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FOREWORD 

This repor t  was prepared by the  Rocketdyne Division of the North 
American Rockwell Corporation under Contract NAS3-12024. 
the f i n a l  repor t  and summarizes the  r e s u l t s  of s tud ie s  conducted 

from September 1968 through March 1969. The contract  w a s  adminis- 

te red  by the L e w i s  Research Center of  the National Aeronautics and 
Astronsut ics  Administration, Cleveland, Ohio. The NASA Pro jec t  
Manager f o r  the contract  was M r .  John W. Gregory. 

This i s  

The purpose of  the  contract  was t o  analyze, evaluate ,  s e l e c t  and 

design a pump-fed FLOX/methane engine system. This engine has  a 

thrust level of 5000-paunda (22200 N) and i a  completely regeneratively- 

cooled with a channel construction thrust chamber. 

The inves t iga t ion  was divided i n t o  two tasks: 
Drive Cycle Invest igat ion,  and ( 11) Engine Preliminary De sign Evalu- 
a t ion .  
system was selected.  In  Task 11, a preliminary design inves t iga t ion  
of a flight-weight engine using the selected pump drive cycle was con- 
ducted. 

(1) Engine Turbopump 

I n  Task I, candidate dr ive  cycles  wexe evaluated and the  bes t  

ii 
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A 5000-pound (22200 N) thrust FLOdmethane engine system f o r  space applica- 

t ions  was investigated. 

regeneratively cooled thrust  chamber. 

and design points were evaluated i n  terms of performance, complexity, 

operational f l e x i b i l i t y  and development ease. A description of these 

components is provided. An expander drive cycle using heated methane 

t o  provide power to  two turbines operating i n  para l le l  was selected as 

the best  engine configuration. 

and a mixture r a t i o  of 5.25 were selected as  the best design point. 

The engine is pumpfed with a milled chanrel, 

A series of engine design candidates 

2 A chamber pressure of 500 psia  (3450 kN/m ) 

A preliminary design investigation of the selected engine system, major 

components, and operational capabili ty was conducted. Results of t h i s  

investigation are described. 

(40.4 kg) and is  capable of delivering a specif ic  impulse value over 

4X, seconds (3920 N-sec/kg) within an envelope of 21.4 by 40.9 inches 

(53.4 by 104 cm). 
izat ion,  and engine thrust  uprating capabili ty a re  provided by the 

engine. 

The engine system has a weight of 89 pounds 

Tank head start, throt t l ing,  id le  mode, self-pressur- 
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Many space missions require propulsion systems that notonly provide high 
performance but whose propellants can be maintained for extended periods of 
time in space. 
percent oxygen 
suited to this 
with good bulk 
temperatures. 

The propellant combination using 82.6-percent f luorine/l7 e 5- 
(FLOX) as the oxidizer and methane as the fuel is admirably 
purpose. 
density and is characterized by relatively mild cryogenic 
In addition, there is little difference between the usable 

This propellant combination has high specific impulse 

temperature range of the oxidizer and the fuel. 

These features have lead to considerable interest in these propellants, and 
considerable work has been accomplished in developing component technologq. 
Contracts such as I?AS3-11191 (aef. 1) and XAS3-12011 (Ref. 2) have developed 
injector and t i s t  chamber cooling technology. Nozzle performance has been 
described under Contract KASw-1229 (Ref. 3 )  
being developed in Contract NAS3-12022 (Ref. 4). 

Fluorine pump technology is 

In the current contract, engine system design and operational characteristics 
have been investigated nsing component technology information developed in 
contracts such as those described above. 
system are listed below. 

Basic requirements of this engine 

TABLE 1 
EWGIKE DESCRIPTION 

Thrust, pound (vacuum) (N) 
Feed System 
Mozzle 
Cooling 
Thrust Chamber Construction 
&vi ronmen t 

Number of Starts 
Mation, sec (full thrust) 
Throttling 

5000 (22200) 

-? 

Bell Contour 
Full Zegenerative 
Kontubular, Channel Construction 
Space: Earth, Piars, Moon, 

Jupiter, Saturn 
4 or more 
500 
10:1 (tentative requirement) 



With these requirements thrust  chamber designs, turbopump drive cycles and pump- 

turbine arrangements were inves t igsted.  Cendidate configurations were evaluated 

considering performance, ease of development, complexity an6 operstional capability. 

Tradeoffs between the evaluation c r i t e r i a  were mede to  arr ive a t  the configuration 

most sui ted to the requirements. 

then investigated t o  provide a preliminary design description of the components 

and sys t e m  opera ti on. 

The selected engine system configuration w a s  

The investigation w a s  divided in to  two tasks: 

Cycle Evalwition and Task I1 - Engine Preliminary Design Evaluation. 

candidate thrust  chamber desigrm , turbopump drive cycles, and pump-turbine 

arrangements w i l l  be defined and evaluated. 

selected and a nominal design point specified. 

features of this engine were investigated to provide ii preliminzry design and 

operation21 description o f  a f l i g h t  weight engine system. 

TEsk I - Engine T~wbopump Drive 

In Tzsk I, 

The best engine configuration was 

I n  Task I1 the component and system 

2 



Investigation of a turbopump-fed FLOX/methane engine w a s  conducted t o  

determine the character is t ics  of the complete engine system. 

chamber design, t u r b o p p  drive cycles, and pump-turbine errangenents 

were evaluated t o  define the best engine configuration. 

design of the selected system was then provided. 

Thrust 

A preliminary 

TASK I - E%GIi'JS TURBOmTi\'IP DRIVE CYCL3 3VALUATION 

Candidate engine configurations were evaluated to  determine tine system best 

su i ted  t o  the engine requirements. Emphesis was placed upon at ta ining high 

performance within the framework of technology currently available o r  being 

developed. 

channel construction thrust  chambers. 

cooling channel configurations were established. 

and turbomachinery arrmgements were then evaluated a t  these design points, 

Two configurations were selected fo r  fur ther  investigation. 

these investigations, the expander drive cycle with dual turbines was selected., 

T h i s  engine would provide high perfornance and operational ve r sa t i l i t y  with 

a reasonable development program. 

Regeneratively-cooled designs were first investigated f o r  
Design points were selected and 

Candidate ar ive cycles 

Based upon 

The first s t ep  was the investigation of regeneratively-cooled channel con- 

s t ruct ion thrust  chambers f o r  a range of operating conditions. 

r e su l t s  of t h i s  analysis two design points were selected f o r  fur ther  thrust  

chamber and drive cycle investigation. 

From the 
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DESIGif POIETS 

Mixture Ratio, 

I I I 

The chamber pressures were selected on the basis of cooling analyses and 

fa5rication considerations. 

t o  be a maximum chamber pressure value f o r  the nickel,  channel construction 

thrust chamber design. 

pressure drops are high e n d  variations i n  assumptions regarding nominal hest 

f lux leve l  or  method of fabrication c m  signif icant ly  increcse pressure drop 

and fabrication d i f f icu l ty .  

was selected 2s a point where design f eas ib i l i t y  is re la t ive ly  unaffected by 

perturbations i n  the ground rules.  

2 A gressure of 800 psia (5520 kN/m ) appeared 

A t  chamber pressures higher than th is ,  cooling jacket 

2 The chamber pressure value of 500 psia (3450 kN/m ) 

A thrust chamber mixture r a t i o  of 5.25 was selected. 

selected a t  a point less than stoichiometric t o  provide maximum delivered 

specif ic  impulse and low methane temperatures a t  the cooling jacket exit .  
2 expansion r a t i o  of 100:1 was selected f o r  800 psia (5520 kN/m ) chamber pressure, 
2 and a value of 60:l was selected f o r  the 500 psia  (3450 kN/m ) chamber pressure 

t o  maintain equivalent thrust  chamber envelopes. 

This mix,ture r a t i o  was 

An 

For the two design points, a thrust chamber description was derived f o r  each 

engine drive cycle. These descriptions included coolant channel design, and 

i n  the case of the auxi l iary heat exchanger cycle, the design of a thrust 
chamber nozzle heat exchanger f o r  turbine power. A channel design involving 

two s tep  variations i n  channel width was selected ES the best compromise be- 

tween weight, pressure dmp, and ezse of fabrication. 

feas ib le  f o r  both nominal th rus t  and throt t led operation, 

A l l  channel designs were 

The 500 psia 
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To provide turbopump power, f i v e  major drive cycle candidates were investigated a t  

the selected design points: 

1. 

2. 

3. Thrust chamber tapoff 

4. Auxiliary heat exchanger 

5. Expander 

Gas Generator (A) - Low flow turbine 

Gas Generator (B) - High flow turbine, topping arrangement 

Engine systems and flow schematics were described f o r  each of these drive cycles. 

Using the previously described thrust  chamber designs, power balances were performed 

t o  define turbopump requirements. 

designs were established f o r  single shaft, gear driven, and dual shaft turbomachinery 

arrangements. 

efficiency; operational limits, and potential  development problems were identified.  

Based on these character is t ics  a turbomachinery arrangement and drive cycle were 
selected. 

Based on these requirements, pump and turbine 

Performance was calculated assuming 94-percent specif ic  impulse 

Turbomachinem Arrangement Selection 

Performance, design and development c h r e c t e r i s t i c s  were compared and the dual tur- 
bine arrangement was selected for  a l l  drive cycles. 

e f f i c i en t  I simple engine system with turbine f l e x i b i l i t y  during t r m s i e n t  operation. 

This arrangement provides an 

The single shaft turbopump arrangement was unattractive f o r  a l l  drive cycles. 

turbopump penalized the methane pump and turbine eff ic iencies  by forcing them to  m 

at  the slower, FLOX pump, speed. 

the methane pump, which increases fabrication diff icul ty .  

methane pump inducer have rather small blades which, with reasoneble t i p  clearance 

values, may compromise auction performance. 

ments were more a t t rac t ive ,  i n  that each pump operatives a t  its own speed and high 

T h i s  

This led to  a small impeller discharge widths f o r  

The large shaft makes the  

The gear driven and dxal turbine arrange- 
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The dual turbine 

driven arrangement, 

designs can,, i n  most cases, be made identical. 

area the dual turbine arrangement bas an additional FLOX bearing while i n  con- 

t r a s t  the gear driven arrangement has an additional FLOX valve, gears, additional 

methane bearings, and the associated lubrication system. 

angement s have development subcomponents than the gear- 

In paral le l  flow, dual turbine arrangements, the turbine 

Therefore, i n  the sub-component 

Associated with the gear-driven arrangemer,t is the start sequence l imitation 

in which long thermal conditioning times are  anticipated, because power applice- 

tion to  the methane pump must be delayed un t i l  FLOX pump power is also desired. 

The dual turbine arrangements, particularly the parallel-flow arrangement, a re  

independent i n  operation and, therefore, are more f lexible  f o r  development tests, 
engine system s t a r t  and thrott l ing.  

the methane turbine can be powered while the FLOX turbopump is inoperative. 

power input to  the methane pump materially assists i n  reducing the methane side 

priming time. From t h i s  consideration, the dual turbine arrangements were more 

a t t rac t ive  . 

In the ear ly  phases of s t a r t ,  f o r  example, 

The 

From an i n i t i a l  comparison of the drive cycles, the expander and auxiliary heat 

exchanger cycles were selected f o r  further study. The expander cycle has the 

highest performance. Development ease was very reasonable. The auxiliary heat 

exchanger cycle is  the easiest  t o  develop but has low performance. 

cycles offered any s ignif icant  advantages. 

No other 

Engine specific impulse f o r  the candidate drive cycles is i l lus t ra ted  i n  Fig. 1. 

For both design points the expander and gas generator (B) cycles have the 

highest specific impulse. 

by a high engine weight. 

values nominally 1 percent lower. Since engine specif ic  impulse of the low 

turbine flow cycles is signif icant ly  affected by the drive system character 

Gas generator (B) performance is  somewhat reduced 

Tne remaining drive cycles have specif ic  impulse 
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rbine efficiency, pressure drop, i n l e t  temperature) the specif ic  impulse 

9rive cycle development problems are  summarized i n  Table 2, 

signif icant  potential  problem is that of turbine nozzle c3king i n  the cycles 

using FZOX/methane combustion products to  power the turbines: 

(A) ,  gas generator (B), and thrust  chamber tapoff. 

passages, coking could severely reduce turbine performance and represents a 

s ignif icant  potential  development problem. 

the control of the small amounts of hot, corrosive gas i n  the FLOX/methane- 

powered turbine cycles. 

The single most 

gas generator 

In the small turbine flow 

The next most s ignif icant  item is 

O f  a l l  the drive cycles, the auxiliary heat exchanger appears t o  have the 

fewest development problems, with the expander cycle being s l igh t ly  more 

d i f f icu l t .  

and thrus t  chamber are closely connected and a variation i n  one component can 

s ignif icant ly  a f fec t  the operation of the other components. 

chamber pressure the engine balances f o r  these cycles are sensi t ive to  this 
interdependence and i n  the course of development a component design variation 

could eas i ly  make i t  incompatible with the remainder of the feed system. 

Expander cycle sens i t i v i ty  to  t h i s  interdependence is greatly diminished a t  

the 500 psia (3450 W/m ) design point. 

In the expander and gas generator (B) cycles, the pump, turbine 

At the higher 

2 

Drive Cycle Selection 

Further investigation of the expander and auxiliary heat exchanger cycles 

resulted i n  recommendation of the expander cycle operating a t  500 psia  

(3450 kN/m ) and reasonable development program. 2 

Detailed energy balances were established f o r  the auxiliary heat exchanger 

and expander cycles. 

performed. 

the general investigation. 

Throttling and engine system perturbation analyses were 

The results of these investigations reaffirm the conclusions of 
2 The 800 psia  (5520 kN/m ) expander cycle is the 
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orming engine, but because of its sens i t  i t y  and potent ia l  problems 

it  would be the most d i f f i c u l t  t o  d hop, The 500 psia (3450 r 
pressure auxiliary heat exchanger cycle is the eas ies t  t o  develop but has l o w  
performance. 

500 psia (3450 kK/m ) expader  cycle engines are comparable i n  performace and 

development ease, 

in performance and thrus t  is more a t t r ec t ive  with the 500 psia  (3450 kN/m ) 
expander, and a t  equal design points the expander cycle w i l l  always out-perform 

the auxi l iary heat exchanger cycle (Fig. 1). 
2 (3450 IsN/m ) chamber pressure was, therefore, recommended f o r  f i r t h e r  investi-  

gation. 

2 The 800 psia  (5520 kN/m ) auxiliary heat exchanger cycle and 
2 

Engine s t a r t  and thro t t l ing  ease a re  similar,  engine uprating 
2 

The expander L,cle a t  500 psia  
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TASK IP - ENGINE P ~ L ~ ~ ~ ~ Y  DESIGE EVALEATION 

A preliminary design was prepared f o r  a flight-weight FU>X/methane engine 

using an expander bnbine  drive cycle. 
provide high performance f o r  a variety of potent ia l  space missions. 

a b i l i t y  fo r  multiple restarts, long duration, and prolonged storage i n  the 

space environment were provided, Versat i l i ty  of operation was emphasized. 

The nominal engine design represents a reasonable balance between these 

features and engine system cost,  

The engine was designed to  reliably 

Cap- 

The engine system has a nominal thrust  of 5000-pound thrust (22200 N). 
Sufficient power and design margin are included to  allow f o r  development 

program contingencies, Should these margins not be required, engine up- 

rating capabili ty t o  7000-8000 pound thrust  (31100-35600 N) at 708 psia 
2 (4820 H / m  ) is available with no perfonnance loss. 

nozzle has been used. 

by designing f o r  possible nozzle extensions and mixture r a t i o  changes, 

A 60:l expansion r a t i o  

Engine performance improvement capabi l i ty  is provided 

EPJGIPJE SYSD? DESCRIPTION 

The engine system design is i l l u s t r a t ed  i n  Fig. 2 and system operation described 

in Table 3. 
driver1 in pa ra l l e l  by gaseous methane which has been heated i n  the thrust 

chamber coolant circuit. The thrus t  chamber is completely regeneratively 

cooled and has an expansion area ratio of 6 0 r l .  
has an integral gimbal block and is welded t o  t%e thrust  chamber. 

is of r ig id  lines with welded interconnects t o  provide economical, r e l i ab le  

connections f o r  the long duration space mission requirement. 

mounted i n l e t  valves and two hot gas valves are used to  control the engine. 

The turbine bypass l i n e  and bypass control valve regulate the level  of 

In the engine aysten, separate methane and FLOX turbopumps are 

The coaxial element in jec tor  

A l l  ducting 

Two engine 
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TABLE 3 

ENGINE SYSTEN CHARACTERISTICS 

Thrust, l b  (N) 
mine Specific Impulse, sec (~-sec) 

Thrust Chamber 

Engine Mixture Ratio, O/F k 3  

Chamber Pressure, psia (m/n2) 
Nixture Ratio, O/F 

Weight F lm,  lb/sec (Kg/sec) 

Specific Impulse, sec (~-sec/kg) 

Expansion R a t  i o  

pumps, Q/F 
Flow, lb/sec (Kg/sec) 
Discharge Pressure, pia (Itw/m 2 ) 

Number of Stages 

Speed, lo00 r p  (1000 rad/sec) 

Horsepower (Kw) 
Turbine, O/F 

Methane Flows lb/scc (Kg/sec) 

In le t  Temperature, OR (K) 

Number of Stages 

Bypass lb/sec (Kg/sec) 

5000 (22200) 

399*2 (3910) 
5-25 

500 (3450) 
5.25 
12.52 (5,68) 
399.2 (3930) 
60 

0.74/0.85 (.34/.39) 
1300 (722) 
1/1 
.42 (.19) 

1. IS/. 22 (. 521. 

79/13 (54o/F360) 
1/2 

8.1/12.2( .846/1.27) 
.18/,20 (.13/J5) 

1.033/0.034 ( .015/.015 

,750 (972) 
/1 

15 ( .068) 



~ r b i n e  cont alve is used on the  hot gas i n l e  

turbine to  proportion power between the methane and m;OX 

ine thrust and mixture r a t i o  are controlled by the hot gas valves. 

The design of these engine components u t i l i z e s  technology that i s  current 

o r  is currently being developed. 

A t  the nominal thrust level a specif ic  impulse value of 399.2 seconds 

(3910 N-sec/kg) can readi ly  be attained. 

test programs, specific impulse values over 400 seconds (3920 N-sec/kg) are 
projected. 

Based on resu l t s  of NASA sponsored 

The engine weight is 89 pounds (40.4 kg). 

EMGIN53 COMPONEHT DESCRIPTION 

Designs f o r  major engine components a re  i l l u s t r a t ed  i n  Fig, 3. 

Turbomachinem 

Two separate turbopumps are used to  provide control ease i n  t rensient  

operation and f l e x i b i l i t y  of component arrangement. Each p p  operates 

a t  its optimum speed. The FLOX pump has a single stage With a shrouded 

centrifugal impeller. The methane p p  is a two-stage pump with centrifugal 

impellers. Pump bearbzs are cooled by the individual propellants. Bearing 

DN and seal speeds are less than values to be demonstrated i n  NAS-12022 

(Ref. 4). 

Inducers are  used on both pumps to  meet low WSP requirements, 

uniform flow t o  the inducers, a short  section of ducting is provided be- 

tween the main valves and the pump inlets. 

requirements indicate  potent ia l  f o r  pumping saturated and two-phme pro- 

pel lants  a t  low p p  speeds. 

To assure 

Analyses of pump suction 
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Single-row velocity compounded 

power both pumps. 

pa ra l l e l  flow arrangement, 

rbines with pa r t i a l  admission 

These turbines use methane as the wo f l u i d  in a 

Thrust Chamber 

The regeneratively-cooled thrust chamber is made using advanced fabrication 

channel construction techniques. 

nickel with channels mechanically milled. 

width is used as a compromise between pressure drop, weight and fabrication 

ease. 

optimize performance within a fixed envelope. 

is used t o  provide good coolant properties i n  the high heat f lux region of 

the nozzle. The heat f lux prof i le  was based upon data fmm Contract IU.S3-11191. 
Thrust chamber construction was based upon regeneratively-cooled tbmst chambers 

fabricated under HAS-11191 (Ref. l), 

The thrust chamber is of electroformed 

A two-step variation i n  channel 

An 80-percent bell  nozzle is used with the nozzle contour designed to  

An uppass  cooling arrangement 

Injector  

Hot methane from the turbine exhaust is  collected i n  the fnjector  fue l  mani- 

fo ld  and dist r ibuted to  the in jec tor  elements. 

d i r ec t ly  from the pump exit .  

cooled copper face. 

recessed element design. 

velocity which increases during t h r o t t l i n g  due t o  its bulk temperature 

increase. 

FLOX enters the oxidizer dome 

The injector  is 8 coaxial type with a methane- 

Pressure drops during thro t t l ing  are maintained by the 

Performance is maintained by the high methane 

The injector  is welded t o  the thrust  chamber to  save weight and to increase 

r e l i ab i l i t y .  

simple Hooke type with Fabroid bearing surfaces. 

has a single i n l e t  and a tapoff port f o r  tank pressurization. 

The gimbal bearing is  an in tegra l  part  of the in jec tor  and is a 
The in jec tor  oxidizer done 

The annular 
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f u e l  i n l e t  manifold has three i n l e t s ,  one from each of the turbines and one 

from the bypass valve. 

pressurization. 

A fue l  tapoff port is also provided f o r  tank 

ENGIETE OP3RATIONAL FEATURES 

Engine character is t ics  were described for  transient conditions and al ternate  

operational modes, as l i s t ed  i n  Table 4. 
investigated using a dynamic simulation model which provides a step-by-step 

description of engLne operation during the transient.  

were investigated f o r  a range of i n i t i a l  engine temperatures. 

and valve requirements were defined. 

thermal conditioning and prtming, were achieved. 

by the dual turbines, no i rdicat ion of pump stall,  turbine overspeed, o r  
th rus t  chanber overheating w a s  observed. 

time is indicated. 

defined . 

Engine t ransient  operations were 

w i n e  start t ransients  

Control sequences 

S tar t  times of 3 to  6 seconds, including 

Vith the f l e x i b i l i t y  allowed 

Capability f o r  reducing the start 
Engine cutoff t ransients  were investigated and a sequence 

Pressure-fed idle-mode was investigated f o r  several  control systems and 

engine i n l e t  pressures. 

eratures  of 250 R (139 K). 
mixture ratio operation was determined based upon chamber w a l l  temperatures. 

Depending on i n l e t  pressures, th rus t  levels  of 200-300 pounds (890-1340 N) 
can be achieved. 

Transients were described f o r  i n i t i a l  engine temp 
A region of allowable chamber pressure and 

Engine thrust  var ia t ion both i n  throt t l ing and i n  uprating was investigated. 

Engine control requirements were identified.  

defined over a 1O:l range. 

belance were evaluated. 

pumping of saturated or two-phase propellants may be possible, allowing 

operation without tank pressurization. By designing the nominal engine 

Throttling conditions were 

Effects of tank conditions on the 1O:l  throt t led 

Pump speeds i n  the low thrust range are such that 



LE4 

ENGINE F S 

e TANK HEAD START 

e NO START RESTRICTIONS 

1) NO PRECONDITIONING 

2) NO VEHICLE ORIENTATION R E S T R I C T I O N  

3) QUICK RESTART CAPABILITY 

. 10: 1 THROTTLDYG 

1) LANDING 

2 )  LOW THRUST W E U V E R S  

. ENGINE THRUST W R A T I N G  

1) NO PERFORMANCE LOSS 

2) SMALL HARDWARE I4ODIFICATION . SELF-PRESSURIZING (NO VEHICLE PRESSURIZATION SYSTEPI) 

PFLESSURE-FED I D L E  MODE 

1) PROPELLANT SETTLING 

2 )  LOV THRUST MPLNEUVERS 

3)  RESIDUAL CONSUMPTIOW 
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f o r  20-percent b re i s  suff ic ient  power margin to  allow e 

(31100--356W e l ,  The desi  

points of the turbomachinery are such that this uprating can be accomplished 

w i t h  l i t t l e  or  no modification, 

Provisions were made f o r  the engine to  provide pressurants f o r  the pro- 

pellant tanks. 
suff ic ient  FIAX and methane manifold pressure is available to provide 

regulated tank pressures of 60-80 psia (410-550 kN/rn2>. 
and suction requirements are very low i n  this region. 

A t  thrust levels  greater than 500-1000 pounds (2220-4450 N) 

Turbopump speed 
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CONCLUSIONS A N D  iGCOICNDATICNS 

The following conGlusions and recomuendations were made as a resu l t  of these 

engine characterization investigations. 

1. 

2. 

3. 

4. 

5. 

6 .  

Design and development of pump-fed, regeneratively-cooled engines a r e  

feasible  a t  the 5000 pound (22200 N) th rus t  level. 

configurations can supply thrust  chamber cooling, f lex ib le  operation 

and reasonable development. 

On the basis of chennel construction thrus t  chamber developnent a 
chamber pressure of 500 psia  (3450 kw/m ) represents s ignif icant ly  

more development ease than chamber pressures i n  the 800 psi8 (5520 kN/m ) 
range. 

The potent ia l  of turbine nozzle coking ex is t s  with drive cycles powered 

by FLOVmethane combustion products: 

and thrus t  chamber tapoff cycles. 

development problem f o r  these drive cycles. 

methane f o r  turbine power (expander and auxiliary heat exchanger) repre- 

sent the greatest ease of development because of the clean working f lu id  

and system simplicity. 

An expander cycle engine system operating a t  500 psia (3450 kN/m ) chamber 

pressure represents the  beat compromise between performance and develop- 
ment ease f o r  the current application. 

On the basis  of ease of development and f l e x i b i l i t y  of operation partic- 

u la r ly  i n  engine start, individual turbines f o r  each pump arranged for  

para l le l  flow are the most a t t rac t ive  pumpturbine configuration, 

An expander cycle engine designed f o r  a nominal thrust of 5900 pomch 

(22200 I?) weighs 89 pounds (40.4 kg) 
(3910 N-sec/kg) of specif ic  impulse, and has an envelope of 21 by 41 
inches (53.4 by 104 cm) . 

Several engine 

2 
2 

gas generator ( A ) ,  gas generator (B) 
"his represents a potentially severe 

Drive cycles using heated 

2 

can provide over 400 seconds 
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7. The engine can start on tank-head i e t y  of condili 

# provide pres ization, and operate i n  idle-mode, 

though it  must be experimentally verified, analytical  predictions 

of pump suction pe ormmce indicete the caFability t o  pump saturated 

and, potentially,  two-phase propellants a t  low pump speeds. 

9. Substantial engine power margin ex is t s  providing the potential  f o r  

thrust  uprating t o  the 7000-8000-pound (31xx)-35600 If) thrust level,  

Performance increases are also available through use of nozzle extension 

and light-weight nozzle concepts. 
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T h r u s t  chamber designs, turbopump drive cycles and pump-turbine arrange- 

ments were evaluated on the basis of engine perfomance, weight, 

complexity, development ease, and ease of throt t l ing.  Considering 

these tradeoffs between various evaluation c r i t e r i a  the most promising 

engine corfiguration was selected, 

in to  Task I1 where a preliminary design evaluation was made. 

