO2 fan

pattern., In this design, the LO, impinged on itself as a doublet on both

sides of a seriee of hydrogen or;fices. Primary atomization was accom-

plished through this process, The atomized L02fans were then further

atomized through passing into the path of the hydrogen gas.

(U) Theoretical analysis shows that the same effect of a seif-impinging
doublet can be attained through control of the lignid jet length before
impingement. For a given jet momentum, the jet has a length.at wkich
surface instabilities will appear which lvad to atomization. This char-

acteristic was designed into the basic triplet element.

(U) Theoretical analysis shows that the primary atomization produces mean
drop sizes on the order cf 150 microns. Secondary atomizavion by the hy-
drogen under proper impingement produces mean drop sizes on the order of
50 microns. However, the attainment of this small drop size reguires
careful control of the hydirogen jet dynamics. Cold-flow studies reveeled
that the jet diesipates rapidly and, if th: point oi‘LU2 impingemasnt is

too far away, the H, escapes around the combustion field. If the jet is

too close to the po?nt of impingemeant, the 32 spreads the L02fans (or
jets) apart and never mixes. Best atomization ozcurs when the H2 jet to
LO2 impingemert distance is approximately 2 to 4 jet diameters, This re-
gults in an implingement distance of approximately 0.150 inch. This is
the distance designed into the injectors. The use of this distance and
matching the AP to peak perfcrumance has resulted in a nominal 1-1/2- to
2-percent improvewment over the performance results obtained in the NAS8-19

program.

{C) The NAS8-19 program was conducted at approximately 650-psia chember
pressare, and no injector heat transfer problem was encountered. It was
expected that injector heat transfer at 1500-psia cliamber pressufe migit
be a major problem because of the high recirculation potential of the

GH2/L02 designa, Jet dynamic calculations show that as much as 83 percent

396
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of the total propellant flow through the injector will be recirculated at
1500~psia chamber pressure for the proposed injector desi ns. Such high
recirculation provides ar added basis for high performance but, also, it
presents a potential face heat transfer prsblem. The basic approaches to
the face heat transfer problem considered were: (1) use of a raised fuel
post to prevent face gas recirculation and, also, control impingement dis-
tance, and (2) uge of a face patterr. with predominant hydrogen face cool-
ing. The basic triplet patterns use the raised face, while the reverse-

flow pattern provides for maximum hyd.ogen face cooling.

(c) Thermochemical calculations on the LO2 drops show that below approxi-
mately 1100 psi, the drops actually exist as liquid droplets throughout
their consumption. Above 1100 psi, the drops rapidly rise to and exceed
their critical temperature. Becauge of the high contraction ratio of the
aerospike engine, combustion-induced turbulence (along with GH2 jet tur-
bulence) is high and persists. This turbulence above 1100 psi results in
rapid eddy diffusive mixing of the LO2 vapor and, therefore, once fine

atomization is achieved, near theoretical performance can be expected.

Candidate Patterns.

C) 60-Degree L0, Impinging Triplet Pattern. The basic triplet pat-
) £ p p P

tern consists of a showerhead fuel stream {from . raised fuel strip) im-
pinging on a 60-degree LO2 doublet (Fig. 165 . The purpose of the raised
fuel post is to place the fuel sircam exit point close to the poirt of

LO2 impingement to obtain good primary propellant atomization. The post

also acts to prevent recirculation from causing high face heat transfer.

(U) The injector stripsare oriented perpendicular to the chamber circum-

ference with eight prepeilant elements per strip, Modificatione to the

397
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basic triplet pattern consisted of:

1. Addition of fuel bias at fuel strip ends {incorporated into 250K

injector pattern)

12

Extending raised fuel strips te chamber wall (square ends);

incorporated into 250K injector pattern

3. Beveling LO2 strip ends (found to be unnecessary with square-=nd

fuel strips)
k., 1Introduction of fael bias along sides of injector

5. Enlarging fuel orifices to lower injection pressure drop (found

to be ununecessary)

{¢) 10,

rnised fuel strip also was considered as & candidate for the 250K injec-

Fan Pattern With Fuel Post. The L02 fan pattern with a

tor pattern. Satisfactory performance and durability were demonstrated
with this pattern; however, the chamiuer tkroat heat flux was found to be
slightly higher with the LO2 fan pattern than with the triplet. The hot-
gas tapoff temperature was considerably lower than the tapoff temperature

using the triplet injector pattern.

