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ATTRACT (VOLUME I) 

(U) Investigations of the aerodynaaic spike nozzle concent 
are discussed in thia report. These investigations 
include experimental cold-flo* testing of high-area 
ratio ae.ospikes, aerospike nozzles with various 
combustor configurations and various .size segments 
of aerospike nozzles &r.d parasetric analytical 
application studies for the nozzle concept. One 
cold-flow test aeries investigated th» performance 
of very high area ratio (6 = 150) short length aero- 
spike nozzles using helium as the t^-st fluid. A 
ten percent length contoured nozzle and a six p'-rcent 
length conical nozzle were tested. Theoretical and 
experimental performance results are presented. Vno 
second cold-flow test series determined the performance 
of a eerier! of aerospike nozzles having various corabustor 
configurations. The effect of roz.zle base bleed and 
Intermodule bleed on performance wa3 investigated. 
Combustor configurations consisted of shrouded and 
unshrouded continuous annular (toroidal) contustors 
and tuultichsaber configurations with eight and 
sixteen discrete conventional combustors clustered 
aroiuid a conaon spike. Spacing between chaabers, 
spike length, a::d engine sliroudint.- were varied for 
the eulti-chsaber configurations. All nozzles had 
an area ratio of 50. Theoretical and experimental 
perfoin.ince results are presented. A t:drd cold-flow 
test series investigated the relative nozzle vail and 
base pressures for 45, yO, and 180 degree segments of 
an aerospike nozzle compared to a full annular aero- 
spike. Experimental results are presented. Analytical 
and design studies were nade to determine effective 
xethods of utilizing toroidal and icultichaaber construc- 
tions for aero.lyna~dc spike configurations over a wide 
range of t^xu:'t level, ehaacer pressure, and nozzle 
area ratio. Desi^r; layouts at several thrust levels 
of in^rest «re presented. Heat transfer studies 
establishing cooling feasibility and parametric weight 
studios are described. Combustor effects on nozzle 
p-erforcance are discussed. 

(UNCLASSIFIED ABSTRACT) 
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ABSTRACT (VOLUME II) 

(C) Three hot-firing aerodynamic st-ike nozzle progi-ams are described.    0.'*» 
program had as its objective to obtain a large background of p&raaetric 
hot-firing aerospike perfomaixe data.    Performance data were obtaiwsd 
over a range of pressure ratio from approximate?.y 350 down to 22, 
Thirty 8-second each duration firings, 1Ü at near sea level conditions 
and 20 over a range of high pressure ratio, wtre conducted.    Secondary 
flowrate was varied frca zero to 5 percent of primary flowrate end 
supplied by a gas generater utilizing N^/lHifH-N^H^tö-SO) propellsnts. 
CG niixture ratio was varied frua approximately 0.1Ö to 0.18 at 3 percent 
secondary flowrate to determine tho affect of secondary gas energy level. 
The 12 percent length aerospike thrust chsaber had an area ratio cf 
26 -jid generated approximately 7400 pound3 of thrust at design altitude 
and 300 p3ia chamber pressure.    Gains In nozzle efficiency were noted 
with the use of up to 3 percent secondary flowrate,    A high degree of 
tltitude compensation wns noted with this engine down to a pressure 
ratio e<uial to approximately 1? percent of design pressure ratio 
(approxinntely 300),    A complete tabulation of perforssnee is given. 
For tho second program, the nozr.le section of the above engine was 
lengthened to 2j percent (of ar. equivalent 15 degre» conical nozzle) 
and moili^ied to iiienrporate liquid (K^O.) side Injection TVC capability. 
T;drty-three firings of 6 seconds each duration were conducted at 
altitude to determine liquid injection TVC perfft.-mar.ee trends with 
variations in injection pnraaeter'-.    Results ore ««pared with theory 
and applied to tyiic.nl applicat.1 ons.    LITVC performance with 11,0. was 
renirally low and otner injection fluids ^.'.d techniques are recommended. 
A third hot-firing test program was conducted to determine the influence 
of ert»rnal flow en ifc-flight r.oz- le ,v»rformance.    An aeror..pik3 thrust 
chfc2b».r Ufing Kv0- propell/.nt- wr:s eixlosed by a simulated vehicle 
body.    The engine generat'.d 400 pounds of thrust at a chsaber pressure 
of c'QO psia.   Tho 20 :ier';erit  length aerospike nozzle had an area r.-.tio 
of 25 and was tested ov*r a ra.-.ge of Treesure ratio fron 30 to 470 and 
at slipstream Mach r.uabers of 0, 0.55f 0.90,  1.20, 1.40, 1.80 and 
2.2.    Fi.ty-seven firings of 1 rinute etch duration were accomplished. 
Still air nozzle .'ficiency w;«.- very r.i.fh and significant performance 
iEprover..;r.t was obtained with the addition of secondary flow,    lloszle 
pvrforr.xnce was relatively unaffeoted by slipstream in the nozzle 
operating region of Tactical  interest for booster engine application« 

(COJ.'FIDrjrriAL ABSTRACT) 
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SECTION I 

IliTÄODÜCTIOM AND SUMMARY 

(U) During repeat years, various new thrust chaaber configurations hav« 

be«n introduced. The ultinate objective of theae advanced ooncapts 

h&e b«en to provide efficient noszle perfor&iinee with ehort, light- 

weight structures. One pro.vi.alng approach to this goal ia referred 

to as the aorodynaaio a pike nor.zle concept. Figure 1 shows a model of 

an aarodynaaic spike uoszle vith an advanced (toroidal) jombuation 

chamber along with a aistllar thrust conventional engine. In this 

configuration, the nozzle, as we know it today, ia virtually eliminated« 

(c) The aerodynamic Bpike was readily envisioned 63 a nethod of shortening 

the spike (plug) contour. High pressure gaaoa are exhausted from aa 

aiyjular-type ccabuation chamber with low-pressure gases coming out of 

the central portion. By this action an interface, similar to a noszle. 

is formod between the flows. The thrust contribution aoraally attri- 

buted to a noizle is obtained by the pressure of the secondary gases 

acting over the base region. Outwardly, this configuration look« 

much like a short length plug. However, the introduction of secondary 

gases produces flow field9 (Fig. 2) and i-erformance cooperable with 

much longer plug nozzle types. Thia soeoni'<ay flow has proven to be of 

benefit to nozzle performance. 

(c) Performance of the aerodvnsaic spiko rozile is a function of various 

noesle geometric parameters, of the «Mount of secondary flow, of the 

•ancer in which this secondary flow is introduced and of the relative 

energy between the primary ex.d secondary atreens. Investigation of these 

parameters was initiated under North American Aviation independent 

research studies in 1959. Since that time, the aerodyrnalc spike 

noszle HAS beer, evaluated both experimentally raid Theoretically. Sfrtdy 
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programs have systematically invescigated the various performance 

parameters and evaluated their influence on noazle efficiency.    The 

result of thi3 continuous effort is a comprehensive knovlfedye and 

understanding of the aerodynamic «pike conce.rt. 

(c)      Investigations have shown that the use of the aerodynamic spike con- 

figuration reduces erv^na length,  veijht, and ccoling surfaces 

expo^3ed to primary combination products.    These short nozzles exhibited 

very high nozzle efficiencies, equal to and in mo3t cases superior 

to the performance of the conventional 80 percent length optimally 

contoured cell nozzle.    In addition to the high nozzle efficiency at 

design pressure ratios, the aerodynamic spike nozzle provides an 

extremely high decree cf altitude compensation.    The requirement for 

low pressure secondary flows also provides a convenient high perform- 

ance method of utilizing turbine exhaust gases. 

(ü)     Although verification of these potential cains had been achieved, 

several aspects of the aerodynamic spike nozzle concept had not been 

explored.    In order to further the development of this concept,  the 

Advanced Aerodynamic Spike Configurations Study wa3 initiated in 

July 1964 under contract AKH (61l)-9948.    It was the goal of this 

3tudy toi    (l)    evaluate its performance characteristics at hi^h area 

ratios, (2) compare metho-ls <rf applying the concept to advanced 

vehicle configurations, and (3)   demonstrate nozzle performance 

capabilities in a comprehensive hot-firing te3t series. 

(u)     In December 1965 the scope of the program was broadened to include: 

(l)   a hot-firing investigation of thrust vector control characteristics 

of en ■arodynaaio apike nozzle u*ing liquid side-injection, (2) a hot- 

firing investigation of aerosplke performance when operating in a 
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typical flight environment, (3) an analytical investigation of nozzle 

baso bleed cenfi..1 -rations and a hot-firing demonstration of a promising 

configuration, and (4) a cold-flow investigation of aerospike nozzle 
i 
; segment performance. 

! 
(u)  All areas of investigation have been completed. Volume I presents 

the results of the cold-flov test programs eM  the analytical and 

design studies. Volume II pre3ents the reaults of the hot-firing 

test programs. The contents of Volume I are summarized in the 

fcl]owin^ paragraphs. 

(c)  A cold-flow test progrsn was conducted to evaluate aerodynaaic spike 

nozzle performance at high area ratio. A 10-percent-length nozzle 

contoured for maximum primary thrust and with a 150 area ratio and a 

45 degree conical nozzle 6 percent in length with an area ratio of 130 

were tested uaing helium as the primary and secondary fluid. A nozzl« 

efficiency of 93.6 percent was acljleved with secondary flow with the 

10-percent length, contoured nozzle. The effect of the quantity and 

method of introduction of secondary flow was investigated. Measurements 

were made of the pre. -<uro distribution in the wake of the nozzles. 

Good agreement was obtained between theoretical performance predictions 

and erperimental data and the wake measurements verified the analytical 

flow models used. 

(U)  A r.econd cold-flow tent peries investigated the effect of coabustor 

configuration on aerodynamic spike nozzle performance. The specific 

tfoal WA3 to couple closely the effects of nozzle contour, ccerustor 

shape and the use of secondary gas. To accomplish this, a group of 

mul'wich&nber and umular aerodynamic spike nozzles were tested. These 

particular cold-flow data combined with available data for various 
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toroidal configurations may be utilized to evaluate the potential 

performance of combuiitor end nozzle designs. An additional cold-flow 

model tfl.j.ch was tested, was a scaled version of a 10,000-pound thrust 

hot-firing tliruut chamber. A direct comparison of cold-flow and hot- 

firing perforuonce was made (Volume II) with these g-eometrically similar 

nozzles. 

(c)  Analytical .ind design stvidieo ware u;ade to determine effective methods 

of utilizing toroidal and multichamber constructions for aerodynamic 

spike confijurntions. Design lay>.'its were completed at thrust levels 

of 40,000 pounds, ^0,000 pounds, 6%>,000 pounds, and 2,000,000 pounds. 

Heat transfer studies establishing cooling feasibility and parametric 

weight studies were conducted. A comparison of the rolative reliability, 

cost and versatility of toroidal and multichamber aerospiks and conventional 

engine systems was made. 

(tj)  A cold-'low test program wa3 undertaken to determine the performance 

of segaents of an aerospike nozile. A full 360 degree cold-flow 

aerospike model was fitted with splitter plates to obtain nozzle 

se^ent te3t Ciifigurations of 45 degrees, 90 degrees, and 180 degrees. 

The nozzle wall and base pressures obtained for the segmented nozzles 

are compered to the full annular values. 

(0)  The first section of this report contains a qualitative description 

of the principles of operation and the flow regimes for the aerodynaaic 

spUce nozzle concept. This should särve io quickly faniliarirs the 

reader with the concept and more readily grasp the detailed results 

presented in the following sections« 
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SBOTION II 

TES AERODYHAXIC SPIKE K022L3 CONCEPT 

(c)   The aerodynaaic spike nozsle concept is btsed upon the fact that, by 

suitable design, an ideal, maximm-efficiüncy spike nozzle can be 

truncated to i small fraction of ii» initrl length with only a BJI&II 

loss in efficiency.    As the s?iko contour length decreases, the nossl« 

base area increases end the procure acting on the base pressure area 

provides a performance contribution compensating, in part, for the 

diminishing pevforrw.ee of the primary (iseitropic) flow field.    In 

addition,  the proper use of secondary mass bleed into the base region 

of a trunc&ted spike nozzle increases the bass pressure contribution, 

coapared to a zero-bleed systess, and r«3ult3 in a relatively ehort 

noBile with the high overall performance. 

FLOV FISU) BEHAVIOR 

(c)   An understanding of the primary flow field behavior and the base 

pressure phenomenon is esential to the formulation of en analytical 

■odel of the aerodynamic spike nozzle.    The phenomenon is depicted 

in Fig. 3 for a highly simplified model of unifora flow over a 

backward-facing step.    Reattac^ent and simultaneous change of 

direction of the potential flow field produces a recirculating flow 

in the base which is instruments! in establishing the ba3e pressure. 

The recirculating fluid consists of low-energy, boundary-layer flow, 

which is turned baeüc by the increasing pressure gradienc in the region 

of reattachment.   This procean is riscous in nature. 

(C)   During oraration at high pressure ratios (chamber pressure-to-acibient 

pressure), the char^terietics ci the primary flow field upstree« of 

the base, shown as Region 1 in Fig. 4, are determined only by the 
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thrrj.it and contour geoaetry. In Region 2, th« flow eij^inds around the 

lower lip of the isodel and detaches, forming a free aheur layer which 

separates the external flow fron a region of suboonie recirculating 

gases in the base. The inner free-Jet boundary is not »fferted by 

2=bier?t pres"»ire waves fret« the outer-Jet boundary, and thus ia inde- 

pendent of pressure ratio. The flow along the inner-jet boundary 

and its adjacent shear layer iapinges on the csr.terline where it 

reattaches and recompreases through a trailing shock. Thie condition 

is referred to as closed-wake flow, and the base pressure is constant 

and higher than ambient ao that a positive thrust acting on the base 

is developed. Ambient pressure effects are not felt on the nozzle 

contour or base. The basic mechanism governing the base pressure in 

this regime is flow reattachment. 

(c) When a small amount of secondary flow is introduced into the base 

(at a constant ambient pressure) and the base pressure inereaees, the 

inner free-jet boundary of the primary stream still impinges on the 

centerline; however, the angle of impingement becoses shallower as the 

base prer.sure increases (Pig. 5 )• Schlieren photographs of a 

typical configuration are shown in Pig. 6  , for increasing secondary 

flowrates at the dosign pressure ratio. Higher base Pressures result 

because the secondary flow modifies the shear layer characteristics, 

i.e., increases the viscous entrainment region between the primary 

and siecondary flow regions. The modification of the shear layer is 

accompanied by a change in the flow in the reattachment region (Region 4/ 

resulting in increased base pressure. 

((;) As the amount of secondary bleed increases, the base preseure also 

increases until a condition is reached where the inner boundary of the 

primary flow no longer impinges on the axis. Sox* of the base bleed 
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thäii ia tramanittfld into the wake ro^-ion through a central corej this core 

grow* aa tfc/> secondary bleed rate continuaa to iJicreusc.    A dbcieaüing pres- 

eure gradient then exiaV.a in the bass region, and tha secondary flow is 

accelerated by preauuro ad wöll as viscous forces. 

(c)    As the pressure ratio decreases, the nature of tb/j flow field chwigea con- 

siderably.   The intersection of the eavolc-pe shook und tho inner free-jet 

boundary novea uputreaa touurd the rauttachftaut point as the pressure ratio 

decreases.    Shis can bj observed in the Beriea of Schlioiwü photographs ia 

Pig. 7.    When the reattachjtcat point (Fig. 7b and 7c) ia re/tched, the wake 

etarts to open.    The ba3e region then begins to feel the influence of the 

higher ojbient pressure.    When the walte opens,  the baa« pressure no longer 

regains constant (at a constant secondary flowrate), but increases with in- 

creasing ambient pressur* (decreasing pressure ratios).    Tjtia open-wake base 

pressure is, jn cony casen, greater than ambient pressure.    Further decreases 

in pressure ratio will cause the «nvelari? r,nneV to ir.nlng« finally OQ the 

nozzle contour (Fijr, 7f)» causing recoapreaaion of the primary flow.   The re- 

coapression pheuoaaccn yields increased wall pressures at high ambient pres- 

sures, eliminating cerexpansion losses conaoa to conventional high-area- 

ratio nozzles operating at low altitudes.    Thus, base pressure and nozzle 

»compression cocpensate for the aabient condition, and are responsible for 

the altitude coapeasating feature of the aeroapike nozzle.   The vail pres- 

sures due to reccKpression can be considerably higher than aabient or bt^e 

pressures.   Conventional bell nozzles cannot experience recoapression nor 

adjusting nozzle exit pressure (comparable to aerospike base pressure) sines 

the priaary flow field is internal to the nozzle hardware.    The aerospike 

nozzle, therefore, exhibits a psrforoaace advantage over a convent*   al noe- 

zle since the recoapression and base pressure phenomena result in good low- 

altitucie perfornacce for a high-area-ratio nozzle withe ut cosproaising design 

point performance. 
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SECONDARY FIXW EFFECTS 

(c) Introduction of a secondary flow into the base region improves the base 

pressures developed as Ghown in Fig.  8 . Aa the secondary flow 

increases from the no base bleed case, the nozzle efficiency will 

incre&ae due to the increase in base pressure although the total flov- 

rate increases. There is a limit to the gain in efficiency end an 

optiuum flowrate exists for each configuration. This can be determined 

by observing the design efficiency with increasing secondary flowrate, 

Fig.  9 • Normally, efficiency improvements over the no secondary 

flow case are achieved with secondary flows which are a small percentage 

of the primary flow. Secondary flows also eliminate rapid decrease in 

efficiency with pressure ratio (Fi?. 10 ) and improve altitude com- 

pensation. 

(c) Nozzle length and secondary flowrate are interrelated in that the 

performance gain with secondary flea and the Optimum secondary flowrate 

are increased for shorter centerbody lengths (Fig. ll). Each aerospike 

configuration can be designed such that the secondary flow and length 

requirements are balanced to produce a configuration with an optimum 

efficiency versus altitude curve. 

16 

COHNTUL 

i 



i)h*it "L Li« UiX 

03EKIUL 

3 
£3 
a 
H 

o o 

+> c 
<D 

P\   O 
(4 
O a 
* 
3. 

• V* V a 0 
• ?t -> 

ai 
l» 
g 

M r-i 
Pi .i- 

3 
O fc 
U, eg 

■n 

OJ   C 
c 
0 

1« 0 g 01 
•H a 
t. 
a. <n *x > 
4) 

■P 
al 2 
U 3 
3 10 b in 

Ö £ 
-A. 

& <u 
aj V. 

•Ö a 
C T! 
O 
O « • 

H O 
00 



•»> g 
o 1 
u I 
h o 
& r o 3 

ID ■   0 / .* •H I                                  ; 
•H .-) +> / 
0. 

CO 5 * j   
0 • >< 

1 
/ 

0) H   3 1                               V •d 0) /           A 
i-t •    CO 1 
a ^« / 
a; a. 1 *> * I 

IA  C 1 
u _3 bo 1 
c •H 1 <- ■   to I 
U ..   « I e* <u ci 

—i 
I 
}  

^ 

n 
o 

I 

8 CO 

^!  '/0U8J0TJJ3  3IZ20H 

IS 

+> »: 
a) 
o 
c* 

11) ** v> *-""\ CD 
a (. 

§ 
n .H 

•:* u 
v^* 

>> 
<u U 
+> «s 
cd 
u 1 
3 o 
O o 

(-1 <u 
t*« iO 

0) 

13 > 
E >> 

■r1 CJ 

.X. o 
■»v -.< 
a u 
+> •H « r-M 
b «H 

s 14 

H • -«5 r4 *> 
N   t>2 >» N   C 

«4 O   O m : -. -J 
•3 
a 
o 

"    <D 
» 

CO 

1 
£ 



3 
<2 8 

t 
Ü 
O 

.0 

3 +1 01 3 m g 0) 

§ •a £ a a -3 u. 11. si o uv.r\ « 
■H-3 H CJ +» w Ü ki 

o 1 2 o 
aw JHIO 

8 

ä 
M 

o 
ü 

to 
in 

8$ 

8 5 
CO   .O 

2 
§ 

-3 a, 

J3 
O 

.8 
5     £ 
a 
3 
01 
n 

82 
H a. 

s 

3 
eo -3 

0\ 
CM 

^U30J8d   *jC0U0f3TJJ3 3I2Z0M 
8 

,2 
a> 

& n 
n 
B 
£ 

> 
>> o 
a 
.2 8 
ei H 
H - 
«■-1 J>> 
w *. 

w 
0) <ti 

rH C 
N O 
N (J 
O   CD 

£ 

19 



4' 

C 

w 

H 
M 
O 

o 
c o 

coüfiejiiÄi 



SECTION III 

HIGH-AREA-RATIO NOZZLE STUDY 

(U) Analytical and experimental studieB of ehe aerodynaeic spik«? nozzle 

vith expansion area ratios as high as 53 have shown this concept to be 

capable of achieving high performance efficiency over a wide range 

of pressure ratios with a short nozzle length. In this progrer, a 

test series was designed to investigate aerodynamic epike nozzle per- 

formance at much higher area ratios ( e ■ 150). The major objectives 

of this cold flow program were: 

1. To determine potential aerodynamic spike performance at high 

area ratios ( c « 150). 

2. To evaluate theoretical methods of analyzing high-area-ratio 

aerodynamic spike nozzles. 

(u) The models selected for testing were a contoured nozzle with 10 per- 

cent (of a 15 degree conical nozzls) axial length and a 45 degree 

conical nozzle with 6 percent axial length (Fig. 12 ). Both models 

were tested with various secondary flows to augment performance. 

Helium v »s UGed for both the primary and the secondary flows. 

(U) The test program concentrated on the evaluation of the high performing 

contoured model for pressure ratios from 160 to 79,000 and secondary 

flowrates fron 0 to 5 percent of the primary flowrate. Several base 

injection configurations were tested. A total of 45 data points wero 

obtained with the contoured model. Testing of the 45 degree ccnical 

model was conducted in the high presflure ratio regime to evaluate 

theoretical methods of analyzing aerodynamic spike nczrles vith high 

exit flow angles. A total of 13 dat% points «ere obtained with the 

eonical model. 
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A detailed discu*aion of the fcMelf, inetruaeatatioa, taut method, «id 

test facility was presented Is Hef. 1« 

PäHFÖiWAJCK DLFTuITIOH 

(u)   In the following sections the perform-ace of the «odela has been evalanted 

in terns of 

ts equal to 

in terns of ixrzl« efficien=y, C,„ (aeo Appendix l).    The efficiency, f^, 

s - Vc
v (1 + W 

(U)   C   can be broken down aa follows« 

C? = C^"Cp,       +   -^     €cowl+^     £b"^     £tot       (1) 
int drag P„ f P,. c c c 

i 

The areas of the nozzle upon which tha forces represented by these 

teras ict are indicated in the sketch o* the aerod>namic spike nnzzle 

control surface in Fig. 13 . 

(0) The intrinsic thrurt coefficient Cff .  is defined as the SUE cf the 

BcaentuE ani the pressure forces acting on the primary nozzle throat 

and the noszle contour, divided by the torn P A* . The C„   tern * et?. drag 
is the thrust coefficient loss caused by boundary layer drag in the 

primary nozzle.    The primary thrust coefficient (C_ .   . - C„       ) 
F  int    r. 

drag 
acts on the annular area between points 2 (the outer expansion point) 

and 3 of Pir. 13 . The tern (P „ ,/P ) c  , is the thrust coefficient cow* c  cowx 
increment caused by the pressure on the out*r contour of the pricary 

nozzU-; and ic acts on the annular region between points 1 and 2. The 

tera (.\/P_) eu is the thrust coefficient increment cauaed by base *> c  o * 
pressure, which acts on thft area between poin'.s 3 and 4. The (? /P ) 

a c 
etot terB! r«Proscr-t8 the loss in thrust coefficient caused by aabient 

pressure acting on the nozzle over the area between points 1 and 6. 

s 
i 
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(?) The test data used in the following discussions of the teat result» 

are given in Appendix 2. Note that the efficiencies, C_, are pre- 

sented with and without the thrust contribution of the outer cowl. 

The prinary flow was attached to the outer cowl surface and produced 

a snail thrust contribution [(Pc0¥l - 
?J/?

C  I c  , at high pressure 
cowx 

ratios; and the flow separated from the surface and produced a small 

drag at low pressure ratios. It was considered best to discuss the 

data neglecting the cowl contribution to simplify the comparison 

between the experimental data and the predicted perforoance. There- 

fore, the results presented in the following discussions do not incluie 

' [(Pcowl - V/Pc] 
ths n»  . cowl 
nozzle becomes A 

c  , term} and the effective exit area )f the 
cowl 

Then the breakdown of nozzle thrust coefficient is 

C? " <V - C, 
int drag 

P 
(2) 

TSR CONTOURED AERODYHAKIC SPIKE HODEL 

(u) A contoured aerodynamic spike with an axi&l length 10-percer.t that of 

an equivalent 15 degree cone and an expansion area ratio of 150:1 was 

designed to determine potential performance at high area ratios. A 

summary of the 45 data points obtained with this model is given in 

Table 1.  The model was tested with an open baa« cavity with secon- 

dary flow introduced through an orifice recessed in the cavity. Plow 

emerges mdially through eight holes in the orifice. Base configura- 

tions which injected secondary flow radially inward and outward at the 

base exit plane were also tested to determine the effect of these 

methods of secondary flo» injection o»i performance. 
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(u) During testine of the contoured model th« model waa disassembled once. 

Reassembly of the model resulted in an approximately 0.0006 inch change 

in the model aerodynamic thront /jap whic'n changed the mod»l ares ratio 

fron 147.5 to 156.8. The c'.utng* in area ratio is indicated in the 

table summarizing the tests with this model. However, it causea a 

difference of only 0.04 percent in the thruct coefficient. In view of 

this small difference it is reasonable to neglect the change in area 

ratios in the analysis of the modtl. 

Experimental Performance 

(u) The contoured rodel va« tested with -jr. open base oivity end with no 

secondary flow over 3 pressure ratio range of 160 to 70,000. It was 

also tested with secondary flow at a high pressure ratio of approx- 

imately 73|00O and at several intermediate pressure ratios from 1100 

to 10,000. A photograph of this model is shown in Fie. 14 . In 

these tests the secondary flow was introduced into the baa«? cavity 

using the radial-outwavd injection orifice which can be seen in the 

photograph. 

(c) The efficiencies from the tests without secondary flow over th»> pressure 

ratio range from 160 to 70,000 are presented in Fig. i5 . The cur~e 

through these points indicated peaks in efficiency at pressure ration 

of approximately 1600 and ?5,*00 (design pressure ratio). For com- • 

parison, a fully-expanded, fixed-flow nozzle is alco shewn on the 

figv-9.    The base pressures corresponding to these tests are plotted 

versus pressure ratio in Fig. 16 . 
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(C) In tat low pressure ratio range from 150 to 1600, the wakt of tn» 

contoured spike nossle was open and the base pressure vas »lightly 

leaa than ambient pressure. In this region, C_ rises to over 95 per- 

cent and ia ouch greater than that which would be expected from a 

148:1 area ratio, fixed-expansion nozzle. The efficicnej ia comparable 

to that of a nozzle of lower area ratio. This can also be deduced 

from an inspection of the components of aerodynamic spike performance. 

If Eq, 2 ia further broken down by separating the (P./0 <# tmta into 

its components (l\/P ) ev and (P_/P_) e . where e„ or (e_ - ew) is aoo     acp      p    a   o 
the area ratio of the primary nozzle expanaicn surface, the factors 

contributing to performance ares 

(TJ) 

(0 

- c. 
p. - p 

int 'drag 

When the base pressure of the spike nozzle ia equal to ambient pressure 

tho term [(F. - p»)/pe 1 
C
K 

la aqual to aero (as shown in Pig. 16 ); 
the remaining equation is equivalent to that of a fixed-expanaion 

nozzle, 

- C. 
int drag 

Thus, if the aerodynamic spike nozzle is compared to a fixed expansion 

nossle of the aame area ratio as the primary nossle of the spike, the 

performance of the two nozzles can differ only by the differences in 

their intrinsic performance and the drag losses of their primary flow 

fields. In the case of the 148s1 »pike the primary nossle ares ratio 

ia 42sis therefore, sinet the base pressure ia almost equal to ambient 

pressure at low pressure ratios, the efficiency of the spike nossJe ia 
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(c) In the low proeaure ratio image from 150 to 1600, tho wake of tho 

contoured spike nozzle waa open end tht baa« praaaura waa silently 

leaa than aabiant preaoure. In «his region, C. rises to ower 95 per- 

cent and ia auch greater than that which would be expected fro« a 

148:1 area ratio, fixed-expansion nozzle. The efficiency la comparable 

xo  that of a nczzle of lower area ratio. Thia can alao be deduced 

froa an inapection of the component« of aerodynamic aplke performance. 

If Bq 2 ia further broken down by separating the (P /P ) c„ term into a   a   * w 
it« component« (P_/P„) eK and (P./P..) e . where e„ or (e   - c.) 1« aco acp p ao 
the area ratio of the primary nozzle expanaion eurfac«, the factor« 

contributing to performance are: 

(U) 

- c« 
int drag 

Pb-Pa 
~P~ cb" 

When the baae pressure of the spike nozzle is equal to ambient pressure 

the tera f(Pb - 0/*c ] «to *
s «qual to aero (aa ahown in Fig. 16 ); 

the remaining equation la equivalent to that of a fixed-expanaion 

nozzle. 

CF - CP 
- C« 

int 'drag 

(c) Thua, If the aerodynamic apika nozzle la compared to a fixed expanaion 

nozzle of the same area ratio as the primary nozzle of the spike, the 

performance of the two nozzles can differ only by the differences in 

their intrinsic performance and the drag losses of their primary flow 

fields. In the case of the 148:1 spike the primary nozzle area ratio 

is 42:1; therefore, sine« the baa* preaaure ia almost equal to ambient 

pressure at low preaaure ratios, the efficieney of the spike nozzle is 
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very closely related to that of a 42:1 area ratio, fixed-expansion 

nozzle in this regime. However, at low pressure ration, the occuranee 

of recompression in the primary nozzle of aerodynamic spike nozzles 

caa result in further increases in performance. 

(C) In the high pressure ratio region from a pressure ratio of 2100 to 

70,000 the contoured nozzle efficiency with no secondary flow increases 

frora 95• *? percent to 9*3.1 percent. In this region, the wake is closed; 

and the base pressure does not change with pressure ratio. The differ- 

ence between asbient and base pressure becomes less as pressure ratio 

increases until the two are equal <\t a pressure ratio of approximately 

fiOOO. Then, sa pressure raK'o is increased further, the base pressure 

is increasingly greater than ambient pressure end produces a positive 

thrust. The nozzle»efficiency in this region is higher than that of 

the fixed-expansion nozzle with an area ratio of 148. At design 

pressure ratio (25,000), the efficiency peaks at /approximately 98.13 

percent. 

(C) The difference between th? closed wake and open woke condltionr can 

be visuaV.'ed by ar. inspection of Schlieren photographs of the sontourad 

nozzle being tested in the low and high pressure ratio regions. Two 

such photographs are presented in Fig. 17 . In Pig. 17a the photo- 

graph shows the nozzle wake at a pressure ratio of 936. At this' 

pressure ratio the wake is open and the base pressure is approximately 

equal to ambient pressure. In Fig. 17b, the photograph shows the 

nozzle wake at a pressure ratio of 69,000 which is well above the 

pressure ratio at which the vake closes. At this pressure ratio the 

flow is fully expanded; the base pressure is greater than ambient 

pressure and does not change with pressure ratio. 
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(c) Secondary flow was injected into the base region with the recessed 

orifice to augment performance. Several secondary flowrates were 

tested at high pressure ratios to deteroine the maximum efficiency 

that cculd be obtained. The pressure ratio varied fro™ 66,800 to 79,100 

luring these tests. An average value, 73»0O0, is referred to when the 

efficiencies are conjured. Since the difference in pressure ratio 

could theoretically make only a 0.02 percent difference in the per- 

formance, the data was not normalised to one pressure ratio. The 

efficiencies for these tests are presented versus secondary flowrate 

in Pig. 18 . A maximum efficiency of 98.6 percent was obtained with 

a secondary flowrate of 1.4 percent of the primary flow, an increase 

of 0.5 percent ever the case with no secondary flow. Performance equal 

to or in excess of the zero secondary flow ease is achieved with 

secondary flows up to four percent of the primary; and performance 

was higher than that of a comparable area ratio bell nozzle for all 

eeeondary flowrates tested. 

(c) The base pressures for these tests are plotted versus secondary flow 

in Fig. 19 . Base pressure increases with the addition of secondary 

flow. A change in the rate of increase occurs at. a secondary flow of 

1.4 percent. This change in slope occurs at the saae secondary flow- 

rate for which maximum efficiency was obtained. 

(c) The efficiencies resulting from the addition of secondary flow in the 

intermediate pressure ratio range are plotted versus pressure ratio 

in Pig. 20 • Th* addition of secondary flow allows a high efficiency 

to be maintained throughout the tested pressure ratio range. A C_ 

greater than 96*5 percent is achieved at all pressure ratios greater 

than 8 percent of design pressure ratio. The gains in efficiency 

achieved with secondary flow at various pressure ratios are compiled 
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in Takle 2. Kote that thase secondary flowrates do not necessarily 

.-eprtisent these with which SSXIEU» efficiency would be attained; they 

do indicate ths psrformanca potential with s«sondary flow in the tested 

jTweswre ratio rangt. 

TABUS 2 

Efficiency Inoreaa«» Achieved from Secondary Flow 
CONFirBCTlAL 

VPa ie /w f percent AC., percent 

1850 3.03 ♦1.3 
3300 1.11 +1.1 

4200 4.43 +1.1 

73.0CO t.40 +0.5 

{**) The baao pressures are plotted for several pressure ratios with eocon- 

dary flowratea of 1.0 and 4.75 percent of primary flow in Pig.  21. 