This engine configuration w a s  carried 

The Task I ef for t  was divided into f o u r  areas. 

erative Cooling Analysis, thrust  chamber cooling character is t ics  were 
evaluated parametrically to guide selection of design points  f o r  fur ther  

engine evaluation, The second area, Regenerative Thrust Chamber Design, 

includes thrust chamber configuration evaluations for different  drive 

cycles a t  the two design points and establ ishwnt  of recommended designs. 

I n  the  third area, Turbopump Drive Cycle Analysis, a se r ies  of turbopump 

drive cycles and turbine-pump arrangements were emluated and the two 

most promising configurations selected, 

fur ther  evaluated i n  the Cycle Energy Balance kea ,  and a f i n a l  
collfiguration and design point selected. 

areas are summarized i n  the following section. 

I n  the first, Regen- 

These two configkat ions were 

The s tudies  comlucted i n  these 





REGENERATIVE COOLING BNAI;YSIS 

To provide an i n i t i a l  assessment of thrust chamber cooling and a guide 

to  the select ion of engine design points, the methane coolant temperature 

r i s e  and pressure drop were determined fo r  a 5000-pound (22Mo N)-tAkst 

regeneratively-cooled chamber as a function o f  the parameters l is ted 

below, 

250 - 1000 (1720-6900) Chamber Pressure, psia (kV/M 2 3 
Nozzle Area h t i o  40 - 100 

Mixture Ratio (O/F) 4.0 - 5.7 
0.76 - 1.0 
173 - 260 (96-144) 

Bn/$ Carbon Layer Effectiveness, 

Coolant Inlet Tape ra twe ,  B (K) 
Coolant Out l e t  Pressure/Chamber Pressure, Po/Pc 1.25 - 3.0 

DISCUSSION OF ASSUMPTIONS 

The r e su l t s  of a parametric study can be great ly  influenced by the 

selection of t h e  underlying assumptions. 

cussed i n  the following pages. I n  the absence of t e s t  data, cer ta in  

assumptions were made i n  the paremetric investigation concerning the 

methane and combustion product film coefficients. 

acquired i n  mid-contract and incorporated i n  the final design of the 

thrust  chamber. 

Pertinent assumptions are dis- 

Test data were 

T h r u s t  Chamber Geometrv 

A conventional thrust  chmber geometry with an 80 percent length bel l  

nozzle was uti l ized. The nozzle contour produced maximum performance 
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within a given length, 

inches (76cm) w a s  selected from performance considerations.  

chamba contraction r a t i o  of 4 was based on Ref. 5 
higher contraction ratios resulted i n  reduced heat load t o  the regenera- 

t i ve  coolant, A convergence half-angle of 15-degrees (0.26rad)was se lec ted  and 

i s  representa t ive  of current  production th rus t  chambers. 

A combustion chamber character is t ic  length of -30 
The se l ec t ed  

which indicated 

Coolant Passage Parameters 

The regeneratively-cooled thrus t  chmbers were of channel (nontubular) 

construction throughout (including the high area r a t io  nozzle portion). 

A channel i s  characterized by f o u r  dimensions. 

specification of these dimensions and the number of channels as a function 

of ax ia l  length i s  necessary t o  define a channel design: 

For a given thrust  chamber, 

w = w(X) = chmnel width 

1 = l ( X )  = land width 

t = t ( X )  = wall thickness 

h = h(X) = channel height 

n = n(X) = number of channels A 

= 0 i s  the throat position. 

For th i s  parametric investigation, a simplified description of the channels 

i n  which the land width and w a l l  thickness were held constant: 

w a s  used t o  permit rapid evaluation. 
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The number of channels was allowed to  vary through the use of branches 

o r  splices. 

This approach represents the minimum pressure drop design as it allows 

high design w a l l  temperatures throughout the chamber. 

The branch points were selected from stress considerations, 

A t  the peak heat f lux position, channel height was made equal t o  channel 

width, and both t h i s  dimension and the land width were selected based 

on the maximum allowable w a l l  temperature. If a minimum width l i m i t  were 

encountered, the width was set equal t o  the l i n i t i n g  value and the height 

adjusted t o  give the maximum allowable w a l l  temperature. 

width constant, channel width variation with length is determined by 

thrust chamber geometry. 

gas-side w a l l  temperature profile.  

With the land 

Channel height i s  adjusted to  give the desired 

A cooling evaluation of nickel, s ta in less  steel, and Hastelloy X over a 

range of chamber pressure in Reference 5, indicated tha t  nickel w a s  

superior at high heat f lux  leve ls  (high pressure) due t o  high thermal 

conductivity. A t  lower chamber pressure, the choice of  material was not 

c r i t i c a l  from a coolirg standpoint, 

thrust chamber. 

Nickel was, therefore, used f o r  the 

Restrictions were placed on the channel dimensions based upon considera- 

t ion  of fabrication ease., Based on standard machining procedures, 8 

minimum hot-gas w a l l  thickness is 0.020-0.025 inches (0.051-0.063 cm). 

The 0.025-inch (0.063 cm) wall (constant along the chamber length) was 

used as nominal and the thinner wall was investigated i n  the perturbation 

studies. 

pressure dmps o r  w a l l  temperature i n  the combustor and in the throat 

region. 

These w a l l  thicknesses are most Seneficial i n  reducing coolant 

In the nozzle thicker walls may be pyeferred. 
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imum dimensions for channel width (0, &inch - O1102c 
height (0.025-inch -0.063cm) and land width (0.030-inch -0.076cm) 
also represent nominal machining limits based upon standard tolerance 
considerations, 

Based on the wall thicknesses used in this analysis, a maximum allowable 
surface temperature, 1700 F (1200K), was specified for nickel. 
maintaining the wall temperature constant at this maximum value 
throughout the thrust chamber, pressure drop would be minimized. 
However, in the low heat flux regions of the nozzle, the channel 
height necessary to maintain this temperature would be high. To 
make the nozzle designs reasonable from a weight standpoint and the 
resulting pressure drop information more realistic, the design wall 
temperature in the nozzle was reduced to 1000 F (810K). 
height at nozzle exit was typically reduced by a factor of two with 
thrust chamber weight decreased by 30 - 40 percent, 

By 

Channel 

Combustion-Gas Flow Field 

The estimation of the convective heat input is very strongly dependent 
on local combustion-gas mass velocity ( P V ' )  at the edge of the 
boundary layer, 
is determined from the combustion-gas potential flow field in the 
vicinity of the wall. In the combustion zone, the combustion-gas 
flow is taken to be uniform and parallel with local wall mass 
velocities ootained from one-dimensional flow considerations, In 
the region of the throat a modified Sauer transonic flow field 
solution is utilized to determine the wall sonic point. This 
usually occurs only a few degrees upstream of the geometric throat. 
Use of a one-dimensional flow field in the nozzle can result in 

The mass velocity at the edge of the boundary layer 
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considerable error, Ther etric flow field 
analysis (method of characteristics) was used to supply the correct 
gas mass velocity at the wall, 

An integral boundary layer approach was used to predict gas-side film 
coefficients. This approach, as described in Ref, 5, requires 
definition of the point of boundary layer initiation and an initial 
energy thickness. In the absence of FLOX/methane test data in the 
desired region, specification of these initial conditions was made 
from results of previous investigations. 

2 2 Peak heat flux values are about 20 Btu/in -sec (3270j/cm -sec> at 
1000 psia (68.9 kN/M ) with the peak heat flux occurring slightly 
upstream of the geometric throat. Heat flux levels in the nozzle 
are lower than predicted by simplified Bartz equation. The accuracy 
of the boundary layer equations in the nozzle has generally been 
substantiated by data taken under NASA Contracts NASw-1229 and 
NAS3-11191 (Ref. 3 and 1). 

2 

Coolant Side Assumptions 

The cooling analysis used methane only as the coolant, An upper 
limit of 1500 F (109OK) was placed on the methane temperature to 
prevent decomposition. An uppass cooling circuit was selected 
based on Ref. 5. A standard semiempirical relationship for forced 
convection turbulent flow of the Dittus-Boelter form was selected, 
The coolant properties were based on a film temperature as recommended 
by McAdams (Ref. 6). 
arithmetic mean of wall and bulk temperature. 

The film temperature utilized was the 

The basic relationship is given below. 

Om 'c'gentrance Pr 
0.8N NNu = 0.023 NE, 
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epresent curvature and 
nent on the basic cooling capability, 
entrance region enhancement factor which is very small for this up- 
pass cooling method. 
perimental data with hydrogen and nitrogen tetroxide (Ref. 7 and 8 ) ,  

the nozzle downstream curvature was designed to achieve peak curvature 
enhancements of 1.5. 

Th 

Based on considerable heated curved tube ex- 

The enhancement effect of surface roughness was not considered in the 
parametric investigation (% = 1.0) due to the uncertainty of correlating 
the roughness parameter with film temperature properties. In general, 
roughness enhancement values could amount to about a 10- to 20-percent 
increase in methane cooling capability based upon experimental results 
for hydrogen. 

(254 x 10 
jacket pressure losses include the momentum loss and exit manifold 
loss (one head). 

A nominal surface roughness of 100 x lom6 inches 
-6 cm) was used in the pressure drop calculations. The total 

COOLANT TEIPERATURE RISE 

The exit bulk temperature of the methane regenerative coolant was 
determined as a function of various parameters. 
Ref. 5 that propellant mixture ratio had a negligible effect on the 
integrated heat input to the thrust chamber, and the heat load was 
described as a function of chamber geometry, chamber pressure, and 
wall temperature profile. 

It was found in 

The coolant enthalpy rise was determined from the total heat load (with 
corrections for carbon layer) and coolant flowrate. 
is directly related to mixture ratio and specific impulse, such that the 

The latter parameter 
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The resulting methane coolant exit temperatures as a function of the pre- 
viously noted parameters are presented in Fig. 4 for an inlet temperature 
of 173 R (96K). Higher inlet temperatures are reflected almost exactly 
in equivalent higher exit temperatures for the nominal high exit values 
of interest. 
1260 R (700K) for the case of Q$Q = 1.0, 1000 psia (6890 kN/M2) 

pressure, 1OO:l nozzle area ratio, and a 5.7~1 mixture ratio. 
be about 80 R (44K) higher for the maximum inlet temperature of 260 R (144K) 
being studied. 
for Qm/Qp = 0.9 and 0.76, respectively. The exit temperature was estimated 
for throttled conditions. 
Temperatures for the 10:l throttled condition were 250 - 300 R (139-166K) 
higher than the full thrust values. 

The highest exit temperature noted (Fig. 4) is about 

P 
This would 

Temperatures are about 125 and 275 R (70 and 153K) lower 

Exit temperature values are shown in Fig. 5. 

COOLANT PRESSURE LOSS 

Parametric regenerative cooling pressure losses were determined based on 
detailed cooling channel designs for the parameters of interest. 
metric study of two-dimensional heat flow effects in channels was con- 
ducted. The results of the 2-D analysis were used in conjunction with 
the peak heat flux levels to determine the channel spacing. The minimum 
land width encountered in this study is about 0.045 inches (0,114 cm) 
based upon the peak heat flux value of 20 Btu/in. -see (3270 j/cm2-sec). 
Since the parametric study is with constant land width designs, the 
throat represents the most severe region. 

A para- 

2 
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The results of the parametric pressure drop evaluation are presented i 
6 through 9, Fi re 6 shows the effect of chamber pressure and 

required jacket outlet pressure on coolant pressure drop for = l*O. 
The lower pressure drop at higher coolant pressures results from the 
increased methane density. 
as would be associated with an expander cycle can reduce the coolant 
pressure drop by a factor of two, 
markedly with chamber pressure (due to increased heat flux level) but 
is still quite reasonable (-5C$) even at 1000 psia (6890 kN/M ) 
chamber pressure. 

It is apparent that high outlet pressures 

The coolant pressure drop increases 

2 

The effect of Q$Q 
ficant parameter in terms of affecting pressure drop, 
is reduced by a factor of four at high pressure if the lowest value 
(Qm/Qp = 0.76) is assumed. A 10-percent increase in heat load at 1000 psia 
(6890 kN/M ) raises the pressure drop from 40 to 60 percent. 
increase in head load was found t o  result in a coolant pressure loss 
in excess of 100 percent of chamber pressure, 

is shown in Fig. 7. This factor is the most signi- 
P 

The pressure drop 

2 A 25-percent 

Coolant mixture ratio effects are described by Fig. 8. At the indicated 
inlet temperature, the effect of mixture ratio variatioq is not 
particularly significant, amounting to less than 50 psi (3.44 @/I?) 

difference in coolant pressure loss over the range considered (4.0 6 NR 5 5.7). 
Increasing the inlet temperature to 260R (144K) results in a more sub- 
stantial effect ( -140 psi (970 kN/M ) difference between extremes) of 
mixture ratio on pressure drop. 

2 

The effects of nozzle area ratio variation are shown in Fig. 9. Area 
ratio effects are even less significant than mixture ratio. 

2 pressure of 1000 psia (6890 H/M ) and a low inlet temperature (Fig. g), 
less than 8 percent pressure drop variation separates 6 = 40 and 6 = 100 
designs. 
increases to about 16 percent. 

At a chamber 

At 260 R (144K) inlet temperature the pressure loss difference 
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Channel and land width dimensions at the throat for the nominal heat 
transfer ground rules are described in Fig. 10. All the dimensions 
are within the acceptable region as defined earlier. 

GROUND RULE PERTURBATION 

The basic parametric study was extended to examine the effect of four 
basic ground rules: (1) curvature enhancement, (2) hot gas wall 
thickness, (3) gas-side film coefficient , and (4) channel taper. 

The basic parametric study was extended to consider the effect of no 
coolant curvature enhancement (fdc = 1.0) in the throat region. 
such conditions, the required coolant mass flux must be increased to 
compensate for loss of the curvature factor resulting in increased 
coolant pressure drop, 
noted, except that the coolant pressure losses have increased as 
expected. 
in Fig. 11 for the case of $/Q = 1.0. 
deletion of curvature enhancement increases coolant pressure drop from 
40 to almost 60 percent of chamber pressure, 

Under 

The basic trends are the same as previously 

A direct comparison of the curvature effect is presented 
At the maximum chamber pressure, 

P 

The effect of the curvature enhancement factor on channel dimensions 
is illustrated in Fig. 12. 
results in a square channel dimension less than 0,040 inches (0.102cm) 
at 1000 psia (6890 kN/M2) chamber pressure. 
the channel dimensions are above this value, 

The case of a non-curvature enhancement 

At 800 psia (5530 kN/d) 
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The pressure drop without curvature enhancement can be reduced by 
thining the combustion-side wall thickness. 
the thickness to 0.020 inch (0.05lcm)was investigated at the maximum 
chamber pressure level, and the results are presented in Fig. 13. 
At a nominal Po/Pc = 1.25, pressure drop is 430 psi, (2960 kN/M2) 
which compares favorably with the basic curvature case and thicker 
w a l l .  It should be pointed out that the pressure drop in all cases 
is reduced by thinning the wall, 
dimensions and land width requirements (Fig. 14) e 

The effect of reducing 

This also affects the channel 

An alternate method of calculating gas-side convective film coefficients 
which is commonly used is the Barta simplified equation. In general, 
this method predicts heat fluxes higher than the boundary layer approach. 
The resulting Bartz throat heat flux values are approximately 30-percent 
higher at the throat than comparable boundary layer equation values, 
These higher heat flux levels will reflect in higher coolant pressure 
losses at comparable chamber pressures. Parametric results using the 
Bartz relation are presented in Fig. 15 and 16. 

In general, use of the Bartz simplified approach appears to limit the 
application of FLOX/methane propellants to chamber pressures of 800 
psia (5520 W/M2) (for AP/Pc 6 0.5). 
would tend to indicate that chamber pressures of 1000 psia (6890 W/M ) 
are generally achievable. 
not be possible until hot-firing data becomes available. 

The boundary layer approach 
2 

Resolution of these basic differences will 
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Tkie effect  G? f ive  basic channel design concepts on the coolant pressure 

drop and cham5er weight was iwestigated.  

presented i n  Table 5 f o r  the nominal chamber design parameters noted, 

The rwiLts of the study are  

Concept 1 results i n  the minimum presssure loss and weight of the concepts 

consideredo 

regenerative cooling studies, 
2 

cept 2) results i n  55 psi (380 kN/m ) and 105 pound (0.68 kg) increases 

i n  pressure drop and weight, respectively, over Concept 1. 
t i cu la r  case, the maximum height in the nozzle w a s  limited to  minimize 

weight. 

nozzleo (See Table 5.) 

This is the design approach used i n  the previous parametric 

The tapered channel without splices (Con- 

In this par- 

T h i s  hei&t l i m i t  r e su l t s  i n  a lower w a l l  temperature in the 

Two approaches t o  Concept 3 were considered: 1) unlimieed height, and 

2) limited height. With no limit on nozzle channel height (other than 

tha t  inposed by a Ipaximum w a l l  temperature) the pressure drop was com- 

parable t o  that of Concept 2; the weight, however, was almost double, 

Limiting height -to 0.050-inch (0.12'7 cm) resulted in comparable weight 

but increased pressure loss. 

re la t ively high pressure drop and weiat. 
superior t o  Concept 4 but in fer ior  t o  concepts 1, 2, and 3, insofar 

as pressure loss and weight are concerned, 

Concept 4 is seen t o  r e su l t  i n  both 

Concept 5 appears t o  be 

The primary benefit of the tapered channel concept is that the increased 

channel width decreases both the land width and the channel height. The 

constant width design can clolselg approach the tapered designs as the 

number of steps is increasedo 
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LE5 

C s 

Mi = 5.0 
= 1000 p s i a ( B w  

pC 

€ = 60:1 

Curvature Enhancement 

Wall Thickness = 0.025-inch( .064 cm) (C(4) 
= 0.040-inch (0.102 em) (€>4) 

De s c r i p t  ion 

Tapered channels with 
branching (branch 
poin ts  d i c t a t ed  by 
stress). 

Tapered channels, no 
branching (maximum 
width l imi ted  by stress. 

Stepped width, no 
branching (no height 
l i m i t )  . 
Stepped width 
no branching (height 
l imited) .  

Constant width, no 
branching (height 
l imited) .  

Constant width with 
branching (height  
l imi ted)  . 

365 (2520) 

420 (2900) 

422 (2910) 

462 (3190 

450 (3100) 

513 (3540) 

- 
Weight, 
pounds 
(Kg) 

18.5 (8.4) 

20.0 (9.1) 

33.9 (17.6) 

23.4 (10.6) 

42.0 (19.1) 

23.9 (10.8) 

Wall Temperature 
a t  Nozzle(KBxit, 

F 

lo00 (811) 

-94 (203) 

1000 (811) 

-147 (174) 

-119 (189) 

-165 (154) 



DESIGN POINT SELECTIO~ 

From consideration of the results of the parametric regenerative cooling 
arialysis and FLOX/methane test information, two design points were 
selected (Table 6). 

TABLE 6 
THRUST CHAMBER DESIGN POINTS 

Expansion Thrust Chamber 
Ratio Mixture Ratio, 2 Chamber 

Pressure, (IrN/M ) 
psia (O/F) 

500( 3450) 60:l 
OOO(5520) 100 z 1 

5.25 
5.25 

From a review of the parametric cooling analysis chamber pressure values 
of 800 and 500 psia (5520 and 3450 kN/N ) were selected as design points 
for further evaluation. With the nominal ground rules the pressure drop 
is over 400 psi (2760 lrN/M ) at a chamber pressure of 1000 psia (6890 
kN/M ) and channel width is near the region of fabrication difficulty. 
The perturbation analysis indicated that a change in any one of the 
ground rules concerning curvature, heat flux level or fabrication 
would significantly increase the pressure drop and fabrication 
difficulty at 1000 psia (6890 k 3 / M  ) chamber pressure. 
pressure of 800 psia (5520 IrN/$) is the most reasonable maximum 
chamber pressure value for this engine, The chamber pressure of 
500 psia (3450 H / M  ) was selected as a design point where design 
feasibility is relatively unaffected by perturbations in the ground rules. 

2 

2 
2 

2 
A chamber 

2 

Mixture ratio has a relatively small effect on thrust chamber pressure 
drop, but significantly affects the methane exit temperature, For lower 
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mixture ratios the ex i t  tempratures,  particularly i n  throt t l ing,  are 

signiMcantly lower than a t  a mixture r a t i o  of 5.7. 
FLOX/methane, in jec tor  mixing requirements are  less strenuous a t  mix- 

ture r a t i o  values below 5.7, the stoichiometric point, and high com- 

bustion e f f ic ie rcy  should be easier  t o  attain.  This is  i-ndicated i n  
Ir'LOX/methane t e s t  results. 
therefore, selected f o r  both chamber pressures. 

In addition, with 

A thrust chamber mixture r a t i o  of 5.25 was, 

Thrust chamber e x m s i o n  r a t i o  makes l i t t l e  difference on pressure 

drop snd ideal-ly would be o?tirnized f o r  each chcmber pressure. As an 

estimate of a near o?timm vdue ,  equivalent tkuzlst chamber envelopes 

were maintained. 

(5520 kK/m2) chamber pressure and a value of 60:l was selected f o r  the 

500 psia  (3450 kN/xn2) chamber pressure. 

An ex'xnsion r a t i o  of 1O:l was selected f o r  800 ?sia 
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Regeneratively-cooled thrust chamber design information was provided 
for bell nozzle chambers operating at the two design points. 
dimensions and taper were optimized considering fabrication ease, 
pressure drop and weight. 
channel geometry, certain operating conditions and ground rules were 
perturbed and their effect on wall temperatures, pressure drop, and 

channel 

For the resulting fixed thrust chamber and 

coolant condition determined, 

GROUND RULES AND ASSUMPTIONS 

Most of the assumptions used were the same as for the parametric regenera- 
tive cooling investigation. 
Qm/Q = 1.0. 
potential end of flight conditions was used. 
included a minimum 0.050-inch (0.127 cm) channel height in the nozzle 
to reduce the possibility of plugging, and maximw gas side wall temp- 
eratures of 1700F (1200K) in the throat and 1600F (1120K) in the 
combustor. 
2.0 with a wall pressure differential equal to the local coolant 
static pressure. 
cient the Dittus-Boelter equation was used, with no curvature or 
roughnefss enhancement. 

Nominal film coefficients were defined for 
A methane inlet temperature of 245R (136K) reflecting 

P 
Additional limitations 

Stress limits were based upon a minimum safety factor of 

For determining the coolant side heat transfer coeffi- 

CHANNEL CONFIGURATION SELECTION 

The principal factors considered in optimizing the channel design were 
coolant pressure drop, channel weight, and fabrication costs. Channel 
configuration alternatives are listed in Table 5. 
for these alternatives are selected based on the maximum allowable 
wall temperature and the peak heat flux as described in Tahle 7. 

Throat dilnensions 
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T POSIlcIO 

Pressure, 
psia ( ~ / ~ * )  

500 (3450) 

800 (5520) 

_I_ n(o> 

55 

65 

Channels with these dimensions can be fabricated with relative ease, since 
values less than 0.04-inches (0,102 cm) have been achieved with no difficulty 
in test samples. 
fabricated with relative ease and is sufficient for the 500 psia (3450 Id/$) 
chamber, 
for the 800 psia (5520 a/&?) chamber in terms of lower pressure drop 
and slightly larger chamber dimensions, This wall thickness can be 
fabricated but fabrication may be somewhat more time consuming than 
for the larger wall thickness. 

The 0.025-inch (0.063 cm) wall thickness can also be 

The lower wall thickness of 0,020 (0.051 cm) inches is attractive 

Channel dimension variations upstream and downstream of the throat were 
investigated to select the best channel contour. 
configurations ranging from a constant channel width design (Case 4), 
which minimize machining requirements, to designs with large variations 
in channel width (Cases 193) and more complex machining are considered. 
Channel height in the combuskor was based on meeting allowable wall 
temperatures. 
and limits on channel height were imposed and the tradeoff between 
reduced nozzle weight and increased pressure drop was3 assessedo 

As shown in Table 5, 

In the nozzle lower wall temperatures were acceptable, 

An increased wall thickness in the nozzle was conaidered to reduce 
nozzle machining cost. 
can reduce cost and in the low heat flux region the effect on pressure 
drop is slight. 

Wall thickness values of 0.040 inches (0.102 cm) 

Channel width is limited by stress to some multiple 
of the wall thickness, 
therefore, allower wider channelso 

The increased wall thickness in the nozele will, 



Curves of nozzle weight as a funct ion of nozzle pressure drop were generated 

f o r  the  d i f f e r e n t  channel concepts t o  a i d  i n  s e l e c t i n g  the  optimum configu- 

ra t ion .  

pressure nozzle. 

and the e f f e c t  of increased pressure drop o r  spec i f i c  impulse indicated 

t h a t  teduct ion of weight should receive t h e  most emphasis. The branched 

and tapered design is l i g h t e s t ,  while t h e  constant width, constant number 

2 

A trade-off evaluat ion between t h r u s t  chamber weight 

These are shown i n  Fig. 17 f o r  t h e  500 ps i a  (3450 kN/M ) chamber 

design is  heaviest .  

a maximum 0.050-inch (0.127 cm) channel height  i n  the  nozzle, 

t h i s  i s  a l s o  second from a f ab r i ca t ion  cos t  standpoint,  i t  was chosen 

f o r  the f i n a l  design. The same result t rends  occur f o r  the  800 ps i a  

(3520 chamber pressure design. again,  the two-step design i s  

o n l y  s l i g h t l y  heavier  than t h e  tapered design with no branches. 

Because of t h e  c o s t ,  t he  two-step design w a s  a l s o  chosen f o r  the  

800 psia(5520 kN/M ) chamber ( see  following sec t ion) .  

Second l i g h t e s t  design i s  the  two-step design with 

Since 

2 

Most of t he  t h r u s t  chamber weight i s  i n  the  nozzle, wh i l e  most of the  

pressure drop is i n  the combustor and the re  i s  l i t t l e t r a d e - o f f  between 

weight and pressure drop. I n  designing t h e  combustor, a maximum t h r o a t  

w a l l  temperature of 1700F (1200K) and a temperature i n  the  combustion 

zone of 160m (1140K) w a s  used. Keducing t h e  cy l ind r i ca l  combustor 

w a l l  temperature t o  achieve addi t iona l  margin r e s u l t s  i n  addi t iona l  

pressure drop ( see  Pig. 18) . 
an even g r e a t e r  pressure drop, although a lOOF (56K) reduction i s  

feas ib le .  Higher pressure drops would occur with the  800 ps ia  (5520 
2 U/M ) chamber pressure design, and f o r  t h e  purpose of comparison i t  

was decided t o  use the  same w a l l  temperatures f o r  both cases, 

Reducing the  throa t  temperature produces 
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Fabricat ion Evaluation 

A brief s tudy was conducted t o  determine the relative expense of manufact- 

uring t h e  d i f f e r e n t  channel concepts e Table 8 descr ibes  t h e  f ab r i ca t ion  

process used as a basis f o r  the evaluation, Processes d i r e c t l y  affected 

by t h e  channel designs were evaluated i n  terms of required man hours and 

included i n  t h e  relat5.ve cost comparison. 