I
i

i An element of the LO2 fan pattern consists of two pairs of L02 doub-
lets forming doublet fans impinging at 60 degrees above a raised fuel
strip (Fig. 166). Four showerhead fuel streams were directed at “he line
of impingement of the doubiet fans. Each set of strips contained six

propellant elements,

(U) Medificotion of the basic pattern consisted of enlarging the fuel
orifices and providing fvel bias of the main orifices at the fuel strip

ends,

399
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(C) The LO, fan pattern with the raised fuel strip was an improved version
of the L02 fan concept tested during the first guarter which featured 90-
degree L02 impinging fans and no raised fuel strip. Severe burning of the

L02 strips was susteined ir these tests.

(C) Reversed Pattern. Tire reversed pattern (Fig.168) was so named

tc indicate that the point of introductien of propellants was reversed
from that of the other patterns tested (fuel on the outside and L02 in
the center of an element of the reversed pattern). The reversed pa“tern
element consisted of a L02 fan (formed by a L02 doublet) impinging on an
80-degree impinging fuel doublet. The pattern was placed on a flat face

injector.

(U) Modification of the basic pattern consisted of enlarging the fuel

orifices to lower the injection pressure drop.
(U) Erosion of the strip ends was sustained during high chamber pressure

tests, and the face appeared to be overheating to the point of being

marginal,

(U) Injector Modifications. There were three basic injection patterns

tested, i.e., triplet, L02 fan, and reversed pattern, These irjector pat-
terrs were subjected to various minor modifications to echieve adequate
fuel bias and optimum ges tapoff properties. A complete description of
2ll injectors tested, and the respective modifications, is presented in

. 5 £
Fig. 169 through 181.

(U) Toe injector identification numbers were planned vo describe certain
aspects of the injector, For example, the injector number 1-1A has the
following meaning: +the first number identifies the injector vody as body
number 1; the first number after the dash describes the injeciicn strip

and was changed whea a major strip modification was made s0 that injectors

401
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NO MODIFICATIONS TO THIS DESIGN

Figure 169. Staggered Triplet Injector (No. 1-1a)
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Figure 171.60-Degree Triplet With Fuel Post (No. 1-3A to 1-3B)
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Figure 172. 60-Degree LO2 Triplet With Fuel Post (Ne. 1-4A to 1-4B)
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MODIFICATION -1B; ADDED FIiM
COOLANT ORIFICE AT 5° CANY
TORWARD WALL END OF EACH

ORIFICE FUEL STRIP \607
. —
- -—e— )OIATYP 2 PLACES 0.150 :Ag?gs
o ,,o) “15° TYP 2 PLACES l 0.025
. - T, . RAD I US
) "g{. - . e L)
ot / 30° TYP 6 PLACES J l
Ve - l
P SECTION A-A
Avk/‘, ; ~~—L0, 0,033 TYP
o _° FUEL
BONFIDENTIAL
MODIFICATION| “C, ORIFICE FUEL ORIFICE MIXTURE RATIO BIAS FUEL
DASH - Lo GH FILM
TOTAL <..| TOTAL 2 2 NO. OF
NO.  |DIAMETER| ,pea [PYAMETER| agea |DIAMETER|pjaHETER |ELEMENTS| COOLANT
-1A 0.033 |0.0547| 0.059 | 0,087 NONE
-iB 0.033 |0,0547; 0.066 | 0,118 0.031
-1C 0.033 [0.0547| 0.066 | 0.1205 0.0k2
-1D 0.033 ]0.0557 | 0.070 | 0,134 0.042
-1E 0.033 10,0547 0.070 | 0.142 0.055 |8 (SIDE)
-1F 0.033 |0.547 | 0.070 | 0.123 —_—
-16 0.033 | G.547 | 0.070 | 0.155 0.0335 | 8 (END)
Figure ' 173.60-Degree Triplet With Fuel Post (No. 2-1A ‘o 2-1G)
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Figure 174. 60-Degree Triplet With Fuel Post (No. 2-2A)
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eﬁ/ﬁ/ 15° 2 PLACES RADIUS : 2;,,"}35
/g// 30° & PLACES Fﬂ Jl
Z 1 ¥ SECTION A-A
“\// ———L0, (0.033 TYP)
N\ FUEL (0.065 TYP)
yd BONFIDENTIAL
NO MODIFICATIONS
Figure 175. 60-Degroc 15, “riplei With Fae® %ost {No. 2-3A)
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o | | 0.035 DIAMETER
o 1814, (24 PER STRIF)