It can be seen that secondary flow increases the bsae pressure at all 

pressure ratios tested. Also, in the ititeraediate pressure ratio 

region freund 2000 a oecond&ry flow of 4.75 percent will increase base 

pressure above cabient pressure. 

Coir.T-<riaon with 'foeo-eticr.l Prfriir.,t,|onfl,i Cloaad-Vake HcRiaie 

(C) The theoretical efficiency of the cont^urftd model was predicted prior 

to testing and pretented in Ref 1 . The closed-wake performance 

predicto-i for the Boro-escor.dary-flow eaae is ccoparsd with the «sxperi- 

■ental data in fig. 22 . The predicted efficiency at design pressure 

ratio waa 98.2 percent; the ftspsrioental valui waa 98.1 percent. 
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(C) The experimental wall pressures were measured and are compared with the 

theoretical values in Pip*  2' • The experimental values are lover than 

the predicted values near the aodel throat and higher along the rest of 

the nozzle wall. 

(l) In theoretically predicting the base pressure of the models, muny of 

the ideas advanced by Korst and Nash were adopted for use, the most 

important aspect being the tact th».t the wake «compression phenomena 

controls the base pressure. The theoretically predicted base pressures 

for zero secondary flow are compared with the average measured base 

pressures in the closed-wake regime in ?ig. 24  . The theoretically 

predicted base pressure with no secondary flow was Pv/P ■ 0.000158; 
D  C 

the average measured value was JV/P a 0.00012. 

(c) The base pressure of the contoured model was predicted for bleed rates 

up to vVw a 1.16 percent. Furthermore, it was predicted that the 

small bleed regime would end at this point. The theoretical base 

pressures are plotted with the experimental results in Pig. 25 . It 

can be seen that the theoretically predicted end of the small bleed 

regime occurs near tr.e change in slope in the experimental curve. It 

is approximately B.t this change in slope where the maximum efficiency 

is achieved from the addition of secondary flow. The theoretically 

predicted efficiency with 1.16 percent secondary flow was 98.7 percent 

at the design pressure ratio as compared to the measured value of 98.6 

percent. 

Coamrlion with Theoretical. Predictions. Ooen-Wake Regime 

(c) The nozzle efficiency predicted in Rrf 1 for the open-wake regime is 

compared with the experimental data in Fig. 26 , along with the closed- 

wake regiire results. In this regime the difference between theory and 

i 
r 
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experiment varies from 1.5 to 3 percent. The experimental base pressures 

•re plotted with the predicted values in Fig. 27 . The difference 

between experiment and prediction in the open wake region are small. 

Therefore, the difference between the theoretical and actual perfor- 

mance was attributed almost entirely to the analysis of the primary 

performance. 

(C) The theoretical primary nozsle pressure profiles wer* predicted for 

the open-wake regime in Ref 1 . The methods used in the analysis 

had previously produced satisfactory results for cold-flow (> ■ 1.40) 
and hot-firing (y ■ 1.23) models. Recoapression which occurred at * 

pressure ratio of 160 is indicated by the experimental wall pressures 

which are plotted in Fig. 28 . These data are compared with the pre- 

dicted recompression for a pressure ratio of 150. The difference 

between the actual and predicted recompression is partially caused by 

the variance between the actual primary nozzle geometry and the 

geometric assumptions u«»ed in the theoretical flow-field analysis. 

The theoretical calculation assumes a Prandtl-Meyer point expansion at 

the outer cowl lip (also the throat location) to find the position of 

the free Jet boundary; whereas the actual expansion point has s finlto 

radius and the expansion is influenced by the cowl pressure (slightly 

lower than ambient). Further, if a choked flow condition occurs before 

the assumed throat location, overexpansion would occur before the cowl 

exit point Is reached. All of these factors tend to delay and reduce 

recoapression. Further investigations of the analytical solution for 

the primary flow field is also warranted. To obtain high computational 

accuracy at this area ratio it be mes increasingly important to main- 

tain an extremely fine flow net. 
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Base C-     «try Study 

(c) It was postulated froo base-pressure theory that methods of secondary 

flow injection that Ictroduce the secondary flow with no axial soaentua 

and at a low Mach nunbar wouü rt'.ult in the taost efficient us« of 

secondary floti to increase base pressures. A radial-inward and a 

radial-outward secondary flow injector (Fig. 29 and 30 , respectively) 

were designed and fabricated to evaluate this postulate. The radial- 

inward fixture was nft3igned to allow two annular gap springs so that 

the Mach number at which a secondary flow was introduced could be 

changed. 

(c) The base pressures with these secondary flow injection «ethods in a 

pressure ratio range of 44,000-69,800 are plotted versus secondary 

flowrate in Pig. 31 . The base pressures with the receded orifice 

are also plotted for comparison. Because the base preasurea are a 

snail part of the total thrust for thid configuration, a large change 

in has* pressure produces only a soall change in efficiency. Also, the 

base pressures are not a complete indication of the effect of secondary 

flow en thrust with these oetheds of injection. The geometrical liaita- 

tionii of the baee area did not allow designs of the base plates which 

would result in pure radial-inward and pure radial-outward secondary 

flow injection; there was soase axial.motscntua to the secondary flow in 

the base exit plane in both cases. This axial aoeentun contributes 

to the thrust and the nozzle efficiency. 

(C) The model performance with the tented sethoc'.s of secondary Wow injection 

is shown or Pig. 32 . The results indicate that the large-gap radial- 

inward injection sethod was not as efficient as the recessed orifice 

oethods however, the large-gap was slightly better than the sssall-gap, 
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radia)-inward injection method. The secondary flow was injected eub- 

aonieally for the recessed orifice and the large-gap radial-inward 

methods; however, it was injected supersonically in the small-gap 

radial-inward method» Thia indicates that the secondary flow should 

be introduced into the has« region at a low velocity when it is intro- 

duced radially inward. The base pressures also indicate that the radial- 

cut injection method is slightly batter than the large-gap radial-inward 

method. The maximum efficiency for the large-gap radial-inward 

injection method occurred at a secondary flowrate of 1.4 percent. A 

change in the elope of the base pressure versus secondary flew curve 

also occ irs at this point. 

(c) The efficiency and base pressure of the radial-outward Injection method 

are slightly higher than that of large-gap radial-inward method. '?nie 

is contrary to what would be expected from the fact that the secondary 

flow of the radial-outward method is supersonic and that of the radial- 

inward method, subsonic. The higher base pressure appears to be the 

result of the different secondary flow-primary etream interaction. 

The Schlierer. photographs of the wakes indicate that the radially-out- 

ward method affects the wake differently than the two other lMthod«- 

The Schlierens for these methods of injection with approximately 1.5 

percent secondary flow and at a closed-wake pressure ratio are shown 

In Pig. 33 . In contrast to the wakes of the recessed ori- 

fice and the radial-inward methods of injection (Pig. 33a and 33b ), 

a distinct disturbance of the primsry flow field caused by seonda/y. 

flow is seen near the outlet of the radial-outward configuration. 

THE CONICAL AERODYNAMIC SPIKE MODEL 

(ü) A 45 degree, conical aerodynamic spike with an isxial length 6 percent 

of an equivalent 15 degree cone *nd an expansion area ratio of ijfjl 

was tented. 
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(U) A summary of the 15 tests completed with this model is given in Table 3« 

The nodal was tested vith an open base cavity and the recessed 

orifice method of secondary flow injection. A photograph of this model 

ia presented in ?ig. 34 . 

Bxperioental Performance 

(C) The conical model was tested over a preuuure ratio range of 48,000 to 

61,000 with secondary flows fro« 0 to 3.1 percent of the primary flow. 

The difference in pressure ratios results in a maximum theoretical 

difference of only 0.04 percent in C„, so it was considered reasonable 

to neglect this difference in comparing the efficiencies. The 

efficiencies of these tests are presented versus secondary flow in 

Pig. 35 • A maximum efficiency of 96.2 percent was realized with a 

secondary flowrate of 2.03 percent« an increase of 1.2 percent in 

efficiency over the no secondary flow case. The base pressures for 

these tests (Fig. 36 ) indicated a change in slope when w /w = 1.6 
8  p 

percent. 

i 

Comparison with Theoretical Predictions 

(o) The efficiency was not predicted for the conical model in Ref 1 i 

however, base pressure and primary flow field analyses were subsequently 

completed. 

(c) The bt }»  pressure was predicted using the same »compression criteria 

that were applied to the contoured model. The base pressure resulting 

from this nozzle wake analysis was Pv/P. * 0.00071 and the experimental 

base pressure was '.' /?   ■ 0.00066. The difference between the p-edicted 

and the experimental base pressures is equivalent to a difference of 

0.25 percent in the overall efficiency. 
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(c) To satisfy the racoiaprsfcsion criteria it was necessary for the flow to 

separate from th« prlaary nozslo wall before it reaobal th« «nd of th« 

nozzl«. Th« baa« praaaur« analysis thus 1»! to th« prediction that 

th« priaavy flow should ««parat« froa th« nozzl« wall at a point about 

0.17 inch fro« th« throat outor expansion point. Th« prlaary nozzl« 

•spariacr'. -.   * pressures plotted in Fig» 37 indieat« that th« 

primär,    «id in fact «eparat« froa th« norzl« wall at approximately 

t*- ■       . : ;. Th« faot that th« separation point was determined 

by tli« iss* i ■- ssuare solution «news that aaparations are influenced by 

th« '*■• e reecs iression phenomena. This aak«a th« baa« pressure theory 

a very a» *er,ol tool in uncovering unu?ual flow situations of this sort. 

(c) Further confirmation of th« int«rr«letion of base pressure and flow 

separation was gained by comparing the nozzl« pressure profiles for 

various amounts of secondary flow (varying baa« pressure). Thes« data 

are indicated in Fig. 5&  . Th« variance. In th« separation point 

and th« influence of base pressure on the nozzle wall pressures in th« 

separated region la evident. 

(C) CCWCUJSIOHS 

1. The high porfozmanc« (C. - 90.6 percent) of a contoured, high area 

ratio aerodynamic spile« model with secondary flow baa been demon- 

strated. 

2. The theoretical prediction of nozzl« Performance in the closed wake 

regime agreed within 0.1 percent of the experimental data. 

3. Additional analytical and experimental effort is required to obtain 

a better understanding of high area ratio noszl« »compression 

phenomenon. 

C BEFDEIRiaL 



0.1000 COSE« 

0.0500 

0.0200 

0.0100 

> 

o 
■rt 
+• 

0.0050 

a 
Cl 
c 

P. 0.0020 

0.0010 

0.0005 

0.0002 

t 
1 -1— 

1 Conical Spike Model 

I € - 130 >■ 1.654 

\ 
Experimental Preeeurea 

I 

\ 

-\ 
\ 

\ 

\ 

\ 
\ 

X —Predicted Point of Separation 

\ 

\ 
V 
V 

• \ rj3 

  
> 
**>. 

_^s / 

0.1 0.2 0.3 0.4 0.5 

Axial Distance fro« Throat Outer Expansion Point, inches 
C0X7XDEKXAI. 

figure   37. Experimental Vail Prostare Profil« Without Secondary flow. 
Conical Spike bedel 

12 



a. 

c 

a. u 
1 

e 

!5 

|^B 

■ ■ 

•fTfPj 
0,. iWU 1 1 

h r 1 
1 

\ 

— 0.0500 - 

\ Conical Spike Model 

C  » 1>0   > =. 1.654 

Exporinental Preaeure» 
• 

A   w   * 3.1 percent 

Q  ¥   ■ 1.6 percent 

0 «a*0 

I 
\ 

o.c?oo • 

0.0100 1   

1 1 
\ 

\ 0.0050 ■ 
\ 

IV 1 c* ̂  v 0.0020 

\ w w 
1 

" •* J  
0.0010 U-\. • 

^ 

M VI 0 ■ N X >-"* 
/^ 

0.0005 J"— 

0.0002 , 
0.1 0.2 0.3 0.4      0.5 

Axial Distance from Throat Outer Expansion Point, irches 
coxraHrriAi 

Figur»  3fc> Experimental Wall Pressure Profile with ana without Secondary 
Plow. Conical Spike Model 



COSFIOEHTIAI 

k.    'itie coat efficient method of injecting secondary flow that was 

tested Is the recessed orifice method, aowevsr, low Kaon number 

radial-in and radial-out injection methods, also provide effective 

means of injecting secondary flow. 

5. Rrimary flow separation effects were theoretically determined for 

the *+5 degree conical aerodynamic spike nozzle, ihe method used 

should be ef value for analysis of other aerospike contours. 

EXPERIMENTAL INVESTIGATION OF THE VAXE 

(u) A number of experimental test3 were devoted to surveying the aerodynamic 

spike wake. An instrumented wake probe or "sting" was mounted in the 

center of the model's base along the centerline of the aerospike wake 

flow field, ihe contoured model, fitted with the wake probe, is shown in 

Fig. 39 . ihe sting was equipped with six small static pressure taps 

along the surface of the probe, xhese taps enabled the reading of wake 

centerline pressures during any given run. 

(C) As noted in the first quarterly progress report (Ref.l ), there are three 

basic secondary .flow regimes of interest in the closea>wake aero:;piks 

base pressure problem, (l) the no bleed regime, (2) the small bleed 

regime, and (3) the large bleed regime. The wakes of these three 

regimes were investigated for the conical and contoured spike models. 

(C) The first regime investigated was the no bleed regime at high pressure 

ratios. In Ref. 1 , it was stated, (referring to Fig. 40) upstream 

of tha base (Region 1) the flow is determined by the body shape and 

aerospike throat, and details can be obtained from a characteristic 

solution. In Region 2, the flow expands around the lower lip of the 

model and separates forming a free shear layer with constant pressure 

mixing (subregion b) which separates the external flow (subregion e) 
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fro« a "dead air region" of recirculating flow (eubreglon a), Tbc 

free Jet boundary and Its adjacent shear layer then lBpinges on the 

centerlin« core where the flow «attaches and recoopreaeee through a 

trailing shock separating regions 2 and 3 . 

(c) The first objective of the wake prcbe experiments on the aerodynamic 

spike wan to define the centerlin« wake pressure profile for the no 

bleed cane and determine P  /P.. The results of the sting pressure 

measurements for the contoured and conical models is shown in Pig. 41 

and 42 • Within the base cavity the cer.tetline pressure ia equal to 

the base pressure. Near the point on the axis where the shear layer 

of the free Jet begins to impinge (see Pig. 40 ), the pressure rises 

rapidly to a maximum. This occurs at the point where the inviscid jet 

boundary aa calculated from the characteristics program, impinges on 

the axis. The maximum pressure corresponds to the pressure immediately 

following the trailing shock. This shock is produced by the turning of 

the incident flow field back to a direction parallel to the centerline 

of the model. The oressurs drops rapidly after P   due to tne diain- 
sex 

ishing strength of the trailing shock caused by the primary expansion 

waves. 

(C) When a snail amount of bleed (4.5 percent) was added to the base of the 

conical spike, the baue pressure increased and the centerline maximum 

pressure, as see i in Pig.  42, decreased froa a value of P /P = 0.012 
sax c 

to a value of P _/P 
mar e 

0.0020. 

(c) This decrease in P  is due to the fact that the angle of lapingement 
sax 

of the free jet boundary has decreased because of the higher bast 

pressure. A lower turning angle for the primary stream means a 

smaller pressure rise through the trailing shock. Since P__ . in this 
SAX 
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case, is «till higher than P. , this indicates that the wake its atill 

in the snail blwed regime, where sons »compression still occurs. It 

should be noted ihit while 4.5 percent can be considered a "small 

bleed" rate for the conical rcodel, it definitely is not "snail" for the 

sontoured model. This flovrate pushes the contoured model base pressure 

into the high bleed regime, i.e., where no «compression pressure rise 

above P. is noted. 

(C) A picture of the contoured model with sting, operating in the high 

bleed repine is shown in the Schlieren photograph of the model operating 

at a pressure ratio of 58,000, (see Pig. 43 )• The inner primary jet 

boundary first dips down, then up, forming a continuous boundary between 

primary and secondary. In Addy's thesis on ejectors (Ref 2 ), he 

hypothesizes that a stable solution for the base pressure in this regime 

is guaranteed by the criteria of choking of the secondary stream at its 

minimum area. Thus, the object of testing tho aerospike with large 

bleed was to determine if Addy's criteria is valid. If so, it then 

would be useful in obtaining a large bleed base pressure theory. 

(C) The wake survey of the large bleed flow field for the contoured sodel 

is shown in Pig. 44 . A monotonieally decreasing centerline pressure 

is noted outward along the sting axis. This profile i3 indicative of 

flow in a choked noszle. The choked pressure ratio corresponding to a 

secondary throat is found for helium to have a value P/P. = 0.49. 

Prom the sting pressure measurements, the choked pressure ratio occurs 

at a distance, measured from the end of the model, of X/R_ * 1.6. 

Pro« the Schlieren of Pig.  43 , the minimum area occurs approximately 

at tha saae distance. Thus, it may be concluded that Addy's hypothesis 

is valid in the large bleed regime, i.e., choking of the secondary does 

occur at the Kinir.ua wake area and may be used as a necessary condition 

for a stable *>ase pressure solution. 
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(c) In »ummary, several significant conclusions can be drawn fron this 

*ake study. 

1. The vak« survey with the 1/4" sting in the no bleed regime 

demonstrated the sharp pressure rise at reattachaent which 

wake theoretical models qualitatively predict. 

2. The centerllne preuaure profile in the snail hlsri  regime for 

the conical nosal» was fouiri to diminish ccnsH*rab'y In 

magnitude from the no bleed case but a small pressure rise was 

still noticeable, justifying the present analytical rethods and 

flow model for this distinct regime. 

3. Choking of the secondary flow was shown to occur in the large 

bleed regime. Use cf this evidence has been mad} In constructing 

a base pressure solution for the large bleed regime. 

TV»* 
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SECTION IV 

CCLD-i'LOV TESTING 0? COKBÜSTOR CfflfflGUEATIOIS 

(U)       \h* main purpose of this cold-flow test program is to obtain experimental 

data for aerodynamic spike nozzles having various ocmbustor configurations. 

The specific goal io to couple closely the effect« of nozzle contour, combustor 

shape, and the use of secondary gas.   To accouplieh this, a group of multichaaber 

and annular aerodynamic spike nozzles was tested.   The models «ore designed to 

achieve maxima performance representative of the combustor configuration so 

that a comparison of relative performance could 'M made.    In addition, a 

cold-flow model sealed from the not-firing model was tested to obtain a direct 

comparison between hot-flow and cold-flow data for geometrically similar models. 

A total of 256 tests were achieved.   A description of the models tested and 

of vha te«t results is presented herein« 

HODZL SEUSCTIOH 

(U)       The models tested in this program are listed in Table 4.    A cold-flow nozzle 

geometrically scaled from 10,000 pound thrust hot-firing aerospike nozzle was 

evaluated using various methods of introducing secondary flow into the nozzle 

base region.   These models axe designated as Group I, Nos. 1 through 5. 

(U)       The models in Groups II and III were all of the same area ratio (50) and, except 

for model 9, of the same total length.   Thee« models were used to investigate 

the effect of coabustor c atigtiration on aerospike nozzle performance.   The Group II 

models have continuous annular throats whereas the Group III models are aero- 

spike nozzles with clustered conventional hell chambers forming the combustion 

chamber and initial expansion surface, 

(U)       Table 5 gives a length comparison for all of the models referenced to both perecent 

length of a 15 degree half angle conical nozzle and an ideal spike no«sle. 

Kedule area ratios are given for comparison to overall cluster area ratio of 

the multlchambttrs.   The modele are discussed in the following pages. 
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(ü)      A gaoaurcically scaled version of the lO.OOö-pound thrust bot-firing 

modal evaluated In this program wss designed and tested.   This model 

was selected to provide a direct coaparivjon of data between geometrically 

similar hot-firing and cold-flow modeis and to provide additional design 

information with regard to efficient methods of introducing secondary 

flow into the base region.   The nozzle is an ideal (invntropic) contour 

(tf = i.25) truncated to a length which is 12 percent of a 15-degree 

conical nozzle with «m €0of 25.   The model is ahown schematically in 

Tig. 45 with the r«L. V»j"fard base configuration aounted.   Cvlw base 

injection methods tested include:   a recessed radial-outward injection 

configuration which is obtained by placing the circular pUU (2) flush 

with the nozzle exit and recessing plate (l) within the cavity; open 

base injection with the base plates removed] and two conical nozzles 

replacing the injection orifice (3) which inject secondary flow super» 

sonically into the base region.   The aseabled aode.l is shown in Fig. 46 

with the various secondary gas injection devices displaye-*. to the right 

of the model.   The two components at the top are th& supersonic nozzles. 

Below these rizzlea are two 8~hole orifices for controlling the secondary 

flow for all configurations other than the supersonic nozzles.   The 

second row from the bottom contains the two components required for 

either the radial-inward or radial-outward configuration.   The spacer 

required for the radial outward configuration is at the bottom right of 

the photo.   A flat porous plate (rigifiesh) mounted flush with the 

nozzle exit was also used.   This plate is at the bottom left of the 

group. 
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(U)   Two continuous-throat annular nfuwtw modelt were tested» mill 

"point expansion" design and tha other la "ehrouded". They art 

illustrated In Fig. 47* The assembled point expansion nozzle la 

shown In Pig. 48 and tha shrouded noczle assembly 1« ahara in Pig. 49« 

lach of these modela waa designed for an area ratio of 50 and an axial 

length fron the outer-throat expansion point equal to 30 percent af a 

15~degree conical nozzle of the earns area ratio« The contour for the 

point-expansion nozzle waa developed by generating an ideal apike 

contour with an area ratio of 50 and a V of 1.4 and subsequently 

truncating it to 30 percent length« 

(U)   The ahrtuded annular nozzle van designed to approximate the type of 

shroud for a typical hot-firing nozzle using atorable propellents. 

Proper shrouding of angular nozzles rill provide expansion conditions 

which are favorable for maintaining chemical equilibrium (shifting 

equilibrium). The selected shroud *-*s an annular cone shape with a 

10 degree divergence half angle« The nozzle «as shrouded to an area 

ratio of 3 end the eenterbody was designed to give good primary flow 

field and base pressure characteristics. 

(U)   The design of shrouded spike centaurs is different from the point 

expansion spike nozzle« For the point expansion nozzle the outer flow 

perimeter freely expands at the throat to ambient conditions« Per 

the shrouded nozzle the expansion of the outer flow perimeter is contained 

from the throat by a physical surface of short axial length. The 

shrouded spike design prosedire generatea spike contours baaed on a 

selected shroud inclination angle and ahrout configuration. The steps 

followed to design th» shrouded nozzle were (refer to Pig. 50)i 

a) I shroud inclination angle ß  for the 10 degree half angle 

cone shroud was selected based on previous work (?ig.50a). 
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b) 7ha flow net {Tig.  50b) was ccaputed to the «ad of the abroad 

using th« uthod of characteristics for axisyametrie flow. 

-) Th« left characteristic 11a« (input lino) fron th« point on 

th« contour corresponding to th« and of th« ahrouded portion 

of the contour was extended by turning the flow about th« end 

of th« ahroud in an expansion fan (Tig* 50c). 

d) Th« extended left characteristic line ves used to generate 

a series of optixwa (maximum thrust) control surfaces, each 

surface defining a nozzle of different length. By computing 

the characteristic net between the control surface and th« 

input line, the noszl« contour waa developed. 

(u)   Th« abova design procedure can produce a set of contoura (various 

lengths) for a selected shroud inclination angle. Th« inclination eaclm 

may be varied arbitrarily within certain limits, with a different set 

of contours resulting for «ach ß angle selected. The best inclination 

angle ia determined by designing contours for several inclination angles 

and selecting the angle that gi?as highest performance In this case 

the results of a previous study indicated that a good ß  angl« for 

these conditions was -30 degrees. 

(U)   A different nozzle luigth results far each different point on the input 

line selected to generate a design. Th« ahrouded annular noszl« contour 

selected consisted of an CO percent length optimum nozzle truncated to 

30 percent length. This nozzle was selected from a series of contours 

of various lengths as th» contour yielding th« best combination of 

primary performance and base pressure. 

Kultlchattber Kndols 

(y)   Three basic multiehsmber models ware tested, th« 8 touching, 8 spaced and 

16 touching models (listed in Table 4)* Th« 8 touching models bad two 

basic configurations, i.e., zero oenterbody length and a splice centerbedy 

extended to 30 percent length. Two configurations war« t»at«d for th« 

16 tmwMng modal; one \r*.iu open «paces between the modules tni one with 
• filler plate between module«. 
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(U)       Sha typical nodal Ä»B*aW/ la llluatratad la II«. 51.   *ach aodal tea as 
email cluatar mi ratlt of 50 (datatadaad *y »^ la ft«. 52), and 
«tiliiaa 80 parcant langth Individual tell «hasten la ita raapaetiw 
elaatar.   A cylindrical shroud taagent to tha individual ahaater «ita 
aaaloaaa to aultichantera.   Bach ball vaa daalgaad for anxlanB thruat 
with air.   Aaaaabllaa of tha 8 chanbsra touching, 8 chanter* apaoad and 
16 chaatera touching »ultichamter nodal» era ehoaa la *lga. 53* 54. and 

55. 

(U)       All af tha eonfigurationa «zoapt aodala Konter UX-8 and UX-9 haw aplka 
eantartediaa of aufficiant langth to provida w onrarall langth, Lg, 
aqual to 30 parcant of a 15-dagro* conical notela.   Figurn 53 ahoaa 
modal IEMO with tha 30 parcent aplka inatallad and tha nodal III-9 
eantarbody (no aplka aztanaion) la tha lovar right hand eoxnar of tha 
photo.   Modal IIX-8 la a atrippad down Taraion of nodal III-9 and la 
ahovn Inatallad in tha fiXTF in Tig. 56.   Tha prooadura uaad to daalga 
tha aultichaabar aodala «ill ba dlaeuaaad balow. 

(U) Tha following aquation (derived In Raf. 3) which dasoritea tha Intar- 
ralationahip of tha oluatarlng geoaotrio vaxiablaa vaa uaad to daalga 
tha anlxichaater aodala. 

4a~ -1 [(1 ♦    #>. ) Coa 0«. 
I Sin (irotaa Coa «L Tan J§[ T 1 I 

•»■Coa 0, ]' 
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(U)  Referring to ilg, 52, the first step in designing a aultlchamber 

nod*l is to select independently the number of chaabera N, the gap 

spacing b ,  end the overall area ratio £„, • Two quantities murt then 

be determined simultaneously, the modular exit area ratio €„ and the 

tilt angle 0_. To do this, a module exit area ratio is first assumed. 

The tilt angle is then determined from the difference between Prandtl- 

Neyer angles corresponding to the cluster or overall area ratio 

{ (.. - 50 in this case) and the module area ratio. Vow that the tilt 

angle is known a new modvle exit area ratio can be calculated from the 

above equation. The process is repeated until sufficient accuracy is 

obtained. 

vu)  The tilt angle and module area ratio have now been fixed and the radial 

dimension of point a (Fig. 57) is determined. An ideal spike is 

designed for the .tame area ratio as the overall or cluster area ratio 

of the multiehnmber «s if it h«d s point expansion about point e. 

Point b is then selected at the same radial distance as point a am*, 

the ideal contour is translated axially so that point a and b coincide. 

The ideal contour is then truncated at the desired length. This gives 

a relatively good match in angle between the module and the spike at 

point a. 

(U)  This process was carried out for all of the multiehamber nozzles with 

spike extensions. For the two models with 8 chambers the theoretical 

contours were approximated by conical apikes, the difference in per- 

formance being only 0.01 percent. 
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(U)  A total of 256 testa war» conducted during a 6-week pariod. All of tba 

configurations wer« taated over a preaaure ratio range approximating 

aea level to design preaaure ratios. The affect of secondary flow waa 

Investigated for all configurations over the entire pressure ratio 

range. Interae*^iial (i.e.) bleed was used for the multlehaaber 

configurations i. 'ldition to aecondary flow. 

(U)  Model 1-3. the ■ ^ied hot-firing aodel, waa taated using both air and 
Cf. gas. Several secondary-flow injection aethods were investigated 

for the scaled hot-firing aodel. , 

Performance Calculations 

(U)  Primary flow field theoretical performance «as calculated for the 

annular models using the method of characteristica (fief 4 and 5) for 

the potential flow and the integral momentum equation for the drag 

losses (Sef 6 through 9). Solutions for both the potential flow field 

and drag loss have beon developed on electronic computer programs used 

at Rocketdyne. Overall performance waa then predicted by adding the 

contributions from experimental base pressure and ambient drag loss. 

Total nozzle performance is obtained by a summation of all contributing 

factors which are listed as followst 
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1. Potential flow (intrinsic nozzle perfonsanc«) 

2. Boundary layer drug los* 

3. Base pressure contribution 

4. ambient draft 

tot 
C - C ♦ C_ - C. 
rint "drag       rb *Amt. 

(U)      With the aid of the figure below,  these terwsare ,V-fincd ao followni 

»* tct 

tot 
C„    w overall nozzle performance,- . ■ 

tot 

Pint * 

drag 

% 

tab. 

P n 
a potential flow field performance, rp" 

rc*t 
p 

■ boundary l^.yar drag,  shear 

t o 
PA.    P 

• base pressure contribution, Jt Jl    b. f- y 

* ambicn. drag, a €^ 
Pc 

Pe At 

t 
i 
* v 
i.  ■ 
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(U)  Kozsle eff iciency, C- , it then calculated by comparing C_    to tl 

ideal C- at a giren preaaure rfitio, ?„/?_• ropt a ° 

the 

fopt 

where 

opt V^W* [•*)*] 
(U)  C_    ia obtaino-" ir. a alightly different Banner for the experimental 

tot 
data. 

'JaL 
wt   \- ^ 

*^ -4/ eHod  % 

°v    "Mo*. 
W 

wt 
ytat   fHod n cv 

P<« At Cfi f» IK cv *v Dv * » "Mod 

in which 

P tot ■ total measured force 

■ flowmeter chamber preaaure 

»   flot.-mcter throat area 
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Hippm «PH CTUBBffwPTfl 
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caBEBIHL 

"Ttod 

Mod 

■ flowmeter throat discharge coefficient 

« flowmeter chamber temperature 

=« model chamber temperature 

a flowrotor weight flow coefficient 

■ model weight flow coefficient 

(U)  Since A* ? C_ A. all experimental performances are presented with 

respect to A*..the aerodynamic thront area, rather than A^, the 

geometrical thron* area« A*n0d *&
a also uaed in calculating theo- 

retical performance in order to be consiatant, 

(U)   Critical data for all of the models ia tabulated in Appendix 3. 

Scaled Hot-Firing Model - Air Testa 

(U)   The priniip«? objectives of the teats with this model were; 

1. determine the o-.«rall nozzle performance, with nnd without 

secondary flow over an altitudt range from aea lovel to 

design altitude. 

?. Te3t several b-ioe configurations and evaluate secondary-flow 

injection methods* 

3. Determine nozzle performance and base Dressures using a pas, 

CF., having a ratio of specific heats which approximates that 

of hat-firing gases. Compare these CF. data with the air 

data and the data to be obtained in the hot-firing program. 
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(U)   The open-base model was first tested with air over a pressure ratio 

ranee froa 20 to 600 ' (design pressure ratio is approximately J15) 

without secondary flow, A reference performance with secondary flow was - 

then obtained with the sane model by varying the secondary flow -ate at 

pressure ratios of 35, 170, and 540. The secondary flow giving maximum 

cfficifncy at each presaure ratio was determined. Secondary flow wa» 

introduced using an R-hole orifice recessed within the open base 

(Component 3 in Pig. 45,p.79).This configuration (Model 1-3, Table 4, p,76) 

is usred as a reference for comparison with the other base configuration 

and injection methods, 

(U)  Tests were then performed with air using the other base injection 

methods. These were the radially-in, radially-out, porous plate and 

supersonic nozzle configurations (see Table 4,p.76),The supersonic 

nozzle configuration consisted of secondary flow being injected through 

each of two conical nozzles of area ratio 3.5 and 15 respectively. 

B?.ch configuration was tested at pressure ratios of 35, 170, and 540 

using the nptinun recondary flowrite determined from the open-base 

configuration tests. 

(C)   The results of the RHT? (Rocket Nozzle Test Facility) tests are shown 

in Fig. 58 tnd are tabulated in Appendix 3. Hear design pressure ratio 

(? /? s *40) the thrust efficiency was 96.5 percent with the open 
c a 

t«e cor.fig-.iration and no secondary flow. For the open base configuration 

secondary flow («ir) was varied from 0 to 3 percent of primary flow with 

a resulting nozzle efficiency peak of 97.6 percent (see Fig. 59 ) 

occurring at 2 percent secondary flow. These efficiencies with air are 

lower than usually expected because the contour is designed for T *  1.25. 
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(c)  Figur« 59 shows that the porous plat« bass gives essentially the same 

performance as the open oavity. the radially-out base gives very nearly 

the saae performance as the open cavity shoving slightly lover perfor- 

mance at design pressure ratio hut slightly higher performance at the 

lover pressure ratios, a significant drop in performance is exhibited 

by the radially-in base at design pressure ratio and the sake closing 

point (pressure ratio 170). Both base supersonic nozsles exhibit lov 

performances throughout the operating range. 

(C)  Figure 60 presents Schlieren photographs of tests with tho various base 

configurations at approximately the same secondary flow. The only 

configuration exhibiting a perceptably different base flow field vas 

the supersonic injection model where the supersonic secondary flow 

field shocks are readily seen. 