TABLE 8 

GROUND RULES FOR FABRICATION EVALTJATION 

Nickel 203 Thrust Chamber Blank 

Contour Machining t o  Inner/Outer Contours 

Machinery Set-Up 
Conventional- Mill ing t o  Produce Coolant Channels 

F i l l  Ohannels with Wax 
Prepare Surface f o r  Electroform 

Electroform Nickel t o  Close Out Channels 

Remove Wax F i l l e r  

F ina l  Machining and Clean Up 

A rela. t ive comparison of t h e  c o s t s  of t h e  various concepts may be found i n  
Table 9. The constant width, constant number of channels i s  cheapest bu t  

a l s o  heavies t .  The most expensive i s  f u l l y  tapered channels with branch- 

ing,  Branching is expensive becailse of t he  add i t iona l  number of channels 

required. Consequently, the m o s t  attractive designs from a f a b r i c a t i o n  

standpoint are the constant  width and t h e  s t e p  width designs. The s t e p  

designs will have a s h o r t  t ape r  t r a n s i t i o n  sec t ion  a t  the s t e p  t o  avoid 

addi t iona l  pressure drop and a l so  t o  provide a predictable f low f i e l d  i n  

t h i s  region. 



Concept 

4 

3A 

3B 

3. 

5 

REMTIVE FABRICATION COSTS 

(Excluding Setup Time) 

Description Machining 
c o s t  

Constant Width Channels 

One Sts?  Var ia t ion  i n  
Channel Width 

Two Step Var ia t ion  i n  
Channel Width 

Two Branched Channels, 
Tapered Width 

Two Branched Channels, 
Constant Width 

Electroform 
c o s t  

100% 

loop 

100% 

2 80% 

280% 

HEAT EXCEANGER DESIGN 

The auxiliary h e a t  exchanger cycle uses a nozzle heat  exchanger t o  provide 

energy f o r  t h e  t u r b i n e  working f l u i d  (methane). 

were provided based on hea t ing  a methane flow s u f f i c i e n t  f o r  nominal t h r u s t  

turbi ne power. 

Heat exchanger designs 

Heat exchanger designs f o r  t h i s  engine are described i n  Fig* 19 and 20. 

To ob ta in  1960R (109OK) temperature, t he  heat exchanger occupies th,e nozzle  from 

an expansion r a t i o  of 30 t o  t h e  exit. 

t h i s  h e a t  exchanger has 0.040 inch (0.102 c m )  channels. 

Because of the small f lows  involved, 

The main coolant  
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would enter the nozzle a t  an expansion r a t i o  of 'io, significantly nearer 

the throat than on the  expander cycle, 

t empra twe r i s e  than i n  the Expander cycle and i n  different pressure 
This resu l t s  i n  a lower Ethane 

drops 0 

A s  the engille i s  throt t led the heat exchanger cooling requirements rather 

than turbim power define the heat exchvlges flow required. 

i l lus t ra ted  i n  Fig. 19 and 2 0 ,  where the methane flaw necessary t o  cool 

the heat exchanger decreases at somewhat lesser rate than the engine 

thro t t le  ratio. 

than the t h r o t t l e  ra t io .  

into the  injector to improve thrott led performance. 

This is 

The flaw required to power the turbines decreases f a s t e r  

Excess flow by-passes the turbine and is  ducted 

TIiRUST CdAPIEEB DESIGNS 

Thrust chamber cooling channelt were designed using the  two-step width 

variation configuration and assuming Q /Q = 1.0. Primary anphasis 

was placed on designs for the auxiliary heat exchanger and expander cycles 

since they were appearing t o  be the most attractive.  

pressure drops and ex i t  temperatures were calculated f o r  the other drive 

cycles and, except for  the differences due to lower engine mixture r a t i o  

and jacket pessure,  were similar t o  the expander cycle thrust chamber 

characteris t ics .  

m P  

Cooling jacket 

Channel c h a r a c t e r i s t i c s  f o r  the a u x i l i a r y  heat exchanger chamber are 

i n  Table 10. The smallest channel width occurs i n  the heat exchanger 

section with the throat width significantly larger a t  500 psia (3450 kN/M ) 
2 

2 
pressure and rsIightly larger at 800 gsia (5520 kN/H ) wall temperature in 
the throat and combustor are  s l igh t ly  lower than the n b m m  values i n  

anticipation of engine thro t t l ing  (discussed i n  a following section). 
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Thrust chamber designs for the expands 
Ninimum channel widths are 0,072 inches (0,183 cm) at 500 psia (3450 kN/N ) 
&nd 0.042 inches (0.107 cm) at 800 psia (5520 kN/M ). 
at the nozzle exit and flows toward the injector. 
methane cooling the thrust chamber than for the auxiliary heat exchanger 
cyele, the methane exit temperature rise is greater. 

cycle are described in Table 10, 
2 

2 The methane enters 
Since there is less 

Perturbations of OPeratina Conditions 

For the nominal thrust chamber designs the effects of throttle ratio, heat 
flux level, inlet temperature, and thrust chamber mixture ratio were in- 
vestigated. In the investigation pressure drop, exit temperature, and 
critical wall temperature variations were described for each of the cycles 
and design points. 

Auxiliary Heat Exchanger Cycle, Thrust chamber perturbations for the 800 
2 psia (3520 W/M ) design were evaluated. The effect of throttle ratio is 

shown in Fig. 21. 
(1200 K) over the 1O:l thrust range. 
some 400 F (222K) at the 1O:l throttled condition. 
occur in the cooling jacket at throttle ratios greater than about 1.5. 
This phase change, however, occurs in regions of relatively low heat 

flux and is not anticipated to be a heat transfer problem, 

Thrust chamber wall temperatures do not exceed 1700 F 
The methane exit temperature increases 

Phase change will 

The overall heat flux level has a significant effect on thrust chamber 
wall temperatures. The nominal heat flux profile ($/” = 1.0) is 
based on the boundary layer equation. 
20-percent above this model results in wall temperatures which are 
above the allowable value. 
factors. 

P 
Increasing the heat flux level 

This effect is mitigated somewhat by several 
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rst, as a safety marginI, curvature enhancement has been ignored. 
square channel data have indicated throat cooling enhancements similar to 
that in tubes, 
available in the throat region. 
roughened to provide additional therm1 margin, 
flexibility associated with the channel design, in w h i c h  channel height could 
be reduced to increase cooling capability. 

Thus, wall temperature margins of 100-200 F (55-110 9) are 
Second, the channels can be artificially 

A third factor would be the 

Some characteristics of the thrust chamber at higher heat flux values are 
listed in Table 11. Both perturbations to the nominal design and cooling 
channel redesign effects are shown. In addition to a Qn/Q = 1.2 case, 
the effect of a heat flux profile based on data taken under Clontract 
WM3-11191 was evaluated. It can be seen that for the higher heat flux 
values, the 800 psia (5520 IrcN/m ) design involves either excessive wall 
temperatures or, with redesign, very high pressure drops. 

P 

2 

Inlet temperature and mixture ratio effects were evaluated. Mixture ratio 
increase to 5.7 raised the throat wall tempratwe to 1790 F (1240 9) while 
decreasing pressure drop slightly. Inlet temperature reduction reduced the 
exit temperature correspondingly and gave a slight decrease in pressure drop. 

2 Perturbation effects are similar for the 500 psia (3450 kN/m ) thrust chamber 

design (Fig. 22). 
throttling. The lower heat flux levels associated with 500 psia (3450 kN/m ) 
chamber pressure slightly diminish the magnitude of the perturbation effects. 

Phase-change occurs in the channels with about 10-percent 
2 

Ebander Cmle. Thrust chamber perturbations for the 500 psia (3450 H/m2) 
are shown in Fig. 23, Throttling (Figure 23) poses no heat transfer 
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problem for this cycle since wall temperatures are below 1700 F (1200K). 
Phase change will occur at throttle ratios greater than 2, with the 
heat flux levels even less than in the auxiliary heat exchanger cycles, 
since the phase change region is nearer the nozzle exit. 
in heat flux level results in increased wall temperatures. 
increases however, are slightly less than at 800 psia (5520 kN/M ). 
Chamber characteristics at higher heat fluxes are listed in Table 12. 
As for the 800 psia (5520 kN/M ) auxiliary heat exchanger, thrust chamber 
high wall temperatures result; channel redesigns, however, are more 
reasonable. 

An increaae 
These 

2 

2 

2 In the 800 psia (5520 kNtM ) expander cycle (Fig. 24), phase change 
occurs at throttle ratios greater than 3. Reasonable wall temperatures 
can be maintained over the lot1 range with the throttling range of 2 to 3 
being the most severe. Other effects are similar to those discussed for 

2 the 500 psia (3450 kN/M ) thrust chamber. 
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TURBOPUMP DRIVE CYCLE SIS 

Turbopump drive cycle candidates were defined End evaluated a t  the two selected 

design points. 

were described fo r  each drive cycle. 

and any operating res t r ic t ions  imposed by the components o r  systems were identified.  

A comparison of the drive cycle capabili ty w a s  made on the basis of performance, 

development ease, system complexity and production ease. Both quali tative and 

numerical ra t ing comparisons were made. 

a t  each design point f o r  fur ther  investigetion. 

Engine components capable of meeting the system requirements 

Engine start and thro t t l ing  were evaluated 

Two drive-cycle configurations were selected 

ENGIEJE REQUIREMENTS AND GROUND RULES 

The engine system operating requirements are l i s t e d  below. 

ENGINE OPERATING REQUIRENEXTS 

Nominal Thrust, l b  (2) 
Environment 

Mission Duration 

Number of S ta r t s  

Operating Duration, sec 

T h o  t t l i ng  

5000 (22200) 
Space 

Low3 
4-10 
.-J 500 

10/1 

Engine systems were designed t o  meet these requirements. 

The two previously selected design points were used f o r  engine evaluation 

Thus  t Chamber 



The thrust  chember mixture re  t i o  is th,o t of the hot Combustion products flowing 

through the chamber and nozzle. 

mixture rz t ios  are identical .  

be lower than the thrust  chamber mixture ra t io .  

For topping cycles the thrust  chmnber and engine 

In  other drive cycles, the engine mixture r z t io  w i l l  

Delivered thrust chamber performance was determined using a 94 percent 

efficiency on the theoret ical  one-dimensional shif t ing equilibrium perform- 

ance a t  normal boiling temperatures. 

attained with the 80 percent length b e l l  nozzles used on the e n g k s .  

topping cycles the delivered engine -performance is  the same as the thrust 

chamber values. For the other cycles, i n  which turbine exhaust is ducted 

overboard, the engine specif ic  im?ulse is lower. The low turbine flow cycles 

(i.e., gas generztor ( A ) ,  thrust  chamber ta&f, and auxiliary heat exchanger) 

had an assumed secondary thrust  coefficient of 1.5. TIris assumd value repre- 

sents a mean between the nozzle injection and auxi l iary hozzle techniques fo r  

turbine exhaust ut i l izat ion.  

variation f o r  the two methods was small. 

This efficiency can readily be 

For 

It was found that the system specific imgulse 

CANDIDATE PUMP-TURBIRE DiiIVE CYCLES 

The pump-turbine drive cycles which were investigated a re  shown i n  Table 13. 
can be seen, these cycles d i f f e r  i n  the source of the turbine drive f lu id  and a l so  

i n  the u t i l i za t ion  of the turbine exhaust gases. 

are discussed i n  the following sections. 

As 

Some of the cycle characterist ics 

Gas Generator Cycle (A) 

The gzs generator cycle (8) u t i l i ze s  small amounts o f  propellants tapped from the 

main propellant feed system 2nd combusted i n  a gas generator f o r  turbine drive 

fluid. 

in to  the main nozzle o r  an euxiliary nozzle. 

The turbine drive gases expmd through the turbine and are e i ther  injected 

The gas generator cycle (A) has been used to  power numerous existing engine systems 

with a variety of propellant combin;.tions. 

(OdKerosene) and T i  tan I1 ( N204/50-50) . 
Among these are the 5-2 (OJH2), H-1 
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preliminary engine balance f o r  the  gas  generator (A) cycle i s  presented 

i n  Table 14. 
t o  provide a turbine gas temperature which allows reasonable turbine materials and 

speeds. 

engine specif ic  impulse. 

which may lead t o  turbine coking and hydrogen fluoride which may cause meterial 

compatibility problems .. 

The gas  generator operates  a t  a low mixture r a t i o  ( fue l  r i c h )  

The low performing turbine exhaust resu l t s  i n  0.5 percent decrease in 
The turbine working f l u i d  contains both sol id  carbon 

The turbine exhaust u t i l i za t ion  techniques which appem a t t r ac t ive  f o r  the gas 

generator cycle (A) a r e  the nozzle inject ion technique and the use of an auxiliary 

nozzle. 

choking them into the main nozzle a t  a point where the pressure of the main nozzle 

and turbine exhaust gases are approximately equal. 

performance by expanding to the nozzle ex i t  pressure. 

well integrated propulsion system package with no thrust  misalignment. 

i n  conjunction with a system which thro t t les ,  the nozzle inject ion technique 

encounter pressure matching problems between the mainstream and turbine exhaust 

gases. This occurs because the turbine exhaust pressure decreases more rapidly 

than the nozzle wall pressure as the system is throt t led.  

The nozzle inject ion technique u t i l i z e s  the turbine exhaust gases by 

The injected gases produce 

This technique provides a 

When used 

may 

The auxi l iary nozzle technique u t i l i z e s  a separate nozzle t o  expand the turbine 

exhaust gases. 

area r a t i o  as the primary nozzle. 

large s i ze  and weight of the auxi l iary nozzle and would st i l l  give a specif ic  

impulse l o s s  due t o  the turbine gas temperature being lower than thz t  of the main 

chamber e 

It would be theoret ical ly  possible t o  expand the gases t o  the same 

This would be impractical, however, due to  the 

The basic candidate gas generator cycle (A)  uses gaseous methane obtained from the 

cooling jacket ex i t  f o r  the gas generator. 

generator with l iquid methane tapped f rom the main fuel  duct. 

balance resu l t s  indicate that  the performance and operating parameters of the two 
sys terns are nearly ident ical .  

It is  also possible t o  supply the gas 
Comparison of engine 
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LE 14 

Chamber Pressure/Area Ratio, pais (1EN/m2) 

Engine Specific Impulse, sec (N-sec/kg) 
Total Propellant Flowrate, lb/sec (Kdsec) 

Secondary Mixture R a t i o ,  O/F 
Turbine Flowrate, lb/sec (Kg/sec) 

Oxidizer Pump Discharge Pressure, p i a  (kN/m2) 
Fuel Pump Discharge Pressure, psia (M/m ) 

Engine Mixture Ratio, O/F 

2 

GAS GENERkTOR CYCLE ( A ) ,  THRUST C W E R  TAPOFF CYCLE ENGINE BALANCE 

%0/60 (3450) 800/100 (5520) 

5 0073 4.941 

397.4 (3894 402.6 (3945) 
12-58 (5.71) 12.42 (5.63) 
0.3677 0.3224 

0.1029 (.0467) 0.1733 ( .0786) 

631.5 (4350) 980.4 (6760) 
730.5 (5040) 1212.4 (8360) 

500 (3450) 
0.3 
1960 (1289) 

4220 (1286) 

TABLE 15 

500 (3450) 
1cO 

1960 (1089) 

2540 (774) 

OXIDIZER RICH(CAS GENERATOR A) 

2 Chamber Pressure, psia (M/m ) 
Gas Generator f ix ture  Ratio, O/F 

Temperature, R (K) 

C" Ideal, ~ P S  (m/sec) 
Gas Composition (gm moles/100 gms) 

C (Solid) 

H2 

F2 
HF 

Turbine Flow (PR = 16), lb/ssc (Kg/sec) 

Engine Specific Impulse, sec (N-sec/kg) 
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The gaseous fue l  GG supply system w a s  retained f o r  fur ther  analysis 

and the l iquid fue l  GG supply system eliminated f o r  the following reasons: 

(1) the gaseous fue l  GG supply system has a s l i gh t ly  higher fue l  flowrate 

available f o r  regenerative cooling; (2) the gaseous fue l  GG supgly system 

presents a less d i f f i c u l t  gas generator injector  design problem; and 

(3) f o r  throt t leable  systems the gas generator fue l  supply flow control 

would be simplified if  the propellant were a gas. 

Gas generator cycle systems have t rad i t iona l ly  operated with fuel-rich 

combustion i n  the gas generator thus eliminating the materials corrosion 

problems which occur with oxidizer-rich gas generators. 

oxidizer-rich gas generator would, hasever, eliminate sol id  carbon from 
the exhaust products, a s  shown i n  Table 15. 
comparable t o  the fuel-rich gas generators, the oxidizer-rich eas genera- 

t o r  must have a mixture r a t i o  of 100. 

control of the flow and e f f i c i en t  combustion would be d i f f icu l t .  

no sol id  carbon is  produced, a considerable amount of fluorine is available 

and a t  t h i s  temperature would be extremely reactive. 

energy content of the f l u i d  is lower than f o r  a fuel-rlch gas generator 

and engine system performance would be degraded, as i l l u s t r a t ed  f o r  the 

gas generator (A) cycle i n  Table 15. 
is used. 

Use of an 

To obtain temperatures 

i3ecawe of the m a l l  fue l  flowrate, 

Although 

In addition, the 

A fuel-rich gas generator, therefore, 

Thrust Chamber Tauoff Cycle 

With the exce;?tion of a different  turbine drive f l u i d  source, the thrust  

chamber tapoff cycle is similar t o  the gas generator cycle ( A ) .  

the thrust chamber tapoff cycle, combustion products are tapped f r o m  

the primary combustion chamber f o r  use as turbine drive gases (Fig. 241, 

This cycle, therefore, has a primary injector  mixture r a t i o  which is 

In 
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the sane as the engine mixture r a t i o ,  

i n  Table 14. 
A preliminary balance is shown 

1360 (756) 
4.543 
399.3 (3910; 

.304(.138) 

Performance, turbine working f luid,  and low turbine flow characteris- 

t i c s  a r e  ident ical  to  the gas generator ( A ) ,  

working f l u i d  temperatures a re  obtained through an experimental investi- 

gEtion of tapoff port locr-rtion. 

generator cycle since the auxi l iary combustor with its attendant l ines  

and valves is eliminated. 

The pro2er turbine 

The cycle is  simpler thm the gas 

1560 (867) 1760 (978) 
4.637 4.708 
4OOe5 (3925) 401.4 (3935) 

12.52(5,68)12.48(5.66) 12,46(5.65) 
.258(.117) 225 (.lo21 

A 

- Auxi l i a ry  Heat ExchanPer Cycle 

The auxiliary heat exchanger cycle differs  from the gas generetor 

cycle (A)  i n  that  the turbines  are  driven by heated methane instead of 

combustion gases. Since only a single combustion process is involved 

the s y s t m  is  l e s s  complex and more easily controlled. 

a Clem non-corrosive working f l u i d .  

= 100,. 800 mia (5520 kN/m2) are shown i n  Table 16. 

The methane is 

Engine performance estimates f o r  

Specific impulse 
2 values a t  5 a  psla (3450 kN/m ) $  B = 60 are  about one percent lower, 

TABU 16 

AUXILIARY HEAT E;IcmrGm ENGINE BALANCE 

TURBINE TENPERATURE, R (K) 

MIXTURE RATIO, O/F 

SPECIFIC IMPULSE, SEC (N-sec/kg) 

PROPELLANT FLOW, IB/SEC(K&~C) 

TURBINE: FLOWATE, LB/SEC( Kg/sec) 

FLOX 'PUMP PRESSURE, 

ME!EAN3 rmMP PRESSURE, 

1160 (644) 
4.426 
397.6 (38%) 

12 e 57 (5.70) 
.364 (. 165 ) 

980 psia (6760 kN/mc) 

214 ?sia (8370 kN/m2) 
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Several system arrangements a re  possible f o r  the auxiliary heat exchanger cycle 

depending on the exact source of the  hot methane2 

thrust  chamber cooling jacket, (2) methane fmm the  tank heated i n  a heat exchanger, 

a d  (3)  methane tapped downstream of the pump heated i n  a heat exchanger. 
In  the first case t h e  methane tanperatwe is about 1160 R (644 K) 
a t  the cooling jacket ex i t .  

thrust  chamber nozzle is used as  a heat exchanger to obtain high methane 

temperrtures 1700 R (943 K) and increase engine performance. 

be seen from Table 16 the performance of these two cycles is as much as  

1 percent higher than where the methane is taken from the  cooling jacket. 

The nozzle heat exchanger cycle arrangenent is, therefore, more at t ract ive.  

(1) methane tapped f o r  the 

In  the next two cases, a portion of the 

A s  can 

When fuel is obtained d i rec t ly  fmm the tank the turbine design is 

highly dependent upon the pressure available i n  the f u e l  tank. 

working f l u i d  pressure w i l l  r esu l t  i n  a turbine design which is re la t ive ly  

large and heavy. 

diffuser would be required for  tes t ing  a t  sea level. When turbine drive 

f l u i d  is obtained from the pump e x i t ,  the turbine design is  similar t o  
that  of the gas generator cycle (A) and this cycle =rang .anent was 

selected. 

The low 

For turbine designs which have a low exi t  pressure, a 

Additional flow al ternat ives  for  t he  auxiliary heat exchanger cycle 

are i l l u s t r a t ed  i n  Table 17.  Their character is t ics  are described for  

f u l l  thrust and 10/1 t h r o t t l i n g  with a constant engine mixture ratio. 
Injection of  the turbine exhaust i n to  t h e  main nozzle (No. 4-6) is 

a t t rac t ive  from a packaging standpoint, however there a re  three 

drawbacks : 

Thrust chamber complexity is increased s ince the gas m u s t  

be injected through s l o t s  i n  the lands. 

For th ro t t l ed  engines, inject ion m u s t  occur at e = 30 

result ing i n  s l i gh t  performance loss comgared to  an 

auxiliary nozzle 

The turbine exhaust will cool the nozzle portion downstream 
of the in jec t ion  point rrecessitating a la rger  heat exchanger. 
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area ratio = 3.0. 

pressure when throttling. 

ust inject  secondary flow at 
rea ratio = 3ct instead of 14 

L pressure whs 



O f  the  ranaining alternatives,  No, 2 is most a t t rac t ive  beczuse of the 

low secondary flow at throt t led conditions and was used i n  the  evaluations. 

500/60 (3450/60) 

399.2 (SSXO) 
L2.52 (5.68) 

e 3347 
2.541 (lel53) 

376.2 (6040) 
389.6 (6820) 

5025 

The gas generator cycle (B) produces turbine drive f lu id  by combustion 

of a l l  the system fue l  flow w i t h  a su i tab le  amowrt of oxidizer i n  a 

separate pre-combustor or gas generator, The combustion gases e x p d  

through a low pressure r a t i o  turbi= and flow i n t o  t h e  main combustion 

chamber a s  shown i n  Figure A small percentage (5  percent) of t h i s  

flow is bypassed around the turbine to  ensure system control, 

principal advantage of this cycle is  that a l l  of the  propellants are 

expanded i n  the p r i m r y  nozzle and the system does not have the perform- 

ance loss  associated with the secondary flow system of the gas generator 

cycle (A) ,  

mixture ratios are identical .  

Table 18 . 

28, 

The 

A fur ther  advantage is the fac t  tha t  the engine and primary 

A preliminary engine balance is shown i n  

800/100 (5520/100) 

5.25 

405.9 (3980) 
12.32 (5.59) 
.2871 

2.409 (1.093) 
1486.9 (10250) 

1694.9 (11690) 

TABLE 18 

GAS GENERATOR CYCLE (B) ENGIIIE BALANCE 

Chamber Pressure/Area Ratio (kX/m2j 
Engin?  Mixture Ration, O/F 
Engine Specific Impulse, sec (N-sec/kg) 
Total Propellant Flowrate, lb/sec (Kg/sec) 

Frecombustor Mixture Ratio,  O/F 
Turbine Flowrate, lb/sec (Kg/sec) 

Oxidizer Pump Discharge Pressure,psia @/m2 
Fuel Pump Discharge Pressure, p i a  (IcN/m ) 2 
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Turbine working f lu id  and temperatures are  s i m i l a r  t o  the gas generator 

(A) .  Turbine coking and material  compatibility may be problems. The 

precombustor requires valves adding complexity to  the system. I n  addition 

i n  t h i s  topping-type cycle a l l  feed system components a re  closely related 

and under some circunrs tance t h e  engine may be very sensi t ive t o  the 

individual component designs. 

Expander Cvcle 

In  the expander cycle, fue l  i s  heated i n  the  regenerative cooling jacket, 

flaws through t h e  turbine, and is  injected into the  primary combustion 

chamber. 

ensure system control. 

p r imry  nozzle, this cycle has no secondary flow performance losses and 

no engine to  primary mixture r a t i o  sh i f t .  The cycle is basically simple 

and the methane provides a clean working f lu id .  

A small percentage of the fue l  (5%) bypasses the turbine to  

Since all of the propellants a re  expanded in  the 

This fuel-powered cycle has previously been associated with the RL-10 

hydrogen-fueled engine. Energy available f o r  turbine power depends on 

the temperature of the  fue l  coming out of the cooling jacket and the 

spec i f ic  heat of t h e  fuel.  Methane, l ike  hydrogen, has suff ic ient  

energy to  power the  turbine. 

about one-third that of hydrogen and, at equal temperatures, the  energy 

potent ia l  p r  pound of f u e l  w i l l  be substant ia l ly  less than with hydrogen. 

The temperatures associated with t h i s  FLOX/methane engine a re ,  as shown 

i n  the previous section, substant ia l ly  higher than f o r  oxygen/hydrogen 

engines and the energy is more than suf f ic ien t  t o  provide turbine power. 

However, the heat capacity of methane is 

Preliminary engine balances are shown i n  Table 19. 
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TABLE 19 

05 
5.25 

EXPAI’?DER CYCLE ENGINE BALANCE 

.6 e7 
5.25 5.25 

L 
Chamber Pressure/Area Ratio (W/m ) 
Turbine Efficiency 

Engine Mixture Ratio, O/F 

Engine Specific Impulse, sec (N-sec/kg) 
T o t a l  Pmpellant Flowrate, lb/sec (Kg/sec) 

Whine Flowrate, lb/sec (Kg/sec) 

Turbine Pressure Ratio 

Oxidizer Pwap Discharge Pressure, p i a  (kN/a2) 

Fuel Pump Discharge Pressure, psia ( H / m  ) 2 

1.500 

A s  i n  the gas generator (B) cycle t h e  feed system components are inter-related. 

A change i n  turbomachine ry efficiency for  example while not affecting specif ic  

impulse, w i l l  change the ent i re  cycle pressure balance, 

the engine balance may be sensit ive and the engine design should incorporate 

sufficient power margin t o  provide for potential component variations, 

A t  some conditions 

THROTTIJNG EVALbATION 

The th ro t t l ing  capabili ty of each of the pump-turbine power cycles was evalu- 

ated, Cartsiderations were: (1) the use d throt t l ing injectors i n  the main 

mmbustion chamber and i n  the gas generators, 

required for thrust and mixture r a t i o  control, (3) turbomachinery design, 

and (4) performance losses due t o  a thro t t l ing  requirement. The evaluation 

(2) the control systems 

is summar2eed i n  Table 20, 



9 

9 

I I  I I  8 
PIo pc* 
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The goal of  main combustion chamber injector design is: 

high performance and stable operation and (2) t o  minimize in jec tor  

pressure losses. 

pressure losses i n  order t o  maintain performance and s tabi l i ty .  

design pressure drops f o r  throt t l ing injectors vary considerably with the 

type of injector  and the  properties of the propellants p i o r  t o  injection. 