W T,
- -~

DY® &

A o

> 0.021 DIAMETER (6 PER STRIP)
‘ | —~—— Lo, FAN |

SONFIBENTIAL
MODIFICATICH|— 02 ITl ol E :L PR oA e
DASH M. oIAETER| Wiel [DIAMETER eaii:!t
2A n.031 | 0.0724 | 0.035 | 0.0924
28 0.031 | 0.0726 | 0.0865] -

Figure 176, 10, Fan With Puel Post (No. 3-24 to 3-2B)
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FUEL BIAS ORIFICES .
e . 607/
NT TO WALL
o CMTES \< 2 EACH
_/_f'— . 7 |TAPOFF
o A |oias 60°
o_|0° TYP 2 PLACES 0.150 ORIF)ES '\
Jas 15° Y 2 PLACES  RADIVS © v/ 0.238
Vs AW 0.035 RADIUS TYP=7 /
el
/ Y.30° TYP 6 PLACES
oy SECTION A-A

» 3 4 FUEL STRIPS o+
- NOT BEVELED
\_—
L 102 \(x
,b‘/e/ -L¥ FUEL \
rn) 30 L

(,
OO N &

(. S \<r
MODIFICATION -2F; ENLARGED END FUEL STRIP TRIP
CORE ONIFICES 3, h, 5 AND 6 TO 0.0935 D!AMETER ::32,_2: 3:% 2.0; ;
BONFIDERNTIAL
[nomrucmo« LOp ORIFICE | FUEL ORIFICE MIXTURE RATIO BIAS -
TOTAL ToTAL| LO W, [ x. oF
DASH NO. fovaeTen] T9TAL lojameTen| (AL Dg ) ELEnEnre| B1AS
-2A 0.033 }0.0547| 0.065 [0.112 0.03| 8
-28 0.033 [0.0547] 0.065 [0.114 0.031 8 |o0.032
-2¢ 0.033 |0.0547] 0.065 [G.119 0.031 8 |0.067
-2§ 0.033 [o.0547] ©.065 [0.124 0.031 8 ]o.089
-2F 0.033 Jo.0547 0.065/ Jo.133] - 0.031 | .8 Jo.o89
T e | T0.033 Jo.os1y 0.065 |0, A | o.
26 33 Fos 3 0.065 |0.126 0.031 | 8

Figure 178, Triplet With L0, Impinging at 60 Degrees (No. 4-2A to 4-2G)
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BIAS

0,031 DIA, 2 PLACES

L o b
o 0 0° 2 PLACES 0.150
O/O/ 15° 2 PLACES 0.040
N O RADIUS 0.025
—° /o/ 2‘ - RADIUS
o VAl
/o’/ - 30° L4 PLACES -
OJ?\ SECTLON A-A
o <
» / Q&\—LOZ
L Vg //
W - FUEL
yd l\[

GONFIDENTIAL
looiri- | Lo, ORIFICE FUEL ORIFICE MIXTURE RATIO BIAS TAPCFF
CAT I ON TOTAL TotaL| L0 | WMy o, oF | BIAS
DASH NO,| DIAMETER 1 ,pp " \DIAMETER joen {0 1AMETER| D1AMETER [ELEMENTS|  (FUEL)

-1A  |0.0368 0.0682( 0.070 |o,1307] 0.031 8

18 61 EA/0.03640.0650] 0.070 [0.1307 0.031 8

-1C 1 EA/0.0368 0-0650| 0.070 |0,1384 0.031 8 2 EA/0.070
i b1 £A/0,0368[0.0650] 0.070 0. 144y 0.031 8 PR EA/0,0935
L

k

ure 180. 250K Candidate Triplet With Fuel Post (No. 6-1A to 6-1D)
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