(c)  Referring to the efficiency curve. Fig. 5$ it can be observed that a 

performance dip occurs at a pressure ratio of approximately 170, the 

point at which the base flow charges from the closed to the open-wake 

regime. This point is further verified by observing the base pressure 

vs pressure ratio plot, Fig. 61 , where the base pressure remains steady 

above a pressure ratio of 170. Introduction of secondary flow at this 

pressure ratio gives substantial performance increases for the open, 

radially-out and radially-in base configurations. Both the open base 

and the radially-out base give a. performance increase of «bout 1.5 

percent. 

(C)  At a pressure ratio of about 35» small gains in efficiency were noted 

with addition of base bleed with all base configurations except the 

supersonic injection. For all pressure ratios the optimum secondary 

flow appears to be between 1.5 and 2.5 percent of primary flow. 
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(C) The performance of a fixed expenaitm, 80 peroent length bell of Zk.Jk 

area ratio la shown for comparison in Wg. $8 • do bell performance 

vas computed using a nozxle Yaeuum efficiency of 98.56 peroent and a 

constant drag looa equal to 0.9 percent of the theoretical racuua thrust 

coefficient* These value« were determined frcs bell nozzle theoretical 

efficiency ourres and theoretical drag computations for a 27.5 area 

ratio J-£ cold flow nodal of the sane size and operating at the sane 

chamber pressure. 

(-) The efficiencies of the bell and the aerospike ore the same at design 

pressure ratio even though the bell nozzle length is 6.6 tines greater 

than the aerospike. At a pressure ratio of 100 ( *»» 20 percent of design) 

the fixed expansion bell has an efficiency of 91 «3 percent compared 

to 95*8 percent for the altitude compensating aerospike. At a pressure 

ratio of 50 (10 percent of design pressure ratio) the fixed expansion 

bell efficiency has dropped to 78.7 percent compared to 9^.8 percent 

for the aerospike. It should be noted that advanced booster engines 

initially operate at 10 to 15 percent of design pressure ratio. A 

16 percent length aerospike designed for air vas tested with air under 

NASA contract (Bef. 11) and yielded design efficiencies of 98.I4 percent 

with secondary flow and 97*2 percent without secondary flow demonstrating 

design efficiencies substantially higher than a comparable 80 percent 

length bell. This comparison clearly demonstrates that n short 

aerodynamic spike nozale is at least comparable in perfornence to an 

80 peroent length bell at design pressure ratio and has considerably 

higher performance than the bell at lower than design pressure ratio. 
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(C) ft» open Vast, radiallyia, radiaUy-ouv «ad the porous plat« base 

plat«« «11 ahowed relatively good UM prensure lacrosse« with intro- 

duction of aecondary flow (aee Wg. 6l). tola ranultad la aat incr«es«a 

in efficiencies. However, the supersonic baa« Injection shoved very 

little or ao lnereas« in baa« pressure la aoat caa«a. Thua, ¥haa th« 

performance vaa charged with th« additional aaaa no« for th« baa«, 

a performance loaa r«ault«d. 

(C) Theoretical pad «zp«ria«atal «all pr«aaur«a far this notale ara pre- 

«anted in Pi«. 62 . Hear th« throat (x/B**«0) agreement betv««n data 

and theory ia not as good aa further down th« nossle contour. This 

occurs because th« pressure gradient near the throat is steep and area 

saall dlaneter pressure taps cover a significant portion of the actual 

pressure range. 

(C) The pressure profile down to a pressure ratio of 61 «as constant. 

Below 61 a pressure rise «as noted along the contour due to nozsle 

reeoapression. Since at low preseure ratios thess pressures did not 

change with secondary flowrate, it can be concluded that the flow did 

not separate froa the contour. This ia alao evidenced by obeerriag 

the Schlieren photographs (Pig.63 ). 

Scaled Hot-Wring Rodel - CP Teats 

(U) T«a tests were conducted using CP. gas as the test fluid. All tests 

were performed with the opea base configuration. In addition to achieving 

high performance» this cenf:guration allows a sore reliable determina- 

tion of average base preseure. The base pressure Is relatively aal» 

form across the face of the cavity «ad a good average base pressure is 

easily obtained. 
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(U)  Jn the Initial phase of the CP. testing, it was necessary to determine 

if, and under what conditions, condensation of CF. would occur in the 

flow field. This was found necessary since elimination of a pressure- 

enthalpy diagram (see Fig. 6I1 ) for CF. Indicated that in the expan- 

sion process, the pressure and temperature could fall inside the 

saturation region. For example, starting at a chamber pressure of 130 

psia at a temperature of 70 de* F and isentropically expanding over the 

design pressure ratio of 253. the process end point (the dashed lino In 

Fig. 6Ii ) falls just inside the saturation region. Since condensation 

could affect the base pressure values, initial tests at chamber pressures 

of 50, 10O, and 150 pcia were conducted to determine the operating 

conditions required to avoid condensation. Ac ultraviolet light was 

projected across the flow field to detect droplet, formation. Polaroid 

photographs were taken ar.d visu.-.l observations were made for each te3t. 

(C)  At a chamber pressure of ISO nsia, condensation was observed to occur 

about two-thirds of en exit dias-cter downstreaa of the exit of the 

nozzle (foggy region to the left of the nozzle in Fig. 6b ). When 

the chamber pressure was reduced to approximately 100 psia (a more 

favorable expansion as rhown on the pressure-enthalpy dlngrsa) no con- 

densation was observed. All further CF. testing was nerfomed at or 

below a chamber pressure of 100 psia. The values of P./P were 
D    C 

0.0066, 0.0066 and 0.0067 for P„ values of 50, 100 and 150 respectively. c 
Thus it appeared that condensation had negligible effect on base 
pressure.    In all, eight test« iiere nerforced with no secondary flew 
over a pressure ratio range of   35   to   290    and two tests v*re ner- 
formed with secondary flow near desi«ga pressure ratio.   Data for these 

tests is tabulated in Appendix 3   and summarised in Figs. 65 and 66. 
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(C)  Figur« 65 shows the performance of the 6 * ■ 24.26 nozele using Cf^. 
Maximum performance attained at design pressure ratio (253) waa 95.6 

percent. This was increased to 96.8 percent by addition of 1.7 percent 

C?. baa« bleed. Examination of the base pressure curve, Tig« 66 , 

shows the value of pi/pc to remain at 0.0067 down to a pressure ratio 

of approximately 120. At this point the base presoure starts to rise 

because the woke opens. 

(   i 

(C)  One of the principle reacons for testing with CP, was to have a cold-flow 

fas with a J* similar to that of the hot-firing model. Upon exaaliing 

several gases; CP. appeared to be the most roenmbl« far« to use* It 

hud the necessary low X and could bo expanded to a low enough pressure 

without changing state. The equivalent f for the hot-firing aodel is 

1.25. At the time of selection of n.f.,  available information indicated 
4 

that the Y of this gas would be close to 1.25. Since this is a 

relatively new gas Available on a comnprcinl basis, relatively little 

physical data was available until some tin« after the model was tested» 

The data shows that Y has * very wide variation from the chamber 

condition to the ambient condition. Por example at P • 100 paia and 

T * 530 degrees Rankine, Y  ■ 1.16. Expanding to P «0.? psla 
o a 
isentropically results in a Y   « 1.30. This makes it quite difficult 

to arrive at ah equivalent constant Y to use in an analysis involving 

the assumption of • perfect gns. 

(0)  A parallel effort was simultaneourly conducted at Socketdyne evaluating 

the properties of CP. gas. In this effort it was found that it-would 

be necessary to arrive et an .ideal thrvst coefficient (C-  ) for a 

given expansion process by considering the actual enthalpy change of 

the gas rather than calculating the Idenl thrust coefficient from the 
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«mal one-dimensional ideal gas equations essuaing a constant # and 

pressure ratio. Th« aethod arrived at is summarised la Appendix fc. 

Using th« real gas propertiea a Cy t is arrived at for a particular 

a*t of conditions (P, Tfil P^, AS - O) and is usad in calculating 

nossle efficiency. 

C, 
e    ,    uasyyalal 

'opt raal 

(C)  Those are tho experimental values shorn in Fig. 65. In this figure 

ia also shorn the theoretical performance curve (using experimental 

base pressures) for the f * - 24.26 nossle. The analysis for t« 1.2 

fell above the experimental curve. The saouat of deviation la approx- 

imately 0.6 percent. This deviation could be caused by the accuracy 

limitations of the CF. properties. Reference 10 indicatee that accuracy 

is limited by the equation of state used. 

(U)  A representative value of V for the operating range over which the 

nossle vaa tested vaa found to lie soaevhere between 1.20 and 1.21 

(from the Cf. properties). The representative 1 ie calculated from 

the real gas C.  from 

opt ^ EFir JLX 
7^i If    IF. I     r^ 

opt kr| Jt" ftr ] 
Th« real gaa C_  and th« pressure ratio are substituted la th« above 

opt 
equation and the equation la solved for I. This value of f la called 

th« prooeee  9, 
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The performance of a Hand expansion, 80 percent length Uli of 2*».26 

WM ratio la «hows for comparison la Fig. 6£. O» bell performance 

w*m computed using a nozzle vacuum efficiency of 98.56 percent and a 

constant drag loss equal to 0.8 percent of the theoretical vacuum thrust 

coefficient, these values were determined from bell noetic theoretical 

efficiency curves and theoretical drag computations for a similar cold 

flow boll nozzle* 

(C) The efficiency of the 80 percent length bell nozzle at design pressure 

ratio is 97.6 percent compared to 96.8 percent measured for the 12 percent 

length aerosplke. She 0.8 percent lover perfortvinoe for the aerosplke 

tends to Indicate that for lower V gases somewhat longer aerosplke lengths 

are required to achieve efficiencies equal to a bell at design pressure 

ratio. However« the theoretically predieted OL (using measured base 

pressures) for the aerosplke is also 0.6 percent higher thsa the measured 

values. Usually this type of theoretical prediction agrees with 

experimental data within 0.25 percent. If the theoretisal values are 

more nearly correct the aerosplke with secondary flew is only 0.2 percent 

lower performing at design pressure ratio than the bell. Theoretical 

analysis of this aerosplke nozzle indicates that a gain of approximately 

1.1 percent in efficiency at design pressure ratio would be achieved by 

Increasing the aerosplke length from 12 percent to 25 percent (both 12 

percent and 25 percent lengths will he tasted in the hot-firing phase 

of this program). This would result in design efficiencies between 

97.9 and 98*5 depending on whether the gain is added to the experimental 

or to the theoretical aerosplke performance curve. 
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(C)  At a design pressure ratio of 100 C*0 percent of design pressure ratio) 

the bell performance is approximately 0.5 percent higher than the 

experimental aerosplke performance without secondary flow* Based on 

the similar effect of secondary flew on Performance for this model with 

air and CP^ it is expected that OV secondary flow would increase 

performance between 1.0 to 1.5 percent at a pressure ratio of 100 

bringing the experimental aerospike performance from 0.5 to 1.0 percent 

above the bell. The previous comments about the uncertainty of the 

experimental performance and the performance effects of a longer nozzle 

length also apply at this pressure ratio and would further increase 

the performance advantage over the bell to approximately 2.0 to 2*5 

percent. 

(c)  At a pressure ratio of 50 (20 percent of design pressure ratio) the 

fixed expansion bell performance is ik,h percent compared to $k.l 

percent for the experimental aerospike without secondary flow. 
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(C)   Theoretical and empirical methods of detemining baaa preasuree have 

been developed (Ref 11} and ara la uaa at ftoeketdyae. Tha thaoratical 

aethoda ara sub-grouped into thraa separate flow raglaaai (0 aaall 

bleed, closed-wake, (2) large bleed, cbokad flow through tha wake 

reeoapreaeloa lona, and (5) epen-vake,low preeaur* ratio. Regimes (l) 

and (2) ara at high noitla operating praaaura ratio», preventing 

ambient praaaura froa coaour-icating with tha baaa. Regime (3) la at 

low pvaaaure ratios, giving a larga baaa flow oora which la not choked. 

(C)   Tha aaaential diffaranca batwaan tha aaall blaad and larga blaad 

thaoriea la in tha raooapraaaion ■eehaaiaa whara tha waka coalesces. 
For aaall blaad thera la a «circulation of tha baaa flow froa tha 

reeoapreasion zona back into tha baaa flow ragion. Aa tha blaad rata 

increases tha aaount of »circulation la reduced until no »circulation 

occurs but outflow froa tha baaa ragion through tha recoapraaaisa «me 

la tha prevailing aode. The exact transition point la not easily deter» 

ained hut corresponds roughly to tha aaziaua performance point la a 

performance va base bleed curve (See Fig.5? ). 

(C)   Data of tha hot-firing aodel for tha open cavity baaa haa been re- 

plotted in Fig. 67 t 68 and 69 along with tha theoretical predietlone 

of baaa praaaura for thin nosale. For the air testa, tha transition 

froa aaall to larga bleed is shown to occur at ■*_/»"_ » 1.55 percent. 
Tola coaparea to a aaziaua efficiency point on Fig. $0 of ¥ /i ■ 2.0. 
Tha aaaa theory applied to the CP. gaa teatc la shown la Fig. 68* 

igreeaent in both eaaea la good» 
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(C)  The oj»«-wske theory waa applied to tht same nossle at a preasure ratio 

of *»/P »SI. X» thia eat« tho theory predicted praaaurea «lightly 

higher than the data (Pig. 69 )~ 

(U)  The principal objective« of testing the eontinuoua-throat annular 

refe* ance modele ( C0 » 50) werei 

1. Determine performance for both shrouded and uaahrouded 

eontinuoua-throat aerodynamic spike nozzlea orer « wide 

pressure ratio range with and without secondary flow for 

coapariaoa with the multichaaber perforaanee. 

2. Record base pressure« for coapariaon with multichaaber base 

pressure valuee. 

3. Determine the ambient pressure compensating eharacteriatiea 

of these nosalea. 

0)     These models were tested (with air) over a pressure ratio range  from 

tOO to 1300 and a aecondary flow (air) range  from 0 to 3 percent 

of primary flow. Secondary flow waa introduced from an annular orifice 

recessed within the centerbody. An open-cavit jaae configuration waa 

used throughout the teats. Fifty-six testa were accomplished with 

theae modele. 
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(C)  Performance result« of cold-flow testing of th« point expansion model 

(model II-6, Table 3), are shown in Fig. 70 and la Appendix 3. Exper- 

imentally, th* noisla efficiency retched a value of 96.6 percent at a 

pressure ratio of 1375 and no s«ooadarjr floe. 

(C)  The performance at design pressure ratio &375) peaked at 98.8 with the 

addition of 0.9 percaat secondary flow (See fig. 71)• Efficiency gains 

were aaall since the aossle (30 percent lsngth) already has a high 

efficiency without secondary flow, leaving little aargin for improve- 

ment. However, when secondary flow la available this configuration 

still provides a high performance means of utilizing it. 

(C)  The performance curve at a pressure ratio of 490, becomes discontinuous, 

corresponding to the transition from clossd to open base wake flew 

(Sea also Fig. 72 «showing ths transition in base pressure at a pressure 

ratio of 49Cj .Adding secondary flow to the base at this point increased 

the nossle efficieney from 97.3 with no secondary flow to 97.8 with 

1.0 percent secondary flow (See Fig. 71). As formally occurs at the 

transition point, an sppr« siable increase in performance can be realised 

with the proper addition 01  secondary flow. 

(C)  Secondary flow was sddsd to the base at a pressure ratio of 130. 

Figure 71 shows that substantial efficieney gains were obtained raising 

the sero secondary flow efficiency from 94.8 to 96.0 percent at the 

optics» secondary flowrate of 1.8 percent. 
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(C)  9» perferaance of a fixed expansion. 80 percent length bell of 48.3 

VM ratio la ahown for ceaparieon in rig. 70« tte boll performance 

m computed uaing a nessle vnouua efficiency of 98*69 poreont and * 

constant drag loaa equal to 1.0 percent of the theoretical vaetnai 

throat coefficient, 'ltieae Taluea ware determined from bell nessle 

thaoratieal offioieney ourvaa and theoretical drag oewputatlona for 

a similar cold flow ball aosale. 

(C)  -ühe efficiency of the 80 percent length bell nossle ia 97*6 percent 

at design preeaure ratio coopered to 98.8 percent for the 30 percent 

length aaroapike. At a preaanre ratio of 500 (36 percent of design 

pressure ratio) the ball nosale efficiency ia 96*3 percent eoapared 

to 98*0 percent for the aerospike. At a pressure ratio of 150 (11 percent 

of design pressure ratio) the fixed expansion bell efficiency ia 86.V 

percent eoapared to 96*0 percent for the aerospike* 

127 

CONFIDENTIAL 



I COQENML 

(C)  Using the method of characteristics for axlally aysaetrie flow, the point 

expansion nossle vu analysed far primary flow field perfermsiioe. ftae experi- 

mental base pressure performance contribution was then added to too 

inviscid performance. Shear stress and friction du*g war« calculated 

and tha drag loss was subtracted froa tha inrisoid theory. Thia 

resulted in tha viscous theory curve shown in Fig. 70 which agrees 

very veil with experimental resulta. 

(C)  Experimental and theoretical contour pressure profiles are shown in 

Fig. 73 . Again, agreement is very good between theory and ezpsrisest. 

Heoonpression is shown to occur below a pressure ratio of 300. 

(II)  Schlieren photographs for tests at both high and low pressure ratios 

with and without secondary flow are shown in Fig. 74 • 

Shroudad Annular Model 

(C)  Design expansion area ratio for the shrouded annular spike model was th« 

sane as the point expansion spike. As built and flow checked, the area 

ratio, e , was 48.6. Efficiency for this model was, in general, 0.5 
o 

percent lower than for the point expansion nodal, although, since this 

model was designed, techniques of designing shrouded nozsles hare 

improved and experience shows that it is possible to achieve shrouded 

nozsle performance comparable with point expanaion nocsles. 

(C)  At peak performance (Fig. 75 ) for no secondary flow the shrouded 

nozzle efficiency was 98.0 percent. Essentially no efficiency increase 

was noted (Fig. 76 ) with the addition of secondary flow at design 

pressure ratio* 
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(C)  ftro dipt la the perform .» curve can b« obeerv«d» on« at a pressure 

ratio of 400 and the eecond at a preaeur« ratio of approximately 290. 

The baa« pressure cvurra (fig. 77 ) ahova that tha transition from eloatd 

to open wake oeourrad at a pressure ratio of 400. Xo unusual baa« 

pressure trend» can be noted at A pressure ratio of 290. Therefor«, thi« 

second dip auat be caused.by soae other condition. At a pressure ratio 

of 290 the contour pressure profile (Fig. 78 ) la the same as for high 

pressure ratios. Shroud pressures (not shown) are also the sane as for 

high pressure ratios. «hen the prsraur« ratio is reduced to 200 wall 

pressures at the end of the contour increase (Pig. 78 ) indicating 

either nozsle recoapressior. or separation fron the contour. In tha 

characteristic solution to the primary flow field this pressure ratio 

(290) corresponds approximately to the pressure along the laet character- 

istic line from the end of the shroud to the end of the contour. This 

suggests that below a pressure ratio of 290 recompression waves between 

the shroud and inner contour are causing an increase in contour pressure 

(down to a pressure ratio of 2C0) which is not completely offset by 

the increase in ambient pressure force in the opposite direction. 

Examination of the Schlieren photographs. Pig. 79 shows that the flow 

dees not appear to be separating frca the contour and compression waves 

are impinging on the contour at pressure ratios around 250. 

(5)  Secondary base bleed was added near a pressure ratio of 400 (fig. 76 ). 

At a pressure ratio of 450 performance increased from 96.6 percent at 

cere bleed to 97.2 percent at 1.5 percent bleed. At the low pressure 

ratio end (P/P * 150} of the performance curve, efficiency was increased 

from 95.1 percent to 95*5 percent with 1.5 percent bleed. 

(C)  Theoretical performance (including drag lossea) and vail pressure 

(vacuum) profile« agree very well with the data for this nozzle 

(Pig. 75 and 78 ). 
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(\i)      Although the performance of multichamVr »pike noszles has previously 

been investigated in considerable detail, data are lacking for the 

effects of secondary gas flow on performance for this combustor nozzle 

configuration. The purpose of this teat series was to obtain performance 

data for multichamber spikes with secondary flow. Secondary flow was 

introduced into bo'.h the centerbody region (V ) and the region between 

the individual chambers (V.  ) in an effort to obtain maximum overall • 
i.s. 

performance. The ^rinaipal test objectives arc as follows! 

1« Determine the maximum performance achievable through the use of 

secondary flow with the »ultichamber configurations and compare 

the data with tie data from the reference model«* 

2. Determine whethur secondary flow alters the relative effects on 

performance of the multichamber variables such as nozzle length, 

spacing, primary chamber area ratio and number of chambers. 

3. Record and evaluate intersegmental and centerbody base pressures 

with and without interchamber and base bleed. 

4. Determine the effect of interchamber bleed on the nozzle pressure 

profiles along the primary chamber centerline and between 

chambers. 

5. Perfora tests with one nozzle of the cluster plugged tu simu- 

late engine-out performance. 

(U)  A total of 141 tests were accomplished with the multichamber con- 

figurations. The eight touching chamber models (Models III-9 a./ III- 

10) were tested over a pressure ratio range of from 100 to 1500 (design 

pressure ratio for €« » 50) with intersegmental and base bleed rates 
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fro« 0 to 3 p«rc«nt of th« primary flowrat«. En^ine-out toot« vor* 

performed by plugging ono of the nasales of Model III-9. 3«v«r»l toot« 

«or« porforaod on • stripped down vereion (Modo! III-s). Tho eluater 

cuter shroud and tho sp*ko contour (•«• Fig.36p.93) were removed to 

obtain thi« configuration which simulated engines extending considerably 

beyond a vehicle external fairing and tank bottom. 

(U)  Rodel 111-11 (Fig.54 p.9l) eonsist« of eight individual 80-percent length 

bell nozsles with rn area ratio of 20.7. The lower individual nasal« 

area ratio (compared to € M ■ 30.2 for Models 1II-9 and III-IO) for 
thi« eight chamber configuration results in a spacing between the 

modulo exits. The distance between module exits ( O is 0.31 time« 

the module exit diameter 0 . This model was tested over the same rang« 

of pressure ratio«, intermodule and centerbody bleed flowrate« that 

wer« used with the eight touching chamber configurations« However* 

testing with intersegments! bleed was limited to design pressure ratio« 

(U)  Model IXX-12 consists of 16 touching chambers of €g equal to 20.7 

placed around a central spike, giving an overall 30 percent length 

nozzle with a cluster area ratio of 30. This model 1« shown installed 

in the Bocket Xozsle Test Fsoility in Pig. 80 . Tests wer« conducted 

with this nodel over a pressure ratio rang«  from 100 to 1800 with 

intersegmental and conterbody bleed rates to 3 percent of primary flow« 

(U)  To see if en improvement in performance with intersegmental bleed could 

be obtained, the intersegmental area in tne region between the tangent 

point« of the touching chamber« and the outer ahroud was blocked off using 

the scalloped plat« shown In Pig. 81  . Th« scalloped plate served to 

isolate th« inUrehamber regiou f_-om imbient conditions. Tests wer« 
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conducted with this scalloped 16-ohamber configuration ov«r a pressure 

ratio rang* from 150 to H00 with Interchamber and oenterbody bleed 

rates to 4 percent of primary flow, 

8 TwtiilTvr Ctotfurt - ff9 fottt 

(C)  The first of tha multichambers tasted was nodal III-9,   8 touching 

chambers with no spike, figure 82 shows the ezperlstental performance 

for this nodal. Peak performance was 96*7 percent at a pressure ratio 

of 1400 although the performance curve Is relatively flat from pressure 

ratios of 600 to 1400* Baas bleed was Introduced into the base region 

via a radial-bleed orifice deep in tha base cavity (see Pig. 51 ), 

Bleed rates were varied from 0 to 1.5 percent of primary flow rate. 

As shown In Pig. 83 no improvement in performance was obtained with 

base bleed at the high pressure ratio« 

(C)  A performance curve dip occura at a pre« sure ratio of 280 which is also 

the corresponding break in the base pressure curve (Fig. 84 ), 

indicating the wake closing point in the base region. Performance with 

no secondary bleed at this pressure ratio was 94.2 percent. Figure 83 

shows a performance increase to 94.8 with 0.7 percent secondary bleed. 

(C)  A sharp point of inflection in the base pressure curve for sero base 

blsed is observed at a pressure ratio of 240.  A similar point of 

inflection is noted in the pressure curve for tap 3 (Pig.85  ) at a 

pressure ratio of 240. This tap is located on the cylindrical center- 

body which forms the inner envelope of the modules and is midway between 

the exits of adjacent modules. Thus it records the pressure which la 

noting on the jets of sdjaoent nestles. 
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(c)  Noting the trends In base pressure and pressure at tap 3, the following 

postulation ia made to explain tba baa« pressure trends of Fig, 84 

for tha zero baa« flow caae. When the nozzle la operating at a high 

preasure ratio (above 300) the module jets will impinge on each other 

and coalesce into a common (but complex) flow field. This impio*ei»»nt 

pattern terminate» oloae to the module exit« expoeing a email flow area 

for ambient air to enter the base region from between the modulea 

(aee Fig. 86a ). At a pressure ratio of 1400,7 ■ P. (aee Tig. 84  ) 

and no net flow occurs into the baae. As P /P_ is decreased, P risea e a a 
more rapidly than P. and flow into the base region resulta. When P_/P 

reaches 500,P./P «0.5 and flow into the base chc-ld ba choked. 

(C)  Further increase» in P can not be communicated to P., however flow into 
a o 

the base will increase in proportion to P . Socewhere between a pressure 

ratio of 280 and 240 the increase in base bleed from the ambient causes 

the wake to open resulting in a steep rise in P. because; l) open wake 

flow allows better communication of ambient pressure to the base and 2) 

the module wakes coalesce much further downstream, aa shown in Fig. 66 b 

and allow a larger area for ambient flow to bleed into the base region. 

The pressure ratio Pv/P. *■ *»» ■"<& greater than 0.5 and choking of the 
flow into the base does not occur. This allows P. to closely follow 

P. (see Fig. 84 for PJt   < 240). 

(C)  At a pressure ratio of 150 the performance with no secondary flow was 

91.2 percent and showed BO increase with the addition of secondary flow 

(sec Pig. 83 ). The pressure profile curve of Fig. 85  shows a rising 

pressure near the module exit, indicating flow separation from the 

module. 
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(C)   In the closed wake regime the ba»e preaaure 1* not ae constant M in 

the nostles with 8pit» extensions. Tola la »oat likely due to tha fact 

that tha baae ragiua i» never completely laolatad frsa tha ambient lu 

thia nossle. Ambient preaaure la fait from tha region behind tha 

modules through tha intermodule wakaa where tha oase can ha commun- 

icated to tha aablant. 

(C)   Baaa bleed had vary llttla beneficial effect on thlo nodal. Essen- 

tially so lncreaae In perl imance WM noted at design pressure ratio 

or at low preaaure ration for a«y bleed ratea. Small gains were noted 

at tha curve dip point. 

Englne-Ont Taata 

(C)  Row through one ehanber of Model III-9 wan atoppad by inserting a 

plug In the throat of the chaaber. Surprisingly no daeraaent In 

performance waa noted over the symmetrically flowing ease with or 

without secondary flow, (see Fig. 82 ). In fact at a preaaure ratio 

of 150 a saall increase (approximately 0.8 percent) in performance 

wan noted for the no bleed case. Again, this is likely due to the 

fact that with on« engine off, ambient waa allowed to communicate 

■ore readily with tha base. This la verified by the base pressure 

curve, fig. Q4 , which shows an increase in baae pressure for tha 

engine out, compared to the symmetrically flowing eaae, especially 

at low pressure ratios. At v pressure rativ of 1400, performance and 

base pressure were approximately the same with one engine out aa 

with no engines out« 
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(U)  A version of Model III-9 was tested «1th no centtrbody duet or outer 

cluster ahroud (see Fig. 66 )„ This was called Model 1X1-8. 

(C)  Essentially this vas simply an open cluster of 6 engines. Referring 

to Fig. 82 , performance at high pressure ratlos vas slightly lowered 

but at low pressure ratio« performance vas increased about 1.0 percont 

due to higher overall bass and intermodule pressures at sero secondary 

flov (see Fig. 84 ). 

00  Schlieren photographs of Models III-8 and III-9 are shovn in Fig. 87 , 
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8 Modules Touching With Splice Centerbodv 

(U)  Model XIX-10, Fig.53 . baa 6 «adult« touching with a spike center- 

body extending Ihe not sit length, 1^,, to 30 percent of e 15 degree cone 

of € » 50. The nominal cluster area ratio is 50 and the aodel is 

essentially aodel JII-9. with the spike replacing the short cylindrical 

eenterbody« 

(C)  This uodcl haa provisions for bleeding flow into the spaces between the 

modules (iatersegmental bleed, W.  ) in addition to base bleed, 4 . 
i.s» ■ 

With the combination of intersegmenUl bleed and base bleed at various 

bleed rates, a variety of possible combinations of W.   and V could 

be used. However, a systematic approach to the testing can reduce the 

number of tests required to obtain significant data. The approach used 

was to first optimise the intersegmental bleed at sero base bleed and 

then, using the optimum W.   optimize the base bleed. As it turned 
1.8. # 

out the test nozzle performance was obtained with ■. „ =0. an i.s, 
explanation will be given for this result later in this section. 

(C)  Referriiig to Fig. 88 end the data in Appendix 3 , the performance of this 

noszle is shown for a pressure ratio range from 150 to 8000. At aero 

intersegmental and base bleed rates the performance reached a maximum 

value of 97.1 percent at a pressure ratio of 1450. Referring to Fig.89 

it can be a%»en that the addition of either intersegmental or base bleed 

did not increase performance at high pressure ratios. Examination of 

the Vase pressure ourve, Fig. 90 , shows that intersegmental ble»d 

does not improve the base pressures at high pressure ratios. While 

introduction of intersegmental bleed increased the intersegmental pressure 

(see data in Appendix 3). *'.* resulting increase in thrust for the 

additional mass flow was low, causing a drop in overall efficiency. 
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(C)  Bleed addition apparently causes the following phenomenon to occurs 

Referring to the efficiency vo base bleed curve (Fig. 71 ) for the point 

expansion annular no*tie, it is worth noting that for snail bleed rates, 

base pressure» and nossle efficiencies inorease. However, for larger 

bleed rates the efficiencies decrease. These are known as the small 

bleed and large bleed regimes of the base flow. It is also known 

that mass bleed can be replaced by an equivalent boundary layer or 

momentum thickness in the approach section. Two reasons can be given 

for ehe formation of a large momentum thickness in the multi-chamber 

aasal*. First, a series of shocks are caused by the coalescing of the 

primary flow fields from the modules. The action of these shocks 

intercepting the contour may well cause a thickening of the boundary 

layer and an increase in the momentum thickness along the contour. 

Second, bleed from the spaces between the nodules can easily be 

entrained in the boundary ltyer along the contour, whether or not 

intermodule bleed is introduced. This is because of the large openings 

to the ambient behind and above the module. Both conditions may cause 

a considerable increase in the equivalent momentum thickness, along 

the contour'and thus at the end of the centerbody, over the annular 

noszle case. 

(C) Referring to the plot of Pig. 91, two curves are shown for performance 

vs blued rate. The performance curve for the annular nossle shows the 

normal increase in performance for small base bleed rates and decrease 

for large bleed rates. The multichamber curve shows the sase trend 

but a lower efficiency due to primary flow field shock lossss. Both 

curves of Fig. 91 assume the same momentum thickness at the end ef 

the contour* If it now can be assumed that the mass bleed between the 

modules causes an increase in entrsined air in the boundary layer along 
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1 

i 

the contour, en increase in Eoaentua thickness occur» for tb# nulti- 

cbaabir nozzle. Thla increase in moauntum thickness for the aulti- 

ebaaber can now be equated to «on« positive baa« bleed rate and one 

can obtain thi efficiency v» actual bleed rate curve for the nulti- 

cbasber by ahifting the zero bleed azla froa 0 to 0'. How note that 

tho zaro blaad point ia past the optlaua bleed point for the cae« of 

little or no momentum thickness. Thua, no amount of either inberseg- 

mental or bras bleed can increaoj tne performance of this hypothetical 

nojszle. This curve is qualitatively aipilar to the experimental data 

shown in Tig. 89 • 

(c)  The transition point fron closed to open-wake baae flow for this nozzle 

occurs at a pressure ratio of 270, as ahown in Fig. 88 and 90. Again, 

no performance improvements are obtained by either intorsegmeittal or 

b«5e bleed. 

(C)  Baae pressure rises sharply at the transition pressure ratio (270) and 

then increases at a reduced rate below a pree?ur* ratio of 240. Not« 

that this condition is very similar to the baae pressure curve of 

Kg. 84 (p.144) for model III-9. This characteristic base pressure tread 

for aodel 111-10 shown in Pig.90 is similar to that of model III- 9. 

The same explanation for this n -raomenon that was given for model III-9 

applies. Choking of flow into the base may be occurring in the region 

between pressure ratios of 240 and 500. Evidence for this is the lower 

than critical pressure ratio between P. and P . At the lowest pressure 

ratio at which the nozzle was tested, PVP • 150, the ease phenomenon 

is obaerved in performance, i.e., at zero interatgnentel and base flow 

the efficiency was 91*7 percent and as either intersegaental or base 

blf A was increased, performance decreased. 
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(C)  Figur««! 92 t -33 • 94 » «ad 95 »ho* th» pressure profilee for this 

nossl«. Figures 92 and 93 «how th« «all prcaaur« prof11«« fo? various 

«all taps reron? nossl« pressure ratio, In Fig. 92 th« pressure taps 

ar« in lin« with th« conterline of th« modul« with two tapa located 

in th« nodule and thrc« tapa on the contour. Th« trend« are aa anti- 

cipated with presaurea decreasing with increasing preaaure ratios en 

the taps further on down the contour. In Pig. 93 th« taps ar« located 

between the nodule«. The tap near the exit plane of the nodules follow« 

the ambient pressure whils the last two tapa follow ambient only to 

pressure ratio« of 300 to 400. Beyond thie point the presaurea on th« 

contour rise indicating that the wake between the nossles is moving back 

towards the throat. The pressure rise is due to shock interaction. 