(1) to provide 

It is usually necessary to accept higker than desired 

The 

To provide a relat ively simple injectol; while at the same t i m e  maintaining 

reasonable pressure drops, a var ie ty  o f  concepts are available: 

manifold, (2) gas-gas injection, (3) recessed coaxial element, and 

(4) oxidizer heating, 

investigated with propellants other than FLOX/methane and shown to  

function successfully. The net effect  of these methods is t o  give 

throt t led pressure drops which are high enough t o  provide s table  opera- 

t ion  while f u l l  thrust  pressure drops are relat ively low, 

manifold approach is  s t ra ight  forward i n  application and i s  particularly 

a t t rac t ive  fo r  high th ro t t l e  ra t ios .  

design and additional valves. 

recessed coaxial element approach is a most a t t rac t ive  design but must 

be danonstrated fo r  the FLOX/methane propellants. 

(1) dual 

Each of these concepts has been experimntally 

The dual 

It involves more complex manifold 

Within the 10/1 th ro t t l ing  range the  

The main injectors on a l l  drive cycles appear capable of u t i l i z ing  these 

concepts and no significant difference was found between the drive cycles. 

For the system evaluations nominalQP&?c design values of 0.40 and 0.25 

were assumed for the fuel and oxidizer injectors respectively. With the 

injector  types discussed these values are  suff ic ient ly  high t o  maintain 

high performance and stable operation over the 10/1 thrott led range. 
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A s  the engine is throt t led,  the turbine power requirements and, therefore, 

the flow required decreases more rapidly than the thrust of the main 
chamber. 

by 20-3O:l f o r  both the low-flow turbine drive cycles and the high-flow 

turbine o r  topping cycles, 

system pressure drops end pump i n l e t  pressure. 

chamber tapoff cycles, this large variation i n  turbine flow is controlled 

with the turbine valves and does not affect the design of other components. 

In the remaining cycles, the power source design can be materially affected. 

For 1 O : l  engine throt t l ing,  the required turbine flow decreases 

The exact turbine flow variation depends upon 

In the expander end thrus t  

Auxiliary Heat Exchanger. 

requirement becomes maintenance of acceptable heat exchanger wall temp- 

eratures ra ther  than turbine power, 

ex i s t s  and bypasses the turbine to  be dumped overboard or back into 

the injector  manifold (Table 17) e 

t o  maintain proper heat exchanger temperature as w e l l  as control turbine 

power. 

A s  the engine i s  throt t led the primary design 

An excess of heat exchanger flow 

The turbine valves m u s t  be designed 

. The precombustor i n  the gas generator cycle (B) 

must a l so  be provided with a throt t leable  injector.  

r a t i o  of t h i s  in jec tor  is the same as the main combustion chamber 

in jec tor  (i.e., approximately 10 t o  1). It would be possible to  use 

the same in jec tor  concept in the precombustor as is  used i n  the main 

combustion chamber. 

bustor in jec tor  pressure losses are quite high since the precombustor 

operates a t  a much higher pressure than the main combustion chamber. 

The thro t t l ing  

The problem with t h i s  concept is thst the precom- 
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in jec tor  pressure drops shown equivalent in percent t o  the 

main in jec tor  values result i n  pump discharge pressures which are 

unacceptably high. 

drops is the use of the dual manifold. 

drops equal to  20 percent of the precombuator pressure were used f o r  the 

dual manif old concept. 

The most promising concept f o r  reducing these pressure 

Oxidizer and f'uel in jec tor  pressure 

Gas Generator Cycle (A). The gas generator in the gas generator cycle (A) 

is unique in that it must be capable of th ro t t l ing  ratios of 20-30/1 which 

were f e l t  t o  be beyond the capabi l i t ies  of a fixed area injector.  Two 

concepts f o r  reducing the gas generator injector  th ro t t l ing  r a t i o  were 
considered. 'Rx first is the use of the dual manifold concept and the 

second is the use of a turbine bypass system. The dual manifold concept 

was discussed f o r  the gas generator cycle (B). The only difference f o r  
the gas generator cycle (A) is tha t  both the fue l  and the oxidizer i n l e t  

l ines  w i l l  require two control valves. 

fixed area injectors  in the gas generator with a thro t t l ing  capabi l i ty  

of approximately 10 t o  1. 

10 t o  1, the flowrate remains constant and the excess turbine drive gas 

is bypassed around the turbine. 

both reduces the gas generator th ro t t l ing  r a t i o  and rel ieves  the gas 

generator flow control problems. The turbine bypass concept has the 

disadvantage of producing higher than the required secondary flowrate 

at gas generator t h r o t t l e  r a t io s  greater  than 10 t o  1, This gives a 

s l igh t  engine specif ic  iapulse l o s s  i n  the 10/1 throt t led condition. 

The turbine bypass concept uses 

For gas generator t h ro t t l i ng  greater than 

This concept is a t t r ac t ive  because i t  

The engine bypass concept was used f o r  the gas generator cycle (A) 

because i t  requires fewer control valves than the dual manifold concept 

and because i t  does not complicate the design of the gas generator. 
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T h r u s t  and Fix 

Teble 21 summarizes the control system considerations f o r  a throt t leable  

engine. 

because the oxidizer and f u e l  feed systems do not behave i n  the same 
manner. 

and the gas generator must be controlled, 

number of control valves which m u s t  be operated simultaneously f o r  each 

cycle: 

It is necessary t o  control mixture r a t i o  during t h r o t t l i n g  

On the gas generator cycles the mixture r a t i o  of both the engine 

"he following table lists the 

TABLE 21 

Ges Generator (A) 

Thrust  Chamber Tapoff 

Auxiliary Heat Exchanger 

Gas Generator (B) 

Expander 

I n  the th rus t  chamber tapoff cycle, an additional control valve may be 

required t o  provide acceptable tapoff gas properties during thro t t l ing  

since injector  character is t ics  may vary and af fec t  gas properties a t  
the tapoff port. 

In  the auxiliary hertt exchanger cycle, i t  was necessary t o  control the 

heat exchanger flowrate during throt t l ing,  

heat exchanger flowrate f o r  any given thrus t  level was always greater 

than or  equal t o  the required turbine flowrate a t  that thrus t  level,  

a l l  conditions i n  which the required heat exchanger flowrate was greater  

than the required turbine flowrate, the excess flow was bypassed around 

the turbine. 

It w a s  found tha t  the required 

For 
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2 A l l  of the 500 psia (3450 kN/m ) turbopump designs were capable of 
th ro t t l ing  with the engine balance at 10 percent th rus t  being dependent 

on pump i n l e t  pressures. 

800 psia  (5520 kN/m ) design point. 

pressure are higher due to  increased injector pressure drops. 

higher pump discharge pressures r e su l t  i n  a reduction i n  pump eff ic-  

iencies and also a reduction i n  pump impeller t i p  widths. 

Differences were more s ignif icant  a t  the 
2 

The design values of pump discharge 

The 

2 A t  800 psia  (5520 kN/m ) the  gas generator (B) and expnder cycle f u e l  

pump designs are very sensi t ive t o  the pressure drop required f o r  

throt t l ing.  With high in jec tor  pressure drops, the nominal design 

discharge pressures exceed 2500 psia  (15500 W/m ) and the associated 

impeller designs may be d i f f i c u l t  t o  fabr icate  because of the small 

t i p  width. 

2 

Performance 

All pump-turbine power cycles will have a performance lo s s  during 

thro t t l ing  due to increased drag and k ine t ics  losses i n  the nozzle. 

Combustion losses usually also increase during throt t l ing.  

In the gas generator (B) and expander cycles, a thro t t l ing  requirement 

does not result in any performance losses other than those discussed 

above. 

formance losses i n  the low turbine flow cycles. 

pressure drop requirements resul t  i n  higher pump discharge pressure and, 

therefore, higher turbine f l o w  requirements. The resulting cycle losses 

produce a decrease i n  engine specific. impzlse, At a chamber pressure of 

A t h r o t t l i n g  requirement does, however, produce additional per- 

The increased in jec tor  
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800 psia  (55.2 
thro t t l ing  requirement is 0,2 percent f o r  the gas generator (A) and 

thrust  chamber tapoff cycles and 0.3 percent f o r  the auxiliary heat 

exchanger cycle. 

2, the  f u l l  thrust engine speci i c  impulse due to  a 

In the thrust  chamber tapoff and auxi l iary heat exchanger cycles, the 

cycle losses decrease as the engine is thrott led.  This occurs because 

the pump power requirements (and, therefore, the turbine flow require- 

ments) decrease much more rapidly than the thrust level. 

generator cycle losses  w i l l  increase as tlne engine is thrott led.  

occurs because of the turbine bypass system used to  limit gas generator 

In the gas 

This 

t h r o t t l i n g  . 



engine control system selection study was con 
favorable control configuration for each of the candidate turbine arrange- 
ments and turbine drive cycles. 
control system configuration for each of the candidate cycles and provided a 
relative comparison of the turbine arrangements and drive cycles, based upon 
control system considerations. 

The results of this study provided the basic 

Ground Rules 

Ground rules that apply to the control system and start system are summarized 
below. 

1. 
2. 
3. Moderate start and cutoff time requirements 
4. All configurations have engine mounted shutoff 

Multiple start capability (4 or more) 
Unspecified minimum time between restarts 

valves upstream of pumps. 

Additional engine control system features were also established prior to select- 
ing the control system for each candidate cycle. The oxidizer pump seal package 
design requires that a helium purge be used between the shaft riding intermediate 
seals during operation. This purge should be activated whenever propellants were 
on either side of the seal to preclude any inter-seal leakage during start pr 
cutoff procedures. 
tions of the start and cutoff transients is used to eliminate the possibility 
of contaminates in the oxidizer system and to prevent the fuel from flowing back 
through the oxidizer side. 

An oxidizer system purge during the fuel lead and lag por- 

During engine start a fuel lead is assumed since the fuel side (including cool- 
ing jacket) primes slower than the oxidizer side. 
ing conditions in the jacket at ignition and will avoid large thrust chamber mixture 
ratio excursions during the start transient. 
lubricated with the respective propellants, it was considered necessary that the 
propellants be admitted to the pumps (main valves opened) before rotation of the 

This will assure adequate cool- 

Since the pumps are to be cooled and 



pumps, This w i l l  e l iminate  the p o s s i b i l i t y  of scuffh3.g the  passivat ion f i l m  

i n  the oxidizer  pump and the possible  damage t o  the face r i d i n g  seals,. 

Engine t h r o t t l i n g  has  a l s o  been included as  a system feature t o  provide greater 
f l e x i b i l i t y  i n  mission appl icat ions.  Engine mixture r a t i o  cont ro l  must a l s o  be 
provided i n  conjunction with the var iab le  t h r u s t  cont ro l  fea ture .  
t h r o t t l e s ,  re la t ive changes i n  fue l  and oxidizer  pump power requirements must 
be compensated f o r  with a mixture r a t i o  cont ro l  system t o  maintain a constant 
engine mixture r a t i o  and assure simultaneous deplet ion of the on-board propel lants .  
It i s  a l s o  des i rab le  t o  be able  t o  start the engine t o  any t h r u s t  l eve l  within 

the t h r o t t l e  range. 

As the  engine 

S t a r t  System 

Engine start methods were reviewed. The tank head start method i s  the simplest  
and mos t  a t t r a c t i v e  of the methods considered and w a s  selected as a basis of 

engine comparison. Should more rap id  priming and preconditioning be needed, a 
pneumatic power source could be used f o r  the low flow turbine cycles. 

Control System - Single Turbine 

For the s ingle  turbine arrangement control  systems are described i n  Fig,  25 . 
A var iab le  area FLOX valve i s  used f o r  mixture r a t i o  cont ro l  i n  start and t h r o t t l -  

ing. Bypass and shutoff valves  i n  the  turbine l i n e  are used to control  power. 

During start the turbine i s  i so l a t ed  from the f u e l  lead t o  prevent FLOX pump ro- 
t a t i o n  u n t i l  the bear ings and seals are wet and t o  allow FLOX l i n e  purge during 
the f u e l  lead. The turbine i n l e t  valve i s  indicated t o  assure  turbine i so la t ion .  

The cont ro l  c h a r a c t e r i s t i c s  of the  s ingle  turbine are summarized i n  Table 23 e 

The methane s ide w i l l  thermally condition and prime using the tank pressure alone. 

Thermal conditioning times may be 5 t o  20 seconds, depending upon i n i t i a l  engine 
temperatures and tank pressures. 

S t a r t  and cutoff sequences o f  s ing le  and dual turbine are compared i n  Fig. 26. 
Since the s ingle  turbine must be i so la ted  during port ions of the start,  the  f u e l  
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system must prime us ing  only tank head, 

f u e l  turbine is  not i s o l a t e d  and provides pump power t o  assist i n  priming. 

Thus, the priming and preconditioning times would be sho r t e r  with l e s s  pro- 

pe l l an t  l o s s  during s t a r t .  

I n  the  dual sha f t  arrangement, the  

The r e su l t i ng  cont ro l  systems f o r  p a r a l l e l  and s e r i e s  tu rb ines  a r e  shown i n  

Fig. 27 and 28. Control components a r e  summarized i n  Table 24. 

PUMP CONFIGURATION EVALUATION 

Pump configurat ions were evaluated f o r  each dr ive  cycle,  turbomachinery arrange- 

ment and design point .  

imposed upon a parametric descr ip t ion  of pump cha rac t e r i s t i c s .  

could then be spec i f i ed  f o r  any engine configuration. 

estimated f o r  the small pump sizes.  

An approach was used in which pump design l i m i t s  were 

Individual  pumps 

Pump e f f i c i e n c i e s  were 

For the spec i f i c  speed range required f o r  these engine cycles ,  shrouded cent r i -  

fugal  impel ler  pumps a r e  most appropriate.  

r e l a t i v e l y  high e f f i c i ency  and be reasonable t o  manufacture. 

This configurat ion w i l l  produce 

Pump Desim Criteria 

A study was conducted t o  define and specify pump design parameter l i m i t s  f o r  

the p a r m e t r i c  ana lys i s  of FLOvmethane engine systems. 

l i shed  based upon present  technology (1970) as represented by current  12 GPM 

f luor ine  pump design (NAS3-12022) and the projected technology obtainable with 

a five-year development program (1975). 
l i m i t s  which were establ ished.  

L i m i t s  were estab- 

Table 25 summarizes the pump design 

The pump design l i m i t s  f o r  methane were based upon present designs operating 

i n  RP-1 fue l .  Problems and f a i l u r e s  i n  RP-1 f u e l  a r e  m i n i m a l  and, therefore ,  

these designs a re  conservative with s i g n i f i c m t  growth po ten t i a l ,  
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Bearing DN x 10-69 
mm-rpm (mm-rad/s ) 
Seal Speed, fps (m/s)  
Diameter Ratio 

Wear Ring Clearance, inches ( c m )  

Impeller Tip Width, inches (cm) 

I 

F: 

1970 

0.8 Max. 
0,003 Radial (.OO76) 

0.030 t o  0.070 (.076 t o  .178) 

30,000 (14868) 

Bearine: DN - FLOX Pump. 

x 10 mm-rpm (0.078 mm-rad/sec). 

reported. Consequently, the value of 0.75 x 10 mm rpm (0.078 x 10 mm-rad/sec) 

is l e g i t b t e  state-of-the-art. A value of 1.0 x 10 mm-rpm (0.105 x 10 mm-rad/sec) 

was selected as  a l i m i t  f o r  1975 as a reasonable projection from current technology, 

The fluorine pump of Ref. 4 is designed f o r  a DN of 0.75 
6 Values of DN i n  t h i s  range have recently been 

6 6 

6 6 

Seal Rubbing Speed - FLOX Pump, 
carbide cermet w i t h  a nickel binder running a t  speeds up t o  183 fps  (56 m/sj have 

been reported (Ref. 9). 
design of Ref  e 4. 
lected for  the prametric st~dy, 

as 250 fps  (76 m/s> . 
i n  technology. 

Seals u t i l i z ing  aluminum oxide against  titanium 

This value is currently being used i n  the fluorine pump 

A 1970 rWX pump seal speed limit of 180 fps  (55 m/s) was se- 

The 1975 FLOX pump sea l  speed limit was estimated 

This value was based upon a reasonably expected advancement 

Diameter Ratio. 

eye diameter t o  the impeller t i p  diameter should be below 0.8. 

As i n  a l l  centrifugal pump designs, the r a t i o  of the impeller 

M i n i m  Wear R i n g  Clearance. 

mately 0.003 inches (0,0076 cm) rad ia l  w e a r  r ing clearance. 
the minimum that  can be held, considering stackup tolerances and bearing looseness, 

Axial movement should not be a problem with only shrouded impellers being considered. 

Rocketdyne pumps have been designed with approxi- 

This a?pears t o  be about 
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Impeller T i p  Width 

countered i n  t h i s  study, it is possible  t h a t  the desired impeller configuration 

w i l l  be impossible t o  make, consequently the impeller t i p  width of the candi- 

date  designs w i l l  be checked aga ins t  var ious manufactilring techniques t o  ve r i fy  

f ab r i ca t ion  f e a s i b i l i t y .  

0,030 and 0.070-inch (0.076-0.178 cm). 

i t h  the low f lowrates  and small s i z e s  which w i l l  be en- 

It i s  estimated t h e t  minimum t i p  width i s  between 

Suction Specific Speed. 

been reported (Ref. 10). 
suc t ion  spec i f i c  speed of 30,000 was estimated for use i n  the  parametric study. 

Suction s p e c i f i c  speeds of 23,000 i n  f luor ine  have 

Due t o  the  small s i z e  of these pumps, a l imi t ing  

Pump Eff ic iency Predic t ion  

The t h r u s t  l eve l  of the engine system requ i r e s  propel lant  pumps which a r e  small 

r e l a t i v e  to  mos t  current  pumps. Efficiency est imates  f o r  these small-size pumps 

f o r  use i n  engine system evaluat ion s tud ie s  requi re  adjustment from the la rge  pump 

e f f i c i ency  data  usua l ly  used, 

The sca l ing  o f  large pumps of known performance t o  a small s i ze  does not  usua l ly  

produce a pump of s imi la r  performance. Two of the major reasons f o r  t h i s  a r e  the 
impeller wear r i n g  clearances and the r e l a t i v e  roughness of the f l u i d  passage w a l l s ,  

both of  which increase i n  the  s m a l l  s izes .  The wear r i n g  clearance increases  leak- 

age los ses  while the r e l a t i v e  roughness increases  the f l u i d  f r i c t i o n  losses .  This  

increase i n  l o s s e s  requi res  a downward adjustment of the pump ef f ic iency  est imates ,  

These adjustments were made assuming an impel ler  of  about one-inch diameter. 

The adjusted curve along with the conventional large pump curve i s  shown i n  

Fig. 29 . 
agrees  very wel l  with e f f i c i e n c i e s  computed from an Airesearch curve from Ref. 11 

and the information taken from R e f .  12. The Hydraulic I n s t i t u t e ,  Byron Jackson, 

and lyroody adjustments a r e  a l l  based upon ad jus t ing  the r a t i o  of the t o t a l  r e l a t i v e  

l o s s e s  by the r a t i o  of the impel ler  diameter r a i s e d  t o  some power, 

t h a t  the  s m a l l  pump curve a l s o  agrees  reasonably well with these sca l ing  methods 

except possibly a t  very low s p e c i f i c  speeds. 

It can be seen i n  t h i s  f i gu re  t h a t  the  adjusted small pump curve 

It can be seen 
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The 'psmall pump'@ cu 

timate FLOX and methane pump e f f i c i e n c i e s  f o r  the  parametric s tud ie s  

e of  pump ef f ic iency  versus  spec i f i c  speed i s  used t o  es- 

Pump Operating L i m i t  Curves 

Pump ef f ic iency  versus  pump speed was p lo t t ed  f o r  an engine mixture r a t i o  of  
5.25 and a series o f  pump discharge pressures.  

f o r  one-stage FLOX pumps and f o r  one- and two-stage methane pumps i n  Fig. 31 
These a r e  presented i n  Fig. 30 

and 

32 e Cross-plotted on these curves a r e  the seal  speed, bearing DN, and i m p e l l e r  
diameter r a t i o  l i m i t  regions iden t i f i ed  i n  Table 25 . The l i m i t s  a r e  p lo t t ed  as 
regions due t o  v a r i a t i o n s  i n  the  mechanical design of the turbopuq.  

These curves were used i n  se l ec t ing  the operat ing speed of  pumps being evaluated 
f o r  the requirements of the var ious  engine cyc les  and chamber pressures.  For a 

given pump discharge pressure requirement, the pump speed and ef f ic iency  were se- 

lec ted  to  be near  the l e f t  hand o r  most conservative boundary, 

A t  high discharge pressures ,  single-stage pump efficiency decreases 88 can be 

seen i n  Fig. 31. Where the ef f ic iency  difference was s ign i f i can t  , 
two-stage methane pumps were selected.  One-stage FLOX pumps were used throughout 
because discharge pressures  were r e l a t i v e l y  low and t o  avoid the  increased poten- 

t i a l  rubbing surface of  the two-stage pumps. 

Methane-cooled bear ings f o r  the FLOX pump were b r i e f l y  considered but ,  as  can be 

seen i n  Fig. 30 the FLOX s e a l  speed i s  as l imi t ing  as the  bearing DN. There 
would be no advantage i n  pump speed and the  increased overhang required t o  incor- 

p o r a t e  the s e a l  package between the FLOX pump, and a methane bearing presents  a 

po ten t i a l  rubbing problem. FLOX cooling bear ings were, therefore ,  selected f o r  

the FLOX pump. 

Pump Design 

Pumps were defined f o r  each engine configuration using the parametric curves. 

The FLOX pumps were a l l  s ing le  stage. Shaft  s i z e  and thus bearing and sea l  dia- 

meter increased with higher discharge pressure.  To maintain consis tent  DN and 
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Figure 30. Flox Pump Efficiency and Operating L i m i t s  
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Figure 31. CH4 Pump Efficiency and Operating L i m i t s  
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seal speed values,  r o t a t i n g  speed was decreased as discharge pressure increased. 

The FLOX pumps operated a t  50,000 rpm (5230 rad/sec) f o r  low discharge pressures 

and a t  40,000 rpm (4190 rad/sec) f o r  high discharge pressures.  

s e a l  speed values were the same f o r  a l l  FLOX pumps. 

were 12 t o  17 ps i a  (0.83 t o  1.17 kN/m ). 

Bearing DN and 

The NPSP values required 
2 

Methane pumps were s ized  i n  a s i m i l a r  manner with the s e a l  speed values of 250 

f p s  (76 m/s )  predominating and a bearing DN ( s l i g h t l y  lower than the se lec ted  

design l i m i t  value. 

one-stage methane pumps. 

f igura t ions .  

operated at speeds of 70,000 t o  80,000 rpm (7310 t o  8360 rad/sec) with the  

higher discharge pressure pumps a t  the lower speed t o  maintain consis tent  seal 

speeds. I n  the s ingle-shaf t  pump arrangement, the methane pump operated a t  

the  FLOX pump speed. NPSP values required were around 5 psia  (0.35 kN/m ). 

2 The low turbine f low cyc les  a t  500 ps i a  (34.5 kN/m ) used 

Two-stage methane pumps were used f o r  the o ther  con- 

I n  dual sha f t  and gear-driven configurations,  the  methane pumps 

2 

Desim Differences, 

and seal technology. Differences appear, however, i n  t he  impeller and the 

inducer of the methane pumps. 

width becomes q u i t e  small. 

included) and lower are required. 

gas generator (B) cycles,  p a r t i c u l a r l y  i n  the  s ing le  sha f t  arrangements, Some 

fab r i ca t ion  d i f f i c u l t y  would be involved r e l a t i v e  t o  lower pressure pumps with 

t i p  widths i n  the  0.060-inch (0.15 cm) range, 

single-shaft  arrangement, the  inducer is b u i l t  around the  dr ive  shaf t .  

this annulus the  inducer blades become qu i t e  small  and may cause f ab r i ca t ion  

d i f f i c u l t y  o r  i n l e t  performance degradation. 

The r e s u l t i n g  pump designs a l l  r e f l e c t  the  same bearing 

A t  high discharge pressures,  the impel ler  t i p  

Values of 0.035-inch (0.089 em) ( r ec i r cu la t ion  not 

These are encountered i n  the expander and 

I n  the methane pump on the 

Within 

TURBINE ARRANGEMENTS 

A series of turbine arrangements were inves t iga ted  t o  e s t a b l i s h  the bes t  con- 

f igu ra t ion  f o r  each d r ive  cycle. 

and the design g iv ing  the bes t  performance was selected.  Preliminary design 

For each arrangement, tu rb ines  were analyzed 
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ere made to assess design problems, rbine operating temperatures 
were varied and a design value was selected based upon performance and develop- 
ment ease, 
methane combustion products, was investigated. Assessing performance, develop- 
ment ease, and the operational aspects described previously, turbomachinery 
arrangements are recommended. 

Turbine coking, a potential problem with turbines using FLOX/ 

Candidate Arrangements 

Four turbine-pump arrangements were considered as shown in Fig. 23. 

Single-Shaft Pumps Back-to-Back. This configuration offers advantages such 
as: 
allows a more desirable turbine design; b) it is not overly complicated with 
either gearing or control problems. 
methane pump efficiency, as the speed is limited by the FLOX seal and/or bearing. 

a) the total horsepower of both pumps being developed in one turbine 

This configuration does penalize the 

Single Turbine Gear-Driven. The gear-driven configuration has the advantage 
of developing the total horsepower of both pumps in a single turbine. 
the pumps and the turbine can be operated at the most desirable speed and 
provide good suction characteristics. 
in increased turbomachinery complexity. 

Both 

The additional bearings and gears result 

Dual Shaft with,Turbines in Series or in Parallel. 
pump this configuration minimizes suction performance problems and allows each 
pump to operate at its most desirable speed. 
are minimized by isolating each propellant in its own machine. 

As in the single-geared 

Chances of catastrophic failure 

Turbine Desim Criteria 

One of the major turbine design goals is high efficiency, 
ciency which can be attained is closely related to the isentropic velocity 
ratio, which is the ratio of the pitch velocity (U) to the isentropic spouting 

The turbine effi- 
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veloc i ty  (CO)" For high pressure 

( A )  cycle ,  the  i s e n t r o p i c  spout in  

p i t ch  l i n e  ve loc i ty  i s  required t o  operate a t  acceptable turbine e f f ic iency ,  

Low pressure r a t i o  turb ine  designs used i n  the  gas generator ( B )  and expander 

cycles general ly  operate  below the  c r i t i c a l  pressure r a t i o  and require  lower 

p i tch  l i n e  v e l o c i t i e s  than the gas generator (A)  type cycles  t o  produce high 

eff ic iency.  

t i 0  stages such as used i n  the  gas generato 

e l o c i  t y  i s  supersonic I) ~or respond ing ly  high 

From considerat ion of s t r e s s ,  f ab r i ca t ion ,  and t e s t i n g  c e r t a i n  l i m i t s  were 
placed on the  turb ine  design, 

p i tch  diameter, r o t a t i n g  speed and blade height. 

turbine s t r e s s ,  a maximum t i p  speed of 1500 f p s  (457 m / s )  w a s  used f o r  material 

temperatures below 1500 F (1090K). 

f i gu ra t ions  ind ica t e  tha t  because of bearing and seal package s i z e ,  turbine 

p i tch  diameters w i l l  have minimum s i z e  l i m i t s .  

of 2.0-inch (5.08 cm)  w a s  es tabl ished.  

small f o r  t h i s  low t h r u s t  l eve l .  

i s h  the  effect of gas leakage on ef f ic iency ,  blade heights  of 0.15-inch (0.38 
cm) were judged t o  be a lower l i m i t .  On the low turb ine  flow dr ive  cycles  i n  

which the  gases are dumped overboard, turbine development can be f a c i l i t a t e d  

by l i m i t i n g  the turb ine  discharge pressure t o  values g rea t e r  than 14.7 p s i a  

( l O l k  E/m2). Therefore, o u t l e t  pressure i n  the  20 ps ia  (138 k N/m ) range 

were used. 

Centr i fugal  stress provided an upper bound on 

As a s impl i f ied  bound on the  

Preliminary layouts of  turbomachinery con- 

A lower l i m i t  on p i tch  diameter 

Turbine blade heights  can become very 

To promote ease of f ab r i ca t ion  and t o  dimin- 

2 

Turbines 

Turbines were analyzed and defined t o  match the  pump power and speed require- 

va r i e ty  of turbines  were analyzed f o r  each engine configuration. I n  

t h i s  ana lys i s  single-row impulse and two-row velocity-compounded turbines  were 

considered. For the  low flow turb ines ,  both pressure r a t i o  and turbine type 

were considered. The turbine operat ing conditions were se lec ted  t o  minimize 

thewe igh t  flow necessary t o  provide the  required pump power. I n  the high flow 

cycles [expander and gas generator (B)] ,  both turb ine  types were considered and 

the pressure r a t i o  was adjusted t o  give the required pump horsepower, 

ing  turbine e f f i c i e n c i e s  are described below. 

Result- 
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Chamber 

The low f low tu rb ines  lused i n  gas  generator (A)],  thrust chamber tapoff ,  

and aux i l i a ry  hea t  exchanger cycles ,  general ly  had two-row turbines ,  while 
the topping cycle turb ines  f o r  the most p a r t  used single-row turbines.  For 

most of the engines, some amount of  p a r t i a l  admission w a s  used t o  give high 

turbine performance. 

Turbine I n l e t  Temperature 

The e f f e c t  of turbine i n l e t  temperature on engine performance w a s  invest igated.  

For the expander cycle,  the turbine i n l e t  temperature w a s  the th rus t  chamber 

cooling jacket e x i t  temperature. 

associated with them) were based upon the t h r u s t  chamber heat t r ans fe r  analyses  

described previously with #/€$ = 1.0, 
increase both temperature and pressure drop. 

The temperatures (and the pressure drops 

Increases  i n  the heat f lux l e v e l s  could 

For the  aux i l i a ry  heat exchanger, the e f f e c t  o f  turbine i n l e t  temperature on 

performance and the temperature avai lable  from a nozzle heat exchanger are shown 

i n  Fig. 3 .  . 
t o  avoid coking. 

The methane temperature was r e s t r i c t e d  t o  below 1960R (1090K) 
A turbine i n l e t  temperature of 1860R (1030K) was selected.  

r 

In  the remaining cycles  which use FLOX/CH 

temperature i s  governed by the mixture r a t i o  o f  the two propel lants .  

gas generator ( A )  cycle,  the e f f e c t  of i n l e t  temperature on performance and the 

gas  generator mixture r a t i o  are shown i n  Fig. 35 . The same curves a re  a l so  

representa t ive  of  the th rus t  chamber tapoff cycle,  where the mixture r a t i o  would 

be t h a t  of the gases  tapped from the main combustion chamber. A turbine i n l e t  

temperature o f  1960R was selected,  

combustion products, turbine i n l e t  

For the 
4 
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I n  t h e  gas gsnerator  (B) cycle,  engine performmce is  unaffected by the  tur- 

bine temperature. However, tu rb ine  pressure r a t i o ,  and therefore  pump dis- 

charge pressure,  is affected.  As gas generator mixture r a t i o  is decreased, 

both turbine temperature and the  ava i lab le  turbine flow are diminished. 

requi res  higher tu rb ine  pressure r a t i o s  and, i n  tu rn ,  higher pump discharge 

pressures. 

This  

A temperature of 1960 R (1090K) w a s  se lected.  

Turbine Nozzle Coking 

Based on experience with LOX/RP-1 engines, turbine coking appears t o  be a 

po ten t i a l  problem which could have a major effect upon a development program. 

Typical of the decrease i n  turbine nozzle area with LOX/P2 i s  t h a t  which occurs 

with the  F-1 engine turbine,  as shown i n  Fig. 36. 

bine nozzle a rea  decreases by 9-percent over  a 125-second f i r i n g .  

FLOX/CH 

are  an t ic ipa ted ,  these carbon deposi t ion rates would be t o t a l l y  unacceptable. 

A t  1500 F (109OK) the tur- 

Since the 

turbines  are considerably smaller and longer f i r i n g  times ( -  500 sec) 4 

By comparing the s o l i d  carbon concentration i n  FLOX/CH 

a given temperature with the concentration i n  LOX/RF' products, turbine da t a  were 

scaled t o  give an estimate of carbon deposit ion t h a t  might be encountered. These 

are shown i n  Fig. 37. Comparing these with the  turbine nozzle s i z e s  expected 

f o r  the  FLOX/CH 

severe,  as shown i n  Fig. 38. The temperatures could be ra i sed  above 1800 F 

(1250K) and the deposi t ion reduced a t  the expense of developing a high tempera- 

t u r e  turbine.  Temperature could be lowered with the  p o s s i b i l i t y  of producing 

s o f t  carbon; however, performance losses  o r  pump discharge pressure increases  

are s ign i f i can t .  A t h i r d  a l t e r n a t i v e  would be t o  reduce the F2 concentration 

i n  the  FLOX t o  reduce carbon concentration. This would r e s u l t  i n  s ign i f i can t  

performance losses, as shown i n  Table 26 and the  carbon reduction i s  s l i g h t .  

combustion products a t  4 

engine ind ica t e s  t h a t  the nozzle a rea  reduction would be very 4 

From these considerat ions,  turbine i n l e t  temperatures were se lec ted ,  For the 

turbines  using FLOX/CH combustion products t he  se lec ted  temperatures avoid 

the use o f  high temperature turb ines ,  however turbine coking remains as a major 

development problem. 

4 
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Figure 38. Effect of Temperature on 
Turbine A r e a  Reduction 

TABLE 26 

EFFECT OF FLOX CONCENTRATIOE 

Gas Generator Nixture Ratio 
Gas Generator Temperature, R (K) 

2 Percent F 
Carbon Concentration 

( g m  moles/100 gms) 

Theoret ical  Thrust Chamber 

Spec i f ic  Impulse (PIR = 5.25), sec 
(N-sec/kg) 

0 e 3  
1880 (1044) 
70 
1.59 

421 (4130) 

0 * 3  
1887 (1048 
82.5 
1063 

428 (4200) 



Figures 39 through 42 present 2reliminary conceptual layouts  o f  the three  
d i f f e ren t  turbopump arrangements being considered. These layouts  were made 

t o  a s ses s  the  physical  and mechanical l imi t a t ions  and problems associated 
with the var ious arrangements and a r e  f u l l  s ize ,  

Dual shaft configurat ions a re  shown i n  Fig. 39 and 40 e Figure 59 presen t s  
a FLOX pump with FLOX-lubricated bearings,  and a seal package containing a 

face r i d i n g  seal, a purged intermediate shaf t  r i d i n g  sea l ,  and a face r i d i n g  

hot gas sea l ,  The c a v i t i e s  between the two face r i d e r s  and the  shaf t  s e a l  

a re  drained. The face  r id ing  s e a l s  r i d e  on the inner  bearing race and on the 
turbine wheel so t h a t  the turbine overhang could be reduced, Figure 40 pre- 

s en t s  a two-stage methane pump with methane-lubricated bearings. 
a t  about twice the speed of the FLOX pump. 

This pump runs 

Figure 41 presents  a geared arrangement of pumps designed t o  meet the same 

requirements as the previous designs. All bearings,  gears and seals run i n  

methane with the exception of one FLOX-lubricated bearing and the primary FLOX 
seal.  The FLOX-lubricated bearing reduces the  FLOX pump overhang without com- 

promising the FLOX pump speed. A single-stage methane pump i s  shown f o r  compari- 

son with the two-stage version i n  Fig. 42. The advantage of  the  geared arrange- 

ment i s  t h a t  a l l  the  horsepower i s  produced i n  one turbine,  thus  improving the  

turbine design. This  improvement must be weighed aga ins t  the  disadvantage of  

gears, gearcase, and addi t iona l  bear ings and s ide  loads. 

A single  shaf t  arrangement running a t  the FLOX pump sea l  speed l i m i t  is  shown 

i n  Fig. 42 . The bear ings are methane lubricated.  The long a x i a l  stackup and 

high torque transmission require  a r e l a t i v e l y  la rge  shaf t  which may introduce 

c r i t i c a l  speed problems. The methane inducer i n l e t  and turbine design are com- 

promised i n  t h i s  arrangement because of the l a rge  shaft and the low speed, re- 

spec t i v e  l y  e 
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Turbomachinerg Arrangement Se lec t ion  

Design f ea tu res ,  performance, and po ten t i a l  development f e a t u r e s  of the  
turbomachinery arrangements f o r  each dr ive cycle a re  described i n  Tables 

27 t o  34 Selected arrangements a re  indicated with an a s t e r i sk .  In  

general ,  the s ing le  shaf t  turbopump penal izes  the methane pump and turb ine  

e f f i c i e n c i e s  by forc ing  them t o  run a t  slower, FLOX pump, speed,, This  leads  

t o  small impeller discharge widths f o r  the methane pump, which increases  fab- 

r i c a t i o n  d i f f i c u l t y .  

r a t h e r  s m a l l  b lades  which, with reasonable clearance values ,  may compromise 

suction performance, 

This la rge  shaf t  makes the methane pump inducer have 

Associated with these i s  the start sequence l imi t a t ion  i n  which long thermal 
conditioning times a re  an t ic ipa ted ,  because power appl ica t ion  t o  the  methane 
pump must be delayed u n t i l  FLOX pump power i s  a l s o  desired.  The s ingle-shaf t  

arrangement f a i l e d  t o  appear a t t r a c t i v e  f o r  any of  the dr ive  cycles. 

The gear drive and dual turbine arrangements were a t t r a c t i v e  i n  tha t  each pump 

can operate a t  i t s  own speed and higher e f f i c i ency  can be a t ta ined .  Both the 

dual  turbine series flow and the gear-driven arrangements use a l l  the  turbine 

f low and turbine nozzles a re ,  therefore ,  s l i g h t l y  l a rge r  than f o r  the p a r a l l e l  

f low,  dual-turbine arrangement. The gear-driven arrangements have an e x t r a  FLOX 
cont ro l  valve, th ree  gears ,  e x t r a  methane bear ings and seals, and the associated 

lub r i ca t ion  system. This i s  o f f s e t  i n  the dual  turbine system by the ex t r a  FLOX 
bearing and turbine.  The p a r a l l e l  flow tu rb ines  can i n  many cases be made iden- 

tical. 

The dual turbine arrangements, p a r t i c u l a r l y  the p a r a l l e l  f l o w  arrangement, a r e  

independent i n  operation and are, therefore ,  more f l e x i b l e  f o r  development t e s t s ,  

engine system start  and t h r o t t l i n g .  In  the e a r l y  phases of  s tart ,  f o r  example, 

the methane turbine can be powered while the  FLOX turbopump is  inoperat ive,  The 

power input  t o  the methane pump mater ia l ly  assists i n  reducing the methane s ide 
priming t i m e .  

From these considerat ions the dual  turbine arrangements were selected f o r  a l l  

dr ive  cycleso 
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DRIVE CYCLE 

A comparison of candidate drive cycle features was first made on a qualita- 
tive basis. 
selection of two drive cycles at each design point. 

Then a numerical rating system was devised and used to make a 

Engine descriptions for the candidate drive cycles are given in Tables 35 and 

36. 
highest specific impulse. 
by the high engine weight. 
values about 4 seconds lower. 
DN and seal speed except for the 500 psia (3450 kN/m ) FLOX pumps which, 
except in the gas generator (B) cycle, operate at a lower speed to provide 
more acceptable impeller geometry. 
(expander and gas generator (B), impeller tip width is small and fabrication 
may be more difficult than for the other cycles. 

For both design points the expander and gas generator (B) cycles have the 
Gas generator (B) performance is somewhat reduced 
The remaining drive cycles have specific impulse 

2 
The pumps operate at the same design values of 

2 In the 800 psia (5520kN/m ) topping cycles 

In the turbine area, the topping cycles have the fewer turbine wheels. 
heights are essentially the same, but the topping cycles have slightly larger 
turbine nozzles. 
at full thrust than the other cycles. 

Blades 

The expander cycle has a lower turbine operating temperature 

Drive cycle development problems are summarized in Table 37. Designations used 
in the table are: 

NA - 
A -  
B -  

c -  

D -  

Not applicable. 
Normal development item. 
Minor development problem. 
or sensitivity with component modification possible. 
Significant development problem; moderate technical risk with system 
redesign possible. 
Potential major development problem; considerable technical risk 
with configuration change or program delay possible. 

Small technical risk due to fabrication 
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ficant potential problem is that of turbine nozzle coking 
ethane combustion products to power the turbines: 
erator (B), and thrust chamber tapoff. As indicated 

previously in the small turbine flow passages, coking could severely reduce tur- 
bine performance and represents a significant potential development problem. 
The next most significant item is the control of the small amounts of hot, cor- 
rosive gas in the FLOdmethane powered turbine cycles. 
the auxiliary heat exchanger appears to have the fewest development problems, 
with the expander cycle being slightly more difficult. The minor development 
problems indicated for the expander cycle are largely due to the engine bal- 
ance sensitivity at the 800 psia (5520 kI?/m ) chamber pressure described in 
the following section. 

2 (3450 kN/m ) design point. 

Of all the drive cycles, 

2 

This sensitivity is greatly diminished at the 500 psia 

The performance of the drive cycles is directly related to the characteristics 
of the engine components. Some cycles are more sensitive to these component 
variations than others. 
since a small variation in one component could significantly affect the entire 
engine. 
variations were assumed. Using exchange factors, these variations were related 

Yith these cycles potential development problems exist 

For the drive cycle candidates, a series of component characteristic 

to changes in pump discharge pressure or to specific impulse. 
described in Tables 38 and 39. At the high chamber pressure, it can be seen 
that both the gas generator (B) and the expander cycle pump discharge pressures 
are very sensitive, particularly to injector pressure drop increase and turbine 
efficiency decrease. 
sensitive, however engine specific impulse is sensitive to component variations. 
At the low chamber pressure all systems are less sensitive. 

These are 

The pump pressure for the remaining cycles is not as 

The components, lines, valves and manifolds associated with the drive cycles 
are summarized in Table 40 to give an indication of system complexity. 
expander cycle is the simplest of all the cycles, while the gas generator (B) 
engine is the most complex. 

The 
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DRIVE CYCLE COWLEXITY 

DRIVE CYCLE 

COMPONENT 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

9. 
.O . 
.1. 

.2. 

-3 * 
-4 8 

!5. 
!6. 

17. 
L8 * 

L9 8 

ZQ . 

Main Valves 

Con t r o l  Valves 

Thrust Chamber 
Main In j ec to r  

Gas Generator Body 

Gas Generator In j ec to r  
Heat Exehmger 
Tap0 ff 

High Pressure Ducts 

Low Pressure Ducts 

High Pressure Manifolds 

Low Pressure Nanifolds 

Turbopump Body 
Pump-Impellers 

Pump Bearings/Seals 

Purge Line s/Valve s 
Seal Drains 
Turb ine  Whe e 1 s 

Gimbal 

Actuators 

T o t a l  Subcomponents 

EXPANDER 

2 

2 
1 
1 
- 
- 
- 
- 
9 
2 
4 
- 
2 

3 
7 
3 
3 
2 

1 
2 

44 

AUXILIARY 1 GAS 
HBAT GENERATOR 

EXCHILMGEB 

2 

3 
1 

1 

- 
1 - 
9 
5 
5 
1 

2 

3 
7 
3 
3 
3 
1 
2 

52 

A 

2 

4 
1 

1 

1 
1 
- 
- 
a 
7 
5 
I 
2 

3 
7 
3 
? 
4 
1 
2 

56 

THRUST 
CHAMBER 
TAPOFF 

2 

2 
1 
1 
- 
- 
- 
1 
6 
6 

4 
I 
2 

3 
7 
3 
3 
4 
1 
2 

49 

GAS 

B 
GENERATOR 

2 

5 
1 
1 

1 
1 
- 
- 
13 
2 
8 
1 

2 

3 
7 
3 
3 
2 

3. 
2 

57 
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Based on the previous system and turbomachinery analyses, the candidate turbo- 

machinery arrangements end drive-cycles were compared t o  a r r i v e  a t  recommended 

engine system configurations.  

was used. 

four comparison f a c t o r s  (with 100 being the best  value): 

ment ease, r e l i a b i l i t y  and production ease. 

r e l a t i v e  t o  each o ther  and an ove ra l l  comparison be determined. 

To assist i n  these comparisons a r a t ing  system 

The r a t ings  combined the  multitude of engine design fea tures  i n t o  

performance, develop- 

These f ac to r s  can then be weighed 

Enaine Perfomance. The primary f a c t o r  i n  the performance r a t i n g  was the 

engine spec i f i c  impulse, which combined the th rus t  chamber performance a t  
94-percent e f f ic iency  with the cycle  losses  and turbomachinery leakage. 

weights were evaluated including engine weight and tankage weights. Variation 

i n  the l a t t e r  weights were due t o  differences i n  engine mixture r a t i o  and NPSH 
requirements. 

l en t  spec i f i c  impulse difference using an exchange f a c t o r  of 15 pounds of 

hardware per second of spec i f i c  impulse. 

formance t o  give an e f f ec t ive  s p e c i f i c  impulse. 

System 

Weight differences between cycles were converted i n t o  an equiva- 

This was added t o  the engine per- 

Rating of t h i s  e f f e c t i v e  spec i f i c  impulse was made w i t h  the maximum value 

receiving 100 points  and l e s s e r  values evaluated a t  one point per second of 

e f f ec t ive  spec i f i c  impulse. For a typ ica l  mission, the e n t i r e  range of speci- 

f i c  impulse represents  a va r i a t ion  i n  payload of 170 pounds (77 kg) out of a 

t o t a l  of 8000 (3630 kg). The r a t i n g s  are presented i n  Table 41. 

. From consideration of the  design fea tures  of both 

the turbomachinery arrangements and the  dr ive cycles ,  c e r t a i n  development prob- 

lems were iden t i f i ed .  Considering these problems, t h e i r  s ignif icance,  and the 

usual items i n  a development program, a r a t ing  describing the ease of develop- 

ment was determined, Using t h i s  approach, the r e l a t i v e  ease of development of 

the various engine configurations is shown i n  Table 42. As shown, the aux i l i a ry  

heat exchanger cycle i s  the e a s i e s t  engine t o  develop. 

of development by the expander cycle,  

It is  followed i n  ease 
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TABLE 41 
DRIVE CYCLE PERF0 

DRIVE CYCLE 
CHAMHER 
PRESSURE 

I I I I 1 

TABLE 42 

ENGINE SYSTlEM DEVELOPMEN!I! EASE RANKING 

DRIVE CYCLE 

500 PSI& 

1 800 PSIA 
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m Engine system r e l i a b i l i t y  was evaluated on a rela- 

t i v e  basis  by examination of the subcomponents associated 

components. For each subcomponent, the number, the operating environment 

(temperature, pressure,  f l u i d ) ,  and the  number of operations were used i n  

assigning a rat ing.  These subcomponent r a t ings  were then summed t o  give an 
ind ica t ion  of the r e l z t i v e  r e l i a b i l i t y  of the engine systems. 

i n  Table 43. 

i n  r e l i a b i l i t y .  

t h  major engine 

This i s  shown 

The a u x i l i a r y  heat exchanger and expander cycles  rate highest  

Engine System Production. 

evaluation of the r e l a t i v e  ease of production once the  engine system had been 

developed. The expander cycle  

r a t e s  highest, due pr imar i ly  t o  t he  s m a l l  number of components t o  be fabricated,  

A r a t i n g  of engine production was made t o  give an 

Production ease r a t ings  are given i n  Table 44. 

Drive Cycle Se lec t ion  

Ratings f o r  a l l  the d r i v e  cycles are summarized i n  Tables 45 and 46. 

upon these ra t ings ,  the  methane-powered expander and the aux i l i e ry  heat 

exchanger cycles  were selected f o r  f u r t h e r  invest igat ion.  

Based 

2 A t  500 ps i a  (3450 kN/m ), the  expander cycle has the  highest  performance and 

production ease ra t ings .  Development ease and r e l i a b i l i t y  po ten t i a l  a r e  both 

reasonable i n  r a t ing  values. 

t o  develop but has t h e  lowest performance rat ing.  Although the o ther  cycles  

were intermediate i n  performance, they were s i g n i f i c a n t l y  lower i n  all other  

categories.  Therefore, the  expander and aux i l i a ry  heat  exchanger cycles were 

selected.  

The aux i l i a ry  heet  exchanger cycle i s  the easiest 

2 A t  the 800 ps i a  (5520 kN/m ) design point ,  the  expander cycle balance i s  sensi-  

t i ve  and the  development r a t ing  i s  lower; a more s ign i f i can t  development advam- 

tage e x i s t s  f o r  the aux i l i a ry  heat exchanger cycle. However, t he  two methane- 

powered dr ive  cyc les  are s i g n i f i c a n t l y  higher rated than the  o ther  cycles and 

were selected f o r  f u r t h e r  invest igat ion.  
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G 

800 P S I A  

AUXILIARY HEAT EXCHANGER 

THRUST CHAMBFR TAPOFF 

GAS GEMERATOR ( A )  

GAS GENERATOR (B) 

T A B U  44 
REUTIVE ENGINE SYSTEM PRODUCTION COSTS FOR CANDIDATE DRIVE CYCLES 

COMPLEXITY (30) 

FABRICATION 
EASE (30) 

ENGINE SYSTFX 
ASS-LY (30) 

ACCEPTANCE 

TEST (10) 

TOTAL 

EXPANDER 

30 

30 

30 

8 

98 

G.G. (A)  

15 

15 

20 

4 

54 

G.G. ( B )  

18 

1 5  

50 

AUX. HEAT 
EXCHANGER 

20 

25 

25 

6 

T.C. 
TAPOFF 

25 

20 

30 

10 

85 
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i----------. 
DRIVE 

CYCLE 
RATING 

AREAS 

t------ 
SPdCIFIC IMPULSE 

PERFORMANCE 

RELIABILITY I 
DEVELOPPENT EASE 

PRODUCTION EASE 

COMMENT: r 
L 

ENGINE DRIVE CYCLE RATING 

Chamber Pressure = 500 psia(3450 kl'?'tn2) 
Expansion Ratio = 60:l 

EXPANDER 

398 * 9 
-- (3sOs) - 

93 

84 

74 

98 

AUXILIARY 

REAT 

EXCKANGER 

89 

85 

87 

76 

.. Single 
stage 
me thane 
Pump 0 

GAS 

GENERATOR 

A 

395 e 7  
(3877) 

90 

64 

64 

54 

.. Coking 
problem. 

L Single- 
stage 
me thane 
PWP * 

.-- 

THRUST 

CHAMBER 

TAPOFF 

70 

62 

85 

1. Coking 
problem. 

2. Single- 
stage 
me thane 
Pump * 

GAS 

GENERATOI 

B 

- 
398 * 9 
(399) 
-_I_- 

92 

54 

42 

50 

- 
1, Cokin, 

prob 11 
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46 

SPECIFIC IMPULSE 
sea (N-sec/kg) 
Î - --- 

PERFORMANCE 

RELIABILITY 

DEVELOPMENT EASE 

PRODUCTION EASE 

COrnNESt 

ENGINE DBIX3 CYCLE RATING 

Chamber Pressure = 800 ps ia  (55m w/,*) 
Expansion Ratio = 1 O O : l  

I---- ' 
AUXILIARY 

HEAT 

EXCHANGER 
EXPANDER 

405.6 400.1 
(3975) (3921) 

100 I 94 
84 83 I 
63 79 

98 76 

I l e  Engine sys- 
tem very 
sens i t ive  
t o  component 

I 
I 

2. Throt t l ing 
l i m i t  e d , 

- 
GBS 

GENERATOR 

A 

95 

62 

54 

54 

l e  Coking 
problem. 

THRUST 

CHAMBER 

TAPOFF 

95 

68 

53 

, 85 

I_ 

1, Coking 
probl 

GAS 

GEITEXA'i'OR 
B 

99 

54 

50 

- 
1, Engine 

, system 
very sen- 
s i t i v e  t o  
componen t 
de s ign , 

problem e 

2. Coking 

I 





CYCLE ENERGY BALANCES 

The expander and auxiliary heat exchanger drive cycles selected i n  the 

previous evaluation, were fur ther  evaluated at each of the  two design 

points. Detailed engine schematics and pressure budgets were defined. 

Mass and energy balances were performed at both nominal and off-design 

conditions. 

ease of developrrent , and o p r a t i o n a l  potential were used to se lec t  an 

engine configuration and design point for  the Task I1 peliminary 

design. 

&sed on this  information, comparisons of performance, 

NOMINAL ENGI Ni3 SYSTBIS 

Engine system schematics are shown i n  Figure 43 . TIE valves 

shovm are suff ic ient  t o  control engine start, shutdown and thrott l ing.  The 800 psia 

(5520 kN/$) Expander cycle schematic is  a ser ies  turbine arrangement and 

requires an oxidizer turbine bypass for control i n  thrott l ing.  During 

chilldown and idle-mode operation the methane flaws through the bypass 

line; oxidizer turbine rots t ion is prevented by the control valve a t  

the turbine i n l e t .  

In  the schematics the shaded valves must have low o r  zero leakage 

since they i so la te  f l u i d  source wfiile the engine i s  shut down. 

remaining valves do not have stringent leakage requirements. 

auxiliary heat exchanger systems have a pneumatic valve on the s t a r t  

system. Other pneumatic valves common to a l l  engines and not shown 

are  for  (1) pump sea l  purges, (2) valve actuation power source, and 

(3) FWX l i n e  purge. 