Figures 94 and 95 «how th« same data but plotted in a different 

Banner. The pressures along the nodule centerline continually decrease 

at high pressure ratios; however, the pressure profile curves aove up 

with decreasing pressure ratio indicating that recoapres«ion M» be 

occurring on th« contour aa P increases. On th« oth«r hand th« 

pressure profiles between the nodules show adverse pressure gradient« 

to the nozzle exit because of a complex flow field along this plane. 

I 

Eight Modules Spaced 

(C)  The final 8-eodule configuration tested» Kodel 111-11, was the model 

wi.th spacing between the nodules and an ovarall length of 30 percent* 

This nodel has the lowest performance of all models tested. Peak 

performance (shown in Fig. 96 ) of 96.2 percent occurred at a pressure 

ratio of 950. This pressure ratio is optimum for a one-dimensional 

ideal area ratio of 37.4« Since the efficiency maximize« at this 

point, 950 ia considered the design pressure ratio for this noszle. 

Th« addition of has« bleed at this pressure ratio caused th« overall 

noxsle performance to d«cr«as« (Fig. 91  ). 
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(C)  The transition from olo««d to upen-vake flow occurred at • pressure 

ratio of 270 (Fig* 96 ). Addition of bast bleed at this pressure 

ratio inortaaad performance fron 94.2 to 95.1 percent at an optimum 

blaad rata of 1.5 percent. This increase in perfoiaanee was apparently 

caused by an increase in «all contour pressures. At zero base bleed 

the wall pressure, P /? , at the end of the contour was 0.00196 sad w  o 
increased to 0.00327 for 1.5 percent base bleed. This bleed appears 

to be causing separation froa the contour, resulting in an efficiency 

increase. In contrast, introduction of base bleed into Modal 111-10, 

8 touching Bultichsaber, did not cause an increase in contour pressure 

and thus efficiency did not increase. 

(C)  A sharp increase in performance occurs at a pressure ratio of 200, du« 

to a rapid rise in baae pressure froa the closed wake condition. Per- 

formance then falls off as pressure ratio is decreased beyond this 

point. 

(C)  The lowest pressure ratio at which tests were conduoted on this nozsle 

was 150. Addition of base bleed caused a loss in perforaance. 

(C)  Ute of interaegnental bleed caused & loss in performance at design 

pressure ratio. The expL-ja+ion for this loss is similar to that 

given for the previous aultichaabor aodels. The base pressure eures. 

Fig. 98 , a?«o shows the saae trend as the previous aodel. In addition, 

this curve verifies the transition point to be near a pressure »atto 

of 270. 

(C)  The aodule and plug wall pressure profiles of Fig. 99 , 100, 101 sad 

102 ehow th« saae t.-end as for aodel 111-10. 

165 

CONFIDENTIAL 



wmnmm******        '■■ .11...JKBJ1..1. mMjpmniiiPii 

C£i\7CZ-!T(£L 

0.013 

0.012 

0.011 

»£ 0.010 
0.-° 

I 0.009 
■ 

* 0.008 

I 
S 0.007 

I 0.006 

I 
S  0.00$ 
«1 

S g   0.00li 
s 

0.003 

0.00? 

0.001 

\ 

\\ \v  Düt» 
'- 1.U 

ff 5o.t 
30* Length 

0 V 0«, W4.8.- 0* _ 
aw8«o2, öi^.-is 

) 

\ 

\   \ 
* 

i 
\ 

\ 

\ 
\ 

»»v _A           J •<j~ t cr-^p  0 J 
100 200 500 

Pressure Ratio, Pg/ Pa 

1000 2000 
COKPIDBJTIAL 

fl*ure 90. Bas« Pressure vs Pressure Ratio, 6 Module Spaced 
Kultichaisber, 30 percent Length 

166 

COtfH 



maemffnmfismmm 

psnnp mmnmm 

J — Fill 

0.020 ' 

o \ BT 

0 2.112 

A 3.653 

73.528 

G 5.153 

»6.871 

^ o.cio • ••— 
■.rV 

-—nfi—-■< K>— —— -—- D- tr., — ■  -C) 
ft. s. • 

\*\ w pfcr -— — &■ »-■-»  1 i 

* 0.005" 
\\ \ v< *v \ 1 \ 

> ■H 1    v 
•c- a-   -| Cl 

1 3 <a i 
\ 
\ 

V 
\ 

CJ 

£   0.002 - 

i 
O—^. "~— ^ s 

*  *m 

—Data 

Tf-l.li 

CL    - ,u 

t*M 

\ 
— 0.001" \ 

.    -X- X % 
\  1 i 1  

100 200 500 1000 2000 
Pressure Ratio, P./P. 

5000 

22Äfc-> 

C0N7IDSNTZXL 

Figur»  99.   Module Centerline Wall Freosure vs Pressure 
Ratio, 6 Module Spaced h-ltichanber, 
30-percent Length 

16? 

COOffilN, 

i 
9, 

-» 

8 



qppwwwyif1 ■"   wfpaBgg '■'"■"""■^^^^^«■■WiBPJi 

J?JS'*J*W(WWttJ«Ri 

o.oif>$- 

> 

,. 0.002 

5 0.001 r  
S 

2 

100 5o6 ißoo  '" 
Pressure Ratio» Pe/ P« 

20ÖÖ     &00 

COKFIDECMjlL 

Figur«ICO. Wall Pressure "Mtween Modules TB Pressurs Ratio. 
8 Modul« Spaced lfultieh&ab«r, 30 Perctni Length 

166 

CGSBSUKL 



COKOTIEL 

o,m nf 

M n 

I 0.005J 

« 0.0021 

0.001] 

ITT 

-L 
— Data 

y-i.u 
6fc$0.1» 

30» Length 

Pressure Ratios 

O 1518 

0 530 

D 261» 

A 202 

V 151 

O 101 

V     ^'i*" 

TZT 57T 

=5 
^: 

"O" 

i 1—Q 

'^F±^ ffe-i. 

57T T3Ü 

<ffl 

Axial Length/ Equivalent Aerodynamic Throat Radius, X/ R* 
C0NF1MSTIA 

FigurelOl. Modul« Centerline Wall Pressure vs Axial Distance* 
8 Modules Spaced Multichanber, 30 percent Length 

COÜPÄftl 

I 



11   Mi mmmmmmm 

*M* 

0,0100 

n 

u 
o.oo$0 

,_, 0.0020 

S 

0.0010 

en 

— Sat« 
r-i.i» 
&50.U 
30£ Length 

Pressure Ratios 

01518 

0   530 

a 26U 

A 202 

=? 
1/7 

7f 
if-/ 

1 

w^ o..r/rr-^ 

1*0 2.0 3.0 kJO 5.0 6.Q 7^ 
Aid«! length/ Equlvalsnt Aerodynadc Throat Radius, 1/ R* 

COOTDENTI* 
Figur« 102. Vail Pressure Profil« Botvwa Modul«* TS Axial Dlstane«, 

6 Nodal« 6>e«d KultiehaBhsr, 30 P«re«st Ua«th 

170 

COIiFIDENTHU. 



wisaimmmrngam m-u, m*   i um 

, ,  rWi«iintM>.-^.Vu<4l, ^ , 

'I (c) 

(c) 

(c) 

CCOTEHTIAl 

Sixteen Module Multlchamber 

The final multichamber model tested was model 111-12, the 16 touching 

module» with the centerbody spike extension. Performance for this model 

is shown in Fig.105 . The highest performance attained with no base 

or intermodule bleed (See Fig. 103 ) was 96.7 percent at a pressure 

ratio of 1200. The base flow transition point from closed to open- 

wake occurred at a pressure ratio of 370, (See also base pressure curve 

Pig. 104). 

V 
As shown by Fig. 103 anl 103 • no performance gains were noted with any 

of the intermodule bleed rates used. 

At design pressure ratio (1200) and the transition point, performance 

increases were obtained at 0.7 percent base bleed. !>ie to the fact 

that this itüdel was designed with 16 modules, the primary flow «ore 

closely approximates an annular nozzle, the shocks are weaker and the 

spaces between the modules are smaller. All these factors tend to 

reduce the momentum thickness and therefore the bleed performance 

curves, Pig. 105 » nore closely approximate the annular nozzle ease* 

(C)  The pressure profile curves, Fig. 106 

to those for the 8 module chambers. 

107, 108 and 109 «re similar 

(C)  In an attempt to improve the intersegmental pressures a filler plat« 

was placed in the exit plane of the modules to help keep up the inter- 

seraental pressures (Fig. 81 ). The performance results of this are 

shown in Tig. 110. At the hifh pressure ratio end, P /P ■ 1300, 
o s 

the perform«™ with no intersegmental bleed was 96.6 percent as 
opposed to 96.7 percent for the no filler plate model. Since this is 

within the accuracy of the data scatter, essentially no performance 
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change resulted by addition of the fllltr plat«. On« factor her« was 

that th«r« «u no actual i«al between the filler plat« and th« nodul«« 

and ambient could «till bleed into th« «pace« behind th« nodul««« 

Performance improved about 0.2 percent Kith the introduction of 1-2 

percent interaegnental bleed, aa compared to a decree«« of approx- 

imately 0.5 percent for the name model without the filler plate«. 

Da« of interaegmental bleed at a pressure ratio of 150 resulted in a 

alight decrease in performance. The combined use of interaegmental 

and base bleed resulted in approximately 0.5 percent decrease in 

efficiency at both low (150) and high (250) pressure ratio«. Base 

pressure« for this model are shown in Fig. 111. While interaegmental 

bleed at high pressur« ratio- had no effect on centerbody base pressur« 

for the aodel without th« filler plat« (Fig. 104 ), it significantly 

increased baa« pressur« for th« modal with th« filler plat«. Th« 

performance curve dip point occurs at about the same place in both 

configurations but at low pressure ratio« (150) there is a loaa in 

efficiency of over 1 percent for th« nozzl« with th« filler plat«. 

The reason is that flow behind the modulee i« restricted resulting 

in lower intereegaental pressure«. 

?   ( 

MSCUSSIOK OF B2SÜLS3 

m-gjg BSttam 

(C) Th« teat results «how th« following characteristics for this no«lei 

1. Good performance can b« attained with this noasle over • 

pressure ratio rang« from sea level to design altitude with 

th« proper has« bleed and base configuration. 
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2. 71» beat performing baa* configuration« wara tha opan cavity» 

tha radially-outward baaa, sad tha porous-plate base. 

3. Suparaonie injection Into tha baaa eauaaa a loaa in perfor- 

4« Optima secondary flowrate ia batvaen 2 and 2.5 TK.reant of 

primary flow over tha taat range for thia noscle* 

5. Theoretical eomputationa of the effect of secondary flow on 

baaa pressure ugreed wall with the data* 

6. Baaa pressures were higher for CF. than for air. Baaed on 

these results» hot firing baaa pressure prediotiona for aero 

secondary flow would be higher than the air. Correlation 

of the data with hot-firing data will be conducted later in 

the program» 

(C) k summary of the performance for tha c ■ 25 noscle in given in 
o 

Table 6. The performance ie baaed on values achieved at design 

pressure ratio with sero and the options value of secondary flow. 

Secondary flow for the porous plate was limited to 0.6 percent due to 

flow restrictions in the plate and pressure restrictions in the base 

cavity. 

t - SO Annular Model. 

(C) The c » 50 group of model« was tested primarily for the purpose of 

evaluating different combuator oonfigurutiona. for the purpose of 

eosparison s point expansion truncated ideal spike was tested as the 

referenoe for all of the «» 50 model«. Figure 112 «hows the perfor- 

mance of this aossle to be the highest of all modele tested at all 
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pressure ratio«. Thi» la th« usual ess« when testirg «1th • 

reacting ft« «lac« ohemte«l kinetic« «r« not Involved «nd ideal poten- 

tial flow 1« th« sol« contribution to primary performance. However, 

when hot reacting g—— at» eonsiaerod «• the propel last, th« chemical 

kinetic« of the games play a significant role in primary performance. 

Aa previously explained the shrouded «pike nossle «as teated «a a 

representative design for a hot gaa nossle. The air testa do not 

reveal any eheaical kinetic performance henefita but only the differanee 

in non-reacting gaa performance between the nossle«. Figur« 112 «how« 

that for th« particular shroud design selected the potential perfor- 

mance loaa was approximately 0.5 percent from the reference model 

over th« major portion of th« operating rang«. Sine« th« shrouded 

nossle was designed, nor« recent experience and technology ha« shown 

that improved shrouded nossle designs are possible. la aoat ease« 

it i« theoretically possible to reduce the shrouded nossle potential 

flow loss to a vary small value. 

(C) Table 7 ia a summary of performance and baee pressure value« for the«« 

npssles. Referring to Table 7 and Jig.112 the following observation« 

can be made concerning these two nossleat 

1* Performance ia high for both nossles with th« point expansion 

nosal« having «lightly over 0.5 percent greater performance 

throughout the preeaure ratio range of 300 te 1500. 

2» At very lew pre»aure ratio« th« shrouded nossle show« better 

altitude compensating characteristics and baa performance 

equal to th« point expansion modal» 

IBS 

CONFIDENTIAL 



■^^w^w^ifwpiBmi 

v.-' 

-1 

s 
I 

h o 

& 

JJL 

S* 

<M 

e 

V 
§> 

•3 
M 
0 

mwm 

88        - 
c3d   oo  o 

s 
66     oo 

«0to o- t-t-     r°*     ***!     ^*5     *°.® 
CO CO     CO (D     M> ^ ^ ^ *0 V0 10 \J) 
0^ 0*    ^ Cn    C^ Cn 0> 0% 0>Cn 010V 

vO >0 
0»0* 

< 
3-1 

*      r-      t- t; «J f; °. 
oo oo oo      oo      o-      oo      ON 

«MA r-t~ 88    88    oo    88    88 <**   «»♦  *■<*      *■*■      IA«5      «5S       RR •• •■   ^ *•   •* ^       *•••       0\0^       •* *■       •••" 

! 
is 
13 h 

So? S3| 
1* 

2 

if 
•   0 

)|S  i?5  »%3  iiS  ».»sS 

186 

CONFIDENTIAL 



 m-' ""    '"*"" '^■^^'.rjvwvftmyp-^Mt^mmifmifim — 

COIflSETOL 

3. 

4. 

Secondary flow iaprovaa perforaanoe by only * eanll aeouat far 

both nossles. This is prlasrlly hwnu« nessle perforaanoe 

without secondary flo* is slready hi*** 

Froa design preasure ratio dew to too open tmke traneitloa 

point, the point expansion nosrl» ho« about twice tho baa« 

pressure aa tht ahroudod noaslo (Sot Fig. 72 and. 77). 

However, bolow too tranaltloa point tho baao proaauro of tho 

ahroudod noaala riaoa sore rapidly than tho baao proaauro of 

tho point ozpanaion nosslo. Tola account« for tho laprored 

sltitude compensating ehanetoriatioa of tho ahroudod noaslo* 

levertheleea, even though tho eoapanaation is better tho 

ahroudod nosslo only aatehes hut never exooods tho porforaaneo 

of tho point ozpanaion model. 

If ehsaioal kinotiea ara eonaiderod and it can bo shown that 

too shrouded nosslo has a higher ILp (eloao to full shifting) 

porforaaneo for hot gaaea, than the ahroudod nosslo could give 

the higher overall porforaaneo at all pressure ratios, the 

aaount of eheaieal squilibrlua achieved during exptuisioa 

depends chiefly upon the propellaata, aixture ratio, ehaaber 

pressure« thrust level, and shroud design. 

(U) Three basie aultiehaaber aodels «ere tested« tho 8 touching, 8 

sad 16 touching aodels dieted in Tahle7 ). The 8 touching aodel 

had two baale configurations, i.e., sore eenterbody length and a aplko 
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eeaterbody extended to 30 percent length. Two configurations were 

tested for the 16 touching modelt on« with OH» «P*e** between tto 

nodule* «ad on* with a filler plate between nodulee. 

(C) Of all «to aultiehaaber aodela, tto 8 touchiag nodal had the higbeet 

performance in aaro aad axtaadad eeaterbody lengths. Figur« 112 ahowa 

that addition of the ceatorbody improved the performance of thia model 

about 0.4 percent over tto range of operation. Beferriag to tto die* 

eaaaioa of tto teet results on the»« two noislee, the following 

tta can ha aades 

1. Performance for thia nodal van ia general 1-2 percent below 

that of the inference nodal (point expaneioa). 

2. addition of either baae bleed or interaegaeatal bleed did not 

in general iaereaee tto performance of either configuration 

of thia nodal. 

3. lo performance degradation wan noted for one engine out at 

either deaiga preeeure ratio or at wary low pressure ratio*. 

Thia result ia applicable to thia configuration only. Other 

teat result* (Ref 3) indicate performance losses are obtained 

with engine out configurations. 

(C) when tto module area ratio of the 8 nodule nultichanber waa reduced to 

20.7* spaces resulted between the notsles. A comparison of tto per- 

formance of tto 8 spaced muitichaabar unit to the other models tested 

1* nad* in Fig.112. At high pressure ratio* tto performance of tto 8 

■paced nodal i* lower than tto other models. Thia can to attributed 

tot (l) a basically lew module area ratio, aad (2) ahock Jossee ia tto 

primary flow field »soanas of tto spacing. 
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(C) At lov pressure nUoi the performance for this noetle 1* blgbe* i5»an 

any of th« other nultiehanbere. Tho »pacing is benefioiml at pressure 

ratios below 240. Inspection of Appendix 3 shows that th« iaterseg- 

aental pressures are higher for the 8 spaced nodels than they are for 

the 8 touching model at low pressure ratios. This configuration had 

the ioweut effective area ratio of the nodels tested. Peak efficiency 

occurred at a pressure ratio of 950 coapared to 1200 to 1400 for the 

other nodels. When it is further noted that the basic nodule area 

ratio is low (thus nodule design pressure ratio is low) it Is easy to 

see why this aodel has good performance at low pressure ratios* 

(C) Figur» 112 shows that the nodel with the 16 touching nodules had n 

slightly lower performance level than the 8 chamber msdel. The wake 

closure point occurred at, a somewhat higher pressure ratio and lew 

preiisure ratio compensation was about as good as ths 8 nodules touching 

nodels. Although increasing the number of nodules is usually associated 

with increasing the performance, this was not so for the given ground 

rules for these nultichamber». The ground rules were: (0 the cluster 

area ratio shall remain constant, and (2) for a given number of nodules 

the modules shall touch. With these restrictions the nodule area ratio 

is fixed. Thus, the nodule area ratio for the 8 chamber touching nodel 

was 30.2 and for ths 16 chamber was 20.7. This means that the basic 

primary flow fiald Performance for the nodules was greater for the 

S nodule unit than for the 16 nodule. Although the shock and inter- 

nodule pressure leases are less for the - module model this did not 

make up for the basicelly greater performance of the higher are* 

ratio 8 nodule touching units. This Infers that there is an optima 

number of nodules which will maximise the nodule perforaance-shoek- 

interaodule pressure trade-off. An additional factor which nay have 
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Inflooaaad tte relativ« performance of tkm sod«!* la th* spaeing 

ratio, ©7B#. Th* value of 4/Ba «u 0.020 for tte 16 «tester aodel 

compared to 0.012 for tte 8 chaster model. Thia would tend to cause 

relatively higher transition 1MM« for tte :« vaster aodel. Eowevsr, 

date fro« Bof 12 indicate« that this difference in o7»# should r*sult 

ia l«ss than 0.1 tenant diffcrencs in effieiancy between tte »edele. 

(C) for comparison purpeess a aultieteater spile« nessle tested and reported 

in Bef J «aa included ia Fig. 112 . this aodel eonsisted of 24 touching 

nodules of area ratio 1$ spaced »round a spile« eenterbody. Tte cluster 

area ratio, e-,, «as 48.4 and the overall length «a« approximately 90 

percent of a IS degree conical nossla of tte seme area ratio. This 

nodal corresponds elossljr to tte 16 ehester configuration tested in 

this progrea. Bate froa this reference appears to agree veil «1th 

tte 16 chanter data« particularly with respect to efficiencies (V * 0) 

at design pressure ratio, th« transition pressure ritie and low preaour« 

ratio. Th« wake transition point pressure ratio is approximately 400 

for tte 24 chanter aodel compared to 370 for tte 16 chanter model which 

is consistent with tte general trend toward higher transition point 

pressure ratios es the continuous throat configuration is approachad. 
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IKVESTIGATIOJi Or AEROSFJBS 3EÖKENT TESTIHC COliCEPT 

(y)   On* of the adveatagca la tht development of the annular combustion 

chamber of aerospike aozeles la tha capability of testing full- 

scale but partial thrust »«gments rathar than tha full annular 

soasteuater. Sa« /lg. 113. 

(C)   E*perienee and analysis have shown that segments can be developed 

at considerably lower coat «<nd tin» than full annular or conven- 

tional coabustore to achieve a given level of performance and 

reliability. Coat reduction with segment testing Is characterized 

by the smaller hardware and aasociatad smaller experimental facili- 

ties which lead to lower propellant costs, reduced size of support 

«HUipaent, easier handling and transportation, and general lower 

manpower requirements. Development time is reduced because of 

higher test frequencies associated with units of lower thrust 

levels. 

the simultaneous developaent of combustion chamber segments sad 

investigation of full annular engine performance can be achieved 

with modules equipped with splitter plates or solid surfaces placed 

at a given segment angle to contain the expanding flow of gases. 

A typical experimental test set-up for an aerosplks module sad 

splitter plates is shown in Fig. 114. 

s 

(C)   To obtain full annular notzle performance fro« segment tests it is 

necensary to duplicate the pressure profiles both oa the primary 

expansion and base surfaces under conditions simulating the full 

annular notxle operation. A cold flow test program was undertaken 

to investigate the difference in pressure profiles both oa the 

(0 
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prinery expansion mattet tad test between nasals ssgaents «ad • 
fall annular aerospiks noscle. the test progran objectives wer» 

on follows 
1) Obtain pr»~sure distributions on ths primary expansion 

surf aas 
2) öetemine the effeot of ssgasnt eeetor angle on bass 

pressure for open and oloood waks conditions» vith tnd 

without Meondaxy flow* 

BSSCBUTlOH OF COLD FLOW TEST HtOSSIX 
(U)   A full annular aerospiks nossle sodel was fittsj vith two apllttar 

piatos as shown in Fig.115, and tsstod with alv in ths Sockst 
locals Tsst facility. Ins noaals had an arsa ratio of 44tl and 
an axial lang th equal to 20 poresnt of ths length of a 15 dsgres 
conical nossle of equivalent area ratio« The nodel was tested 
at a noninal stagnation pressure of 200 psia at pressure ratios of 
120 and 1200 (corresponding to open and elosed wake conditions), 
both without sscondary bleed and with a ratio of secondary to 
primary flow of approximatsly .85 peroent. Secondary injection was 
achieved through radial-out crificss located in ths bass cavity, 
for all of His above tsst parameters ths included angle between 
splitter plates was sst at 45» 90» and ISO degrees. Vith ths 
splitter plates In ths 45 and 90 degree positions» only that portion 
of ths ftossl» throat between the splitter plates was lsft open, 
tits rsnalndsr of ths throat was sealed ♦© prevent flow. For the 
spUtter plates in the 180 dsgrr? position, ens series of tests 
was aads with half ths throat sealed off» another with full open 
throat» l.o.» flow on both sides of ths splitter plates. See Fig. 116 
for arrangement of splitter plates on ths aerospiks nodel. In 
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addition to the above testa, tha full annular nossla without aplittar 

plataa vaa tested for reference purposes. During all taeta praaaura 

profile measurements were taken along tha primary azpanaion aurfaoa 

and in a radial direction on tha base aurfaoa. A nummary of teata 

and tha average (area weighted) measured baae praaaura la given la 

Appendix 5« 

Discussion of Heaulte 

(C) l) Tha wall preaaure distribution along the primary azpanaion 

aurfaoa is given in Figa.ll? andDB for nozzle operating preaaure ratios 

of 120 and 1200 respectively. The differeneea in wall pressure profile» 

between the reference model (no splitter plate) and tha modal with 

aplittar plates la due to the non-axial eymoetry of tha flow field. 

One reason for the flow field distortion la the growth of a boundary 

layer along the aplittar plate pausing recompreaaion in tha auperaonie 

flow. Tha consistency of the deviation with splitter plate angular 

variation can be attributed to tha constant relation between one side 

of tha aplittar plate and the primary wall preaaure taps aa ahowa on 

Pig. 116. 

1 / 

(C) Despite tha influence of tha splitter plates on the wall preaaurea, 

tha net effect on noszle axial force la small because tha pressure 

deviations are email and occur in a region of tha nozzle where tha 

wall angles with respect to tha axis are relatively sh&llov. 

(C) 2) Tha variation of base praaaura with aplittar plate angle la 

ahowa on TigsJS andBO for nozzle praaaura ratio« of 120 and 1200 

respectively. Za general« tha eurvea Indicate that tha segrent 

baa« preaaurea approach the full annular nossla base praaaura« for 

lew and high segment angles, with vaxiaum deviation for a 90 degree 
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angle. AM« trend» ax« the saa» irrespectiT» of nwtle pr-aaur» 

ratio and secondary bleed. Tor •locked-ia* wait« condition» (high pressure 

ratios), the full annular base pressure la duplicated with a 45 degre» 

nozzle eegaent, whereas decreasing the nozzle pressure ratio results la 

a lower bass pressure (25 to 30 percent) when coopered to full annular 

aossle hass pressure. 

(C)  It is interesting to note that la the case of the 1ÖÖ degree eegäent 

with flow oa both sides of the splitter plates, the base pressure was 

increased to the reference level when the splitter plates were completely 

rwuwveü. This »culd indicate th* jm«ibll±ty of either (l) pressure 

feedback at the end plane of the splitter plates, or (2) pressure leaks 

at th» junction of the splitter plates and aerospike aodel. Tor this 

series (ISO degree sector with flow on both sides) there was no sealing 

between the plates and the aodel. Additional testing would permit an 

experiaental check of either hypothesis. 

CCBCIDSIOHS ABS gBXBMBMglHB 

(c)  l) for the particular aerospike nozzle aodel tested with air, full 

annular aerospike perf araance is attained with a 45 degree segment when 

operating at th» "locked-in" base pressure condition. 

2) Vhsn operating in the •opea-wake" region, all nozzle segments had 

baa» pressure ratios lower than th» full annular aerospike. 

3) further experiments ax» needed to study the performance influene» 

of splitter plate length, fluid properties, and nozzle area ratio. 
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SECfXOB VI 

JuTaUIICAL AXD BS3IGM STUDIES OF A8&Q8FHX CCMBOSTOBS 

(C)     analytical deoign studies mi« performed to Ismtlflkt« various engine/ 

▼•hid« configurations incorporating the aerodynamic «pill» nossle, 

Combu3tor concepta that war« considered included several types of 

toroidal combuetore and cylindrical comnaatora (iKltichembere) with 

diaerata circular throata and varioua ahapad expansion aactlana. 

Associated vith the integration of tha varioua eombustor conoapta late 

vehicle asutm», consideration was gi?« to envelope raaulyianta» nossle 

cooling, nozzle performance, angina wight, versatility, reliability, 

coat, upper and lower ataga, plumbing, turnoaachltiary, oontrola, and 

methods of thrust Tractor control,   tha range of engine 

considered were 

Chanber preaauraa fron 300 to 3000 peia 

Throats from 20,000 to 2,000,000 pound* 

Expansion area ratio« up to 150 

N^/UIKWy^ (50-50) Propellanta 

SDMUST 

f r 
(C)  Ideally the objective of theae studies vas to determine which typo of 

eombustor could be utilised Boat effectively with an aerodynamic spike 

nozzle at a particular operating point in the parameter rang* of 

interest. The normal criteria for selection of a particular eombustor 

would include detailed consideration of angina performance, engine 

weight, nozzle cooling, turbomaohinery, design complexity, fabrication 

technique and cost, development time and coats, engine reliability and 

overall eoat effectiveness, the scope of this study warn auch that • 

only a few of the aforementioned items could be treated in any detail* 

therefore only « limited number of general conclusions war« obtained 

in this study. 
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(C)  Specifio itau which ware treated in this work included the following. 

Investigations wer« made to establish the geometric affects of various 

multichambsr exit shapes and to determine the relative envelopes of 

engine and vehicle configurations. 1 summary of toroidal conbuetor and 

multichattber effects on nozzle performance is presented. Also included 

is a brief description of Bultichanber and toroidal aerospike perfomance 

progrsss which «»» developed partially utilizing data generated in this 

program. A parametric weight comparison was made of single bell, naltl» 

chamber and toroidal chamber aarospike ei^ines of 2,000,000 pounds      <> 

thrust over a wide range of chamber pressure and area ratio. A review 

of previous studies of relative versatility, reliability and cost of toroidal 

aerospike» multichamber and conventional engine systems was made and the 

pertinent results are discussed. 

(C)  The two most heavily emphasized studies were in the areas of nozzle 

heat transfer and system dasign. Detailed heat transfer studies were 

made to establish limits-of regenerative cooling feasibility for 

multlchmber and toroidal chamber aerospikes utilizing N20 /U0ffl-I JL 

(50-50) propellants. The studies were conducted over a wide range 

of chamber pressure, area ratio, and thrust level. Design layouts were 

made for typical single bell, multichamber, and toroidal aerospike 

engines at four specific tferus» levels of interest. The features of 

the configurations are described along with advantages, disadvantages, 

and potential problem areas. 

(0)  A summary of major conclusions covering the analysis and design section 

is presented at the end of this section. 
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COMBUSTOB SESQHPTION 

(C) Two basic typ«* of combustor seem suitable for use with the aerodynamie 

spike nozzle. Theee are the toroidal oonbustor and the aultichamber 

combuator. There are many variations of each of these basio concept« 

and each has It ova advantage and disadvantages. The geoaetrie 

relationships for throat area, area ratio, etc. are also unique for 

each concept. This section presents aa introduction to these combuator 

concepts and their geometric characteristics. 

Toroidal Combuator Configuration 

(C) The chief feature of the toroidal combustion chamber is that it provides 

a continuous or near continuous annular throat which is the aast 

desirable type to achieve maximum performance from tha annular tarodynamic 

spike nozzle. Disturbances to the sonic and supersonic flow caused by 

structural members in the flow field or discrete eoabustors result la 

nozzle performance losses. 

(C) Three variations of the toroidal combustor concept are shown In Fig* 121 

The sonic tube combustor is the simplest type in that the combustor 

is formed and self-supported by rows of Individual, formed tubes which 

may be regeneratlvely cooled or film cooled. The throat is formed by 

swaging the tubes. The cooling circuit Is simple and a minimum of 

external structural, support is used. The chief disadvantages of this 

configuration are high heat flux is encountered at the throat, hig^i 

stresses must be sustained by the tubing, and flow disturbanoec, /* milt 

from expansion around the throat structure. These flow disturbance« 

can be minimised by using aerodynamic shaped tube trailing edges. 
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(C)The subsonic tub« configuration alleviates all th« problems of the 

sonic tub«. An efficient structural member la placed in th« subsonic 

region of the eombuator «bar« diaturbances to tha flow are negligible« 

and where th« peak heat load ia less than at the continuous annular 

throat. The disadvantages of thia concept are increased weight and 

complexity of the structure and cooling system. 

(C) the full baffle annular combustion chamber is the highest performing 

configuration and th* peak heat flux is minimum. A continuous annular 

throat is formed with rows of thin walled tubing. Structural support 

is provided by cooled battles and a variety sf extern?! structure types. 

This chamber type is the heaviest of the three but it ia relatively 

simple in construction concepts. 

(C) Many variations of these basic design«; have been considered and are 

continually being improved upon at Rocketdyne. It should be noted that 

the complete annular engine may be formed by a number of independent 

straight or curved combustor segments or as a continuous single circular 

unit. The building block engine concept has many advantages which be- 

come more important as the total engine size increases. 
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Toroidal Combuator geometry 

(C) lb« toroidal aeroopike engine 1B geometrically unlqo« from the multi- 

chamber configuration or the conventional engine in that the noetic 

area ratio is determined by the throat geometry* ihia can be aeon by 

the equations below vhich are applicable to a circular continuous 

annular throat. The symbols are illustrated in the sketch below. 