The 
The 
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In the schematics, the shaded values rrmst have low or zero leakage since 

they i so la te  f l u i d  source while the engine is ahut down. 

valves do not heve stringent leakage requirements. 

exchanger systems have a -metmatic valve on the s t a r t  system. 

matic valves comon to a l l  engines and not shown are f o r  (1) pu'op sea l  

purges, (2) valve actuation power source, and (3) FLOX l h e  purge, 

The remining 

The auxiliary heat 

Other pneu- 

- 
Nominal e x i n e  balances are presented i n  Tables 47 and 4.8 fo r  expander 

and auxiliary heat exchanger cycles, respectively, 

points the ex ander provides one percent advantage i n  specific impulse, 

and about seven pounds l e s s  engine weight. 

a l ighter  thrust  c'ham?er, fewer valves, and no auxiliary s t a r t  system. 

For both drive cycles, the area r a t i c  = 100 design point gives -1.5 
percent snecif ic  impulse advm tage with only a s l igh t  weight increase. 

Engine systen design and development, however, are more d i f f i cu l t  a t  the 

higher chamber pressure. 

A t  equivalent design 

The weight difference is  due to  

A brief system perforance cmparison was made f o r  a reppsentat ive space 

mission, 

about 8OOO pounds (3630 kg) were made. 

End the 800 psia (5520 IcN/m ) auxiliary heat exchanger engine gave the same 
payloads, with the 500 psia (3450 kN/m ) a u x i l b r j  heat exchanger engine 

about 70 pounds (31,8 kg) l e s s  and the 800 ps ia  (5520 kH/m ) Expander 

100 poun3s (45.4 kg) greater payload. 

For the Mars Orbiter Mission (Ref. 9) payload estimates of 

Tne 500 psia (3450 kN/m2) Expander 
2 

2 

2 

ENGIN3 SYSTEE DESIGN VARIATIONS 

The nominal engine designs were critiqued and the e f fec t  of possible de- 

sign changes on engine character is t ics  were assessed. 

the design variations are reflected i n  the pump discharge ?yessure; the 

engine specif ic  impulse remains the same, 

In the exynder  cycles 

Wse effects  a re  shown i n  
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Fig. 44. 

r a t i o  e f fec ts  resul t ing from common turbines, sirple turbines, or f u l l  

admission turbines. 

admission *bines, 

1860 R are a l so  i l lus t ra ted .  

f o r  the auxiliary hsat exchan er cycle i n  terms of specif ic  imnulse vari- 

ation, 

exhaust prfr,rmance are also i l lus t ra ted .  

fac tors  is shown as maximum and minimum performance values. 

Turbine design chanres reflect efficiency and pressure 

The nominal design is based upon dual-sheft, pa r t i a l  

Variations around the turbine i n l e t  temperature of 

Sirnilzr information is shown i n  Fig. 45 and 46 

Possible variations in  system pressane drops and i n  the turbine 

The additive e f fec t  of these 

Using engine energy balance techniques described i n  Appendix A, the can- 

didate engine systems were throt t led over a 1O:l th rus t  range. Thrust 

chmber character is t ics  were based upon the heat t ransfer  analyses (such 

as Fig. 21). 

flow coefficient curves. 

(550 kH/m2) FLOX - 50 psia  (345 kN/m2). 

t h r o t t l i n g  balance . 

!L?urbomachinery charecter is t ics  were represented by head 

Pump i n l e t  pressures were: methane - 80 psia 

Lower values would affect the 

Expander cycle energy balance a t  1O:l throt t l ing is presented in Table 49, 

Engine specif ic  implse values are some 1.5 percent higher than f o r  the 

auxi l ia ry  heat exchanger cycle. 

cant ly  higher thn at f u l l  thrust, and the result ing turbine flowrates 
a re  very small, The bypass flow is equivalent t o  the flow thraugh the 

turbine, 

are shown as a Aznction of thnxst i n  Fig. 47 t o  49. 

Thrust chamber temperatures are  s ignif i -  

2 For the 500 p i a  (3450 W/m ) expander, engine character is t ics  
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DER CYCLE FUEL P D I S C ~ R ~ E  PRESSURE EFFECT OF DXSIGN VARI 

2500 

2000 

Nominal 
Pc = 800 p s i a  

( 5520k3/m2 1 

Nominal 
Pc = 500 ps i a  

( 3450kN/m2) 

Bypass 
Flow 

Pressure hrrbine 
Drop s I n l e t  

Tern9era-t-e 
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Figure 48 Methane Pump, Expander Cycle, 

Chamber Pressure = 500 p s i a  
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Engine energy balances at the 1021 throttled condition are shown in 
Table 50.. This throttling as conducted at constant engine mixture ratio, 
Therefore, the thrust chamber mixture ratio varied from the 5.25 value 
at full thrust, Because of the small amount of turbine flow, there 
is little difference between thrust chamber and engine specific impulse. 
Turbine temperature remains at the full thrust value, with most of the 

2 heat exchanger flow bypassing the turbines, 
auxiliary heat exchanger engine, engine operation as a function of thrust 
is shown in Fig, 50 to 52. 

For the 800 psia (5520 kN/M ) 

OFF DESIGN OPERATION 

The heat flux level in the thrust chamber and the propellant inlet 
conditions were among the off-design conditions investigated for the 
candidate engine cycles. For the fixed designs, the parameters were 
perturbed and engine characteristics required to maintain the design 
thrust and mixture ratio determined. These effects are illustrated in 
Fig. 53 and 54. 

In Fig. 53 the effect of variations in heat flux level on the auxiliary heat 
exchanger cycle balance at 800 psia (5520 kM/M ) is mown. 

heat flux results in treater jacket and injector pressure drops as well 
as increased thrust chamber wall temperatures, 
drops are provided by a slight increase in pump speed. 
flow would be necessary and engine specific impulse would decrease by 
Om1 second (5N-sec/kg). 
inlet temperature variations were evaluated and found to be slight. 

2 The higher 

The increased pressure 
Additional turbine 

Vhriations in pump speeds due to propellant 

Perturbations in the operating conditions of a 500 psia (3450 kN/M?) expander 
cycle engine are Dhown in Fig. 54. 
this expander cycle discharge pressure somewhat less than the 800 psia 
(5520 kB/H ) auxiliary heat exchanger cycle because of the lower heat 
flux involved and the compensating effect of the increased temperature. 
As shown, the turbine bypass flow is approximately double that of the 

Increases in heat flux level affect 

2 
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nominal design point. 
is some point at which there is insufficient turbine power to drive 
the cycle. If these lower values were anticipated, additional bypass 
flow should be designed into the nominal engine. 

If lower heat flux values are encountered there 

ENGINE SYSTEM UPRATING 

A brief investigation of engine uprating was conducted. 
considered: increased specific impulse, and increased thrust. 

Two areas were 

Performance Increases 

The most direct way of increasing performance is through increasing the 
expansion ratio. 
expansion ratio from 60 to 100 raises the specific impulse 5 second8 

This is illustrated in Fig. 55, where increasing the 

(49 N-sec/kg) . 
The nozzle extension could be regeneratively cooled, film-cooled, or 
radiation cooled, with little difference between cycles and design points. 
Regenerative cooling at these high area ratios would present little 
problem. Additional heat input to the methane woula occur, but the 
pressure drop would be very small. 
offset some of the performance gain. 
auxiliary heat exchange cycle or fluid tapped from the expander engine 
downstream of the turbine could be used to film-cool a high performance 
extmsion. 

Increased engineweight could 
The turbine exhaust of the 
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radiation-cooled nozzle extension may also be possible. Investigation of 

material temperatures are s l igh t ly  lower fo r  the 

(5500 k3?/m2) than the (:= 60 attachment a t  500 psia (3450 kN/m ) material 

compatibility with the products of combustion would be a s ignif icant  consideration 

f o r  both design points. 

nt  a t  800 psia 
2 

The effect  of mixture r a t io  on theroetical  specif ic  impulse is also shown i n  

Fig. 55. An increase of about 3 seconds is possible (30 N--sec/kg), however, 
t h i s  may be d i f f i c u l t  to a t t a i n ,  since injector  mixing requirements to  obtain 

high combustion efficiency a r e  quite severe a t  the higher mixture r a t io  values. 

Thrust Increase 

Thrust uprating can be accomplished i n  two ways: 

chamber pressure increase. 

by throat area increase would r e su l t  i n  th rus t  chamber redesign. 

area held constant, the expansion r a t i o  would be s ignif icant ly  reduced and specific 

impulse would decrease about 1.3 percent. 

length would be s ignif icant ly  increased. 

percent. 

energy would be reduced for  the expander cycle and my create a problem. 

throat area increase or 
Thus uprating to 8000 pounds (35600 N) completely 

With the ex i t  

To maintain the performance, engine 

Pump flowrates would be increased 60 
This is applicable to  bath drive cycles, however, the available turbine 

Thrust uprating by chamber pressure increase can be effected w h i l e  maintaining 

the basic th&t chamber geometry and performance. 

f o r  the higher flow and heat flux. 
increased flow and discharge pressure. 

already have hi& pump discharge pressures and thrust  chamber cooling is a 

s ignif icant  development problem, the chamber pressure uprating is only applicable 

to  the 500 psia (3450 k%/m ) design point engine. 

The designs would be different  

Turbomachinery must be designed fo r  both 
2 Since the 800 p i a  (5520 kN/m ) engines 

2 
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p discharge pressures f o r  expander cycle  uprating t o  8000 pound 

(35600H) th rus t  va considerably i t h  the i n j e c t o r  pressure drop an 

bine power av i lab le ,  s shown i n  Fig, 49 an 800 psia  (5520 3 ,  
5000-pound (22200N) t h rus t  engine with t h r o t t l i n g  in j ec to r  pressure drops 

has f u e l  pump discharge pressure requirements of 2400 to  2800 psia  (16500 

t o  19300 kN/I?). 

t h r o t t l i n g  engine uprated d i r e c t l y  t o  8000-pound (35600N) th rus t  would 

have discharge pressures i n  excess of these because of reduced 

i n l e t  temperature and the  pressure drop increase i n  the f ixed  flow 

passages. 

and would be unreasonable, 

stream of the  turbine,  pa r t i cu la r ly  i n  the in j ec to r ,  fue l  pump discharge 

pressures of the uprated engine could be i n  the ZOO0 psia  (8900 kN/$) 
range,making engine uprating feas ib le .  

A 5000-pound (22200N) thrus t ,  500 psia (3450 kN/M2) 

turbine 

This would require turbomachinery overdesign f a c t o r s  of 3-4 
By redesign of the flow passages down- 

In the auxi l ia ry  heat  exchanger engine, the pump discharge pressures 

increase s l i g h t l y  more than 60-percent. 

pressure w i l l  require  r e l a t i v e l y  more turbine flow and engine spec i f i c  

impulse w i l l  be reduced, 

the spec i f i c  impulse decreases over 0.8 percent f o r  d i r e c t  uprating and 

s l i g h t l y  over 0.3 percent with some engine modification, 

The increased pump discharge 

For uprat ing t o  8000-pound (35600N) thrus t ,  

ENGINE SYSTEM DEVELOPMENT EASE 

Based upon the engine cha rac t e r i s t i c s  defined i n  the previous sections,  

the ease of development of the candidates was evaluated. 

i s  divided in to  three  component a reas  (Tables 51, 52 and 53) each subdivided, 

i n to  fabr ica t ion ,  development t e s t i n g ,  and poten t ia l  development problems. 

The evaluation 

2 
I n  the th rus t  chamber/injector area (Table 51) the  500 ps ia  (3450 kN/M ) 
expander cycle i s  e a s i e s t  t o  f ab r i ca t e  became of the l a r g e r  channel dimensions, 

Development t e s t i n g  i s  s l i g h t l y  more involved f o r  the  expander cycles s ince  feed 
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system simulation is necessary, 

so  this difference is minor. 

(more X's indicate more severe problem) are  nost l ike ly  to be encountered i n  the 

800 psia (5520 W/m2) engines. 

the l e a s t  potential problem i n  t h i s  area. 

Simulation is desirable for both d r ive  cycles 

Potential  thrust chamber development problems 

The 500 psia (3450 2, expander cycle has 

A comparison of development ease i n  the turbomchinery area indicates that the 

low pressure engines have the easiest turbomachinery fabrication. 
testing of the turbines, the expander cycles have higher flowrates and pressures 

which would require a somewhat larger heat source than for  the auxiliary heat 

exchanger cycles. 

would not be s ignif icant  and may be overshadowed by the higher temperatwe 

required of the auxiliary heat exchanger cycles. In  the area o f  potential 

development problems, the 800 psia (5520 W/m2) expander cycle has the most 

significant problem areas. 

cycle has s l igh t ly  less significant potential problems than the low pressure 

engines. 

In  development 

For flowrates of th i s  magnitude, heat source s i z e  differences 

2 The 800 psia (5520 kN/m ) auxiliary heat exchanger 

Engine system and control development (Table 53) comparison indicates a greater 

number of control components associated with the auxiliary heat exchanger cycle. 

In addition, the gas valves must control flows approximtely one-tenth the magnitude 

of those i n  the expander cycle and are consequently more d i f f i c u l t  t o  fabricate. 

The expander cycle might need an extra liquid valve for an idle-mode but t h i s  

w i l l  be avoided, i f  possible, Development tes t ing requirements a re  similar except 

for  the idle-mode tes t ing which is necessary for  the expander cycle. 

system development problems are most significant for  the 800 psia (5520 k3/m ) 
expander cycle, since i t  is very sensi t ive t o  component characterist ics and 

development problems which result i n  increased pressure drops 

(3450 kN/m ) expander will be more sensi t ive to  engine start and thermal 

conditioning problems than the auxi l iary heat exchanger cycles, and the system 

development m y  therefore be s l i g h t l y  more complex. 

Engine 
2 

The 500 psia 
2 
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From an overall developmental standpoint the auxiliary heat exchanger 
engine at 500 psia (3450 kN/M ) is easiest to develop, followed closely 
by the 500 psia (3450 kN/8)  expander, and then by the 800 psia (5520 
kN/M ) auxiliary heat exchanger engine, The 800 psia (5520 kN/M2) 
expander engine is the most difficult to develop. 

2 

2 

DRIVE CYCLE SELECTION 

The results of these investigations reaffirm the general conclusions of 
the investigation of the previous section summarized in Table 54, 
expander cycle at 800 psia (5520 k 3 / M  ) chamber pressure is the highest 
performing engine, but because of its sensitivity and potential problems 
it would be the most difficult to develop, The 500 psia (3450 kN/M2) 

auxiliary heat exchanger is the easiest t o  develop but has the lowest 
performance. 
development ease. 

The 
2 

The remaining two cycles are comparable in performance and 

Engine start and throttling ease are similar for the two cycles. 
uprating in performance and thrust is more attractive with the 500 psia 
(3450 lrN/M2) expander, which at equal design points will always outperform 
the auxiliary heat exchanger cycle (Figure 55). 
the expander cycle at 500 psia (3450 kN/M ) chamber pressure was recommended 
for further investigation. 

Engine 

Form this standpoint, 
2 
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A preliminary design is provided f o r  a flight-weight FLOX/methane engiine 

using an expander turbine drive cycle, T h i s  engine configuration w a s  

selected i n  Task I on the basis of high performance, fabr icat ion and 

developmental ease, and operational f lex ib i l i ty .  For ease of control i n  

transient operation, dual sha f t  turbines operat- i n  para l le l  are used. 

Long duration operation and low fabricat ion cost  a r e  provided by use of 

a regeneratively cooled channel construction thrust chamber. 

The engine is designed t o  r e l i ab ly  provide high performance f o r  a 

var ie ty  of potential  space missions.  zapabili ty fo r  multiple r e s t a r t s ,  

long duration and prolonged storage i n  the space encironment are 

provided, Versa t i l i ty  of o p r a t i p n  is emphasized. The nominal engine 

design represents a reasonable balance between these features  and engine 

systan cost. Where design a l te rna t ives  ex i s t ,  they are described for 
fur ther  cons ideration, 

The preliminary design investigation was divided in to  t h e e  par ts :  

Task I I A  - Engine Control System Investigation, Task I I B  - Engine System 

Design, and Task’ I I C  - Engine Compomnt and Subsystem Design. To provide 

a concise engine definit ion,  the resul t ing engine design is described i n  

the following sections: 

1, Engine System 

2, Engine Operation 

3. Thrust Chamber Design 

4, Injector  Design 

5. Valves 4 Contmls 
6. Turbomachinery Design 
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E3JCINE SYSTEM DZSCRIPTION 

Overal.'. engine system c h a r a c t z r i s t i c s  are described. 

weight summary, performance descr ipt ion,  nominal energy balances, engine 

ducting, engine assembly, and vehicle/engine i n t e r f a c e  requirements are 
described. 

a t  500 ps i a  (3450 kN/M2). Suf f i c i en t  power and design margin is included 

t o  allow for development program contingencies. Should these  margins not 

be required,  engine upra t ing  capab i l i t y  t o  7000-8000 pounds (31100-356OON) 

t h r u s t  a t  700-800 ps ia  (4760-5520 kN/M2) is ava i l ab le  with no performance 

loss .  Engine performance 
improvement capab i l i t y  is provided by designing f o r  possible  nozzle ex- 
tensions and mixture r a t i o  changes. 

Engine system layout,, 

The engine system has a nominal t h rus t  of 5000 pounds (22200N) 

A 60:l expansion ra t io  nozzle has been used. 

ENGINE DESIGN DESCRIPTION 

System Description 

The engine system design i s  shown i n  Fig. 56 and an engine schematic i n  

Fig. 57. I n  the  engine system, separate f u e l  and oxid izer  turbopumps a re  
driven i n  p s r a l l e l  by gaseous methane t h a t  has been heated i n  the th rus t  
chamber coolant c i r c u i t .  The cryogenic f u e l  e n t e r s  the engine through the 
f u e l  i n l e t  valve mounted upstream of the pump i n l e t .  After  passing through 
the f u e l  pump, a l l  the f u e l  i s  u t i l i z e d  i n  a s ingle  up-pass coolant c i r c u i t .  
The f u e l  i s  heated and gas i f i ed  as i t  passes  through the coolant c i r c u i t .  
The hot methane i s  then s p l i t  i n t o  three p a r a l l e l  flow c i r c u i t s :  one powers 
the methane turb ine ,  one powers the FLOX turbine,  and one i s  a bypass c i r c u i t .  
The bypass l i ne  and valve a r e  used t o  cont ro l  t o t a l  turbine powero From the 

t u r b i n e e x i t ,  the ho t  gas  i s  ducted t o  the i n j e c t o r  f u e l  i n l e t  manifold and 
i n t o  the t h r u s t  chamber. 
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A turbine control valve is used on the  hot gzs i n l e t  l ine to  the FLOX 

turbine t o  propartion power between the methane and FLOX pumps. 

thrust  and mixture r a t i o  are controlled by the hot gas valves, The 

three para l le l  hot gas c i r cu i t s  have separate out le t s  on the thrust  

chamber and separate i n l e t s  on the injector.  

minimize the s ize  of the manifolds on the  injerkor and thrust  chamber 

while pov id i rg  good propellant dis t r ibut ion and low propellant manifold 

volumes. By dividing the flow in to  three parts a t  its source, the 

ducting; can be srmller, more f lex ib le  and more direct .  Temperature drop 

across the turbines is very small ( - 4032) (22K) and temperature drops 

i n  the injector  manifold shouldnot a f fec t  injector  performance. 

Engine 

This system is used to  

The FWX enters the engine through t h e  i n l e t  valve mounted upstream of  

the pump in le t .  

injector FLOX dome. 

It then passes through the  pump and is dmted into the 

Desien Deseriation 

An engine system layout is provided i n  Fig. 58. 

Turbomachinerv. Two separate turbopumps are used to  provide control 

ease i n  transient operation and f l e x i b i l i t y  of component arrangment. 

Each pump operates at individually optimum speed. The FLOX pump has a 

single stage with a centrifugal impeller. 

pump with centrifugal impellers. 

individual propellants. 

admission a re  used to  power both pumps. 

working f lu id  i n  a para l le l  flow arrangement. 

pumps to  provide low NPSP requirements. 
inducers, a short  section of ducting is provided between the main valves 

and the pump in l e t s ,  

The methane pump is a two-stage 

In  both pumps bearings are  cooled by the 

Single-row velocity compounded turbines with par t ia l  

These turbines use methane as the 

Inducers a re  used on both 

To assure uniform flow to  the 
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Thrust Chamber, 

using advanced fabrication, channel construction techniques ., 
be l l  nozzle is used i t h  the nozzle contour designed to optimize performance 

within a fixed envelope. 

a t  nozzle ex i t ,  

The regeneratively-cooled thrust  chamber is made of nickel 

Rethane enters the cooling jacket through a manifold 

After flowing through the jacket the hot methane is collected 

i n  a second manifold for dis t r ibut ion to  the turbines. This up-pass cooling 

arrangement is used to provide good coolant properties i n  the high heat f lux 

region and assure that any methane phase change w i l l  occur i n  the low heat flux 

region of the nozzle. 

Injector. Hot methane from the turbine exhaust is collected i n  the injector  

fuel manifold and distributed to the injector  elements. 

oxidizer dome d i rec t ly  from the pump exit .  

with a methane cooled copper face. 

maintained by the recessed element design. 

FLOX enters the 

The injector is  of a coaxial type 

Pressure drops during throt t l ing are 

Performance is maintained by the high methane velocity which increases during 

throt t l ing due t o  its bulk temperature increase. 

thrust  chamber to save weight and to increase re l iab i l i ty .  

is an integral  par t  of the in jec tor  and is a simple Rooice-type jo in t  with Fabroid 

bearing surfaces. 

The injector  is  welded to the 

The gimbal bearing 

The injector  oxidizer dome has a single inlet  and a tapoff 

port  for  tank pressurization. 

one from each of the turbines and one from the bypass valve. 

is a l so  provided fo r  tank pressurization. 

The annular fuel  inlet manifold has three in l e t s ,  

A fuel  tapoff port 

Valves. 

the turbopump, are normally closed, angle-body, poppet-type designs with hard 

Four valves a re  used i n  the system. The two inlet  valves, located above 
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seats, These valves are an on-off type using a pneumatic actuator with bellows 

seals.. They are sized to  the same diameter as the pump in le t s .  

are s t ruc tura l ly  attached t o  the turbopump inlets  through a r id ing  duct 

which provides sufficient length t o  smooth the propellant flow before i t  enters  

the pump inducer. The bypass and oxidizer turbine valves control mixture r a t i o  

an& enters  the pump inducer. 

mixture r a t i o  and thrust level. 

actuated, angle-body, poppet-type designs. The poppet is contoured t o  give 

optimum flow control character is t ics  over the en t i r e  t h r o t t l i y  range. 

The valves 

The bypass and oxidizer turbine valves control 

The hot gas valves are pneumatically 

All ducting consists of so l id  l i nes  with welded interconnects. 

eliminates the weight and cornplexilq associated with bolted jo in t s  and bel lom 

and provides a aore re l iable ,  l ighter weight system. 

l ines  was chosen to  minimize l ine  length, volume and weight while maintaining 

f l e x i b i l i t y  i n  a11 directions to  limit duct loading on components to  a reasonable 

value. Clearances are provided f o r  in-place tube welding on a l l  joints .  

clearance consists of maintaining 0.375 inches (.95 cm) of straight l i n e  on both 

This system 

The routing of propellant 

This 

sides of the weld j o i n t  and allowing clearance f o r  a weld head which is three 

inches i n  diameter and three quarters of an inch wide. In  addition to the norm1 

ducting being welded, the inlet valves are welded to the pump i n l e t s  and the 

turbine exhaust; plenums are welded to the exi t  of the turbine housings. The 

number of in-place w e l d s  that; have to be Ferforrned on the engine assembly W i l l  

be minimized by including ducting with component subassemblies wherever possible. 

Since a l l  l i nes  and components are welded together, preliminary system or i f ic ing  

w i l l  be accomplished by cal ibrat ion of each of the components before assembly. 

After f i n a l  assembly, final cal ibrat ion of the engine will be done with the hot 

gas control valves. 
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Gimbal System. 

layout. 

of the injector .  

Actuator a t tach  points have been provided on the engine. 

A conventional gimbal system w a s  assumed f o r  the system 

A simple Hooke type gimbal bearing is incorporated i n  the top 

The gimbal angle used is 2 2 degrees (0.035 rad). 

Accessories. 

and are not included i n  the nominal engine systen. 

The following i tans  a re  regarded as engine accessories 

Gimbal actuators of 

e i the r  e l ec t r i ca l  o r  pneumatic design can be provided f o r  t h e  ezgine. 

The actuator type and s ize  will depend on gimbal requirements and the 

detai l  mission tradeoffs involved with each ty-p. An interpropellant 

heat exchanger can be used t o  vaporize FLOX f o r  tank pressurization, 

The heat exchanger can be e i the r  engin? or vehicle mounted. 

w i l l  be provided i n  the  pump discharge ducts t o  maintain mixture r a t i o  

i f  i t  is  necessaly far throt t l ing.  

Flm meters 

Component ArranReme n t  

The component arrangement is designed to  produce a compact, lightweight, 

lm i n e r t i a  systan while providing maximum accessibi l i ty  and vehicle 

compatibility. Propellant losses upstream of the pumps must remain 

at a minimum t o  provide high NPSP to  the  pumps. 

of the i n l e t  to the propellant valves i n  close yoximity t o  the  gimbal 

plane t o  be compatible with the various types of f lex ib le  i n l e t  l i nes  

that mieht be used. 

s a t i s fy  the above requirements. The pumps are placed as close t o  the  

thrust  chamber as possible t o  minimize the acceler:,tion loads imposed 

on the pumps and the  re .mlt i rq  mounting 1wds  imposed on the  thrust  

chamber. The a x i a l  location places the propellant i n l e t s  i n  close 

proximity to the gimbal plane. 

This means placement 

The ve r t i ca l  pump orientation was found t o  best  

The circiimf'erential location of the pumps 



was chosen t o  give the most compact pckaf;ing of components while allowing 

maximum accessibil i ty f o r  ins ta l la t ion  and in-place welding, 

The thrust  chmber a c t s  as the primary engine structural  member. 

pump mounts and actuator attach points are welded t o  the thrust  chamber. 

Stress calculations indicate that the hot gas ducting is capable of 

provi6ing the primxy turbopump structural  mount so This mounting technique 

minimizes the duc t iw loads associated with solid l ines  and a l so  eliminates 

the majority of the pump mount structure. 

employed near the i n l e t  valves t o  s tab i l ize  the pump-valve assembly i n  the 

radial and tangential directiolrs , 

The 

Auxiliary mounts w i l l  be 

The inlet valves are s t ructural ly  mounted on the pump i n l e t s  by a short 

section of duct which is  used t o  smooth the flaw from the valve before 

i t  enters the pump inducer. 

top of the injector which is welded t o  the thrust chanber. The hot gas 

control valves are mounted on the top thrust chamber manifold. The 

components and t h e i r  respective s t ructural  supports a re  designed to  

withstand the ducting loads. 

The girnbpd bearinz i s  integral  with the 

Assembly Sequence 

The engine w i l l  be assembled from the following major components: 

thrust chamber, injector ,  gimbal bearing, valves, turbo pumps and ducting. 

The thrust chamber is the basic structure to which the  remainder of the 

components a r e  attached. 

injector  to  the thrust  chamber, 

the thrus t  chamber out le t  manifold. 

i n l e t  valves comprise s e p r e t e  subasse !Iblies. 

the 

The f i r s t  s te?  i s  t o  posit ion md weld the 

The hot gzs valves are  then welded t o  

The turbopumps and t h e i r  respective 

The valve ex i t s  a re  welded 
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t o  the turbopump i n l e t s ,  

the thrust  chamber a t  the pump mounts and held i n  position by an assembly f ixture ,  

The hot gas ducting which forms the major pump mount structure is then f i t t e d  

and welded i n  place. 

then f i t t e d  and welded i n  place. 

top of the injector. 

The turbopump valve subassemblies are then attached to 

The f ixtures  are then removed. The propellant ducts a r e  

The gimbal bearing i s  then assembled into the 

Cost Reduction Features 

In  the engine system and component design engine cost was an important consid- 

eration. 

cost a r e  described i n  Table 55. 
as described i n  the drive system selection of Task I* 

Some of the design features which contribute to lower engine production 

Development cost was a l so  an important factor 

ENGINE WEIGHT SUMMARY 

The engine system weight summary is shown i n  Table 56. 
nominal engine design, described i n  d e t a i l  i n  the component sections. 

mentioned above, a number of cost reductions involved compromises i n  engine weight. 

In the design a l l  components a re  capable of operation a t  higher than the nominal 

chamber pressure f o r  intermittent periods which occur i n  transient operation o r  

slight-thrust uprating. Injector,  valves, thrust chamber inner w a l l  and turbopumps 

are capable of sustained operation a t  the 8a)O-pound (35,600 N) thrust level.  

chamber back-up and l ines  can easi ly  be modified to  give the strength needed 

f o r  sustained operation a t  uprated condi t ionsl  

The weight re f lec ts  the 

As 

The 

DRIVE CYCLE POWER BALBNCE 

Fhgine system power balances were performed for nominal, throt t led acd uprated 

conditions. The engine characterist ics a t  nominal thrust  conditions are  l i s t e d  

i n  Table 57. 
i l lus t ra ted  i n  Fig. 59. 

Pressures and temperatures a t  different locations on the engine a r e  
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TABLE 55 

PRODUCTION COST REDUCTION FEXTURZS 

Thrust Chamber 

Electroform Nickel Corstmction 

Il i l led channels 

Step V,?rriation i n  Charinel #id t h  

I n  je c t or 

Cast body 

Lower half  of gimbal bearing in tegra l  with dome 

G i r b a l  Bearing 

Simplified Hooke desi@ 

b P S  

Both impeller s tages  are the same geometry on the methane pump 

Sys tern 

All welded construction 

Solid lines 

Line mounted turbopumps 
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TABLE 56 

EIKGINE WEIGHT S m Y  

DescriDtion 

Total System 

Dome-Injector-Gimbal 
Combust ion Chamber 

Cooling Jacket 
Outer Jmke t 
Coolant Outlet BIanifold 
Mount Ring 
Outriggers 

Nozzle 

Cooling Jacket 
Outer Jacket 
Coolant Inlet Planifold 

Turbo pumps 

'Fuel 
Oxidizer 
Mount Provisions 

Valves 

Fuel 
Oxidizer 
Hot Gas, Turbine Control 
Hot Gas, Turbine B y p a s s  

Ducting 
Controls 

(1L8) 
( 7.4) 

3.7 
1.9 

02 
1.1 

.5 

(46.9) 

27.3 
18.3 
1.3 

(11.6) 

6.4 
4.8 
0.4 

1.2 
2.4 
0.9 
0.9 
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TABU3 57 
NONINAL ENGINE BALANCES 

Thrust, l b  (N) 
Engine Specif ic  Impulse, sec (N-sec/kg) 

Engine Mixture Ratio, O/F 

Thrust Chamber 
2 Chamber Pressure, p s i a  (k  N/m ) 

Mixture Ratio, O/F 

Weight Flow, lb/sec (kg/sec) 

Spec i f ic  Impulse, sec  (N-sec/kg) 

Exit Temperature, R ( K )  
Expansion Ratio 

Pumps, O/F 

Flow, lb/sec (kg/sec) 

Discharge Pressure, p s i a  (k N/m ) 
Number of Stages 

Speed, 1000 rpm (1000 rad/sec) 

Horsepower (kw) 
Efficiency, percent 

2 

Turbine, O/F 

Flow, lb/sec (kg/sec) 

I n l e t  Temperature, R ( K )  

Pressure Ratio 

Exit Pressure, p i a  ( k  N/m ) 

Number of Stages 

Eff ic iency , percent 

Bypass, lb/sec (kg/sec) 

2 

5000 

399.2 

5.25 

500 

5.25 

12.52 

399.2 

1305 

60 

10.52/2.00 

699/1269 

39.1/67.2 

27.9/42.0 

71.0/61.8 

0.74/0 e 85 

1300 

1 40/1 a 46 
673 

1 / 2  

1/1 
4 9 4 5 8 . 8  

0.42 

' (4610) 
j 
1 

i 
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T = OR (k) 
= lb/sec(kg/sec) P = 1244 (8580) 

T = 245 (136) 

Fig. 59 .. Nornin&l Engine Operating Conditions 

195 



Engine specif ic  impulse is  based u?on gdrpercent specif ic  impulse 

efficiency at f u l l  thrust ,  Prediction of the performance potential  of 
the engine based on data from NASw-1229 and NAS3-11191 indicate potential  

specific impulse values s ignif icant ly  above 400 seconds (3920N-sec/kg) at  

nominal thrust e 

Ewine Svs tem Perturbat i o r s  

The dual  turbine arrangement and the engine paler mrg in  provide con- 

siderable operational f l ex ib i l i t y .  This i s  fur ther  i l l u s t r a t ed  i n  the 

following examples of variations i n  engine in le t  conditions and design 

values . 
Engine operztion over a range of mixture ratios is shown i n  Fig. 

A t  lower mixture ra , t ios ,  there is more methane to be pumped and the 

turbin? i n l e t  tempraturz  is lower. A higher pump speed and discharge 

,pressure is required a s  is indicated, 

60. 

The nominal engine design i s  based upon tanperatures which might be 

expected at the end of f l i g h t  (Ref.13 ). 
pellant density is lowest, rcquire the greatest  amount of pump power, 

A s  the propellant i n l e t  temperatures decrease, the prolpellant density 

increases and pump power requirement diminishes. 

methane temperature, turbine i n l e t  tenperature is a l s o  diminished. The 

net results of these temperature var ia t ions m e  shown i n  F i g *  61 to  63. Fig, 

These temperatures, where pro- 

With the decrease i n  

61 and 62 i l l u s t r a t e  individual propellant temperritwe effects ;  

Fig. 63 shows the combined effect ,  

Inlet  pressures to the pumps were selected based upon studies from Ref. 13 
and i n  Task I, 
engine power balance a t  f u l l  thrust .  

A var ia t ion  i n  these pressures has l i t t l e  e f f ec t  on the 
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I n  the course of engine development 

drops, tanperatures, e tc , )  may change. 

variations on nominal thrust  operation are  shown i n  F i g .  64 to 660 

Turbine i n l e t  temperature, system pressure drop, and turbomachinery 

efficiency var ia t ions a re  considered. 

engine uprating section, t h e  engine has suff ic ient  power margin t o  assure 

sat isfactory operat ion, 

engine design parameters (pressure 

The e f f ec t s  of some of these 

A s  can be seen i n  these and the 

ENGINE PERFORMAI\JCE UPRATING 

Engine performance can be improved both through specific impulse 

increases and through weight reduction. 

S m c i f i c  Imnulse Increases 

The specific impulse used f o r  the  nominzl th rus t  level performance is 

based on 94-percent of theoreticdl specif ic  imp l se  f o r  82.6-percent 

F2 - 17.4-percent 0 with methane. Some specif ic  impulse i.m,movements 

are l i s t ed  below. 
2 

(a)  Test Results - Reduction of nozzle performance data 

of NASw-1229 a r i l  the injector  performance of NAS3-11191(Kefe 3, 1) 

to operating corditions of t he  present engine indicate 

several  seconds imrease i n  specif ic  impulse over the  

current value. 

(b) - Use of a higher expansion 

r a t i o  nozzle o r  a t k c h m n t  could increase specif ic  

impulse 1-1.2 percent. 
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Several arem i n  which engine weight reduction is possible are described 

below, 

res t r ic t ions  which would necessitate more detai led evaluation. 

Some of these would involve potential  cos t  increase o r  operational 

The largest  s ingle  weight item i n  the engine is the milled channel nozzle 

which accounts f o r  over half the  engine weight. Thrust chamber weight 

reduction can be accomplished by 

Channel Geometry Modification - Use of additional s t e p  

or continuous vmia t ion  i n  channel width. 

C h a n n e l  Number Variation - Use of blind channels or a 

change i n  channel number. 

Alternate Nozzle Construction - Use of tubes with electm- 

form backup or radiation-cooled constmction f o r  the 

nozzle. Higher strength nozzle m t e r i a l s .  

Combustor Backu? - Wire wrap and electroform t o  provide 

composite material backup. 

Nanif old Refinement - Variable cross-section and w a l l  

thickness i n  the manifold. 

The weight savings with any of the first three items could be 10 - 20pounds 

(4.5 -9kg) With the  last items weight reduction of about 1-pound (0.5kg) could be 

accomplished, 

Other are= of weight reduction are  possible but -the reductions potential  

i s  not as great as i n  the thrus t  chamber. 

stressiry f o r  the  500i;-pound( 22200N) t h rus t  operat ion only, 

weight by several pounds. 

One method would be through 

This could reduce 
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ENGINE/VEHICLE INTER FA^ 

Interface connections between the engine and the vehicle are described, 

Three mechanical connections are necessary: the th rus t  mount and the 
two gimbal actuators .  Five f l u i d  in t e r f aces  are  shown, a l l  involving 
welded connections. The main propel lant  l i n e s  are low-pressure, low- 

temperature l i n e s  which contain l i qu id  propel lant  throughout the mission. 
In addi t ion  to  the pressure forces ,  they must sus ta in  forces from thermal 
expansion of  enLine l i n e s  during f i r i n g  as w e l l  as f x c e s  from gimballing 
o f  the engine. TLe 2ressurant l i n e s  are a t  higher teinperatures and 

pressures ,  the a c t u a l  values being deterrnined by the 2ropel lant  tank re- 
quirements. Gaseous propel lant  i s  contained only during engine operation. 
A single  pneumatic in te r fcxe  i s  required t o  provide f o r  pump seal purge, 

f o r  FLOX l i n e  purge, and f o r  valve actuation. This  l i n e  is a t  high pressure 
but low temperatu-e. I so l a t ion  valves  a re  located on the vehicle  so t h i s  
lir,e may contain gas only during engine operation. 

Two e l e c t r i c a l  i n t e r f aces  are required: one i s  f o r  e lec t r ica l  power t o  
actuate  the solenoid valves  which control  the pneumatics; the second elec- 
t r i c a l  in te r face  i s  f o r  comnand s igna ls  from the vehicle t o  the  engille. 
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ENGINE OPERATION 

Engine operational features were investigated to provide a description of engine 

character is t ics  a t  other tha? nominal conditions. Some of these engine features 

are l i s t e d  i n  Table 58. From these chwacter i s t ics  engine control requirements 

were defined. 

ENGINE START 

Engine start operation was investigated to  describe engine transient character- 

i s t i c s  during the s t a r t  phase. 

considered. 

s ide  priming while the oxidizer turbine i n l e t  valve i s  closed. 

turbine delivers power to the fuel pump, pump head is developed during this early 
phase of start and contributes t o  the rapid thermal conditioning of the pump. 

Following fuel prime, power i s  introduced t o  the oxidizer pump and pump-fed 

operation begins. 

res t r ic ted.  Oxidizer i s  introduced following fuel priming, and the engine 

operates i n  a pressure-fed mode. 

propellant s e t t l i ng ,  low-thrust maneuvers, and t o  provide an energy source for  

engine start where thrust  chamber temperature is low. 

idle  mode operation, power is introduced to the turbines and pump-fed operation 

is in i t ia ted .  

Two types of start, both using fue l  lead were 

I n  the first type, the fuel  turbine is allowed to  ro ta te  during fuel  

Because the fue l  

I n  the second type of start,  energy t o  both turbines may be 

This "idle  mode" operation can be used f o r  

\ 

A f t e r  a specified time o f  

Another variation ex is t s  for  both the above s tar t  types; namely, powered i d l e  mode 

used f o r  low-thrust maneuvers and with an autogenous pressurization system. 

mode of operation is a t  an intermediate thrust  l eve l  with the pumps powered and is 

very similar to  s t a r t i ng  the engine a t  throt t led conditions. 

autogenous pressurization, pump operation w i t h  two-phase f lu ids  may be necessary 

i n  the early portion of the pump-fed idle-mode when the tank pressure is building 

UP. 

T h i s  

With completely 



e Eslgine Start 

1. Tank Head 

2. Minimum Preconditioning 

3. Minimum Controls/Sensors 

4. b g e  of Initial Temperatures 

5. Quick Restart 

0 Pressure-Fed Idle Mode 

e Engine Cutoff 

1. Consistent Impulse 

2. Simple Sequence 

. 10/1 Throttling 

1. Minimum Controls 

0 Engine Thrust Uprating 

1. No Performance Loss 

2. Small Hardware Modification 

@ Self-pressurization 
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Engine start investigation w a s  directed toward determining a common start sequence 

f o r  three i n i t i a l  hardware temperatures: 

m e ,  R (K) 
Thrust Chamber 

From Cutoff 
Analysis 

530 (295 ) 
250 (140) 

Description 

Quick Restart 

- 

Temper 

Pump and Ducting 

250 (140) 

Thermal Equilibrium 

Engine Facing Sm 
Engine Away from Sun 

530 (295) 

250 (140) 

A sequence designed t o  these extreme conditions would allow the engine t o  start  

under any foreseen i n i t i a l  engine thermal condition or vehicle orientation. 

To provide m a x i m u m  simplicity i n  the start sequence, a common sequence was devised 

f o r  the ent i re  range of i n i t i a l  conditions. Only pressure sensors and timers were 

used t o  control the start. 
knowledge of the vehicle orientation would allow design of the s t a r t  sequence f o r  

more res t r ic t ive  i n i t i a l  conditions with possible reduction i n  start  times. 

unrestricted start sequence was f e l t  to  be desirable a t  the present t i m e .  

The addition of tenperature sensors o r  preflight 

An 

For these start investigations, l iquid o r  low quality propellants were defined to  

be available a t  the i n l e t s  to  the main valves with the engine completely unprimed. 

This assumes that the propellants have e i ther  been settled o r  that a propellant 

l l traplt  is used i n  the propellant tanks. 

a t  the pump i n l e t s  to  allow operation a t  a l l  thrust  levels. 

sequence is defined to  allow start to  any thrust  level. 

i n  subsequent sections. 

Sufficient IPSH is  assumed to be available 

The engine start 

These areas are  discussed 



Engine S t a r t  Analysis 

S ta r t  and cutoff t ransient  operation was analyzed with a mathematical model t o  

sim~ilate the low-'frequency dynamic behavior of the engine. 

was modified t o  represent the F'LOX./methane expander cycle under investigation. 

This available model 

Studies were conducted by changing an independent variable (e.g., o r i f ice  diameter, 

valve sequencing t i m e ) ,  computing the values of the dependent varisbles (e. g. , 
pump speeds, pressures 

variables to  previous solutions o r  t o  absolute requirements. I n  t h i s  sense, the 

mathematical model is  used l i k e  a physical engine where optimization is achieved 

through a trial-and-error procedure. 

used on F-1, J-2 and SDI programs t o  model start and cutoff transients,  and s l s o  
to model the low-frequency cooling tube osci l la t ions which result from two-phase 

flow through the thrus t  chamber cooling tubes. 

flows ) and then comparing the computed independent 

T h i s  modeling technique h2s been successfully 

Based upon the detailed energy balances from Task I, nominal flows, pressure drops, 

and temperatures were defined and incorporated in to  the model along with 

the defined engine characterist ics.  

duct and manifold volumes were specified.  

to estimate flow volumes, rotat ing hardware iner t ias  and breakaway torque. 

passages i n  both the thrust  chmber and pump were defined to allow f o r  heat 

t ransfer  during the thermal conditioning and start operation. 

From the init ial  engine system design layout, 

Preliminary pump descriptions were used 

Flow 

With this specific engine description, start and cutoff operation of the engine 

system was investigated. 

were achieved with no indications of  potential  hardware darnage, and the actuation 

requirements reflected reasonable control design. 

reasonable, safe starts rather than minimum start  time. 

Control sequences were varied u n t i l  start and cutoff 

Emphasis was placed on obtaining 

Direct S ta r t  

For the direct  engine start i n  which fuel turbine power i s  unrestricted,  a common 

engine start sequence has been devised for  the three in i t ia l  engine temperatures. 

For the higher values of i n i t i a l  thrust chamber temperature, start times to  
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gepercent  f u l l  thrust, were 2 t o  3.5 seconds. 

t o  the FLOX turbine, the thrust buildup was very rapid and proper valve sequencing 

was necessary to  avoid pressure overshoots. 

l i t t l e  energy is available from residual heat i n  the hardware. 

considerable decrease i n  methane density occurs i n  the cooling jacket when 

combustion begins and heat is transferred t o  the walls. 

decrease, the methane velocity i n  the cooling jacket is  reduced and excessive 

w a l l  temperatures may be encountered. 

was achieved without excessive w a l l  temperature. 

6 seconds (90 percent of fu l l  thrust) .  

Following introduction of power 

For the low temperature start, very 
In  addition, a 

Because of t h i s  density 

A start from the low-temperature conditions 

The start time WES approximately 

S t a r t  Sequence. Thus 

the start sequence was designed t o  allow fo r  thermal conditioning and priming of 

the pumps and ducting. 

the oxidizer s ide  due t o  the resistance t o  flow of the thrust  chamber channels. 

To avoid high mixture r a t i o  during s t a r t ,  the fue l  pump w a s  given time t o  prime 

before oxidizer was admitted in to  the thrust  chamber. 

these three conditions without knowledge a t  time of  engine start o f  the actual  

thermal condition of the engine, the sequence described i n  Fig. 67 w a s  chosen. 

Two pressure switches were used t o  signill the completion of e,ach phase of engine 

start--fuel pump prime and oxidizer s ide  prime. 

A l l  s t a r t s  were made with the pumps and ducting unprimed. 

Thermal conditioning of the fuel s ide is slow re la t ive  to  

To start the engine under 

A t  engine s t a r t ,  the main fuel  valve i s  opened f u l l  and the turbine bypass valve 

is opened to 200 percent of mainstage position. 

the fuel  pump and high pressure ducting are  primed. 

fuel  pump discharge pressure and set to  t r igger  a t  200 ps ia  (1380 kN/M ) w a s  used 

to indicate fue l  s ide  prime. 

the oxidizer prevalve is opened f u l l  arid the oxidizer turbine control valve i s  

opened t o  8 percent of the mainstage position. 

the oxidizer s i d e  primes. 

t r igger  at oxidizer i n j ec to r  manifold pressure of 60 psia (415 kN/M2)when the  oxidizer  

s ide has primed, both the turbine bypass valve and the oxidizer control valve a re  

ramped t o  the i r  meinstage positions. 

These positions are held u n t i l  

A pressure switch monitoring 
2 

When the fuel  pressure switch signals fuel prime, 

Again, a l l  positions a re  held u n t i l  

This condition i s  signalled by a pressure switch s e t  t o  
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Because of the hypergolicity of the propellants an i n e r t  gas purge of the FLOX 

l i n e  will probably be necessary during priming of the methane side. 

would be included i n  the development engine. 

purge would be determined a t  tha t  t i m e  i n  the l ight of experimental data. 
would be upstream of the FLOX turbine and is  ident ical  t o  the shutdown purge 

described i n  the following section. 

This feature 

The possibi l i ty  of eliminating this 

T h i s  purge 

Valve Positions. 

of the oxidizer turbine control valve (8 percent of fill open) w a s  chosen to  

prevent excessive oxidizer pmp speed before oxidizer prime (possible dsmage to  

oxidizer pump) and a l so  t o  prevent a hard oxidizer prime (possible high main 

chamber pressure spike and mixture r a t io  overshoot). 

Vdve positions are shown i n  Fig.68-70. The i n i t i a l  position 

The i n i t i a l  posit ion of the turbine b p a s s  valve was based upon a compromise 

between two o f  the stzrt conditions. The immediate restart condition provides 

excess energy t o  the turbines during the start (possible turbopump overspeed), 

while the cold start is a very low energy start. 

immediate r e s t a r t  and t o  prevent turbopump overspeeds, and yet not t o  reduce the 

energy of the cold start to such an extent that an excessive smount of t i m e  would 

be required, an i n i t i a l  bypass valve position of 200 percent of msinstage was 

chosen. 

To reduce the energy of the 

During the first phase of a cold start, the thrust  chamber chnne l s  f i l l  wi th  

l iquid methane due to the very cold temperature of the thrust  chamber. 

increase i n  heat f lux t o  the chamber occurring when oxidizer is  admitted can 

cause a rapid change i n  methane density. 

possibly cause a local  stoppage of coolant flow and damage t o  the chamber. 

prevent this, the oxidizer turbine valve is ramped to mainstage slowly (500 m s )  

while the turbine bypass valve i s  ramped t o  winstage rapidly (100 m s )  t o  maintain 

power to  the fuel turbine. 

A rapid 

The resul tant  increase i n  pressure can 

To 

Transient Operation. S t a r t  transients for  the three i n i t i a l  conditions are 

i l l u s t r a t ed  i n  Fig. 71 t o  78. These starts are based upon main valve i n l e t  

pressure of 80 and 60 ps ia  (550 and 414 U / M  ) fo r  the  methane and FLOX, 

respectively.  

2 
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Time, seconds 

Figure 68 e Valve Positions vs Time for the Immediate Restart. 
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Wme, seconds 

Figure 69 Valve Posi t ions vs Time for the Ambient Engine Start, 
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Figure 76. Turbopump Speeds for  the Immediate Restart, 
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Chamber pressure t ransients  are shown i n  Fig.. 71 f o r  the immediate restart,ambisnt s t a r t  
(53OR,  295x1 and cold 'start (2503, 140K), The start signal is given a t  time 

zero and the i n i t i a l  phase is occupied i n  methane pump, duct, manifold and Lnamber 

priming. 

i n i t i a l  engine model and priming time is  about 50 percent of the values shown. 

After the priming signalled by a m e t h e  pump discharge pressure switch the main 

FLOX valve is  opened and the oxidizer turbine valve is s l igh t ly  opened. 

FLOX s ide  priming, ign i t ion  occurs and the chamber pressure builds up 2s the FLOX 

turbine and bypass valves are adjusted. 

The duct and madfold s i z e  have been s ignif icant ly  reduced since t h i s  

Following 

Thrust chamber mixture r a t i o  (oxidizer in jec tor  flow/fuel in jec tor  flow) is i l l u s -  

t ra ted i n  Fig.72 and propellant flowrates i n  Fig. 73 to  75 . PExture r a t i o  

values are a l l  acceptable f o r  chamber cooling. 

Turbopump speeds are i l l u s t r a t ed  i n  Fig. 76 t o  78. L i m i t s  were placed on 

turbopump speed buildup t o  avoid damage to  bearings and seals.  

observed of  operation i n  regions unacceptable t o  the pumps. 

No indication was 

Intermediate Thrust Levels. 

fo r  a given start condition up t o  the point of FLOX prime. 

switch s ignals  tha t  the n 0 X  s ide  is primed the turbine bypass valve and the 

FLOX turbine control valves are ramped to  the positions dictated by the desired 

thrust level. 

S t a r t s  to  .my thrust leve l  would be ident ical  

After the pressure 

Id le  Mode Start 

Idle  mode starts were investigated i n  which the engine is i n i t i a l l y  run i n  a 

pressure-fed mode with no power t o  the  FLOX turbine and reduced power t o  the 

methane turbine. After 
running i n  th i s  mode, the engine can be accelerated t o  the desired thrust  level .  

The i d l e  mode start w a s  investigated fo r  the case of cold i n i t i a l  engine temper- 

atures [250R, 140K) e Liquid propel lants  were assumed at  the  main valve inlets ,  

Engine t ransients  were analyzed as i n  the d i r ec t  start. 
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t o  the methane t u  

i-. zhmn i n  Fig, 79. 
the  parer t o  the methene turbine varies the mixture  ra t io .  

hardware temperatures, the equilibrium conditions would bo the same but valve 
sequencing would be different  t o  avoid high mixture r a t i o s  during the t ransient  

phase. 

Since the FLOX flow is s e t  by the tank pressure, variation i n  

For higher i n i t i a l  

Typically this would involve delaying Fu)X valve opening. 

Valve Position. 

was determined and described as a function of bypass valve position i n  Fig. 80. 

the bypass valve is opened the power t o  the methane turbine is  reduced and mixture 

r a t i o  increases. 

and FLOX, respectively, A t  these pressures, the equilibrium chamber pressure is 

about 25 ysia  (170 IrN/m ). 
w a l l  temperature w e l l  below design values as discussed in  the chamber design section. 

From the t ransient  analyses the engine mixture r a t i o  a t  equilibrium 

As 

2 Tank pressures are 70 (4.85) and 35 psia  (240 kN/m ) f o r  the methane 

2 The maximum mixture r a t i o  value, 2.5, @ves thrust  chamber 

Where the flow to  the methane turbine is shut off with a fue l  turbine valve, mixture 

r a t i o  values sre s ignif icant ly  higher, as shown i n  Fig, 80, Reduction of the bypass 

valve area would fur ther  increase mixture r a t i o  and excessive chamber w a l l  temperature 

may be encountered, 

variation o r  FU)X flow res t r ic t ion ,  

Lower mixture r a t io s  can be achieved through tank pressure 

Ehqine Transients, 

a r e  i l l u s t r a t ed  i n  Fig, 81 t o  85. 
heat capacity. Beyond ~ 1 . 5  sec, time values are  only approximate. 

achieve steady-state operation may be long f o r  low i n i t i a l  engine temperatures and 

mixture ra t ios .  Times of 20-30 seconds have been observed i n  low pressure FLOX/methane 

tests with regeneratively cooled chambers. Although these times are qui te  long, energy 

suff ic ient  f o r  engine powered operation is available long before steady-state operation 

is  achieved. 

methane e x i t  temperatures of 500-600 R (280-335 K) are achieved i n  one-quarter of the 

period necessary t o  a t t a i n  steady-state. Where higher mixture r a t i o s  a re  attained 

(as with a methane turbine i n l e t  valve) these temperatures are attained e a r l i e r  as 

i l l u s t r a t ed  by the comparison of Fig. 85. 