"t,i 

- *t,o 

Shrouded Aeroapike Geometry 

(C) At a giv-ra thrust level and chamber pressure (A.) the area ratio and 

throat gap are determined by the throat (engine) diameter. Hare exact 

relationships for various toroidal configurations (e.g. sonic tube throats 

and straight chamber segments) say be found in Sef. 17 • 

^™^BB 
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Walticbnaber CcmfiauratioM 

(C) There «x« probably as «any variations of the multichaaber concept u there 

ax» of the toroidal concept. DM baaio these of this configuration is to 

utilise existing engine technology in the construction of an advanced annular 

engine. This concept oonsir ts of conventional combustion chambers clustered 

around a central aerospike nossls ss shown In Fig. 122 • 

"1 

(C) This configuration provides sotae of the altitude compensating characteristics 

of aerospike nozsloe while allowing a conventional approach to the design 

of those components of the engine which produce a major portion of the total 

thrust. The principal disadvantage to this concept is that performance is 

considerably below that which caa be achieved with a continuous annular 

throat. To achiove the desired high performance annular floe configuration» 

the nozzle portion of the conventional chamber aay be Modified in various 

degrees ss shown in figj.23 • Is the nozzle exits approach the annular 

shape, the nozzles approach a two-dimensional configuration. The advantages 

of the flat exit nodules are that flow impingement losses are ainiaiced sad 

that (this will be discussed In the next section) a high engine area ratio 

can be achieved with a low nodule area ratio* This allows the flow to be 

exposed to ambient pressure sooner and hence a higher degree of altitude 

coapensation capability is achieved. The major disadvantages of the trv 

diaensicnal modulo are (l) long length is required to achieve a high theoret- 

ical thrust efficiency, (2) friotional losses are increased by the large 

module surface area, (3) performance losses are caused by rotational flow la 

the module, and (4) structural requirements are severe* 
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Hultichamber Combustor Oeometr* 

(C) The principal characteristic« of sultlchtu'oer systems arc the mater 

of modules, th« aodule expulsion area ratio, and th* system geometric 

area rat\», th« latter being equal to the circular area enclosing the 

aodule exit (i.e., tTD^A in Fig. 122 ) divided by the total throat 

area. These parameters «re, in turn, governed by the ahape of the 

sodule exits, the spacin* between modules, and the inclination or 

"tilt1* angle of the individual nodules. 
I 

(C) Sie relationship between the aodules and the overall system is generally 

expressed in terms of an "amplification factor,1* representing the ratio 

of the system area ratio to the aodule area ratio. Tor circular module 

exits, this factor is 

*CL 1 
N 

(1 ♦ «Vbt> cos ©T 

sin 0 arc tan (cos 0- tan -s-> '] 
♦ cos 0- 

Uhere  N ■ number of aodules 
€CL s system geometric ares ratio 

CM s aodule area ratio 

d", 0- are as indicated in Tig. 

(C) The variation of amplification factor with gap spacing and numbers of 

aodules for circular exit aodules «dth 0« « 20 and 10 degrees is shown in 

Pigs. 12l| and 125. Tilt angle has only s small effect on amplification 

factor; these data are therefore representative ov*r the general rang« of 

interest» from approximately 5 to 30 degrees. The curves illustrate 
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that high Amplification ftetors »ay be achieved by either increasing 
the nasber of chaabers or increasing tbt spacing t*tv««a chamber exits. 

(C) Amplification factors for the non-circular exit shapes shown in Tig. 123 
AT« presented In Fig.126   «a a function of the slendemess ratio, a/b, 
and number of nodules.   The governing equations for these systems are 
shown below* 

Conventional Elliptical Exit Shape 

^•IpT-* * • VT-s]' 
Straight Elliptical Exit Shape 

%-"»T[-^V—J /«*-»♦* 
Curved Elliptical Exit Shape 

i„ \ (%)2 H2 ♦ 2 \ W coa 0T ♦ cos2 0f "CL 

1"[l*$ (J-l)] 

(C) It is important to note that although amplification factors for the 

noc-eircular systems are highar than for corresponding circular-exit 

cot figurations, system studies sucb %a Sef. 12 have Indicated that the 

disadvantages cited previously tend to offset the potential benefit« 

of non-circular aystens. 
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(C) fit« rangt of duster pressure (300 psi* to 9000 pala), thrust level (2QK to 
2000K), and area ratio (to 150) investigated in this study «nooBpaasM a «id« 
rang« of engine and ▼•hid« diameters.   Therefora oome approximate dimensional 
studies were made to gain sons initial insight into the relative angiaa and 
vehicle sizes being considered and tha affact o* chanter pressure, ar«a ratio, 

and thruat larral on relativ« angina and vehicle anvalop«. 

(C) Figure 127 ahowa tha relative angina and coabuetor dimensions to acal« for a 
group of toroidal anginas of 150 ana ratio over tha thrust range fro« 20,000 
to 2,000,000 pounds,   übt «ana relative dimension* are approximately applicable 
to multichamber configurations.   The combustion chanter diamtera are sited 
to be a minimum of six inches and/or provide a chanter charactariatie length 
greater than 30 inches.   It can be seen that at lov thrust levels, high ciaaa- 
ter pressures and high area ratios, the oonbustor dlaonnlona become a elgnv- 
ficant fraction of the engine diameter. 

(C) The diameter» of a mister of existing vehicles and preliminary design vehicle« 
utilising I204/OIK&-B^4(50-50) propellents «ere oorrelated with thrust a« 
shorn in Fig. 128 *   The straight lines represent a variation of vehicle dis- 
aster with the cute root of engine thrust which is an approxlaat« relation 
in frequent use.   These correlation lines were superimposed on plot« of 
toroidal engine diameter vs. chamber pressurs shovn in fig. 129, 130 » ana 
131.      Those curves are also roughly applicable to nultichajiber engine«. 
The data indicates that for the rang« of area ratio«, cheater preasarw, and 
thrust level« eonaldered it is unlikely that a vehicle envelope «ill seriously 
restriet the selection of option» «agin« operating pressure and area ratio. 
A comparison of the trends of vehicle end engine diameter with thrust level 
doe« indicate that the «election of «re« ratio and chanter preteure tends to 

■ore restricted a« thruat level Increoaoo. 
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Tigur« 127.tl"it Combuator Dimensions, e * 150 
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(U) In thie section, the effects of geometrical nosalo and combustor parameters 

upon advanced aerodynamic epike configurations are discussed. The discussion 

is Halted to the partial effects of each of these parameter» established 

from empirical and analytical studies conducted under this and other 

contracts. The interrelationship of these Parameters and their optimisation 

through system or mission studier was outside the scope of thie study. A 

review of current performance analysis techniques is also presented. 

Combustor Geometry Effects 

(C) The combustor geometry affects the combustion and gas expansion perfor- 

mance of the thrust chamber. The combustion efficiency (Y|g«) *• chiefly 

a function of the injector design and is affected by the combustor 

geometry to a leaser degree. In the present discussion, it is assumed 

that it is the expansion efficiency Y\__ (or C_) that is mainly 

affected by combustor geometry, and that the combustor concepts considered, 

toroidal and multichamber, have been designed (or developed) to attain 

equal combustion efficiencies. 

(C) Toroidal Configurations. Four configurations of the toroidal combustion 

chamber concept as shown In Fig. 121 have been examined in detail; the 

sonic tube, the subsonic, tube, the full baffle annular, and the annular 

configuration. In the first three configurations structural nembers 

(inserts) are allowed to extend acroao the combustion chamber introducing 

disturbances in the flow of the gases. Proper shaping of the Insert 

surface is possible la all cases to minimize the disturbance Introduced« 
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(c) Tto «sponsion efficiency losses for the annular toroidal configuration 

ax« only those caused by friction drag on the noszle vail and by streamlias 

ditergwice losses st the nussele exit plane, Then» is no disturbance of 

the potential flovfield in the combustion chamber. 

(C)The circular-type subsonic tubs toroidal configuration disturbs the 

potential flowfield, but because this dioturbance occurs in the rubsonic 

region of the flow» and because the spacing between tubes is larger 

(than for sonic tubes), the losses sustained by this configuration are of 

relatively small magnituds. Five tenths of one percent decrease in C_ 

was experienced in testing of a 240-subsonic-tube unit of tube spacirg-to- 

tube diameter ratio ( rf/d) of approximately one. These losses are caused 

by friction and pressure drag developed on the tube surface, and by 

disturbance of the throat flow (sonic line) -fhich affects the pressure 

on the nozsle wall and the base pressure. Larger »pacings ( rf/d) lead 

to redaction of all four forms of performance degradation. Proper 

contouring of downstream tube surfaces, as will be shown for the case of 

the sonic tube, lead to further reduction of performance losses. 

(C) The higher expansion performance losses are experienced by the circular- 

type r,onic tube toroidal configuration.  The disturbance in the flow for 

this configuration takes the f«rn of increased boundary Jayer surface 

area, separation of the flow behind the tubes, shocks, and disturbance 

of the sonic line. Theoretical work on this configuration has shown 

that increasing the tube specing leads to reduction of expansion performance 

losses, and that for any tube spacing, the performance losses can be 

-educed to tenths of one percent through incorporation of ideally 

contoured trailing edge« in the space immediately 1-*hind the tubes. 
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(C) The»» trailing surfaces prevent flow neparatloo «1th associated «book 

disturbances» thereby reducing the pressure drop, and the ahoek stagnation 

pressure losses. Though surface area la increased» the reduction in 

pressure drag and stagnation pressure losses noticeably offset the increase 

in friction drag« 

(C) The lower losses in performance of sonic tube configurations are obtained 

through the incorporation of a full-length ideally contoured trailing edge. 

Heat transfer and fabrication considerations, however, dictate the allowable 

length for the trailing edge. The ideally contoured baffle length can be 

truncated in a Banner depicted in Hg.132 » without an excessive sacrifice 

In perfomanoe. This latter point is illustrated in Pig. 133* * graph nessle 

ezpansion efficiency T)_  as a function of noszle area ratio for the ideally 

contoured trailing surface at various degrees of truncation. Even for the most 

severe degree of truncation considered, bAt of 0*303» the perf oraenoe lea« la not 

higher -Utas 0.35 percent for »• tube spacing d/d« of one, and gaa specific heat 

ratios of 1.15 to 1.23, The loss indicated is the sun of divergence and 

pressure drag losses Incurred in the coabustion chamber through deformation 

of the inviscid flow field. This net loss is a function of the tube and 

throat- geometry md constitutes a fixed loss in thrust coefficient which 

is ret recoverable in the supersonic portion of the nozzle» out is rather 

dissipated into the shock and viscous flow structure downatrean of the tubes* 

As the value of this loss la fixed, an increase in overall expansion area 

ratio nalcea it a diminishing fraction of the overall thrust coefficient. 

(C friction drag losses for the toroidal combustion chamber using tapered 

sonic tubes have been shown to be nearly equal to losses in the annular 

ttrotdal combustion charter« This equality concept nay be arrived at fron 

the following - ohaervationsi drag upstream of the geometric throat (subsonic 

flow region) of either configuration is negligible, tapered sonic tubes 
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present * large wetted surface area (dree 1» directly related to surface 

area) but allow a significant reduction in nosele axial length when 

expanding to equal flow conditions. The result is that drag losses for 

equivalent annular and tapered seals tut« toroidal configurations are 

essentially equal. Typical values calculated for 103WL annular and 

sonic-tubs toroidal systems with overall expansion area ratio of 6 era 

shown in the table below* 

TABU 8 

CWT-ASISON OF TOROIDAL CHAMBER DEAD LOSSES C0NTOEHT1AL 

Annular Tube - 15° Conical 
Trailing Surface 

 1 

Tube Area Hatis (€t) 0 2.96 

Overall Area Batio (f ) 6.00 6.00. 

Ideal Thrust Coefficient 
(cp 

1.6311 1.6S11 

Contour Drag Loss (ßC_ ) 0.0170 0.0064 (from € - 
2.96 to 6.00) 

Tube trag Loss (AC. ) 0 0.0113 

Total Friction Drag 
(percent Ideal C, ) 

1.01 1.05 
1 
! 
i 

(C) From the above discussion, it follows that the differences in performance 

indicated in FlgJ.33 between the ideal and the various toroidal tubs 

configurations also represent the differences between toroidal-tube and 

full-annular toroidal combustion chambers including drag losses. 

(C) For eooparisoa. the losses to be expected for a circular-type sonic tubs 

and for tubas having conical trailing edges have also been included in 

Flg.133» **•» * 20-degree conical trailing edgs achieves a significant 

gala la perfcimmee over the circular sonic type (on the order of 

2.5 percent). 
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(C)  Far equal combustion chanbei' condition» and equal Insert eross-eeetioncl 

ana, the performance loss oauasd by pressure drag per structural »caber 

is of the same magnitude for both the untapered sonie tut« (circular) and 

the baffled annular oombustor configurations. Because of increased surface, 

the friction drag is higher for the baffled annular configuration« The 

number of required baffles are fever, however, than the sonie tubes or 

•van the subsonic tubes, therefore Baking this configuration the  lass 

subject to expansion perform*, icu degradatior.. A 46-baffle unit tested 

in cold-flow conditions with a baff le-to-baffle width ratio eyw of 

100x1 indicated performance losses of appiiximately 3 tenths of one percent. 

Calculated losses for this configuration were 0.23 percent. 

(c)  ftfltfcflflnber Systems. Module spacing and exit shape are the principal 

combustor variables effecting system efficiency, Experimental data defining 

the influence of these parameters are limited; however, estimates of the gap 

correction factor can be determined on the basis of cold-flow results 

from this program and from data presented in Rof. 3« The data shown 

in Pig. 134 indicate that substantial losses can be incurred in systems 

having sizable gaps between module exits, particularly in systems having 

short plug lengths. The reduction of these losses in longer systems 

indicates that some degree of recovery occurs. 

(C)  Performance data for noncircular exit systems indicate no advantage 

relative to ciruclar-exlt configurations (Ref 12). These data, however, 

were obtained for modules having circular-throat modules. Probable 

causes of tliis low performance are increased friction drag on the relatively 

lurge module surface area and rotational flow in the module induced by 

the transition from a circular throat to a nearly two-dimensional noszle. 

i 
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(C) Aa ie the case with bell and conical nozzles, increasing the length of 

toroidal aerospike configurations increases the noszle (potential) per« 

formance, increases the drag losses, and Increases the overall thrust 

chamber weight. The rnte at which all these quantities increase with 

length differs with the nozzle type, fhe nozzle length required for • 

certain application is obtained from missioiv-optimization ettidiea. In 

this section, the effect of nozzle length on expansion performance (C_) 

without regard to mission or payload is discussed« 

^ 

Configurations. The basic toroidal configuration is the annular« 

It has bran established through cold-flow testing that the truacated 

ideal isentropic spike contour used in conjuration with the annular 

toroidal configuration is the highest overall performing of the contour 

types« Optiffitsa coctow« (cofitanrs designed for asxiggs prisssry thrast 

in a given nozzle length) yiejLd higher primary performance, but their 

lower base pressures make this configuration perform lower than the 

truncated ideal isentropic spike contour. Longer lengths would be 

required of optimum contours to achieve total performance equal to the 

truncated ideal spike. 

(C) To achieve full ideal expamd.cn, an Isentropic spike nozzle must have • 

full length. This marlttUB length, expressed in terms of a 15-degree 

cone, increases with an increase in expansion area ratio, and with an 

increase in specific heat ratio« The same can be said of the truncated 

ideal spike nozzle contour. To achie7e a given nozzle efficiency, longer 

truncated ideal spike contour« are required as expansion area ratio 

'«ncTeasea, and aa specifio heat ratio increases« For given expansion 

area ratio and specific heat ratio, increasing the noszle length increase* 

-etile efficiency (CL) continuously even when adding the optimum wvwnt 
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of secondary flow la th* base of the esrospik*. There is a length, 

however, beyond which the performance lnereaMS are not significant« 

This can be seen fron Tig. 13$a plot of nocsle efficiency with secondary 

flew versus nossle length for an expansion area ratio of 45 end a specific 

heat ratio of 1.4. Beyond a nossle length of 30 percent (in tens of 

a 15-degree cone) the performance gains caused by Increasing length «re 

extremely snail, As length increases^ the gains f:*om secondary fleer 

diminish as can be seen by comparing the "no secondary" and "with 

secondary1' performance efficiency curves in Tig. Vili • The secondary 

flcv required for optimum Performance is also reduced as- the gains 

diminish. At a different area ratio and gemma (vith different propellents), 

the length required for the above trends to repeat however ie different« 

(C) M'flttfh.ffiber Systems. The aerodynamic performance of multichamber 

systems Increases with increasing length in a manner similar to that 

noted in annular cosbustor systsss. Ewevei-, it is important to 

recognise that the length of a multichamber system is comprised of 

module length and a plug nossle length; the plug nozzle length by itself 

is not a", adequate indicator of system aerodynamic efficiency. 

(C) The cold-flow data generated In this program and the data presented In 

Ref. 12 were compiled to ascertain the relationship oetween design point 

aerodynamic efficiency« CL  and plug length« and number of modules. 
Tdss 

The resulting correlation is shown In Tig« 136 • A IOCJL of points 

representing any total system length could be superimposed upon the 

data in Tig. 1361 as shown by the typical example on Fig.136 . The 

moult is • nearly oonstant C_, with a gradual decay indicated as the 

mneer of modules Increases. Xt is evident that for plug lengths beyond 

approximately 15 percent (based upon the le^-th of an ideal spike)* further 

Increases in performance ure small and number of module« has little 

effect en effidenoy« 
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SVrforflfcce iaalysia Techniques 

(U) The performance analysis technique, as developed at Rocketdyne for use 

with aerodynamic spike configurations, is a collection of theoretical 

procedures and refintd empirical equations which take Into account 

inviscid primary performance, viscous primary losses, Idnetio losses, 

baa« pressure without seoondary flow, the effect of secondary flow and 

secondary flow properties on base pressure, and the effect of varying 

ambient pressure.   Computer programs exist for the oompletr performance 

analysis of the toroidal and multichamber configurations.   The main 

features of these profrrsas and the techniques employed an rwiew*d 

briefly in the following subsections.   For a complete discussion of 

these programs, Ref. 18 and 19 are available. 

(C) Toroidal Ccnfiguratiopa«   The computer prcgx-au for the annular toroidal 

aero3pike configurations is capable of designing an ideal spike config- 

uration for a given t'.-xust or a given throat area utilizing any of the 

following three pi-opellants;   LCQC/H-, 330/50-50, and LCX/EP| at the 

major mixture ratios of Interest.   The nozzle design is then subjected 

to a methad-of-ciaracteristicr analysis which yields divergence losses 

for the primary flow s.t any operating prearure ratio, and a boundary 

layer aralysi.« whi •* yields friction drag losses.   Prom built-in tables, 

Idnetio losses are evaluated; and from empirical equations, the bace 

pressures are calculated.   These separate contributions are then combined 

with the ambient vresour* dreg to obtain overalll nozzle output in the 

form of thrust, nozzle thrust coefficient, aw/or nozzle efficiency la 

vacuum.   The basic equations used aret 

CD   t fc. 
°9 ' L*i.T      ^div.        'drag 

AV|   *fA-fA 
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(2)  V - 

(3)  C.- 

\ V —E & i£J 

V •t|>*»A] 

(C) Calculated values from use of these three equations can then be utilized 

to derive nozzle efficiency C_ or specific impulse efficiency »\l 

values for any pressure ratio, given a value of the combustion efficiency 

tig«» and a suitable reference for thrust coefficient and specific impulse; 

i.e., C_  and I_  . A flow diagram for the program is shorn in 

Pig* 137 2P Tn the region of pressure ratios where the ambient pressures 

influence the base pressure (open wake), the latter are not calculated 

in the program. Equations are given in Ref. 19 which will allow the 

calculation of the base pressure In the open-wake through use of an 

empirical technique.  .Reference 19 also gives a detailed description 

of theoretical and empirical equations used in the design and analysis of 

the toroidal aerosjike overall performance, as well as a description 

of program operational procedures. 

(C) Losses caused by introduction of structural members across the flow are 

not calculated in the program but can be included into equation (l) 

through the use of information in Fig. 133, and the equations 

C,   - (1 -*l J 0. 
'pins     r   *1,T 

VhereT^ is obtained from VI«. 133« 
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(C) Kifltichaabgf ConflmiratiogBi Computer procrama developed under 

IIS 8-20237 (Kultichamber, Plug Nozzle Systewe analysis) are currently 

used at Rockatdyne for eatlaation of multichaaber propilaion system 

performance. 

(C) The baelc approach to multichamber ayatem analysis at law altitudes 

la eiallar to the technique used to determine toroidal system perfornancef 

i.e., the sunmation of an analytically derived primary flow contribution 

and empirical estimates for the remaining contributions. The thrust 

delivered by tilted bell modules, representing more th?n 95 percent 

of the tc-Sal thrust at low altitudes, is readily amenable to analysis. 

Tha remaining factors are expansion on the plug nozzle and base pressure! 

each of these effects is estimated by empirical correlation of cold-flow 

data. 

I 
(C) High altitude performance for sultichamber systems is obtained by the 

technique described in Ref. 29 and illustrated In fig. 138. In this 

Instance, cold-flow performance is estimated from a matrix of experimental 

C_ vs pltg length and number of modules data, and analytical correction« 

are applied to translate the performance value to the appropriate gas 

properties, system size and base bleed flowrate und properties. 
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(C)  tha analysia includes • theoretical separation criterion which permits 

the antlynla to proceed accurately regartileae of the degree of over- 

expansion. in empirical approach is used la tho transition region 

between the two method», with tha performance trend dictated by tha 

presence or absence of base bleed. Vith no base bleed, the module 

parfomanoa continues to prevail beyond the —dale design pressure 

ratio, revolting in a "trough" in the delivered C. curve (aaa sketch). 

Since tha general tendency indicated by cold-flev data la far base 

bleed to eliminate this trough, a simplified approach was employed» 

in which tha presence of any quantity of base bleed ia assumed to 

causa the C_ curve to be horizontal between the nodule design pressure 

ratio and tha Intersection with the system cleeed-vake C_ curve. 

Overall System C_ Vith 
Base Bleed 

System (Closed-Wake) C. 

-Module 

/ ^- Closed-Vake C_ 

System (Module) C, 

P.R. 
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PUSSKO 

»I (C)    An lapsrtant turpoet of psrforasnes ccerpatatlen bees«» Apparent fro« 
data gesar&tcd dvriiis tt-a «i^ricsatal aRltichsabiir i&vestigation 
conductod la tkia progma.   Fro» data sbotiiag the variation of C_ 
TB pc-casura ratio, it vaa eridtat that effective expansion area 
ratio (i.e., design pr*rt<ura ratio) could be predicUd aora accurately 
baaod on a "ecallopod" exit area ratbar than on the area of tb« circle 
enclosing tho aodole exits.   As shown in Tig. 139,this factor is 
significant in systmu having relatively fev nodules.   Scalloped area 
ratio is therefore utilized as the basis for coaputing aystea design 

pressure ratio in the computer progrsa. 
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(C) 4 paramo trie utaiy «a« nod« to compare the »eight of toroidal and multichamber 

asrospilcea end conventional single bell engines utilising N-0 /UD»2MLh\(50-50) 

propellents. The »»jinaa were compared at a throat level of 2,000,000 pound« 

over a range of chamber pressures fron 1000 peia to 3000 pal« and a range of 

area ratios frca 20 to 150. Tha method of analyeis and results are presented 

in the following paragraphs. 

Method of Analygis 

(U) Eagice weights were computed for DUltiohaaber and toroidal aeroepiie engines 

and conventional single ball engines. The characteristics of the engines 

evaluated and the range of parameters investigated are listed in Table 9 • 

(C) She study was conducted at a fixed sea level thrust of 2,0C0,C00 pounds. The 

aerosplke engines all had a total length from the throat to the nozzle exit 

plane equal to 20 percent of a 15 degree conical nozzle. The single bell 

engines were 80 percent Is length. Area ratios from 20 to 150 were investi- 

gated for the aerospike engines and from 20 to 100 for the bell engines. 

Chamber pressures from 1000 psia to 3000 psia were investigated for the aero- 

spdka engines and from 1000 psia to 2000 psia for the bell engines. 

(c) Three variations of the oulticfcamber configuration were investigated, an 

eight module configuration with eight aets of individual fuel and oxidizar 

turbepumps, a sixteen module configuration with sixteen turbopump sctstf/_, (%d 

• sixteen module configuration «ith eight turboprop sots. The eight module 

configurations are approximately 20 percent in length to the exit of the 

module« and therefore require no spüre nozzle extension* 

(C) Toroidal «erospik« weights were computed using an existing computer ; TOgna 

developed for annular nozzle weigh* dialysis. Multichaaber weights we. » 
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computed using both an existing bell engine ««lebt ooaputer program and the 

annular nozzle weight program. Weight relationships for structure supporting 

the aultichiuabor saadules end the multi chamber cpifce were based upon weight 

analyses of structural drawings of H-l cluster configurations and »-rge (l8 

to 30 eiUioa pounds thrust) nultichanber UL/JLHL aeroapiko ejginea (Ref. IS). 

(C) The engines were all assumed to obtain their turbine drive fluid by tapping off 

sain combustion chember gases. All engines W6re assumed to be regeneratively 

cooled (with N^Hi-ÜDM1 belov P - 1500 and with N_OL at chamber pressure of 

1500 psia and above) with supplemental film cooling at 3000 psia chamber pres- 

eure. The results of parametric heat transfer studies were used to determine 

tube pressure drop and conseouent pump discharge pressure reooireaents« 

Results 

(c) Engine weights for the various configurations are shown vs. area ratio in 

fig. lltO through lli3 • Several trends can be seen from these data. Engine 

weight increases very rapidly with increasing area ratio, the rate of in- 

crease decreases with increasing chamber pressure. The single bell engine 

system lacrosses in weight store rapidly than the other configurations, however, 

it is lighter than the sixteen chamber configurations up to area ratios be- 

tween 60 and 100. The single bell engine is approximately equal in weight to 

the eight module configuration and the toroidal aerospike at low area ratio 

but rapidly becomes considerably heavier than the aerospUces as area ratio 

increases. 

(C) The sixteen aoaul« configurations are consistently heavier than the eight 

module configuration because of the weight of the spike nozzle extension« 

The use of fewer turbo pumps in the slxtesn module configuration results in 

eonslstantly lower engine weight«. 
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(C) Ta* «itjht is&iule mulUeb«nb$r configuration is generally »lightly heavier then 

the toru'iül ow*i,5Jx»tioa «1 though in certain areas the «»ighta of these tvo 

coafiguraticas are ay?*«**»*»**!* the •«■»• 

(C) Ei« ISSBA data la replotted va chsnbor preaaura in Fig. U4I4 and l\ü   for oon- 

etant area ratios of 20, 50, 100, and I'jO.   EM follosirg weight trends can 

be observed froa this type of plot.   Tea engine weights all Und to reach a 

ainimai Talus with chamber pressure.   Tbs choeber prcsjare at which a aifliam 

wti£ht is achieved lncreaMs «ith increasing area ratio.   The single bell 

engine «eights are auch oore sensitive to chaser pressur« than tho other 

configurations at high area ratios and they also achieve a aialmua weicht at 

higher chsabor pressured than the other configurations.   The toroidal con- 

figuration «eight appears to be the least sensitive to variations in chamber 

pressure« 
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HSM?.TSAR37Ei STUDIES 

(U) A pri&ary consideration In the selection of * euitable ccabuctor 

configuration for aarodinanio cpike nozzles is regenerative cooling 

feasibility. Tt,er«fcro, heat transfer rtudiaa were con-iucted to 

detttrfiiixa rcgrnerative cooling liedts (chamber prcusure, area ratio, 

and thrust) for a^rodyna-iic epike noizlea with toroidal coabuBtion 

chaabars and with clr.nterod conventional ehasbers. 

(C) The eißinefl studied utilize the atorable propellents N^ and NJfy-ODMB 

(50-50). Both ptropüllanto were considsred for the coolant. The range 

of thrvot investigated varied from 3000 pound« to J00,000 pounds for 

conventional single chambers and fron 10,000 pounds to 2,000,000 pounds 

for toroidal aeroepikes. Other paraaetere which were investigated 

included area ratios to 150 and chnsbcr pressures froa yx> to 3000 psia. 

(U) Practical regenerative cooling limits were established by perforcing 

c numerical integration of press-ore drop and bulk temperature rise 

rlong the coolant flcwpath for nunerous cases sufficient to cover the 

Ac sired engine parameter range. 

(a) The results are suamsrized in curves showing the variation in coolant 

pressure drop requirements with chamber pressure, thrvst level, coolant, 

and (for toroidal combustors) area ratio for aerospike engines using 

conventional chanbers and toroidal cocbustors. 
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F.al wtive Caollnjt Ct ■   Mlltlea of the Propellents 

(U) before the coolant pressure drop requirement« for thrust chembers 

utilising H-0. and N.H^-ODHS (50-50) are discussed, it is helpful to 

analyze the cooling cäpabilitiso of the two possible coolants to 

better understand their characteristics under specific condition«. 

Therefore, a discussion of the merits of both candidate coolants is 

presented. 

(c) The regeaeratiTe cooling capabilities of both candidate coolants depend 

greatly upon the coolant pressure. Below the critical pressure of 

NJ3. (approximately I5OO peia) UDKH-N H. is the superior coolant. 

Above its critical pressure, NO, is the better coolant. This is 

primarily because the heat transfer coefficient is increased (approximately 

doubled) by the endothermic dissociation of N_0j to NO- at the coolant 

tube wall (Bef. 13 ). 

(C) The cooling capabilities of bc+h candidate coolants at subcritical 

pressures are compared in Fig. l!^ Under these pressures, the coolant 

wall temperature aast be kept approximately equal to the saturation 

temperature of the coolant. It the wall temperature ie above the 

saturation temperature, bulk boiling occurs. This will cause tube 

burnout. 

(c) The wall temperatures shown in fig. 146 for N_0. are the corresponding 

saturation temperatures for Tapor pressures of 500 psia (T  = 660 deg. H) 

*nd 1500 psia (T  - 760 deg. B). Th* nail temperature» ahom for 
wo 
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M2\-DCH3 (50-^0) are the «»turstioa tesperature for a vapor pressure 

of 500 pela (T  x 860 deg. B) and an experimentally determined upper 
wo 

allowable tesperature of 5C0 d«g. f. Above this wall temperature 

exothermic decocposltion of the fuel can Occur *a reported in Kef. 14 . 

At a vapor pressure of 1500 psia the eaturation temperature of 50-50 

fuel Is above the 500 deg. F wall temperature limit. 
I 

(C) A small increase in N?0. bulk teoperature oharply increases the coolant 

velocity head (and pressure drop) requirement. The required velocity 

head increases by a factor of four when the bulk temperature increases 

from 500 deg. B to 65O deg. B for a coolant wfall temperature of 760 deg* 

B. For the same vapor pressure of 500 peia and the same bulk temperature 

of 600 deg. B, the velocity head requirement of N_0. coolant is 30 

times as large as the requirement for 50-50 fuel* "Eiese results clearly 

indicate the superior cooling capability of 50-50 fuel at suboritie«u. 

pressures. 

(C) The velocity head requirements for both coolants at supercritical 

pressures arc shown in Fig. Utf. She coolant side wall temperatures 

of 960 deg. B for 5O-5O fnel and 1060 deg. P. for N.0. are the maximum 

allowable. A 600 deg* F wall temperature limit appears necessary with 

NpO. coolant to prevent oxidation of the tube wall. For a coolant bulk 

temperature range from 500 deg. B to 750 deg. B. the velocity head 

requirement of 50-50 fuel is approximately six times as large as the 

requirement for N-0.. urns H^O. is the superior coolant at supercritical 

pressures* 
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S««e:vrr»tiv9 COQIIBJ; 7,1:dta for Conventional Co&buators 

(C) To investigate the regenecutive cooling limita for multichember 

aeroapikea with a total thrust racg* from 20,000 pounds to 2,000,000 

pounds it is neceatury to deter-Inn the limits for multichamber nodules 

of «uch lower thrust level. This is because conventional chambers 

clustered In groups of 8 or more comprise a typical multichamber 

aerospike configuration. As will be shown these modules become 

increasingly difficult to cool rejeueratively as the module thrust 

level decreases* In this study module thrusts from 3,000 pounds to 

300,000 pounds were analyzed to cover the total multichaaber engine 

thrust rar.^e of interest. 

(C) The criterion used to Judge regenerative cooling feasibility is the 

coolant pressure drop. This is the most practical criterion. However, 

it is the fflost difficult to obtain. Each case requires numerical 

integration along the coolant flow path using a digital computor 

program. In this analysis of conventional chambers H-BY-TOMH (50-50) 

was used as the coolant at chamber pressures below 1500 psia and N.O^ 

was need at chamber pressures above 1300 psia. The resultant perasetrle 

pressure drop curves and the method of analysis are discuesed in the 

following paragraphs. 

,/ 

(C) Kathod of Analysis. Tor the analysis of conventional thrust chambers 

cooled with TOME-HJfy. (50-50) the specific ceaes analyzed on the IEM 

computer were thrusts of 10,000 pounds, 60,000 pounds, and 300,000 pound« 

and chamber pressures of 50 psia, 150 psia, 600 psia, and 1200 psia. 

The nozzles were «qsused to have an area ratio of 100 but were reeeneratively 
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cooled to area ratios of 3, 8» 30 and 30, respsctifsly, at each of the 

above chamber preeeuree. The specific cases enalyrsd are listed in 

Table W . 

(C)FOT the analysis of convention*! chambers with H.<V cooling, the 

operating ranges were clumber pressure froa 1500 psia to 3000 psla and 

engine thrust levels from 3*000 pounds to 300,000 pounds. The nozzles 

were assumed to be entirely regeneratively cooled with in area ratio of 100. 

The specific sasäs analyzed are tabulated in Table 11. 

(C) The thrust chamber utilizes N 0^/TOMH-N-H^ (50-50) propellent« at a 

mixture ratio of 2.0. Frozen equilibrium C* performance (100 percent 

of theoretical) and a nozzle thrust coefficient of 1.8 were assumed. 

A single downpass coolant circuit was used to obtain the lowest 

coolant pressure drop conditions. 

(u) The local heat flux Q/A which must be dissipated through the chamber 

wall is given by 

q/A - hg (TAW - V 

(S) The gas side film coefficient h was determined by the simplified Barts 

equation 
c     °'2 

. 0.026    „0.8   \* CJ. 

V "Pr 

where        <r a 

-0.68 

2S9 

mmm 



a 

IMIftfM» 

• a 
h X) a 
«> a o 

.O Ö -H 

o w 

SRS$£8dÄ£* 
-*       O      OJ 

• » • • • • 
O       O       H       O       O       O 

M.      OHHrHOdHOO 

d -rt 5 
■rfH  0\ 
K  O H +> 
«1   Q .€> VI 

6£ 

l§1 
& 

tf\\OEv.<T\gQ-»«M.*rr» 
tvooeoeo      cF>J      o\     tf\     fr-     »^ 

K\     .*       v".      H      •*      .»       O« 

Ä   *   R   Ä 00       K\ R   R 00       K\ 

oooooooooo 
K\(MlMruiM<MNf\liMlM 

§R8§SÄ§§SR 

a 

260 

iirifiri 

I 



I ■'    el      < • 1' ■*I 

a 
9 

a 
fh A. 

a    *» 
£-1   E<J  #h 

3 (0 
IM to   co tf\  ** % irv 

vo 
CM U>    CJv 

en   cr» 
.-■l •-(  ■ 1   H   O K> CM     (4 CM    CM Cvi CVI »• •—   •• 
u "1   f.  -H TJ 

&   • ftjw 

« Pi 

VO Si     N 
VO       *f & 3 

CO » 
CVI 
vO 
VO 

IT»    O 

o M o o a CM "t         T- •* crv in  a» 
O  p   l,   t-t  p. 
cj {* A, «»-» 

<M \f\ ** tr\ ^     CVJ 

►*"* H <*  *»   Ü 
Sttti o 

■*    vo 
o O o 

in   vo 
n «i ü a •f •«r I» •— 
-rl  »H    O^Nv V0 CM   t- rvi   *«■ vu CTV CM 
M   O H +» 
jj   0   « <M 

M 

0 o • VO 00    vO O   ■* Cvl O o vO    o 
•4 a • •    • •     • • • • •        • 
^ 5 in 

tn 
O    VO «    VO fc R tr\   r\   KS ^* « •H 

«4 
0 

h 
e a 
43  « 

O 
in % 8 m   a O o 

ir> 8 m   co 

II «-      CM •-    CM CM CM cvi CM     CM 

h 
0 *»   » 
ex« 
J ♦* e 

"•   °t 
o av VO *   * 

J3    U1X ^" If»    *T • • •        • 
a tt a • •       • CM     OJ cvl t* VO VO    vO 
o • a vO oo   co 
O J -H 

A 
o 

»4      O 
♦» <w u 
So* C\ VO    vo 
♦» 1-1 
c *» 
o <§ 

• 
•* * 
Is*0* 8 O    m 

05   i- cr.   o 8 o 
IT« s 8 § n   <5 •• *■      •" -•     CM CM CVI CVI CM    CM 

• 
1 

-*& r\ O St R 
i-< <•« 261 

CO::FIOE!;TIäI 



«nd ia, aiaply Btatod, a function of tho propertiee of the coxbuation pro- 

duct« and the local man velocity. Th« e-'.labatic »all temperature T'  is 

relatively invariant throi&buut the noarle and is nearly equal to the 

ewubuation temperature. It ia relatively insensitive to all chamber oper- 

ating conditions except mixture ratio. The gaa aide wall teaperatur» T._ 

is a variable dep?3d<#nt upon the naximua operating temperature vhich a 

selected tube wall material can austaiss while maintaining a satisfactory 

strength. For thia analysis inconel X and 347 atainleaa ateel were used 

for chambers cooled with fuel and oxidizer, respectively. The maxima 

useful vail temperature ?,_, used for these materials waa 16C0 deg P. 

(C) Typical peak heat fluxea encountered at the throat of conventional 

chambers and continuous annular throat toroidal coabuatora are shown in 

Fig. 148. These curves were confuted assuming a T . equal to 1600 deg 

F and using the equations above for h wad Q/A. Wien considering a 

conventional chamber 6~ is the throat radius, while 6„ ia the throat 

gap for a continuous annular throat toroidal coabuator. <j _ Bay be 

computed from 

'Bell 
■W 

angular 

iST 
"Vvrrc 

Moat practical applications are within the reage of <?« shown. 

(C) For steady state heat conduction the heat flux conducted through the tut« 

wall satiefiea th« relationship 

'• 
i 

*- !(v>-v 
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Figure   143. Peak Heat Fluxes for Bell Nozzle.« and Continuous Annular 
Throat Toroidal Combustor 
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► 
«biKN k iri X IM tt» maturlal thermal conductivity end wall thickness, 

raapsotively, end T™ la taa coolant aid« «»11 temperature. For this 

wialyai* a «all thickness (incocsl X) of .012 inch and a maximal coolant 

aid« wall temperature of 500 dug. ? were aoauated with fuel coolant. For 

chsabtirs coolod with ILO. a wall thickueta (547 stalnlesa steel) of 0.01 

inch and a maxima coolant tide vail t«aj>erature of £00 dog. F was 

(c) Figure 149 shows the uu.ruaum heat flux that can be pasa&d through a tuba 

wall. By Imposing the maxima possible temperature differential acroaa a 

givan material, the taxicum possible heat flux la determined as a function 

of vail thickness. The results ore shown for shree selected tutorials', 

347 stainless steel, Inconel X, and a molybdenum alloy T2H. Stainless 

steal and inconsl X are materials with a maximum useful temperature of 

approximately 1600 dog. F. The working temperature of TZK was also aasuasd 

to be 1600 dog. F for comparative purposes although its maximum allowable 

temperature is approximately 25C0 deg. F, Fron the graph the merits of a 

refractory material can be easily realised. 

(C) For a practical tube wail thickness of 0.01 inch, the maximum heat flux 

which can be passed through a 347 stainless st*ol tube wall is 41 Btu/sq. 

in. sec* For 0.012 inch inconel X tubing a peak heat flux of 41 Btu/sq. in. 

see. can be passed through the vail. In certain applications where tubing 

strength is a factor, inconel X is preferable to 347 stainless steel be- 

cause it« strength is much greater. 

(C) The local heat flux is absorbed entirely by the coolant according to the 

following expression which must be satisfied simultaneously with the previous 

tve steady statt expression» 

Q/a-h < V. - V 
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«her« lg. is the coolant bulle temperature and the coolant aid* f ilo coef- 

flcient h in eoaputed f 
o 

developad at Rocketdyne. 

flclent n in computed free «i empirical correlation of experimental data 

"Hu  k 0.005 Re0,95 Pr0,4 <p 

(C) The enhancement factor <f> la used for H.O. cooling at mipercritical preaaura 

to account for the large increase in ita cooling capacity caused by the 

endoihewsie disaociation of R,0. to KO, at the tube wal)., 

(C) The relationships described above are progracaed for machine computation. 

The three equations describing the heat flux are solved simultaneously at 

nuaerous stations along the thrust chamber using imposed restrictions such a« 

maximum T™, tube thickness, maximum l_, etc. Coolant bulk temperature 

rise, Telocity and pressure drop are computed at the seme stations and, 

«here applicable) numerically integrated. The cooling feasibility curves 

discussed in the following paragraphs were generated using this computer 

program. 

(C) Results. The coolant jacket pressure drop v'th ILO. coolant at super« 

critical pressures is shown as a function of chamber pressure in Fig. 150. 

The sharp inflection of the curvet, clearly defines the maximum feasible 

operating chamber pressure within a narrow band for a given thrust level. 

The smallest engine which was regeneratively cooled was approximately 3000 

pounds thrust with a maximum chamber pressure limit of 1500 psia. For 

the maxima thrust level considered of 300,000 pounds, the limiting chamber 

pressure was approximately 2650 psia. for the intermediate thrust level« 

of 10,000 pounds and 50,000 r'runds, the limiting chamber pressures were 

approximately 1750 psia and 2150 psia respectively. 
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(C) The data Is raplottsd in Pig. 151 shotting tba limiting chaaber pressure vs 

thrust level with ratio of tut« pressure drop to chamber pressure *s e 

parameter. Sines * very email gain in the maximum operating chanter 

pressure licit (100 psi to 200 pai) is experienced by increasing the AP/P 

froa 0.4 to 1.3 it is sore likely that the lover llait curve vovld be used 

in an actual engine application. 

(C) Tor use in a multicbanbar aerodynamic spike nozzle application over a 

throat »nge froa 20,000 to 2,000,000 pounds a cluster of 8 chambers would 

have 12. .vidual thruata of fron 2300 to 250,000 pounds, the curves indi- 

cate that regenerative cooling with H.O. above its critical pressure is 

feasible for conventional thrust chambers in this thrust range. Extrapola- 

tion of the A P/P » 0.4 curve to 2500 pounds thrust ehovs a maxims, c 
chamber pressure of approximately 1350 psia. The sons curve indicates a 

maximum chamber pressure of approximately 2375 psia for a 250,000 pound 

thrust engine. A cluster of 16 engines Pith a total thrust of 2,000,000 

pounds and an individual engine thrust of 125,000 pounds has a maxi— 

. chamber pressure limit of approximately 2200 psia. Thus for the same total 

thrust level the use of a larger nunber of clustered engines will reduce 

the maximum engine operating pressure a significant amount. 

(c) The coolant pressure drop with UDKH-HJL (50-50) coolant is shown as a 

function of chamber pressure in Tig. 152 • It can be seen that the pressure 

drop requirements increase gradually over a wide range of chamber pressure 

asking it rather difficult to select s distinct maximum operating chamber 

pressure. If an arbitrary AP/P limit of 2.0 (whioh is far in excess 

of the normal design value) is assumed than maximum chamber pressure for 

thrusts of 10,000 pounds, 60,000 pounds and 300,000 pounds are 250 psia, 

1200 psia, and 2000 psia, respectively. 

(C) The data are replotted in terms of maximum chamber pressure aa a function 

of thrust level in Tig. 153 * Using the AP/P - 2.0 curve for a module c 
thrust of 2500 pounds an eight-module, fuel cooled, multtchsmber configuration 
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•a Coolant 
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would hat« a BSXLBU» chesber pressur» of up;;roiiü<=tely 70 ptsia.   Vlth 1.0. 

coolant at supercritical praeaura this ean« aodule aize could operate at 

1350 pela vlth a   AP/P„ ■ 0.4.   At thia thrust lord then» ia therefore a 

largo raue« of chamber pressure (approximately 70 to 1250 psia) over which 

neither coolant ia satiefactory.   Thia occurs bocauae cooling with NO. at 

«uncritical pressure result« in tuba pressure drops higher than with fuel 

coolant and cooling with supercritical R.O. requires that the coolant exit 

the tuhea at approximately 1500 peia| regardleaa of the chamber pressure. 

3i»«ce a nominal injector pressur« drop is 10 to 20 percent of the chamber 

pressure, the excess of the tuba exit proatmre over the required injector 

inlet preasure is wasted.   Proa Pig. 153 it appears that this awkward region 

(VtvM>n P   a 1250 Dsia end the AP/'P   » 2 curve) where neither coolant c c 
ia entirely satisfactory at interaediate chember pressures extends to a 

module throat level of approximately 80,000 pounds or an eight-nodule 

■ultichamber thrust level of 640,000 pounds.   The range of undesirable 

chaaber pressures decreases, however, as the thrust level increases. 

1 

(c) The anTl""'" chaaber pressure with fuel cooling for an eight-module multi- 

chaaber configuration of 2,000,000 pounds thrust is approximatoly 2,000 

psia ( AP/P   *= 2.0 curve) compared to approximately 2400 psia for chambers 
c 

cooled with IJD,. 

P.^Fftnerativa Coolisg Lis-lts for Toroidal Coabuators 

(C) Raxiaua chaaber pressure lisdta with full regenerative cooling were deter- 

mined for aerodynamic spike thrust chambers using a toroidal type ctmtber 

construction.   Machine computation of pressure drops and bulk temperature 

rise were conducted aasualng a continuous annular throat configuration.   The 

rtsulta also represent upper limits for otter types of toroidal chamber 

construction euci aa the subsonic tube and the sonic tube shown in Fig. 121. • 
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The chamber« were onaly&öd using UBJiMIJH. (50-50) coolcnt tuid 9J). coolant 

at both oubcritic.il and supercritical pressure.   Tha results er« presented 

in paräsetric curves of BÄxiisua chamber pressure as a function of tha ratio 

of engine thrust to engine diwwtar and of area ratio, 

(C) Method of f.-nlvsis.    The method of analysis foi toroidal cheers ia similar 

to that described for thu conventional cheiiberv with one major difference. 

A boundary layer approach (p.ef. 15 and 16) was employed to calculate the 

gas eide conveetive coefficients of the annular nozzles. 

(C) The conventional tube material selected for the study was 347 stainless 

steel with a tube thickness of 0.010 inch.    The material was assisted to 

have a maiiaua allovabla temperature of IftTO «leg. P.   The hoop radius of 

the combustion chamber was three inches wtth the engine having an  i. equal 

to 100 and a 20-percont length nozzle.   For the overall area ratio, a 

thrust coefficient of 1.6 was assumed. 

(c) At the subcritical pressures, the coolant-side wall temperature vas assuBed 

equal to the saturation temperature.   Thin saturation te^>erature is deter- 

mined by the allowable coolant vapor pressure.   The coolant vapor pressure 

must be le33 than the coolant static pressure to prevent a bulk boiling 

condition.   Above the critical pressure, tho coolcnt-side wall temperature 

was taken as 500 des. ? for 50-50 fuel.   Abovo this temperature, the 

capability of 50-50 'uel was found to be united because of tube failure 

apparently caused by rapid thermal decomposition at the wall.   With 1,0. 

as the coolant, the limiting wall temperature uas 600 deg. ?.   Above this 

wall temperature, oiidaticn occurs which limits the coiling design.   As 

the chamber pressure is incroasod from the critical pressures for either 

cool«wt, the coolant wa)l temperature is forced down because of the limita- 

tion placed on the gas side wall teaperature.   When the coolant wall 

teaper ture ij decreased, the vtitfit flow requirement per tube increases.    In 
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order to meet the weight flow requirement per tub«, multiple-pasa cooling 

circuits WM necessary. The cu&ber of passes varied for the different 

operating conditions that were enalyzed. 

(C) A multipass configuration is illustrated in Fig. 154 . The coolant flow 

circuit begins at the injector, proceeds to the nozzle skirt exit, and 

continues back through another set of tubes to the injector. This conait- 

tutes a 2-paas cooling circuit. For other cooling circuits, the pattern 

will he similar be- with sore passes. 

(C) A similar-type cooling circuit was assumed for the shroud part of the 

toroidal thrust chamber. The total coolant flowrale was split, half of it 

cooling ti:e lioiale part of ths thrust cbwbß* «nd the other half cooling 

the shroud part. It was assumed that the pressure drop and temperature 

rise were the same in either section. 

(C) The pressure drop evaluation was conducted for continuous annular throat 

toroidal thrust chambers only. Similar computations to include configura- 

tioas such as the segmented annular throat toroidal chamber, the subsonic 

toroidal chamber, and the sonic toroidal chamber were not done. However, 

the limits established by the present study are also applicable aa upper 

limits for the other toroidal combustors. Each of the previously mentioned 

design configurations have more surface area which oust be cooled than its 

counterpart continuous-throat annular chamber. Thus it would be erpected 

that the former assigns will require higher pressure drops and bulk 

temperature rises. 

(C) The study w*»s conducted for engines with i combustor hoop radius of three 

and an area ratio of 100. But ths results are applicable to other hoop 

diaenslor-o and area ratios. The total heat input in the combust» varies 

slightly with coabuator hoop radius. Thus, the pressure drop ia approximately 
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the ewe, ?or the umular engine the heating conditions at a given clumber 

pressure normalizo as a function of engine thrust to annular throat di&seter 

f/d.   Jrrca the simplified relationships below for a continuous throat 

toroidal asroepike it cen be seen that specifying the thrust and throat 

diamet»r detennines the throat gap and area ratio at a given chamber 

pressure* 

* " Pc \ CP - Po CP*V 

P/D « P C_ TTD/4€ 
c * 

(C) Results. Preasuro drop and gas side vail temperature limit curves for 

ÜXKH-N_H. (50-50) and ILO. as coolants are shown in Pigs. 155 and 156 . 

The values are plotted as a function of chamber pressure and the ratio of 

thrust to engine diameter. The region to the left of the lines of constant 

T._, is unfeasible since the lines represent a condition where T,_ equals 

£,,,• The limit lines of constant T,„ also represent a condition where the 

coolant bulk temperature equals the coolant side wall which in turn assumes 

an infinite coolant velocity and pressure drop, fke  limit lines based 

upon constant values of AP/P„ are more realistic since they show the c 
practical limitations of coolant pressure drop based upon detailed analysis 
of the engine coolant circuit. 

(C) it can be seen that the AP/?   limit curves correspond closely to the Z_ 
and Tyg licit curves for V.O. cooling at supercritical pressures but are 
considerably below the ?„, and T _ limit curves for cooling with fuel and 
V.O. at aubcritical pressure.    This is because the velc.ity head require- 
ment for H.O. above its critical pressure is almost constant for a considerable 
range of bulk temperature values (fig. 147 ) whereas it ie not for fuel and 
1,0. at srbcritleal pressure« (Pig.   146). 
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Figure J55. Coolin* F^.islDility Limits and Pressure Drops for Continuous 
Annular Throat Toroidal Cotnbustors Using N-H.-UDHH as Coolant 
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(Cl The pressure drop licit curves are «plotted In more recognirable term« la 

Tigs. 157 and 153 • Figures 157 and 158 show the maximum u»s ratio as a 

function of chaaber pressure for thrust levels froa 10,000 pounds to 

2.000,000 pouiiüs. The limit eurvoo for fuel coolant are based upon a AP/P 

value of 2.0. The li-sit curves for ILO. coolant at subcritical end super» 

critical pressures are based upon com teat AP/P values of 2.0 and 0.6 

respectively. It ehould be noted that the bell chaaber Halt curves were 

essentially independent of area ratio while the Halting chamber pressure 

for annular nozzles is a strong function of area ratio. 

(C) For both fuel and oxidizer coolant the curves in Figs. 157 and 158 show 

similar trends. As the thrust level decreases the range of. area ratios 

and chamber pressures which can be regeneratively cooled decreases. For 

an engine thrust level of 20,000 pounds and intermediate chaaber pressures 

of 300 to approximately 1250 paie, cooling with 110. below its critical 

pressure la not feasible while fuel coolant is feasible only to area ratios 

of approximately 5* However extrapolation and Interpolation of the Halt 

curves for supercritical h" 0. to 1250 peia chaaber pressure and 20,000 

pounds thrust indicates that an area ratio of approximately 30 may be re- 

generatively cooled. This is similar to the situation encountered for 

conventional changers of low thrust level. 

(C) For the upper tiirust leve« of interest, 2,000,000 pounds, the chamber 

pressure limit for a noslnal area ratio of 40 is approximately 1800 psia 

with fuel coolant and approximately 2275 for ILO. coolant. These values 

are comparable with the eight-module 2,000,000 pound thrust multicaasber 

limits of 2000 psia and 2400 psia for fuel and oxidizer coolants, respec- 

tively. 
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AlVitanta !k',jt^n Techniques 

(C) 3b« effort in thin study concentre tod on eet.\bliahiug regeaerativ» cooling 

limits for aerospite comb'.is tors using conventional materials. It should be 

notad however that the region of applicability of these oombustor concept« 

can be extended by alternate design techniques. Thus, marginal design« 

ahovn in the figures can be cooled with judicious changes fro« the set 

conditions specified in the study. In the eube&quent diacuaoion, the above 

desirable changes will be discuaaed in conjunction with the aerospike design. 

(C) Iiicretjie Coolant Vail Temperature. Near the throat region at high chamber 

pressures, the cooliüt-t'ide wall temperatures were lower than the maximum 

allowable value. This was because of the limitation placed cm ths gas-side 

wall temperature. Thus by selecting a material which can withstand a higher 

gas-side wall temperature, an increase in the coolant side wall temperature 

can be realized. 

(C) Pre« the heat conduction equation 

increase is the conductivity ef a selected material will also be bane« 

ficial. This will reduce the temperature gradient through the coolant tube 

walls« 

(c) Another property of a selected material is the yield strength. With a 

higher strength material, the minima tube thickness can be decreased. 

This in turn will increase tha coolant wall temperature. Thus it would 

be desirable to select a material which has a higher gaa-eide maxiw 

allowable wall temperature, higher thermal conductivity, and higher yield 

strength. Befractory metals will fit the three categories. 
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(C) Cpcryat»T<a gffeeta fit the Threat Bagloa. The aajor problem la cooling the 

aerosplk* design la the hieh beat flux located at the throat region. In 

order to cool this portion of the nozzle, a high coolant aas* velocity la 

necessary. Consequently a high jacket pressure loea la Induced (See fig. 

159).  One aaans of decreasing the prebsure drop io to utilize the en- 

hanceaent of the coolant associated with particular tuba curvature*. 

Bocketdyue has Investigated curvature effecta. An exaaplo of the result* 

can be seen in Tig. 160.  A definite increase in cooling capability 1* 

realized «hen the coolant undergoes a rapid turning. A considerable amount 

of theoretical and experimental effort is btill necessary to correlate 

Influencing items such as the effect «f the ratio of tube dioaeter to radius 

of curvature and bulk Reynolds nuaber. 

(C) fefls Tranafer Cooling. Augmenting the fully regenerative design with aasa 

transfer cooling aethods will reduce the heat input to the coolant. Con- 

sequently, a lovor pressure drop can be realized. 

(C) Possible methods are transpiration cooling, fila cooling, and ablation 

cooling. Transpiration cooling involves the introduction thzcugh a poroua 

wall. Fila cooling is realized by Introducing a fila of coolant onto the 

gas-side region through discrete slots or openings. The Halting case of 

fila cooling is transpiration cooling. Ablation cooling is acecanliabed 

by utilizing a wall eaterial that will aelt, sublim, or dseoapoe* when 

introduced to the hot gas stream. Theae eethuds are sicilar in that tNi 

coolant material absorbes heat froa the sain strean gas and Is than In- 

jected buck into the aain atraaa. Thus the overall neat flux which enter* 

fie coolant jacket is reduced. In soae eases, this reduction can be 

considerable. It is quite feasible that ablation cooling aay be applicable 

a* r single aean* of cooling. 
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(C) Significant conclusions re«»ulting freu this study er« the following! 

1« Eagenerative cooling of both isultichmnl+r and toroidal 

chaster aerospikaa becomes increasingly difficult as angina 

thrust leval is decreased. At the 20,000 pound throat 

level regenerative cooling of either multichambor or toroidal 

chamber aerospikea appears possible only vith NJ) coolant 

at aupercritlcal pressures. An alternate design approach 

such as an aoietive ciuuibsr soy be desir?>i.e for low thrust 

Boderate chamber pressure applications. 

2. For the upper thrust level range of interest, 2,000,000 

pounds, the maximum cbacber pressures for regenerative 

cooling attainable with a toroidal aerosplke are approri- 

mf.töly 200 psi lover than with an eight-module multichaaber 

and are cpproxiaately the same as vith a sixteen-module 

Rerospike. 

3. Regenerative coolia^ liaits for the multichaaber engines 

ax» relatively insensitive to either the module area ratio 

or the cluster area ratio. The chamber pressure limits 

for an annular throat configuration era a strong inverse 

function of area ratio. 

A.   BO above its critical pressure is a better coolant than 

UISfSH-H^- (50-50). Below tha critical pressure of N-0. 

the superiority of the coolants is reversed. 

5« The range of feasibility of both combustor concepts may be 

extended from that indicated here by using alternate de- 

sign techniques such aa refractory tubing or coatings and 

partial or full mass tranafor cooling. 
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DESIGN STUDIES 

1 

(C) The objective of this portion of the program was to delarrcinc effective 

methods of utilizing toroidal and nulti chamber constructions for aero- 

dynamic spike configurations. Combuators considered Included several 

toroidal types and clustered conventional chambers with both circular 

and noncircular exits. The studies covered a range consistent with 

Air Force propulsion refiuireeents. These requirements include thrusts 

from 20,000 pounds to 2,000,000 pounds, chamber pressures fron 300 psia 

to 3000 psia, and expansion area ratio of 150. 

(C) Employiug design guidelines presented in the analysis section of this 

report, layouts of representative systems which use multichaaber or 

toroidal aerodynamic spike nozzles were made together with corresponding 

conventional single bell engine systems. The design points selected 

for each system are shown in Table *2 . These points cover the 

parameter range of interest and were selected to take advantage of 

previous design investigations at the same operating conditions. 

TABU" 12 

POINT DESIGN PARAMETERS 

Thrust 
(1000 pounds) 

Chamber Pressure 
(psia) 

T 
CC;.:-'ID£;TIAL 

Area Ratio I 



(C) The purpose of these layouts was to gala insight Into the structural 

and operational aspects of systems employing the toroidal and multi- 

chaafasr combustor concepts and to appraise the systems size and 

complexity relative to the more conventional bell engine system* In 

Table 13 the major characteristics of the systems investigated at 

each of the four selected design points are presented. Vhon designing 

the engine systems, different multichaabcr configurations (round, and 

splayed exits, Fig. 16l) and different toroidal combustor config- 

urations (subsoclc tube 'aid baffled annular, Fig. 121) were selected. 

The purpose of tfcia was u> become familiar with the structural and 

functional aspects of the different combuators. The choice of 

combustor at a given design point was arbitrary. The aerodynamic 

spike nozzle lengths shown were also selected arbitrarily and do not 

represent the remits of a performance optimization, fhe paragraphs 

that follow describe the design features of each of thü selected 

systems; advantages, disadvantages, and potential problem areas are 

exposed in the process. 

Point Designs - to.OOQ-Paum. Thrust Level 

(c) Layouts of typical to,000-pound thrust multicharaber and toroidal 

chamber aerodynamic spike engines together with a conventional bell 

thrust cbasber are shown in Figs. 162 , 163 , and 164.  The overall 

expansion area ratio of each engine is 100 and the chaaber pressure 

is 500 psia. 

(C) The multich&ivsr configuration consists of a cluster of 12 conventional 

regeneiatively cooled chambers with tangent chamber exits. With tangent 

circular exits, the ratio of the overall area ratio f_ to the modulo 
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»nsa ratio €JJ is essentially (with a weak dependence on nodule tilt 

angle, Ref. 3) a function only of the lumber of clustsred chambers. 

The ealection of 12 modulrs with circular touching exits fixta  CR at 

51.8. The overall nozzle length LJJ from the mcdule throat to the plug 

exit (ace Fig. l?2 0n pago 210)ia 29.3 percent of r.n equivulent 15 degree 

i     I conical nozzle. The length to the multicliamber exit is 16.8 percent. 

(c) A simple point gimbal and conventional hydraulic actuator are employed. 

The oxidizer inlet duct passes through the center of the global joint. 

Tubular columns transmit thrust loada to the cimbal block from a structural. 

ring into which the module injector blocks are mounted. The ring also 

contains the tangential propellant distribution manifolds. Propellents 

are fed to the modules from a single shaft, back-to-back turbopump. 

Propellents are routed directly to the tangential distribution manifold. 
i    » 
!     ( Turbine exhaust provides secondary flow for the plenum chamber type centerbody. 

(C) The engine was designed with a single downpasa coolant through tht» modules 

to a module area ratio of 15. An ablative nozzle extension is used from 

this point to the module exit. The spike portion of the nozzle is fabri- 

cated of radiation cooled material. 

(C) The toroidal combustor configuration shown is regeneratively cooled »nd is 

supported in the chamber region by regeneratively cooled support tubes 

passing through the chamber walls. The nozzle length from the thr>et to 

the exit is 14 percent of an equivalent 15 degree conic&l nozsls. 

(C) System aspects of the toroidal design are essentially similar to those of 

the nultichamber design. The saae gimbal and central turbopump arrange- 

ment is used. Thrust counts should be somewhat simpler and lighter as n 

uniform circumferential thrust fore« is applied as opposed to twelve 

iiecre'e loada. 
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(C) The coEbastion cL.Traber was aired to a minimum combustion length of 

nix inches from Injector face to throat. This produces » chamber 

chfXECteristir. length vL* " 186 inches) greatly in excess of that U3ed 

in conventional combastors (V -  30 to 50 inches). Recent experimental 

data uaing F-/H.» indicates the high combustion efficJencies can be 

achieved in toroidal combustors with dianetara of enly 3 inches. 

Thereforet it is likely that easll diameter combuetors could be used 

at this thruat level. The oval combustor contour is useü to minimize 

induced oending irowents on the support pins. 

(C) Oxidizer enters at «he nozzle axit and cools the nozzle and inboard 

chamber section. Fuel is U3ed to cool the support pin and outboard 

chamber region. Turbine drive gas is obtained by tapping into the 

primary combustion chamber through the injector face. Turbine exhaust 

gases are directed radially outward into the base region. 

(C) A conventional single bell engine system is shown for comparison in 

Fig. 164 • The envelope length for the bell chamber is significantly 

longer than for the aerodynamic spike configurations. The axial 

length from the outer throat point to the nozzle exit (expressed ac 

percent of a Vj degree co_e) is l'f percent, 2P.3 percent and 80 percent 

for the toroidal, multichamber and bell configurations, rcjpsctively. 

The percent 'rial length to the exit of the multichaiaber nodule is 

lb.8 percent. This factor is of significance because thie *ength can 

be reduced only by decrur-aing the module area ratio. Midule area 

ratio can be reduced by increasing the number of modules while main- 

taining a touching exit condition or by introducing gaps between 

chamber exits. Increasing the number of chambers increases system 

complexity and makes cooling more diffir'lt whereas the introduction 

of gaps botweon chambers has been shown (Ref. 3  ) to lower perfor- 

mance. 
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(c) On Figures 165 through Jiff. 169  era shown leyouts of multichaaber 

and toroidal chamber aerodynamic eplke engines and a single bell chaaber 

engine. These engines produce approximately 350,000 pounds thrust at 

a chamber pressure of 2000 psia and an area ratio of 150. 

(C) 35QK feltlchaj.iber Aerospike. The splayed exit muitichaaber was investi- 

gated at this thrusst level. The primary purpose of elongating the exit 

is to uchieve an axii ymmatr.lc annular flow field at the module exit 

plane. The elongated exits also allow low nodule area ratio to be 

achieved witli a small number of clustered chambers« The engine has 

eight regeneratively cooled chambers with each chanber exit extending 

over a 38 degree arc. The module area ratio is 13.8. The reduction in 

area ratio conparnd to circular exit clusters is easily seen by com- 

paring this configuration to the '»O.OOO-pound thrust design which has 

twelve chambers with a module area ratio of 5i>8 and a cluster area of 

100. 

(C) Kadule length is 57.8 percent of a 15 degree cone whose circular exit 

area encloses the 38 degree arc euctended by the spl&yed chamber and 210 

percent of a 15 degree cone of 13.8 area ratio. Analytical studies of 

aplayed module performance indicata that e^en though the nodule exit 

crea. can bo reduced with aplayed exits, for y> *,* Uiiu. nodule thrust th« 

module noszle length should be a high percentage (70 to 80) of tbt 

length cf a 15 degree conical nozzle having an exit diameter equal to 

tne «^it opan of tre module. This can be shown from a vacuum perfor- 

mance analyses of a two-dimensional module. Figure 170 chows the maximum 

vacuum p^rfo'-ninc» of two-dimensional nouxles of various lengths with a 

squ&r« throat c unit dimensions and conatant exit dinensicna of 7.3 and 

unit). Thia moJvila design corresponds to »a  eight touching modul« malti- 

ch&mber configuration with a cluster area ratio of 50. 
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(C)  A set of two tas-bopuBpa, ona fuel and one oxidizer, feed propellents 

thjco^i individual line a tö «ach thrust chsaber. It can be Men that 

th* use of a pair of pui^s (mounted off the engine centerline) with 

eight chambers requires «sight dif f **eat high pressure duets for each 

pmsp. Tne shorter ducts *culd require orifioing to satch propellent 

distribution between the duct«. 

(C)  Stapler option* that could be «»ployed if interohangeability contrainta 

are neglected include one »at of puay» for every aodule or feeding ea«h 

two modules frco a pump placed between them. Provision of one pump aat 

per module {single or dual shaft) would facilitate pump fed development 

tenting on a module ?svel and allow direct operation with 2, 4, or 6 

»oduira out. ffcediug each two modules from a single shaft, back-to- 

back pump placed between thea would allow operation with 4 modules out 

in the event of puap failure. Feeding each two adjacent modules from 

alternate fuel and oxidizer pumps placed between them would not allow 

module out operation in the event of pump failure. 

(c)  Feeding all chambers from a central aingle shaft turbcpump would re- 

quire placing the asbient temperature portion of the machine inside the 

fuel tank, or dimpling the tank jottoa to accommodate it. If these 

options are unacceptable, a decrease in centerbody plenum depth or am 

increase in interstage strut«.«ro length and weight would be necessary. 

(C)  A major disadvantage of the splayed nossle sultichamber cosbuator 

compared to a stellar circular exit coabuator lies in the difficulty 

of fabricating regenerative tube bundles in the splayed shape. It is 
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I 
expected that the fabrication of ablative or radiation cooled nozzles 

in this shape would present no problems as aerioua as those anticipated 

in • regenerative bundle. If the splayed bundle exit is curved around 

a radius as in the drawing, at most only pairs of tubes in any assembly 

would be interchangeable, and in some cases even these pairs would be 

right and left hind versions of the saae contour, requiring a dif- 

ferent forming die for each tube in the bundle« If the exit is oadi 

straight, so that the cluster exit is polygonal, at most groups of 

four tubes per bundle could be interchangeable» 

(C) An alternate nozzle fabrication method was reviewed which offered 

promise of forming the splayed nozzle shape by an assembly of straight 

tapered tubes identical in cross-sectional contour but cut off at 

varying lengths at the module exit. Figure 161 illustrates the method. 

(C) Instead of forming the convergent-divergent contour of the chamber from 

continuous tubes which became non-irterchangeable aft of the nodule 

throat, the axisymaetric eombustion chamber is first formed of one 

shape of identical tubes which ere brazed into holes in a transition 

ring at the module throat. Theo«-- holes lead immediately into nozzle 

tubes that are brazed into the other end of the short ring, de nozzle 

tubes in the plane of nozzle divergence enter the ring at the angle of 

divergence. Tubes in the non-divergent nozzle plane enter the ring 

parallel to the nozzle axis. Intermediate tubes enter at intermediate 

angles. Thus, the bending of tubes to various angles la replaced by 

the drilling of holes at varying angles. Film cooling of the transition 

ring may be necessary. 

(C) Hodules are cooled with JL°t» in * a*8»*« downpasa flow pattern in order 

to. minimize coolant bulk temperature at the chamber throat. From the 

collection manifold, coolant must flow aft to cool the aerospike skirt. 
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(C) Several alternative flow transition methods exist» From the standpoint 

of structural strength end leak tigat cooltuit sealing * promising pro- 

cedure would be to take the inside nodule nozzle tubes and the skirt 

tubes immediately aft of them as one continuous tube (which might in- 

clude one or sore brazod tube splices). Coolant flow from the outside 

module tubes could be either manifolded and ducted back to the module 

injector or flow between modules as shovn and enter the inner continuous 

tubes through slots cut in the aides not exposed to hot gas. This 

option has the disadvantage that coolant velocity and pressure drop in 

the skirt must be increased to offset the lowered N.O^ flowrate. If 

the exterior chamber tube flow is utilised for skirt cooling, extra 

skirt tubes must be included to fill the gap aft of where it passes 

between chambers. A disadvantage of either sort of continuous module- 

skirt tube construction was the aspect of Including modules and skirt 

in one brazed assembly. Apart from severe tolerance requirements, a 

replacement of a defective module would be difficult. A construction 

method permitting module substitution on a "plug in" basis is 

preferable. The module-skirt transition configuration shown in Fig. 165 

employs a segment transition manifold to permit removal of the module 

from a bolted flange on the skirt. 

(C) Exhaust pressure inside the tplayed module nozzlis exerts forces tending 

to distort the contour into an axisymaetric, circular exit bell contour. 

Kozzle banding or other external structure mas';, be fastened around the 

brazed tube bundle to resist these loade. A «i »tailed weight comparison 

between a circular exit module and a cospar'b'U module with a 2:1 

elliptical exit shape was made in Ref. 18 . Even with this relatively 

moderate ellipse ratio the elliptical exit aoaped nozzle was heavier 

than the circular exit nozzle by a facto: of two. This relative weight 

ratio becomes greater M the nozzle approar' as a two-dimensional shape. 
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(C) Chamber tleuot 1" 'a are transadtted into the vehicla shell through 

bracketd which diffuse th« point loads into a continuous line load. 'UM 

chamber injectors are bolted directly to thsse brackets. Tapoff gases 

tapped from a pert on the a. is of each injector pass through a sleeve 

and into a tangential collection onnifold threading through small cut- 

outs in the bracket webs. Turbopump mounts are fastened to two adjacent 

thrust brackets. Turbine exhaust gas is manifolded and distributed 

throu&h eight ports in the conterbody plenum. 

(C) j^?OK Toroidal Aerorpiko. A full combustion zone baffle combustor was 

chosen to represent the toroidal family of combustion at this design 

parameter level. A layout of the engine is shown in Fig. ?67. 

(C) in the full baffle annular toroidal chamber, a rectangular throat slot 

releases primary gas from a cylindrical combustion volume. Chamber 

pressure is contained in a structural box formed by an injector bar 

opposite the throat slot, two chamber half shells, an end plate across 

each end of the cylinder, and two beams, inboard and outboard of the 

throat slot which stretch between end plates. The chamber half shells 

are exposed to the usual hoop and axial tension stresses present in a 

pressurized cylinder, while bending moments incurred in slitting the 

cylinder down one side are absorbed in the throat support beams. 

!      (C) The engine pictured is composed of 32 such segments, arranged in a 32 

«ided polygon. Selection of segment number (N) was constrained pri- 

marily by weight tradeoff which determined an optimum end plate separation 

j to be 11.3 inches. Vith the selection of an end plate separation, and 

a value of area ratio, ths number of segments in the engine was limited 

to a snail range of integers dependent on end plate thickness. 
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(C) An «erospike ekirt length of 192 the length of • 15° half angle cone 

to an area ratio of ISO is shown in the engine layout. An outboard 

shroud to an area ratio of 3.5 was used. A hemispheric plenum center- 

body vas used, with a toroidal manifold to tangentially distribute 

turbine exhaust from the torbopump outlets. 

(C) The coobastor segment injector (Fig. 169) provides the following flow 

schemei single up pass inboard wall tube, injector face tapoff, and 

double pass outboard wall tubes. Tapoff gas is tapped from the chamber 

at the side of the face near the outside fuel injector strip. An 

insulated sleeve ducts the gas through the end cap feed passage and 

into the tapoff manifold. Fuel is fed from a manifold on the back of 

the block through down holes directly into milled grooves in the 

injector face. The grooves feed face strips which inject the fluid 

in the selected pattern. Oxidizer is introduced from a tapered 

toroidal manifold located near the top of the skirt. The coolant is 

double passed downwards to cool the lover skirt and then flows upwards 

to the combustion chamber in a single pass. The single pass wall tubes 

start flattened at the feed manifold, become circular in cross section 

at the throat, and return to an oval cross section toward the injector 

to reduce coolant velocity. The wall tube bundle is brazed into a 

continuous groove in the injector block.. The N...0. flows into a deeper 

groove with holes drilled in the groove bed. These holes cross to a 

deep drilled hole traversing the injector block lengthwise. The coolant 

flow splits into two parts, one flowing along the deep drilled hole to 

cool the end plates, the other passing through cross holes to a third 

welded manifold which feeds the downpass tubes of the outboard wall 

bundle. The up pass tubes of this bundle feed a second deep drilled 

hole containing the return flow from the end plates. Small cross holes 

then feed oxidizer to the injection strip grooves. 
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The «agin» was assuaed fi»d, with thrust rector control provided by 

aide liquid injection of H^. 

(C) Coawarifion to 3^ Poll fttfne. The overall engine length of the SO* 

bell engine shown in Fig. 169 is 205 inches. On this same basis of 

length from the exit plane to the forwardaost point on the engine, the 

Baltichaa>tr and toroidal engines are k% and kO% respectively of the 

bell chamber length. The overall disasters of these engines were Ik? 

percent and 125 percent the diaaeter of the conventional engine. 

(C) A comparison on the basis of physical overall length has questionable 

validity at this design poiut, as the degree of engine/vehicle integra- 

tion varies «song Vii designs. If a comparison is aade on the basis 

of length attributable to the engine over and above that of its 

associated tank bottom (45 degree cone for bell engine, 0.7 ellipse for 

asrospikes), th* nultichaaber and toroidal engine lengths are both Z6ji 

of the bell leAgth. The provision of a conical tank bottom for the 

bell engine would further increase the length and weight of interstage 

structure in this u^per stage application. 

Kedlua Tiirustjtiow dSTttbyr Pressure Saline Design 

(0) Kultichaaber, toroidal aerodynaaie spike engines and a single bell 

engine which *r» suitable as the propulsion systea for a medium thrust 

low chanter pressure application are presented in rig. 171 through 

175. The engines generate 658,000 pounds of thrust at a chaaber 

pressure of 300 pain. Propellents are supplied to the thrust chaabers 

by tank pressure. Are« ratio was Halted by the 13 foot tank disaster 
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(fixed by a »üxtaiia overland transportation envelope) for the toroidal 

and ■ultichaäber engines and by nozzle separation for the single bell 
engine system. Table Ik  summarizes the envelopes found for these 

booster configurations. 

(C) The annular toroidal combustor is divided into thirty-six (36) segments 

by full combustion zone baffles. Each group of three segment is plumbed 

in common to form twelve (12) modules. The modules are fed in groups 

of four froa three fw»l and three oxidizer ducts, each fitted with burst 

diapgragms. Engine start is initiated by pressurizing the propellent 

tanks. Cutoff is accomplished by propellent depletion, these sequences 

are also practical for the analogous multichamber configuration. The 

oultichamber design (Fig. 171 ) employs twelve chambers, each bell 

module being analogous to a three segment module of the toroidal config- 

uration. The bell modules extend to an area ratio of 5»** which brings 

the exits nearly tangent. A small exit separation is necessary to 

accommodate the structural rings and ablative liners. 

I 

(C) Although regenerative cooling of a sonic tube toroidal combustor is 

feasible for these engine parameters, ablative cooliug was employed in 

the present study since regenerative pressure drop 1B reflected directly 

as a tank weight increase in pressure fed stages« 

(C) Both multichamber and toroidal ccabvistors ext cooled by the ablation 

of a phenolic refrasil liner which is bonded to the structural shells 

with a high temperature adhesive. An ablative liner thickness of 0.63 

inch would be required at the throat of either combustor for cooling 

over tho 91 second burning duration. Char erosion of the throat 

dimension may be held to 6 - 8 percent of ablative thickness by in- 
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jecting approxia»tely 2 percent of fuel film coolant along the chamber 

valla, baaed on LEM engine testa. A 8 percent surface regression cor- 

responds to throat area Increases of 2 percent, 1.5 percent, and 0.5 

percent for the annular toroidal, multichamber, and .tingle bell combus» 

tora respectively. 

(C) Huitichamber coabustors should show char and erosion depths slightly 

less thou those experienced in ännülär c-Ombustöfs under similar surface 

conditions, since the beat streamlines diverge radially, i.e., the 

cross sectional perimeter exposed to hot gas is less than the perimeter 

being charred. This effect is small at the 6s8K design point, the 

diminution in heat flux at the char layer amounting to 5 percent when 

half charred and 9 percent at full char. At lower module thrusts and 

longer burning times, this effect would become mors important. 

(C) Thrust load transmission in the toroidal design is accomplished by 

supporting the centerbody and skirt loads by a honeycomb sandwich 

shell backing the ablative coolant layer. This shell is welded to the 

inboard throat support beams of the toroidal segments. Engine thrust 

is transmitted to the vehicle through twelve thrust mounts welded to 

the segnent end caps bounding each module. The load path in the 

multichamber configuration is somewhat more complex, as it was assumed 

here that some weight could be saved by utilizing the outer structural 

shells of the bell modules as members to transmit expansion nozzle 

and centerbody components to the module thrust structure. These shells 

could be built op of welded sections and ablative liners bonded sad 

cired in place. A reinforcement ring was placed around the module 

exit« to distribute the nozzle line load and bending moment into the 

twelve member«. The rings also provide a convenient place to weld 
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ablative cool^. baffle plate» which seal the boattail from recirculating 

c»s. k  bolted coanectiat is shown et the interface of the tpike nozzle 

and the bell modules. Tfce ablativa liners of each module and the spike 

are case and cured as ioiepeudent units« 

(c) The thrust structure shoo, in Fig. 171 is composed of twenty-four (21*) 

tubular thrust struts arranged in a lattice. The struts are 17-7PH 

steel as is the propellent tankage. Welding of 2b  such struts into 

place would be considersily cheaper then the construction of a semi- 

monocoque or sandwich shell over th*> same span. A monocoque shell of 

thickness constrained by ccapreBsiva yield stress (t=0.0l6 inch) was 

found to be unstable in zha local buckling mode. Local reinforcement 

around the strut attachment points will be necessary to diffuse the 

loads into the membrane. The placemen*- of anti-slosh and anti-vortex 

baffles on the tank interior would be coordinated with these attach 

points to minimize the weight of such reinforcement. 

High Thrust, Hi.^h Chamber Pressure Engine Design 

(C) The last design point evsluated was for an engine system which operates 

at high (2000 psia) chamiar pressure and delivers 2,000,000 pourd^ of 

thrust at sea level. Typical raultichamber and toroidal-aerodynamic 

spike engines and a single bell chamber engine which meet these re- 

quirements are shown in Jigs. 176, IT7,  and 173. These engines are 

regencratively cooled with N_0. at supercritical pressure. Parallel 

turbine*} driven by primary combustor tapoff gases are used. Both 

engines contain eight mobiles, each fed by its own separate oxidizer 

and fuel turbopuop. The area ratios of the annular engines were 

limited by an 18 foot veiicle diameter. Jet separation at sea l»vel 
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?; constrained tb* area ratio of the ball thrust chamber to a much lower 

! value of 35. Disi*naioas for these engine eysteais are given in Table 1* . 

Kultichamaer module area ratio was eet at 30 to provide nearly tangent 

exits without sea level separation of the bell nodules. The toroidal 
t 

combuetor is shrouded to an area ratio of 3-5 to maintain chemical 

reaction equilibrium during the initial part of the expansion process. 

t an aeroepike nozzle lenth of 19 percent of a 15 degree hold angle cone 

• of equivalent area ratio was selec-.ed for the toroidal combuetor. An 

f. equal percent length raultichanber coisbastor would have had no common 

spike, as all of this length would be taken by the bell modules. A 30 

percent length configuration with a comaon spike was assumed for 

;•■ layout purposes« as this value corresponded to that of the cold-flow 
V 

' model tested. 

(c) Several turbopump mounting positions were considered for the toroidal 

configuration. The radial inclined position was selected since it 

(1) had short propellent discharge ducts which were closely coupled 

to the coabustor and supported the turbopumps, (2) packaged within 

the dimensional confines of a module, (3) made provision for a parallel 

turbine tapoff system, and CO minimized the length of hot gas ducting, 

tounting the pumps outboard of the toroidal combuator required very long 

turbine discharge ducting to feed secondary flow to the aerospike 

centerbody. A comson axis turbopuop with back-to-back turbines could 

be packaged within a module if mounted "horizontally" (axis oriented 

in the circumferential direction perpendicular to the vehicle center- 

f line), but this produced poor exit conditions for the turbine exhaust 

gases and required elbows ahead o.T the pu-ip inlets (increased K?SH 

requirements). This configuration required as much separation between 

the top of the toroidal comlrustor polygon and the tank bottom as the 

radial inclined position and so offered no «ngine length saving. 
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(C) Turbopump mounting in the 2000K multichamber aerospike design resolved 

to a choice between placing the machinery with axes nearly parallel to 

the vehicle centcrline and with discharges opposite the bell module 

Injectors or opposite the sodule/conaon expansion spike transition. 

The former option was chosen as it permits placing the turbooachinery 

nearer the module thrust structure, at points where the bell modules 

are comparatively rigid, and where the lengths of oxidizer inlet, 

fuel discharge, and oxidizer and fuel turbine tapoff lines are min- 

imized. As turbopumps are placed between, rather than inboard of the 

bell modules, maintenance access to them may be gained after engine/ 

vehicle mating through doors in the non-loadbeariug outer shroud. 

Mounting the oxidizer turbine between chambers also places its dis- 

charge in a favorable position for the introduction of intermodular 

bleed gas, as shown in Fig. 176. This mounting does have the dis- 

advantage of long oxidizer coolant feed ducts. 

(C) Coolant transfer between multichamber modules and the expansion 

nozzle tube bundle was accomplished by placing eight collection mani- 

folds around the expansion nozzle and ducting the flow to eight 

distribution manifolds around the module exits. The bolted flanges 

shown could be welded if disassembly for maintenance is not necessary. 

(C) Theoretical minimum pressure drop is achieved in regenerative mulii- 

chamber combustora along a single dowrpa&s flow path. This flow path 

is inconvenient from a systems standpoint as it requires an extra 

duct to return the coolant to the module injectors. 

(c) At high chamber pressures where combustion chamber dimensions art 

relatively small and at high thrusts where relatively large tanifald 

areas are required for constant manifold velocity, another effect Is 
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observed. Figures 179 ui 180 ere sketches of • multichaml>er module 

injector sized to the flow requirements of the ?.»0K design joint. It 

can be seen that the injector used with the single downpass cooling 

path requires four tangential distribution manifolds whose space 

requirements becoms awkward for the manifold velocities assumed. In 

contrast, an up pass injector requires two lees welded manifolds and 

allows the use of a thinner injector block. Additional, injector 

block thickness is required in the doweposs injector as space for the 

tapoff manifold. In this configuration, both tapoff ports and coolant 

tube fetid holes must be located near the injector face. In the up 

pass injector, the tapoff manifold may be located aft of the injector 

face plane, since the coolant feed manifold does not interfere with 

it. 

: I 

(C)An alternate mounting fox the orilizer pump opposite the module/spike 
transition was also considered for this application.    A pasa-and-one- 
half flow circuit was visualized in which oxidizer would flow first 
aft and then forward to cool the spike nozzle then transfer to the bell 
chamber in a single up pass.   The position of the punp discharge 
opposite the flow transition was found to offer no significant advan- 
tage over the configuration shown in Fig. 176 .   A double pass spike, 
although containing JO fe-cent fewer tubes, requires two manifolds 
at its forward end, one for distribution and one for collection, in 
addition to a turning manifold at its aft end and the distribution 
manifold aromd the bell module exit.    This amounts to an extra man- 
ifold over the single up pass configuration pictured.    In the analogous 
pass-and-oxie-half Inttard wall toroidal configuration of Fig. 177 , 
this extra manifold is obviated bya direct two-for-one tube splice, 
which is geometrically inconvenient in a multiehamber oombv*tor. 
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Figure IflO. Single Down P*a« Flow Path Injector 
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(c) Thrust vector control requirements are satisfied by aid« injection 

of liquid HO, in the 2000K systems shown. Mechanical gimbaling by 

conventional and can ring gimbals was considered for the toroidal 

configuration. A high weight was computed for a conventional point 

ginbal at this large diauater. The cam ring gimbal was found to be 

somewhat lighter, but required two 2870 horsepower gap turbines 

(comparable to the output of an extra turbopurap) to actuate the rings 

tangential!/. Combuotor and opike nozzle segment rotation requires 

hot gsgeeala and propellent transfer bellows. It was concluded that 

mechanical TVC methods were competitive if a 6 degree displacement 

wsre used over a large fraction of the burning time, but if the time 

averaged requirement was closer to 1-1)4 degrees, as was expected, 

side fluid injection would be more feasible. 

(C) The hinging or gimbalin; of modules was also investigated in connection 

with the 2O00K multichaaber configuration, but side liquid injection 

was selected for the engine layout. Major areas where gimbaling of 

multichaaber bell chambers differs from gimbaling of bell clusters 

Include increased complexity of intermodular bleed baffling and the 

!"idule/coffi3!on expansion spike coolant transition. In the fixed module 

configuration, intermodular bleed gas (if required) can be contained 

between a common outboard shroud, the spike/centerbody thrust structure, 

forvr?d baffles around each chamber fitting with omega joints to 

accept the ox'dizer turbine exhaust ducts, and the outside of the 

chamber nozzles, as shown. If these chambers were cade movable, tie 

outboard shroud nuet be segmented, and the gas duct? must either be 

placed asymmetrically or gas must be ducted from both turbopumps. 

If four chambers were hinged radially (Fig. 131a} to produce a side 

force equivalent to a 6-degree gimbal of the entire engine, each 
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Pigure 181. Multiehanber Thrust Vector Control By Module Displacement 
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chaaiber would have to be rotated outward from ite nominal poeitioa of 

f ^» «9 dt-greds to ft ■ -11 deyreaa, a total travel of 20 degrees. 

IMs rotation corresponds to a linear translation of 5? inches at the 

module exit plane. If four cheisbers were fimbaled in the direction 

of desired boatt ill cation (Fig. 181b) to produce an equivalent 6 

degree gisfcal side force, each chamber would have to be rotated 15 

degrees froa the ß =» +9 decree position. This corresponds to a 

translation of 26 L25b.ee at the module exit plane. The ducting used 

to transfer coolant ?cross the moduled spike transition must absorb 

these tren&Ktio £. Bellows with the necessary elastic deflection 

would be vary long. Another deivce for this span wouli. be an arrange- 

ment of three iswivel joints (Fig. 182). It would alsc be possible to 

employ ablative cooling on the cossaon spike in multichajber combustors 

with giaboled modules. 

(C) The transmission of thrust components from the 2000K aultichsaber 

expansion spike and ceuterbody was accomplished through a honeycomb 

shell independent of the module thrust mounts. This shell also serves 

to exclude intermodular bleed gas from the engine compartment. The 

shall accepts the line load from the forward end of the spike tran- 

sition i»*nifold and transmits it to the tank bottom. Here it is 

assumed that baffling inside the tank transmits the load into the 

cylindrical vehicle shell. Kosent resisting brackets, diffuse the 

distinct module thrust loads into the seme vehicle shell. 
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(a) Swival Jointed Coolant Transfer Line Adaptod to Wodule Hinging 

J»u?l Position Actuated Position 

(b) Swivel Jointed Coolant Transfer Line Adapted To Module Gimhaling 

Null Position Actuated Position 

Figure 182.Module/Spiko Coolant Transfer For Multichamber 
Engine Mechanical. Thrust Vector Control Syntema 
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(0)  In tha futur», emphasis will continue to bo placed upon rocket engine 

simplification and flexibility in deeign, versatility in operational 

Bodes, and utility in a variety of applications th2* ■'•hides will 

require (Fig. 183). 

(0) Tfca aerosplke engine concept is particularly versatile in meeting 

future flexibility and simplicity requirements. Scae of tha more 

salient features of tha acrcopike concept contributing to its versatility 

are described in the following paragraphs. 

Aoro3p1fcs Nozglq Ferformanc«. 

(C)  in attractive feature of ths aerospike engine is altitude compensation, 

which gives high nozzle performance over an entire flight trajectory. 

In operation at vacuum, the outer froe-Jet boundary of the priü»ry 

flow expands outward, governed by the nozzle exit conditions. At 

low pressure ratios, (sea level operation), high ambient pressure 

influences the outer froe-jet boundary of \'r.*» primary flow field with 

the result that nozale wall pressures are approximately maintained 

at or abova ambient pressure» 

(C)  The nozzle thrust coefficient (O trend for a high area ratio (constant 

geometry) aerodynamic spite nozzle is shown in Pig. 184. High performance 

at a high pressure ratio results, and the C„ curve follows ideal 

nozzle performance rather than dropping off rapidly at low pressure 

ratios as with ^he high area ratio bell nozzle. This altitude- 

compensating feature results in highly efficient operation at both 

sea level and high altitude, thereby permitting the saw« engine (unchanged 

and with high area ratio) to be used for both booster «ud upper stag« 

applications. 
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(C)  A-rcspika engines also have, due to tbe readily changeable outer combuatur 

body, a further capability for efficient multiple application. By 

using different outer coabuator bodies, the area ratio can be changed 

to improve the performance     for various applications of the sane 

basic engine. By substituting an outer coabustor body which produces 

a different area ratio, the airospike engine con be optimised for 

various applications without changing the envelope diameter or the 

chamber pressure. 

Aerospike Engine Geometry 

(C)  The combination of the toroidal combustor and the aerodynamic spike 

nozzle provides an inherently short-length compact engine. The turbo- 

pumps, ducts, control, and thrust structure can be packaged neatly 

and accessibly within the central cavity of the thrust chamber, enclosed 

by the nozzle. The packaging, plus the shortened structure, make it 

possible to provide a high performance engine that is 75 percent 

shorter than an equivalent engine with a conventional bell nozzle. 

(C)  The engine gimbal, which provides thrust vector control (TVC), is 

loc ted in the plane of maximum engine diameter. A gimbal deflection 

can therefore be accomplished without Increasing the engine envelope» 

This permits the engine to fill the available envelope completely, 

thereby allowing a higher area ratio nozzle to be used in the design 

compared to an engine with a nozzle which must bo designed to as 

envelope physicelly smaller than the available envelope to allow for 

giabaling (Tig. 185). 
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(C)  An elongated veraion of tue aerospike ergine in which the toroidal 

conbustor and nozzle take HQ "oval" shape can also be designed. The 

elongated nozzle can have an elliptical shape or have straight sides. 

This concrpt is attractive fc» vehicles which are aerodynamically 

optimum with a non-circular aft end. An example would bo recoverable 

transport vehicle designed with aerodynamic lifting surfaces for re- 

entry and landing (Pig. 186), The elongated aero3pike engine will 

allow an efficient integration of the rocket engine into these vehicle 

designs. The nozzle flow field and Performance for this engine are 

similar to the circular asrospike engine. 

(C)  For increased thrust, clustering of engines for future booster has 

considerable morit. Clusters cf the high-performance altitude compen- 

sating aerospike engines would offer an attractive booster propulsion 

system. An artist's illustration of a future launch vehicle with the 

same engine used in a cluster for the booster, and singly in the upper 

stage ia shown in Fig. 187.For this application, the booster and upper 

i»tage engines could have area ratios optimized for maximum performance 

by the changeable outer conbustor body concept previously described. 

(C)  The annular nozzle engines with the nozzle encompassing the entiro 

diameter of the stage are also attractive for high thrust, booster 

stage engir:as(Fig. 188). Several design concepts are possible. In 

general, they all incorporate the concept of a se^oented or modular 

engine. Basically, the module is defined ao a complete conbustcr 

and nozzle segment with integral pumps and power cycles. Engine 

modules ar«j identical and independent. The complete flight propulsion 

system consists of an optimum number of these "building block" modules 

connected solely by the start and shutdown signal system. 

t   ' 
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IQ\     Inherent In the caao-spt of an annular nozzle combined with a toroidal 

combustion chamber ie the feature of segmentation.   Kith this feature, 

initial engine develoj .ant c&n be perforE?d using email, easy to handle 

'«JSaenta" of the couplets annular thrust chamber (eeo Figs 189 X The 

hardware for these segments would be identical to th* hardware used 

in the cosplete circular thrust chcnber.   The segment testing vuld 

be conducted for the development of the high-efficiency Elector and 

coBibuator, and in demonstrating long life for the thrust chamber.   Thus, 

significant reductions in development coats can be achieved by developing 

full-ecale portions of the engine before asssmbly into a complete 

engine module.   A further discussion of the segmented testing feature 

of the aerospUca concept and the associated potential co3t savings is 

included in the cost and reliability analysis portion ox this report« 
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8 RELIABILITI AND DCTBLOFMENT H*QCBJ& COST ANALYSES 

(C)  Cost end reliability comparisons of the aeroapike en?'JIB with multichamber 

plug cluster systems and conventional boll engines hp.ve been acccrepliehed 

for both stcrable and cryogenic propellaatB. The reliability studies 

were used to establish development plane (testing requirements) for each 

of tha various engine configurations considered by combining both 

reliability and cost data in a r-athcmatical model which simulates the 

development of a rocket engine. The development plans were then employed 

in the coat comparison analyses for the various system. 

(C)  The cost studiee were conducted parametrically, so 'chat the Influence 

of design parameters such aa thrust, module siee, chamber "essure, and 

power cycle on MD cost was determined. In addition, the effect of 

changing xhe reliability goal and development philosophy were analysed 

to establish their influence on the development program require'aents. 

?revioua cc«t and reliability data froa studies of several advanced 

systems (Refs. 16 through 29) were also reviewed and employed fox the 

current studies where applicable* 

(3)  The analytical techniov.03 used iu the cost and reliability studies, end 

the results obtained are presented in this section. 

1 

(C) One of the primary tools toed in the development program analyees to 

determine efficient programs for advanced systems is the "conceptual reliability 

growth model*. Tals modol has been formulated to conceptually describe 

the "growth" of reliability of a propulsion system during the development 

process« Vhea tne reculte of chis model are combined with appropriate 

cost information, an effioieat development program for any selected engine 

configuration can be analytically calculated. 
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(ü) Tha significant vtu-lables utilised la tha aoäel er« listed in Table 15. 

The relationship between the model parameters and an actual development 

program ia represented in Pig. 190. 

(C)  Cna of the »or« issportant tasks in the reliability «tudiea was to 

determine tlie reliability growth parameters (failure modes, failure 

rates, and probability of fix) for the eyatet&s analysed. An intensive 

analysis of tiie advanced ayaten designs, operational data, and of the 

historical reliability data for current systems was undertaken to 

accomplish thia task. 

(C)  The first step in the reliability growth estimation was to analyse tha 

various advanced systems io determine applicable potential failure symptoms, 

and to identify system operating points which would 3igoificcntly affect 

these symptoms. Historical engine development data (F-l and J-2) were 

then evaluated using existing iuatheaatic?2 models, to obtain maximum 

likelihood estimates of the initial failure rates and probabilities of 

fix for each failure symptom. Finally, the design configuration and 

system operating points of the advanced systems were correlated with 

those cf the historical systems to obtein quantitative estimations of th«i 

reliability growth model parameters for the future systems. 

(C)  One» the reliability parameters wore obtained for each system, they were 

utilized ia the reliability growth model and combined with appropriate 

cost data to establish efficient plans for any given future engine system. 

(U) The Mthod at arriving at the moat ttfi  >nt development plan for the 

given advanced engine system will be described In this section. In 

addition, development philosophies of the various systems will be discussed. 
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TABLE 15 

SIGNIFICANT BEVELOBiEÜT PROGRAM VARIABLES 
COKFIEOTIAI. 

Development Process Hnlijibility Growth 
Kcdal Pornjiotwra 

Engine hardware with 
unknown weaknesses 

Development testing 

Failures or symptoms of 
failures 

Corrective action 

Failure syaiptoas and causes 
Failure rates 

Hurat>er of coinponür.ts and 
e'igine system teats 

Teat durations 
Stress levels 

Expected failures 

Probability of fix 

The definitions of the basic moOle parameters are shewn below. 

Failure Symptom: 

Failure Cause: 

Failure Batet 

The oboerved phenoEenon which 

is the result of a failure; 

e.g., seal leakage, small line 

failure. 

The actual cause whic. initiates 

tho failure phenomenon! a.g., 

fatigue cricking of seal bellovsi 

excessive systoa vibration 

causing «tall line to fail. 

The rat« of occurrence of tha 

fail'ire cause. For "start" 

conditions tha rate is the 

probability of occurrence during 

a single start transient. 
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DEVELOPMENT TESTS 

FAlUL<E 
SYMPTOMS 

RELIABILITY PREDICTION MODEL 

FAILURE CAUSES 

?AHU?.E RATES 

PROBABILITY OF FIX 

NUMBER OP COMPONENT 
AirD BIGIKE TESTS, 

TEST DILATIONS 
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figiir* 190.    Actual Rocket Engine Development Procens 
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Ihv\-loTiaf.'.it Profttvn Optii'lzatio.'i IVGcc.liirn.  Figure 191 illustrate» the 

(C)  procedure which was utilized to determine efficient development programs 

(testing requirements) for the systems analysed. The first three steps 

which provide estimates of the system reliability crewth parameters 

were described in the preceding paragraphs. 

(C)  The fourth 3tep involves analysis of the advanced system configuration 

ar.d operating points in order to cake initial estimates of effective 

develojment test categories. Major components and/or subsystem were 

selected for testing based upon: (l) the validity of the test environ- 

ment, (2) the capability to apply "overstress" testing techniques, 

(3) the economic feasibility of the tests, and/or (4) aecumed engineering 

priorities which require at least a minimum demonstration of a component's 

design integrity prior to its us<5 on tests of an expensive full eise 

engin« module. 

(C)  to initial system development was detc-raJned (Step 5) for each engine 

system considered. The development program consists of a chronological 

schedule of blocks of component, subsystem end System test categories, 

and includes the average intended test durations for each category block« 

(C)  Parametric cost data were then established (Step 6) on the basis of a 

cost per teat for each of the test categories; both the fixed cost per 

test (hardware, labor, special test equipment, etc.) and the cost related 

to dxpected te3t duration (propellents) were utilized. These data were 

then combined and employed with the reliability growth model to determine, 

through an iterative process, an efficient (optimized) development plan 

for each system. 
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D3TEKIKATI0H OF 
SIS'M» CONFIGUR- 
ATION AMD DiSICN 
CK'iUTIKG POINTS 

jSAUsis OF HISTOR- 
ICAL DATA FROM 
PREVIOUS SYSTEM 
DEVEUMHEffr PTi^GäMÖ 

ESTIMATION OF RELIABILITY 
GROWTH PARAMETERS FOR 
"Nuw SYSTEM 

1. Expected Failure Kodes 
2. Probabilities of Fail- 

ure Kyr.ptou Occurence 
3. Probabilities of Fia 

DETERMINATION OF EFFECTIVE 
DEVELOIMEtiT TEST CATEGORIES 

1«   Component Tests 
2. Subsystem Tests 
3, Conpone.it and Subsystem 

Failure Mode Stress 
Levels (Validity of 
System Environment) 

FORMULATION OP 
SYSTEM 

DEVELOPMENT FLAK 

(Component and 
Subsystem Test 

Schedule) 

ESTIMATION OF 
COST Fail TEST 
FOR EACH 
DEVELOPnüIT 
TEST CATEGORY 

■    — 

GEKERATION OF SYSTEM 
RELIABILITY GROWTH 
CURVE AKD TEST 
CATEGORY EFFICIENCIES 

—c* 

ANALYSIS OF RELATIVE 
EFFICIENCIES* OF DEVEL- 
OIMENT TEST CATEGORIES 

♦AS/AC a Expected 
Increase in Systen 
Reliability per Unit 
of Development Cost 

OPl'il-iiiED tTiSTES 
DEVELOPMENT PLAN 

1.Required Numbero? 
Component and Sub-' 
system Tests 

2.Totnl Expected 
Oiflrating Duration 

♦ 
ADJÜSTEÄE.T OF DE7EL0E1EKT 

PLAN AKD RELATED COSTS 

4 Iteration 

ESTIMATION OF TOTAL 
DEVSLOJKENT PROGRAM    ! 

COST 

1. Hardware 
2. Labor 
3. Propnllants 
4. Facilities 
5. Test Equipacnt 

SYSTEM COMPARISONS 

1. Perturbations on System Operating 
Points 

2. Alternate Designs 
3. Cost-Effectiveness Tradeoffs 
4. Perturbations of Basic System/ 

Program As captions» 
Schedule, Labor, Facilities, 
Propelltait Cost, 

CONFIDENTIAL 

Figure 191» Syoteo Developaent Optimization Procedure 
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(C)  The \teration loop in Pig. 191 illustrates the baaic technique for 

optimizing the efficiency of the ayoteat development program. The 

iteration proceeds as follos/ax the initial development plan la utilised 

in the growth model to generate system reliability gi'owth as a function 

of the number end type of developaent teate conducted. At various 

phases in the program, the relative efficiency of each teat category 

is evaluated. Tliis efficiency is defined as the expected increese in 

eyston reliability per unit of development cost invested (AB/^C)« 

Based upon the results o* tikis evaluation, the development program is 

adjusted in an effort to increase the amount of reliability growth per 

development dollar. In other words, teat categories which are highly 

efficient are emphasised, and those which are relatively inefficient 

are either reduced or eliminated through successive Iterations. 

(C)  Several development plans were generated for cueü OUVöüCSU systcs 

evaluated. The most efficient (most economical) plans for each were then 

selected for determining R&D program costs and system comparisons. On 

the basis of the development plans established for each system, the 

relative MD program costs were readily determined by multiplying the 

cost per test data by the respective test requirements in each category 

determined from the reliability analysis. 

(C)  The K£D cost analyses were conducted paranetrically. Variations ia 

engine design parameters such as thrust, chamber pressure» module oise 

and power cycle were examined to determine their influence an BAD 

program costs. 
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(C)    Ccrvttntioryil Pw'-'t'JLotr^n?;, AWTCR^.    Tli« historical development philosophy 

wrich evolved during tha Thor, Jupiter, Atlan, H-l, and F-l engine 

programs has deaonutrated its capability to develop a reliable conventional 

b»>ll engine.   This historical philoaoph placeo emphaei3 on complete engine 

systea testing to arrive at the required reliability goal.   Consequently, 

The test plans baaed on thio approach necessitate a large nuaber of R&D 

engine teats.   HovsTsr, higher thrust and chamber pressure applications 

of future systems place severe limitations upon this development approach 

by prohibitive ccate in requiring large numhers of complete systea tests« 

(C)    One of the outstanding features of the aerospike engine is it3 inherent 

amenability to the eegmented development approach.    Although the conven- 

tional bell engine can be developed to some extent by u*e of sub-scale 

hot-firing aodels, the approach is not very satisfactory.    Actually, it 

involves development of tvo separate engines, and in addition, results 

cf the hot-firing oub-scale iiodels are rot directly applicable to the 

full scale prototype hardware. 

(C)   For the aerospike ooncopt, testing can proceed     through 

various segment thrust levels (10,000 lbs, 42,000 lbs, 200,000 lbs, etc.) 

to a full thrust nodule or engine. The segment tests can be relatively 

inexpensive long duration pump fed and short duration pressure fed runs 

which expose more failure codes and the results are directly applicable 

to the full-eize chamber. As a result, the eer«3pike engine ey3tem 

«ill require fewer of the expensive complete system tests to attain the 

same reliability goal as the conventional bell engine. 
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CONDUSSUIED 

(C)  The eäb0 philoooiihy holds true for tlte multichambei- plug cluster system. 

In effect, individual boll engine systems, vhich do not lead themselves 

to segmentation, must be developed in such a configuration, Again, 

this requires a larßwr number of the expensive full engine or uodule 

tests than the comparable aerospike configuration to reach u conaon 

reliability goal. 

(C)  An example of the conventional development approach comparison of the 

aerospike concept with a conventional bell engine is ehcttn in Table 16. 

This comparison is between an aerospike engine and a conventional bell 

system of 20CCK lbs tiiTU3t, 2000 paia chamber pressure, and utilising 

NTO/OTHH (50-50) propellants. 

(C) firaaiination of the data in Table 16 shew that the largest unit tested 

in the aerospike configuration for an equivalent 2000K lbs thrust engine 

system is the 2502 lbs thrust module. The conventional bell required 

over 1000 expensive full-sized 200QK lbs thrust engine tests to achieve 

the same engine system goal as the aerospike. 

(C) The trends are similar when cons paring the aerospike system with a 

multichsmber plug cluster configuration. The comparison given in 

Table 17 is for the test plans to develop an aerospike module and nulti- 

chamber module of 1.5 million pounds thrust, 2000 psia chamber pressure, 

to a system flight i-eliability goal of .99. The propellants in this 

case are LQÄ/Hydrogüa. However, review of past studies and data show the 

same treads regardless of propellants. The plans shown in this table 

are for major test categories only. Appropriate factors have been 

included in the cost analyses to account for all component and sub-scale 

test« in both programs. All studies to date have shown that for a gi.an 

system design point, the aerospike engine is less ezjensive to develop 

than either a single bell or mvltichaaber plug duster configuration« 
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TASLS 16 

COMPARISON 07 KE13R OF TEST3 AND TEST DURATIONS FOB 

COfiVföiTIOSAL V3 AER03PIKE EKGIH3 

(CCfcPlBM ERJK3 TKRICT - 2,000,000 POWITO)      CONFIÜSJTIAL 

Cooveatloucl Basins 72~;5oath Develo}sneat Program 

Syst*a Plight Äoliability => 0.99 

No. cf Teats Duration, seconds 

Turbopun? Tsßta 
(2,000,000 Pounds Thrust) 

Cocibuator Tests (uncooled) 
(2,000,000 Founds T    »st) 

Ccrebuator Tests (cooled) 
(2,000,000 Pounds Thrust) 

Ejigins Tost» 
(2,000,000 Pounds Thrust) 

855 

406 

408 

1          1,080 

79,200 

600 

1,500 

71,000 

AsrcspixB 72-Sojith Dsvslcpient Progr«™ 

System Flight Reliability = 0.99 

No. of Tests Duration, seconds 

10,000-Pound-Thrust 
Unccoled Coabustor 

10,000-Poimd-Thrust 
Cooled Cosbustor 

42, CCO-Poußd-Thr.'at 
U.lCOoied Ccxbuätcr 

'. 2 ,üOö-Pouad-Thrust 
Coolad Chamber 

25-0,'XXk-PouoöVnirust            ! 
Cooled Coabustor 

Turbo puop 
(250,000 Pounds Thrust) 

250, OOO-Foind-Thruat 
Kodule 

182 

507 

307 

557 

57 

1057 

981 

500 

157,800 

900 

65,900 

600 

151,000 

84,500 

350 
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T1BLB 17 

craiPARisofj OP MMBia c? Ttwrs Foa 

K3LTICSASB£a K0DÜLS V3 i&OL'FIEB KOWJLB 

EWUNE siarea FLIGHT; RELIABILITY * 0.99 

(CCHHJKS EH3IKB THRUST - 24,000,000 KXJSBS) 

CCSFIDEHTUO. 

AEROSPIKS MODULE 

Teat Caterory Number of Testa 

200K lta segment (pjap fed «u 
pressure fed) 

Tui-bopunp (LOX and fuel) 

Module (150CÄ lba thrust) 

1018 

1108 

1696 

KJI/TICHJi'iBER MODULE 

Test Category Number of Tests 

?ull size pressure fed 
Thrust Chamber 

I   Turbopuap (LOX end fuel) 

Module (lf.OOK lbs thrust) 

650 

1100 

1813 
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(C)   The relative advantage and resulting coat eaviivi; of the eerospike 

engine's segmenting capabilities increases with en<jlne system alt« and 

chamber pressure. The advantage la alao evident at lover thrust levela« 

For example, a segment approach to development on the current Air Force 

ADP engine study (APC4(61l)-11399) shorn definite advantage for 

a 250K lbs thrust engine and a 30,000 lba thrust F-/H, engine study program 

(AFM(611)-11617) has shown the segment development approach to be 

advantageous. 

(U)   Pertinent coat and reliability study results are given later in this 

section. 

(C) idvanced fteve^oroent Approach,. In the development program analyses 

conducted during previous advanced syatema studies (Bef. 26 and 27)« 

unconventional design and testing concepts which would significantly 

reduce future development costs were evaluated. The most promising 

concept evolving from the studies :tas the turbopump module concept. 

The benefits of this concept are denied from the ability to divide 

a toroidal engine system into its two major subaasembliesi l) the 

thrust chamber assembly, and 2) a turboprop module. 

(C)   The turbopump module incorporates all components external to the thrust 

chmber such as valves, high pressure lines, and t&poff turbine gas 

lines. Techniques have been examined for conducting tests with these 

two subassemblies In such a way as to simulate engine environment on 

the component test stands. In this manner, the number of expensive 

engine system tests required in the development program could be minimized. 

Ideally, only sufficient engine system teats to assure that system 

interactions are consistent with the reliability goal need be conducted« 

Preliminary studies show H4D program cost savings on the order of 

26 percent are possible for the eeroapike system with this engine 

simulation technique« 

HAP 

1 



M19MED 

1 
i 

* I 
1 

♦ i 

(c) The bell engine and multichamber plug cluster would alao realise coot 

savings by engine simulation techniques. The savings are not as large 

for these systems as the aeroopike, however. This is again due to the 

capability of the iwrospike engine to be divided into oaall segments 

which can be pump-fed during BAD test. These tests expose ti.rust chamber 

mainstage failure nodes early in the program at a relatively -ow coot. 

With the bell and multichamber configuration, particularly at higher 

thrust and chamber pressure levels, many expensive full-scale system 

tests are still necessary to expose thrust chamber mainstage failure modes« 

(C) As an example of the effect of the advanced development philosophy effect 

on RÄD test programs, Table 13 shows the comparison of the 1.5 million 

pounds thrust aerospike and multichamber modules to achieve a system 

flight reliability goal of 0.99. Compare these test figures with the 

conventional development test plan for the same two modules given previously 

in Table 17. 

(C) Note that there are still over 1000 expensive full size oystra testa 

required with the multichamber configuration. The same trend rouid be 

true for the single bell configuration. As an example of why this high 

number of full system tests is required for bell or multichamber 

configurations, the present F-l engine development program can be cited. 

During the development of the F-l, an important thrust chamber failure 

mode, r .inr.tage combustion instability, was not exposed during pressure 

fed full-size thrust chamber test3. Engine tests to achieve longer durations 

were required to expose this failtue mode. 

(C) The success of rigine system simulation techniques depends upon the 

ability to "create" tue engine environment for each of the major sub» 

assemblies being tested. The factors which must be duplicated to ensure 

exposure to all potential failure modes with this type of testing were 
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COMPARISON OF NUMBER OP TESTS POS 

MULTICHAKBEK PU'G CLUSTER VS AEROSF1KE MODULE 

ADVANCED DEVELOPMENT (SIMULATION) PHILOSOPHY 

ENGINE SYSTEM FLIGHT RELIABILITT - 0.99 

(COMPLETE ENGINE THRUST - 24,000,000 POUNDS) 
CO.TrlDEKTI/L 

AES03PKB MODULE 

Tost Category Number of Tests 

200X lbs segnent (pump and 3733 
pressure fed) 

LOT Turbopump Moduls 
(1500K lbs thrust) 

2392 

Puel Turbopump Module 
(150CE lbs thrust) 

1881 

Module (150CK lbs dirust) 200» 

MULTICHAMBER MODULE 

Test Category Number of Tests 

Pull size pressure fed 
Thrust Chamber 

674 

LOT Turbopump Module 
(1500K lbs thrust) 

1236 

Fuel Turbopump Module 
(1500K lbs thrust) 

1465 

Module (1500K lbs thrust) 1246 

* Minimum number of test« required to assure system interactions 
are consistent with the reliability goal« 

ED 
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(c) The bell engine and multichamber plug cluster would alao realize cost 

savings by angina simulation techniques. The savings are not aa large 

for these aysterna as the aerospike, however. This la again due to the 

capability of the aeroapike engine to be divided into email segments 

which can be pump-fed during R&D test. These tests expose thrust chamber 

mains tage failure modes early in the program at a relatively low coot. 

With the bell and multichamber configuration, particularly at higher 

thrust and chamber pressure levels, many expensive full-scale system 

testa are still necessary to expose thrust chamber mainstage failure modes» 

(C) As an example of the effect of the advanced development philosophy effect 

on i&D test programs, Table 19 shows the comparison of the 1.5 million 

pounds thrust aerospike and multichamber modules to achieve a system 

flight reliability goal of 0.99. Compare these test figures with the 

conventional development test plan for the same two modules given previously 

in Table 17. 

(C) Note that there are still over 1000 expensive full size systen tests 

required with the multichamber configuration. The same trend would be 

true for the single bell configuration. As an example of why this high 

number of full system tests is required for bell or multichamber 

conflagrations, the present F-l engine dev^jprnent program era be cited. 

During the development of the P-l, an important thrust chamber failure 

nci«, mainstage combustion instability, was not exposed during pressure 

fed full-size thrust chamber iests. Engine tests to achieve longer durations 

were required to expose this failure mode. 

(C) The success of engine system simulation techniques depends \i~* the 

ability tu "create" tne engine environment for each of the major cub- 

ascemblies being tooted. The factors which must be duplicated to ensure 

exposure to all potential failure modes with this type of testing were 
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TABLE 18 

C'JKEL"USON OF NU2Q3ER OF TESTS FOR 

KULTICHAMBER PLUG CLUSTER VS AiHOSFDCB MODULE 

ADVANCED DEVELOPMENT (SIMULATION) FHILOSOFHT 

ENGINE SYSTEM FLIGHT RELlABILITr - 0.99 

(CCMH7TE ENGINE THRUST « 24,000,000 POUNDS) 
COIIFlDEf.TIAL 

AMOSPIKE MODULE 

Test Category Number of Tests 

20CK lbs seguent (pump and 3733 
pressure fed) 

LOX Turbopump Module 
(1500K lbs thrust) 

2392 

Fuel Turbopump Module 
(1500K lbs thrust) 

1881 

Module (1500K lbs thrust) 280» 

Mül/riCHAKBER MODULS 

Teat Category Number of Tests 

Full size pressure fed 
Thrust Chamber 

674 

LOX Turbopump Moduli* 
(1500K lbs thrust) 

1236 

Fuel Turbopump Module 
(1500K lbs thrust) 

1465 

Module (1500K lbs thrust) 1246 

* Minimum number of tests required to assure system interactions 
ere consistent with the reliability goal* 
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categorised aa l) configuration, 2) procedure, 3) ambient environment, 

and 4) dynamic environment. The first three criteria could be achieved 

with present technology. However, the duplication of the dynardc 

environment is a major technolgical area which must be demonstrated 

before the feasibility of this concept can be assured. 

(C)  A program (NASü-19, System Dynamics Inveitigation) is currently in 

progress at Rocketdyne to study the dynamic interface between the thrust 

chamber and the turbopumps for  an  advanced atrospik* 

system. The goal in this study is to simulate engine feed system d.vncmics 

on a thrust chamber test stand, which is fed by a pressurized propellant 

supply. As part of this effort, analyse? are being conducted of the necessary 

facility designs to accomplish the objectives, i-nd mathematical models 

are being developed to predict system start transients. This program 

will provide valuable technological data required to understand *V.e tnru^t 

chamber and feed system dynamics for advanced engine systems. 

Reliability and Co3t Analyses Results 

(c)  The reliability growth model previously described was utilized in 

predicting the reliability vs. number of development tests for vtrious 

advanced systems. The number of tests in each category required to 

reach a selected reliability goal then determine the development 

program expenditure from cost per test d-ta. This section civc typical 

comparison results from the cost and reliability ar.ely3e3. 

(C)  Aerogftilte vs. Conventional Bell En/rine. A stornVle propellant aercspike 

and conventional bell engine of 2,000,000 pounds thrust were compared 

for future funding requirements. The results illustrate the sercented 

development approach advantage of the aerospilce concept. 
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(C) Figur« 192 illustrates the ral&tiTa cost per teat of tha various teat 

c«tAg<:%-iais ahcva in Talil» IS, It is evidn&t that tha fuD system 

tasts era tho governing factor la a dawlopsent progress, Figure 193 

illustrates tJie tremendous ccst a&viaga mfran-tege of th» modular 

earospika engü» over the single ball, JS^ai-i, thia advantage increase« 

the larger the <jy» terns end chamber prassursa considered. Aa previously 

stated, the aeroapike shots definite advantages dosm to and including 

tha 30,000 pounds thrust Air Force ?JSL engine i Further etudiea and 

analysis would be required to detarmine the quantitative cost cdvantage 

of the aercapike sysfcea at the lower thruafc and chamber presaura levels, 

(C) flerogpikn va.Kwlticharator Flua Cluster, Figure 194 Illustrates a reliability 

growth comparison of an «erospike and multichamber engine system of 1.7 

Billion pounds thrus; utilizing TO/ttBJH- JLH. (SO-SO) propellents. The 

engine system consists of 6 modules of 282,000 pounds thrust for both 

aerospike and taultichsaber configuration. Figure 194 illustrates that 

the aerospike system can reach a given reliability goal faster than a 

multichsmber system, 

(~) The multichambex system was approximately 12 percent more expensive to 

develop than the aerospike for the common engine reliability goal chosen. 

The co3t and reliability data for this storable propelltnt case was 

for a conventional development philosophy« 

(C) Studies conducted with IXS/Eydrogen propellants shoved the same coat 

trends for aerospike and sulticheaber systems. These analyses also 

pointed out that the aereppike system cust advantage grew with increasing 

system thrust and chamber praaaur». 
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0.9975 

0.9950 

0.9d75 

0.975 

0.950 

0.875 

zmmmo 

60 100 
COKFDB^IAL 

Percent of Conventional Program Cost 

Figure 191 Comparison of Aerospike Plight Reliability irowtta to 
Conventional Bell Reliability, Each with Respect to 
Bell Program Cost (Constant H4D Tine). .4 
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(C) For the conventional development plan given previously In Table 17 ,  the 

MD program cost savings of the aerospike engine ranged from 9 percent 

at 1.5 million pounds to nearly 13 percent at 3*0 million pounds thrust. 

(w For tlu» advanced development approach (system simulation during component 

level tests) aa suggested by typical test plans given in Table 18 ,  the 

1.5 million pound thrust module muitichamber system is 19 percent more 

expensive to develop to an equivalent reliability goal than the aerospike, 

and 35 percent more at the 3 million pound thrust module size. 

(C) Effect of Design Parsg»ters on R&D Cost. The effect of design point 

parameters on R&D program costs for the aerospike and muitichamber 

systems were ltudied for both LQX/Hydrogen and HTO/UDMH (50-50). The 

trends were found to hold approximately the same relationships for both 

propellant systems. 

(c) Co3t analyses conducted durl"? the toroidal system and muitichamber 

plug cluster »tudies vR#f. 27 and 29) indicated that R&D program soars 

increase approximately 20 percent per 1000 psi increase in chamber 

pressure for a given nodule thrust size. This increase is due primarily 

to higher hardware costs and more system tests required due to higher 

failure rates Associated with the higher system pressures. 
i 
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(C) The R&D program costs increased approximately 22 percent per million 

pounds increase in thrust for the aerospike module size range of 1.0 to 

3.0 million pounds. She increase was due primarily to hitter test 

hardware costs mid higher propellent costs associated with larger systems. 

The aultichsmber plug cluster system was found to increase approximately 

28 percent per million pounds in the same thrust range. This difference 

was due to the problems associated with testing the full site pressure 

fed thrust chamber required in a multichamber plan. Testing of this type 

becomes extremely expensive as hardware sizes and pressures increase. 

(C) Engine power cycle ilso had a great affect on BAD program costs. For 

example, the staged combustion (topping) power cycle was fc:nd to be 

approximately 17 percent more expensive at 2000 psia P and 22 percent 

more expensive at 3000 psia for a given thrust and reliability goal 

than an equivalent tapoff system. The additional expense for the topping 

cycle was caused by the additional major subsystem (precocubustor). the 

higher turbopuap hardware costs, and the expensive preccmbustor/turbopuap 

component tests. Figure 195 is a typical reliability-cost comparison of 

the two cycles and illustrates the advantage of a tapoff power cycle. 

(C) Selection of engine system reliability goals had a significant effect 

on 8£D costs. R&D cost«« vere found to increase approximately 6 percent 

from .965 to .99 ayaten flight reliability and 25 percent fr«« .99 to 

•9975 system reliability. She shaxp increase in cost at the higher 

reliability goals was due primarily to the high number of expensive 

system module tests to attain the higher module reliability goals* 
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(C) Test FaciSfttiea., The various R4D program cost analyses performed at 

Rocketdyne indicate facility expenditures will not affect the cost 

trends reported in this section to eny significant degree. The relative 

base cost will shift upwards with addition of facility costs and the 

relationships of C03t vs. size, chaiaber pressure, configuration, etc. 

will remain approximately the sane. Facilities were found to comprise 

15 to 20 percent of the total 8£D expenditures if all new facilities 

were built. It should be kept in mind, however, that testing of a full 

size pressure-fed tlirust cheaber becomes exceedingly difficult and 

expensive at high thrusts and high chamber pressures. This places 

restrictions on the practicability of testing thrust chambers for the 

oultichambcr and single bell engine configurations. The snail segment, 

long duration pump fed test3 of the aerospike configuration become 

more attractive and practical in the higher thrust and chamber pressure 

ranges. 
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CONCLUSIONS 

(U)Tbi« following major conclusions resulting from this study are summarized 

below.    They are listed under headings of performance, weight, heat 

transfer, design, versatility, reliability and cost, «ad general oonolusions« 

i 
( 

(c) Performance 

(1) The performance of the continuous annular throat aerospike nozzle 

is at least comparable to and in many instances better than the 

80 percent length bell nozzle at design pressure ratio. Aerospike 

performance is significantly better than the bell at low pressure 

ratios» 

(2) Performance of the continuous annular throat aerospike is approp- 

riately 1.5 percent greater than the best multichamber configuration 

at all pressure ratios. 

(3) Nozzle shrouds, sonic pins in the throat, and chamber baffles in 

toroidal chambers can be designed to influence nozzle efficiency 

by less than 1/2 percent. 

CO No Altitude performanoe advantage can be gained by using a large number of 

sultiv 'fflber modules. Eight touching chambers will perform as 

well as any larger number. 

(5) Zests with elongated module exit shapes showed no performance 

advantage over circular exit modules. 

(6) Intermodule bleed may provide a promising method of disposing of 

turbine exhaust gases provided the region between chamber» is 

isolated from ambient pressure. 
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(C) Weight 

(1) The toroidal aerospike configuration was generally lighter In 

weight than the lightest multlchanuer configuration and the single 

bell engine at the 2,000,000 pound thrust level and over a wide 

range of chamber pressure and area ratio. 

(2) The eight touching multichwsber configuration was considerably 

lighter than a sixteen module configuration at the .",000,000 

pound thrust level» 

(3) Elongated module exit chambers will be several times heavier than 

circular exit configurations, the difference in weight becoming 

greater aa the exit shape a/b ratio increases. 

(C) Heat Transfer 

(1) Regenerative cooling of nultichamber configurations becomes more 

difficult ae the number of modules increases. The selection of 

number of modules for a given application could well be influenced 

by coolant pressure drop requirements. 

(2) Regenerative cooling requirements for continuous throat toroidal 

configurations are approximately the same as for a sixteen module 

cultichamber configuration. 

(3) The use of NJD. as «» coolant at eupercritical pressure may well be 

preferable to using USMH-N.Hr (50-50) even when chamber pressure 

is considerably below the critical pressure of Np0.. 
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(c)  £aaiffi 

(1) From tha standpoint of design complexity, the multichamber 

oombustor appears to require more complex thrust structure than 

the toroidal configurations. 

(2) Us« of tangential tapered manifolds In plumbing together multi- 

chamber modules, as opposed to point-to-point plumbing, results 

in a much cleaner design. 

(3) Splayed exit multichamber configurations are difficult to 

fabricate. The long length and high tilt angle associated tilth 

this combustor results In a considerably larger engine envelope 

compared to other aarosplke configurations. 

(4) Considerations of development cost savings through sub-scale 

testing (segmentation) are important at thrusts as low as 

30,000 pounds. Testing would probably proceed from heat transfer 

and injector evaluation with truncated multichamber modules or 

toroidal test segments directly to full thrust chamber testing 

under simulated altitule conditions. 

I 

(5) 

At higher thrust levels, the development cost savings obtainable 

from sub-scale testing become increasingly significant, unless 

multichamber engines of very great H are considered (preseor* 

drop and simplicity goals point to 1 as low as performance will 

permit) toroidal coabuators can always be segmented to lower 

test thrust levels than multichaabera. 

Static and dynamic envelope lengths for single bell engines are 

significantly greater than those for either toroidal or multi- 

chamber aerospikea. Differentiation between overall lengths of 
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*   I toroidal and multichämber aeroaj'iks engines requires knowlsdga wt 

module nusibör of the latter and opttam expansion »oazl« lengths 

of each. 

(6) The contiguous nature of the toroidal combustion chamber spike 

nozzle surface eliminates a class of design problem» associated 

with the discontinuity of multicl"caber ooabuators at the module/ 

spike nozzle interface. Regenerativ* cogent transmission «eros» 

this interface in the nominal circular exit module-coaaon axi- 

8yanetric spike configuration requires a collection manifold 

around each module exit, a transfer duct, and a distribution manifold 

around the spike. 

(C) Versatility 

(1) The altitude compensation feature allows a high performing, high 

area ratio aerospike engine to be utilized unchanged in boost sr 

and vacuum applications. High booster thrust is provided by 

clustering four or more independent er^-ins units. 

(2) The toroidal aerospike concept is unique in its capability of 

being adapted to and fully utilizing unusual afterbody shapes 

such as those proposed for recoverable stages. 

(3) The segment testing concept, which is unique to the toroidal 

combustion chamber, allows such important engine characteristics 

as combustion efficiency and stability, engine performance, cooling 

capability, and thrust chamber life to be economically developed 

and demonstrated with full scale - - but partial thrust segments 

of the complete engine. 
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(c) MiamSLB&Saai. 

(1) Th« eegtsented aeroapike engine will require fewer couplet« system 

tssts to attain th» am« reliability goal as the conventional bell 

engine or the ffitiltichasber engine. 

(2) An advanced development plan in which the thrust cheaber and 

turbopuap aodnlea are developed in a simulated engine environment 

provides a significant reduction in the number of engine segment 

testa required. The plan provides aero substantial reductions 

for iM» aeroepike engine than the sultichamler engine. 

(3) With the engine segment test approach» the aeroapike engine can 

achieve a given reliability goal with leas dollar expenditure 

than for the conventional single bell engine or e multichaober 

engine. 

(C) gSS&rjEl 

Based on the combination of factors considered the following conclusions 

are Bade. 

5 

(1) The toroidal aerosplke configuration Is superior to the multichember 

configuration for an annular aercdynanlc spike nozzle based on 

performance, weight, cooling considerations, and design considerations. 

A sultichaaber configuration would perhaps be preferable if an 

engine system were needed which could utilise existing hardware. 

(2) Consideration of performance, weight, cooling capability, and 

design complexity leads to the conclusion that nultichanber configurations 

should be of conventional touching exit design« For the range of 

thru3t, chamber pressure, and area ratio investigated an eight 

aodu,e configuration is superior to configurations with a greater 

nv»K>r of module* in all criteria considered in this study. A good 

criterion for selecting the nvmber of modules for a booster engine 

is to use the fewest number (down to eight) which will provide near 

touching elralar exits and a non-separated module flm, 
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APPENDIX 1 

METHOD OF ANALYSIS OF HIGH-AREA-RATIO-RATIO-COLD-FLOW DATA 
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APPBIDIX   1 

KE7H0D 0? ANALYSIS 0? KICH-AäEA-RATIO COLD-PLOT DATA 

(U) C- «as defined in the first quarterly progress report as follows: 

F ♦ P, p   b 

"T  X V (1 + £ V 
where ■ the actual specific impulse 

- the base thrust, J P^ dA^ 
■ the net primary thrust 

I. . - ideal specific impulse based on primary fluid properties 
Fp|  ■ ideal thrust for «_ weight flowrate and properties 

(U) Substituting the relationships Fm - Pp ♦ Pb and Cp opt P    A* rc A t 

where       P        ■ total measured net thrust n 

A .      ■ primary aerodynamic throat area 

and rearranging terms results in 

^       (1 ♦ £) Cp       Pc A* 
Up     *opt   c   * 

(U) A flow function (f ) was calculated using one dimensional, isentropic, 
compressible flow theory for critical flow (Ref   6    ).    This function, 

Wp J?~ 
V "  ^—*      »   includes real gas effects for the gas at the nozzle 

*c A t 

throat.   Thus: 

J70 
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^**^ 'opt 

(u) Tho faster» Pm and T_ were measured directly) the factors f-, 6_ and 
Cy  art) obtained using measured data and gas properties. 

opt 
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APPENDIX 2 

HIOH-AHEA-RATIO TEST DATA 
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APPENDIX 4 

WEIGHT FLOW AND WEIGHT FLOW DEPENDENT PARAMETER CALCULATIONS TOR 

TSTRAFLUOROKETHANE (CF.) 

(U) At Rocketdyne's Rocket Nozzle Teat Facility (RNTP) metering the mass- 

flow of the test fluids is accomplished through the use of critical 

flow nozzles (Sonic Venturi Meters). 

(U) For a perfect gas the equation of continuity, the perfect gas equation 

and the isentropic relations to go from the reservoir stagnation 

conditions to the throat lead'j to the following equation 

W = f A P 
(1) 

wnere 

-VffoF 
(U) When the geometrical throat area is used Eq. 1 should be multiplied by 

a discharge coefficient (C ) to account 

tortions in the sonic velocity profile« 

a discharge coefficient (C ) to account for viscous effects and dis- 

(U) The term f is called the critical flow constant and historically has 

been referred to as Fliegners constant. The above relationship is 

however based on the assumption that the gas has a specific heat ratio 

( T)  that is independent of pressure and temperature and a compress- 

ibility factor of unity. For most gases at high pressures and/or low 

temperature, significant errors in mass flow calculations are introduced 
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if the above relations are used. For example at the operating temp- 

eratures and pressure employed at RNTF with air as a test fl'iid errors 

on the ovder of 1 percent could be introduced invo the umss flow cal- 

culations if the ideal ratio of specific heats ( T« 1.40) was employed. 

(U) To circumvent this problem critical flow functions that take into 

account such "real-gas" effects as compressibility and specific heat 

variations with temperature and pressure are employed. 

(U) The method employed to obtain the pressure-temperature dependent 

critical flow function is based on a procedure where the throat static 

state is assumed and the upstream stagnation state at the same entropy, 

but at an enthalpy that is increased by the enthalpy change needed to 

accelerate the gas to the speed of sound, is determined. Use of this 

method requires either tabulated values of entropy, enthalpy, specific 

volume or density and sonic velocity as a function of temperature and 

pressure or an equation of state which will give suitable first and 

second derivatives. 

(U) The detailed procedure involves the following steps 

1. For a given stagnation temperature (T ) and pressure (P ) 

estimate the throat static pressure (P*) and temperature (T*) 

ha/ing an entropy (s ) the same as that at the stagnation 

conditions. 

2. Determine the local sonic velocity for the throat static con- 

ditions end solve for the enthalpy, required to obtiin the 

sonic velocity using the following equation 

Ah ..2 /2gJ (2) 

401 



3. Determine the stagnation enthalpy (h ) required to obtain the 

5. 

sonic velocity. 

h  - h# ♦ A h (3) 

4. For the given stagnation entropy (3 ) and calculated enthalpy 

(h ) determine the corresponding stagnation pressure (P ) and 
0        «.      i     • 

teuperature IT }. If P  :nd T  are not equal to the initial 
0        0      0 

specified P and T etep 1 through 4 is repeated until agree- 

ment is obtained. 

Tne pressure-temperature dependent critical flow function for 

a specific gas is then calculated using the following euqation 

o  o 
O O 

(4) 

(U) The gas properties of air required for the above calculations can be 

obtained from Ref. 20 . However as the pressure and temperature 

dependent critical flow function is available in various published 

papers (Ref. 21 and 22 ) additional calculation was not required. 

(u) For Tetrafluoronethane the Hartin-Hou equation of state (Ref. 23 ) was 

used to obtain the pressure-temperature volume relationship. Tabulated 

values of entropy and enthalpy were obtained from Ref. 2k .    The ratio 

of the specific heats was calculated in the manner outlined in Ref. 10 

and the sonic velocity calculations are described in Ref. 25 . 

(U) To obtain the one dimensional ideal thruot coefficient the following 

fundamental thrust equation is used 

-V. + (P. - P.) A. (5) 
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W For optimum conditions (P « P ) the above equation reduce» tc 

opt 
m V (6) 

(U) Dividing through by P A» the relationship for the one dimensional ideal 

optimua thrust coefficient is 

ropt 

which reduces to 

opt 

ropt 

V* 

e   * Ve 

A V 

V* 

t  (T , P ) V   ,ns 
o' o'    ■»  (7) 

■fc 

(U) If the pressure-temperature dependent critical flow function is avail- 

able the one dimensional optimum thrust coefficient can be rei.dily 

obtained by calculation of the exit velocity obtained for an iipntropic 

expansion of the flow from reservoir stagnation (P ) to ambient pressure 

(P ) as given by the »ollowing equation 

Ve - V2<c*(h (V V " h (V So) ) 

(U) A aeries of these calculations have indicated that for the operating 

temperatures and pressures employed at the RNTF a representative ratio 

of specific heats can be employed to obtain an optimum C_. Per Air the 

representative f is 1.4 and for CF.    the representative Y  is 1.2. 
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