Id le  mode phase t ransients  f o r  250 R (140 9) i n i t i a l  temyeratures 

The time scale w a s  compressed hv reducing chamber 

The time t o  

As shown i n  Fige 84, f o r  a case where steady-state mixture r a t i o  is 2.8, 



P = 35 
(260? Q 
40- 

A 
I 
1 
I 
I & 

P = 56.2 (5943) 

T = 242 (35) 

fig. 79. Idle-Kode &lance 

227 



0 0 0 
0 

W ni -3 



I n i t i a l  Engine Temperature - 250 R 

0 1 !Bane Lcdete3.m$nate 

Time, sec 
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In le t  Pressure Effects, 

r a t io  cn2 the steady-stste thrust  level .  

i n  the methene l i ne  w i l l  r e su l t  i n  higher mixture r; t i o  values. 

of these e f fec ts  is i l l u s t r a t ed  i n  Fig. 

Varietions i n  the i n l e t  pressure w i l l  Z Z f e c t  both mixture 

Lower metinane pressure or  r e s t r i c t ion  

The mcgnitude 

8 6 .  

I n i t i a l  Hardware Temperatures. 

res t r ic t  the flow of methane through the ducts and cooling jacket during t ransient  

operation. Where me thane turbine power is excluded, t ransient  operation mixture 

r a t io s  would be higher than wose f o r  the cold start and would cer ta inly require 

r e s t r i c t ion  of the FLOX flow. 

of the methane due t o  residual hardware heat would somewhat o f f se t  the methane flow 

res t r ic t ion .  Different valve sequencing would be required. I n  addition, although 

engine steady-state conditions would be the same as f o r  the cold start, the 

e q u i l i b r i a  conditions may be approached from a d i f fe ren t  direction. 

low chamber pressures w i l l  involve two-phase flow i n  the cooling jacket,  the 

poss ib i l i ty  of flow osc i l la t ion  should be considered. 

encountered i n  starts with cold hardware but might r e su l t  w i t h  higher temperature 

hardware. 

Higher hardware temperatures w i l l  generally 

With the methane turbine powered, the higher energy 

Since these 

This phenomenon was not 

Powered Phase Operation. Following i d l e  mode operation, the engine can be 

accelerated to a higher thrust leve l  through opening the turbine valve and closing 

the bypass valve i n  a manner similar t o  the direct  start. 

mode and the sensor signall ing i n i t i a t i o n  o f  the powered phase w i l l  depend on the 

i n i t i a l  temperatures and the purpose of i d l e  mode operation. 

propulsive mmeuvers o r  propellant s e t t l i ng ,  t j  t i  er o r  integrating accelerometer 

i n  the vehicle control system might be used. Operating t i m  Q from 2-3 seconds f o r  

propellent sett l in,g t o  as much as 50-100 seconds f o r  t ra jectory correction mc-aneuvers 

might be encountered. 

timer o r  temperature sensor might be used to  i n i t i a t e  the powered phase. 

The duration of i d l e  

For low thruzt 

Where the i d l e  mode is used only as a s t a r t  method, a 

Engine Design Change Effects 

The ef fec t  of engine design changes on the s t a r t  transkits ? re  discussed i n  

Table 59 . 
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TABLE 59 

ENGINE DESIGY CHAhTGE EFFECT ON SYSTEN START 

Design Change 

Elimim te Quick Restart 
Requirement 

Elimination of Cold Start 
Requirement 

Preflight Knowledge of 
Specific Thermal Environment 

Me thane Tank Pressure Reduction 
(above vapor pressure) 

FLOX Tank Pressure Reduction 
(above vapor pressure) 

Methane I n l e t  Line/Manifold 
Volume Reduction 

FLOX I n l e t  Line/PIanifold 
Volume Reduction 

Close Bypass Valve 
During Transient 

Start Transient E f fec t  

@pass valve closing could be delayed 
s l igh t ly  provi?ing s l i g h t  incregse i n  
start  times f o r  the lower energy starts 

This start requires the long ramp time 
on the FLOX turbine vzlve. Elimination 
of this  requirement would reduce start 
times for  higher energy starts 

S t a r t  sequence adjusted t o  specif ic  
conditions. PIwe rapid start 

Pump thermal conditioning time w i l l  
increase; start t i m e  longer 

Small effect on FLOX s ide  prime 

Priming time reduced d i rec t ly ;  signi- 
f icant  start time reduction 

Priming time reduced directl’y ; minor 
start  time reduction 

Additional Turbine Power; faster stert; 
readjust bypass t o  avoid overspeed 



ENGINE CUTOFF 

Engine cutoff s tudies  were conducted using dynamic simulation techniques similar 

t o  those used i n  the start analysis. 

representation of each system component. 

provide shutdown operztion tha t  give no indication of potent ia l  hardware damage, 

reasonable actuation t ines,  and simple control system. 

2.5 seconds were achieved. 

The engine model was ident ica l  i n  the 

Cutoff control sequences were varied t o  

Cutoff times of about 

Cutoff Investigation Ground Rules 

The cutoff investigation was based upon the engine operating a t  design thrust .  

Additional pressure sensing devices were avoided as much es possible. Emphasis 

was placed on providing a consistent predictable cutoff t ransient .  To assure that  

the F'LOX would not impinge on hot portions of the in jec tor  o r  chmber, a FLOX s ide  

purge was used. This i n l e t  gas purge enters j u s t  downstream of the main FLOX 

valve. 

Engine Cutoff Sequence 

The engine cutoff sequence is shown i n  Fig. 87. Valve operztions a re  de- 

scribed i n  Fig.88,Where the areas are normalized to  the area f o r  mainstage 

operction a t  f u l l  thruzt.  This sequerice is a rezsonable compromise between low 

cutoff impulse and reducing FLCX pump speed a t  shutdown. 

begins opening a t  cutoff s ignal  and requires 100 m s  to reach its m a x i m u m  area of 

4G times t h e  nominsl mainstage iFre2. Opening of the bypass vslve t o  i ts  mximum 

area is done to  cause the engine operating leve l  to decrense as rapidly a s  possible. 

The oxidizer turbine i n l e t  valve also begins closing a t  cutoff signal and requires 

250 m s  to reach f u l l  closed. 

oxidizer inject ion pressure. 

predetermined leve l ,  the oxidizer valve begins closing and requires 100 m s  to 

reach f u l l  closed. 

downstream of the main oxidizer vhlve is sequenced on. 

oxidizer valve reaches f u l l  closed, the main fuel valve is signalled to close,  

and requires 200 m s  t o  reach fu l l  closed. 

The turbine bypess valve 

Mzin oxidizer vzlve closing is in i t i a t ed  based on 

\"hen the oxidizer inject ion pressure recches a 

Nhen the oxidizer valve reaches f u l l  closed, the purge ges 

About 1.5 second af ter  the 
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The purge used is located just downstream of the main oxidizer valves 

main oxidizer valve was fu l ly  closed, the purge was init iated a t  a level  of 
65 psia (450 k3/m2) .  

pressure a t  the 10 percent throt t led point is 65 psia (450 kN/cm ). 
cutting off from m i n i m  thruat,  the purge would not cause an increase i n  engine 

operating leve l  which would r e su l t  i n  high mixture ratio values. When the purge 

comes on, the purge gas begins purging the F'LOX out of the pump. As gas fills 

the pump, the result ing loss i n  f luid density causes the pump head to drop to  
zero. 

assumed before any purge gas reached the injector.  

not be this smooth and will resu l t  i n  a lower mixture r a t i o  near the end of the 

purge and consequently a somewhat longer time required to  complete the purging. 

The volume of oxidizer to be purged from the system was estimated a t  31 cu in. 

(508 cu cm) a t  a temperature of 170R (95K), 0.0026 pounds (0.0011 kg) of helium 

would be required for each purge* 

When the 

This level  was selected since the o d d i z e r  pump discharge 

Thus, when 2 

For this study, complete purging of the oxidizer through the injector  w a s  

In reality, the purge will 

Cutoff Transients 

The cutoff transients resul t ing f r o m  the sequencing shown on Fig. 88 (main FLOX 

valve closure in i t i a t ed  a t  injection pressure of 100 psia  (690 kH/m ) a re  shown 

i n  Fig. 80 through 92. 

Pressure transients i n  the system are i l l u s t r a t ed  i n  Fig. 89 and 90. 
shows the  mixture r a t i o  transients.  

is given the special  def ini t ion of the r a t i o  of oxidizer in jec tor  flow to methane 

pump flow. 

when no FLOX is flowing through the pump. 

t o  be the r a t i o  of oxidizer injector  flow to methane in jec tor  flow. 

i n  the two curves resu l t s  from change i n  density of the methane i n  the cooling 

channels. 

of channel w a l l  elements and the temperature of the methane i n  the injector.  

!These were the basis f o r  the temperatures used i n  the quick r e s t a r t  analysis. 

2 

In  these t ransients  the clitoff signal occurs a t  0.5-second. 

Figure 91 
I n  the cutoff analysis engine mixture r a t i o  

Thus, engine mixture r a t i o  can be observed even during the purge phase 
Thrust chamber mixture r a t io  continues 

A n y  difference 

Figure 92 shows the hot gas s i d e  w a l l  temperature t ransients  for  each 

240 



T I E  - SEC 

Figure 89. ine Shutdown Pressures 
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T i K  - SEC 

Figure 90 a Engine Shutdown; Pump Discharge Transient,  
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AND CUTOFF IMPULSE 

Impulse delivered by the engine and propellant consumption during start and cutoff 

operation are describ, - i n  Tables 60 and67 e 

is some deviation from the nominal mixture ra t io .  

some propellant tanking allowance may be necessary to  allow f o r  this variation as 

w e l l  as any deviation i n  i d l e  mode operation. 

described valve sequencing ef fec ts ,  reduction of manifold and l i n e  volumes down- 

stream of the main valves w i l l  reduce both the start and cutoff impulse. I n  the 

tables both start and cutoff are for  f u l l  thrust operation. 

upon attainment of 90-percent of desig,  thrust;  the cutoff is  based upon depletion 

o f  the FLOX with main FLOX valve closure in i t i a t ed  a t  100 psia(690 kN/M ) in j ec t ion  

pressure. 

t o  the cutoff impulse, 

During transient operation there 

For a multiple s t a r t  mission 

I n  addition to the previously 

The start is  based 

2 

The methane residual  i n  the  l ines and chamber contr ibutes  l i t t l e  

ENGINE THROTTLED AID UPWTED OPERATION 

Engine operation was evaluated a t  both thrott led and uprated conditions. 

Engine Throttling 

An engine balance a t  the 10/1 throt t led condition is presented i n  Table 62 and 

system temperatures and pressures indicated i n  Fig. 93.  Engine throt t l ing is  

accomplished through increasing the percent methane flow through the bypass valve. 

A s  shown i n  Fig. 93 the bypass flow is 69 percent of the t o t a l  fuel flow a t  10/1 
throt t l ing i n  contrast  t o  about 20 percent a t  nominal thrust .  

control valve is used t o  maintain constant mixture ratio.  

a re  described i n  the Valve Section. 

The F'LOX turbine 

Control requirements 

Engine specific impulse is shown as a function of chamber pressure i n  Fig. 9 4 .  
I n  determining t h i s  performance combustion efficiency decreases three percent over 

the 10/1 range. 
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TABU 60 

4.73 (2.15) 
Ambient Temperature 
Start 

PROPELLANT CONSUMPTION DURING START/CUTOFF 

Full Thrust Operation, lb (kg) 

18.0 (8.1) 3.8 

Immediate Restart 

TABLE 61 
START AND CUTOFF IMPULSE 

lb-sec (kg-sec) 

I Start Impulse Cutoff Impulse: 

Immediate Res tart (Direct) 
Ambient Temperature Start (Direct) 
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TABLE 62 

10/1 THROTTIED ENGINE BALANCES 

Thrust, l b  (N) 

Engine Spec i f ic  Impulse, sec (N-sec/kg) 

Engine Mixture Ratio, O/F 

Thrust Chamber 
2 Chamber Pressure, ps ia  (k N/m ) 

Mixture Ratio,  O/F 

Weight Flow, lb/sec (kg/sec) 

Specif ic  Impulse, sec (N-sec/kg) 

E x i t  Temperature, R ( K )  
Expansion Ratio 

Flow, lb/sec (kg/sec) 
pumps, O P  

Discharge Pressure, p s i a  (k  N/m 2 ) 

Number of Stages 

Speed, 1000 rpm (1000 rad/sec) 

Horsepower (kw) 

Efficiency, percent 

Flow, lb/sec (kg/sec) 

I n l e t  Temperature, R ( K )  

Pressure Rat io  

E x i t  Pressure, p s i a  (k  N/m ) 
Number of Stages 

Efficiency, percent 

Bypass, lb/sec (kg/sec) 

Turbine, O/F 

2 

500 

3 66 
5.25 

52 

5.25 

1 e 3 7  
366 
1760 

60 

1.15/. 22 

79/125 

8.1/12.2 

.18/. 20 

57 e 9/54 e 2 

0.033/.  034 

1750 

1.09/1.08 

73 

20.8/25.8 

1 / 2  

1/1 
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Fig. 93 10.1 Throttlea Engine Operating Conditions 
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Pump inlet pressures have l i t t l e  e f f e c t  on nominal t h r u s t  operation. 

a t  10/1 t h r o t t l e d  conditions,  t h e  e f f e c t  on turbopump power requirements i s  
s ignif icant . ,  These e f f e c t s  are i l l u s t r a t e d  i n  Fig. 95 t o  96. 

However, 

I 

Pr ope 1 lant Location 

Methane Turbine E x i t  
Turbine Entrance 

FLOX I n l e t  Line 

Engine Thrust Uprating 

- 
Pressure, p s i a  (k  M/mL) I Temperature, R (K)  

1220-1260 (675-695) 673 (4640) 

1260-1300 (695-720) 1014 (7000) 

140-170 ( 78-94) 

Engine system uprat ing c h a r a c t e r i s t i c s  a re  described i n  Fig. 97 and i n  Table 63 
and i l l u s t r a t e  t h e  power margin of t h e  engine system. 

are i l l u s t r a t e d .  

i n j e c t o r  or tu rb ine  modifications. 

and turbine nozzle passages are increased i n  area. 
chamber backup material must be stren_&hened and t h e  channels redesigned. 

t h e  milled channel electroformed construction approach, t h i s  i s  a r e l a t i v e l y  simple 

modif icat  ion. 

Two approaches t o  uprat ing 

The first i s  e s s e n t i a l l y  up th ro t t l i ng  of t h e  engine with no 

I n  t h e  second approach t h e  i n j e c t o r  o r i f i c e s  

I n  both approaches t h e  t h r u s t  

With 

A s  shown in Fig. 97, uprat ing t o  7000 pound (31,100 N )  t h rus t  can be accomplished 

without changing i n j e c t o r  and tu rb ine  flow areas. 
t h r u s t  l e v e l s  of 7000-8000 pound (31,100-35,600 N )  t h r u s t  can be obtained. 

ra t ing ,  a minimum bypass flow of 5 percent i s  allowed. 

operating descr ip t ion  is  provided f o r  7000-pound (31,100 N) t h r u s t .  

With flow area modifications 

I n  up- 

I n  Table 63 an engine 

AUTOGEPJOUS PRESSURIZATION 

The engine system can supply hot methane and cold FLOX f o r  use in propel lant  tank 

pressurizat ion,  

t h rus t  operation. 

Methane and FLOX conditions are described i n  Table 64 f o r  nominal 

TABLE 64 
PROPELLANT CONDITIONS AT PRESSURANT TAPS; NOPlIlNAL THRUST 
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TABU 63 
ENGINE UPRATING BALANCES 

CONFIGURATION 

Thrust, l b  (N) 

Engine Spec i f ic  Impulse, sec (N-sec/kg) 

Engine Mixture Ratio, O/F 

Thrust Chamber 
2 Chamber Pressure, p s i a  (k N/m ) 

Mixture Ratio, O/F 
Weight Flow, lb/sec (kg/sec) 

Spec i f ic  Impulse, sec  (N-sec/kg) 

Exit Temperature, R ( K )  

Expansion Ratio 

Pumps, O/F 
Flow, lb/sec (kg/sec) 

Discharge Pressure, p s i a  ( H / m  

Number of Stages 

Speed, 1000 rpm (1000 rad/sec) 

Horsepower (kw) 
Efficiency, percent 

Flow, lb/sec (kg/sec) 

I Inlet Temperature, R (K) 

Turbine, O/F 

Pressure Ratio 
2 Exit Pressure, pia (k N/m ) 

Number of Stages 

Efficiency, percent 

Bypass, lb/sec (kg/sec) 
-- 

FIXED HARDWARE 

7000 ( 31,000) 
399 * 5 (3915) 
5.25 

700 (4826) 
5.25 
17.5 (7.9 
399.8 (3918) 
1243 ( 689 1 
60 

U+.7/2.8 ( 6.7/1.3 

MODIFIED HARDWARE I - 
7000 

399.5 
5.25 

700 
5.25 
17.5 
399.8 
1245 
60 

l4.7/2.8 
926/1805 

1/2 i 1/2 
50.3/86.8 ( 5.2/9.1) 48.3/84.5 
61.8/93.7 (46/70) .55.8/87.1 
70.7/61.0 j 70.3/60.5 

1.22/1.43 (.55/.65) 1.15/1.36 
1238 (685 1 1240 
1.55/1.66 1.53D.65 
942 ( 6495 863 
1/1 1/1 
54 7/61 e 5 54.0/61.2 
0.15 (0.068 0.29 

(4826) 
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These conditions are more than sufficient to supply pressurization for pro- 
pellant expulsion, An engine mounted head exchanger could be used to exchange 
heat between the methane and the FLOX, 
flow estimates, the methane has more than enough energy to heat the FLOX to 
temperatures desired for pressurization, 

Based upon a head balance €or pressurant 

The thrust level at which pressurization can be initiated was examined €or both 
transient and steady-state conditions. 
psia (1035 kN/M ) for FLOX and 200 psia (1380 kpi/M ) for methane is necessary 
for pressurization (regulator and line P allowance), thrusts of 1000 to 1500 
pound (4450 - 6670N) are necessary before pressurization can be initiated, 
Lower tank pressures will reduce these thrust levels somewhat. These thrust 
levels are attained very quickly (-1 second) after the FLOX valve is opened 
during the start transient, 

Assuming a minimum qource pressure of 150 
2 2 

Where the propellant tank has been prepressurized, the start can proceed directly 
since there is sufficient NPSH and the propellant expulsion pressurization require- 
ments are low. 
and some period of two-phase fluid pumping may be necessary. 
powered idle-mode operation will be employed. 
started to a thrust level of 1000-1500 (4450-667ON) pound. 
and the early portion of powered idle-mode operation, the pumps gill pump 
saturated or two-phase propellants. 
operation in this thrust range with saturated propellants is possible, 
phase operation capability appears possible but must be experimentally verified, 

$'or a completely autogenous system, the tank must be repressurized 
''or this situation, 

In this operation the engine is 
During the sfart 

As discussed in the turbomachinery section, 
Two- 

Once the powered idle mode thrust level has been attained, tank pressurization 
is initiated to raise the tank pressures to the value required for full thrust 
operation. Where the ullage volume is large and pressurant has collapsed, the 
prepressurant flow requirements may be larger than €or propellant expulsion. 
situation occurs in the last trajectory coTreetion maneuver of the Mars Orbiter, 
for example. The flow requirements depend on the mission duty cycle may be the 
major factor in sizing the pressurization system. Should the flow requirements 
to raise the tank pressure be undesirably large, this type of maneuver could be 
run with the engine throttled, thereby relieving the prepressurization requirements, 

This 

256 



I D  

The pressure-fed id1  

t o  low thrust  maneuvers 

settling. 

mode operation described for  engine start also has application 

consumption of propellant residuals, and propellant 

The low t h r u s t  maneuvers can be performed i n  idle-mode as long as engine mixture 
r a t io s  are low enough to  prevent thrust  chamber over-heating. 

and mixture r a t i o  f o r  idle-mode operation are shown as a function of tank pressures 

i n  Fig. 86. 

that no chamber overheating occurs. 

( typical ly  1 percent of t o t a l  i n  100 seconds) and the thrust should remain 

re la t ive ly  constant even with tank pressure regulation. 

could be used t o  consume propellant residuals a t  the end of f l i gh t  and s ignif icant ly  

extend the propulsion capability. 

Chamber pressure 

Operation to the l e f t  of the t h r u s t  chamber cooling l ine  will assure 

Propellant consumption is generally small 

This i d l e  mode operation 

The engine can be used t o  settle propellants pr ior  to  a propulsive maneuver. 

can be accomplished through use of pressure-fed idle-mode o r  by a combination of 

methane blowdown and pressure-fed idle-mode. Where liquid methane can be assumed 

a t  the engine i n l e t  through use of a propellant screen, fo r  example, pressure-fed 

idle-mode can be used for se t t l ing .  

of having liquid FLOX and gaseous methane a t  engine i n l e t  with the attendant high 

mixture r a t io  operation. Where the propellant conditions a t  the engine i n l e t  are 

unknown, the methane alone could be used for  se t t l ing .  Methane gas could be blown 

down, creating a small thrust which would be suff ic ient  t o  sett le the propellants. 

When methane l iqu id  w a s  available a t  the engine in l e t ,  pressure-fed idle-mode or 

direct engine start could be in i t i a t ed .  

This 

In t h i s  case, there would be no poss ib i l i ty  

In  R e f .  9, the s e t t l i n g  times f o r  a Mars Orbiter system were estimated a t  9-18 
seconds using a 6-pound (26 N) thrust auxiliary thrustor. 

pressure-fed idle-mode and methane blowdown are  l i s t e d  i n  Table 65. A l l  these 

are based on tank pressures of 35 psia  (240 kIf/m2) and 70 psia (485 kN/m2) fo r  

FLOX and methane, estimated end of f l i gh t  vapor pressures. 

T h r u s t  levels for  
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TABLE 65 

Conditions N e  thod Thrust, l b  ( M )  

Pressure-Fed 
Idle-Kode 

Ne thane 
Blowdown 

PROPELLANT SETTLING THRUST 

I 

Liquid a t  Pump In le t  

Liquid a t  Pump In le t ;  
Chamber Temperature 

250 R ( 1 3 9 K )  

530 R (294K) 

200-300 (890-1330 

With these thrusts ,  propellant s e t t l i n g  times f o r  the YBrs  Orbiter configuration 

would be very short .  
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t h r u s t  chamber design u t i l i z i n g  advanced f ab r i ca t ion  techniques w a s  
es tab l i shed  t o  provide low-cost chamber f ab r i ca t ion  and design f l e x i b i l -  

i t y .  
with mechanically-milled channels, as used i n  chambers fabr ica ted  under 
Contract NhS3-11191. 

e l imina tes  poter i t ia l  problems associated with welded o r  brazed jo in ts .  

The th rus t  chamber i s  designed t o  meet the requirements f o r  operation a t  
nominal, t h r o t t l e d  and icile mode conditions. With a s l i g h t  modification 
t o  the channel contour and the  use of add i t iona l  backup s t ruc tu re ,  the 
8000-pound th rus t  l e v e l  can be achieved. 

The se lec ted  f ab r i ca t ion  method was t o  use electroformed n icke l  

This technique provides a smooth inner  wall and 

DESIGN GROUND RULES 

The channel design i s  based upon the two-step va r i a t ion  i n  channel width 

described i n  Task I. 
i n  which s l i g h t l y  higher pressure drops were accepted t o  provide a reduct ion 
i n  f ab r i ca t ion  cost .  The chamber design was based on methane coolant infor-  
mation obtained f r o m  heated tube ds-ta, and the combustion s ide  heat t r a n s f e r  
p r o f i l e  was based on data  taken i n  a water-cooled chamber under Contract NAS3- 
11191. This information i s  described below and i n  Ref, 14. 

This s t ep  va r i a t ion  i n  width represents  a compromise 

Combustion Side Heat Transfer 

Recent gas s ide heat  t r ans fe r  f i l m  coef f ic ien t  da ta  frorn a 20-degree (0.35 rad) 
convergent angle,  7.5-inch (lg,l cm) combustor (Ref .  l), using both a t r i p -  

l e t  and a concentr ic  tube i n j e c t o r ,  were ca re fu l ly  analyzed. The da ta  com- 

pared very well  with the boundary layer  equation i n  both the convergent sect ion 
:f the  chamber and i n  the  th roa t ,  assuming t h a t  the boundary layer  was i n i t i a t -  
ed a t  the s t a r t  of convergence, In addi t ion,  l o c a l  heat f lux  measurements 

on the nozzle compared favorably with the analyt ical ly-predicted values. 

Therefore, the boundzry l aye r  equation has been used t o  p red ic t  the heat  

t r a n s f e r  f i l m  coe f f i c i en t s  f o r  t h i s  study. 
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The concentric i n j e c t o r  t e s t e d  under NAS3-11191 had very good performance 

and showed low combustor heat f l uxes  a s  compazed t o  the t r i p l e t .  With the  
up-?ass coolant c i r c u i t  and r e s u l t a n t  high methane coolant temperatures and 
low d e n s i t i e s  i n  the combustor, an appreciable pressure drop savings can 

be achieved by designing t o  the concentric i n j e c t o r  heat f l ux  p ro f i l e .  Con- 
sequently, the f i n a l  heat f l u x  p r o f i l e  uses the experimental concentric hea t  
f lux  p r o f i l e ,  adjusted by the standard turbulent  flow area  r a t i o  correct ion 
(hg 01 t o  the start of convergence o r  t o  the point  where the concentric 
i n j ec to r  heat f l ux  p r o f i l e  merges with the theo re t i ce l  p r o f i l e ,  whichever occurs 
fu r the r  downstream. Heat f luxes  a t  other  than nominal chamber pressures were 
extrapolated using the standard turbulent  f low correlat ion:  

Coolant Side Heat Transfer 

The co r re l a t ion  used f o r  p red ic t ing  coolant s ide heat t r ans fe r  coe f f i c i en t s  

was the Dittus-Boelter equation, with proper t ies  evaluated a t  the bulk tem- 

perature.  

i n  e lec t r ica l ly-hea ted  tubes,  the above predict ion accurately est imates  the  ex- 
perimental values  over the  temperature range o f  350 t o  1125 R. The Dittus- 

Boelter bulk cor re la t ion  with entrance,  roughness, and curvature enhancement 
f a c t o r s  added is: 

Wheln compared t o  methane heat  t r a n s f e r  da ta  obtained a t  Rocketdyne 

Enhancement factors were se lec ted  based on a review o f  experimental methane 
data  and the spec i f i c  2hannel configuration. Curvature enhancement reaching 
a maximum of 1.5 was used i n  the th roa t  region. 

was used based on a typ ica l  mi l l ing  surface f i n i s h .  

ment near the coolant i n l e t  was a maximum of  1.06. 

Roughness enhancement of 1.18 

Entrance region enhance- 
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The shape of the combustion chamber is s i m i f i c a n t  because it af fec ts  1) local  

heat fluxes znd boundary layer i n i t i a t ion  point; 2) integrated heat load and 

coolant discharge temperature; 3) combustion chamber w s l l  t m p r a t u r e  and 

pressure drop; 4) performance; 5) thrust  chmber s ize  and weight; and 6) fab- 

r ica t ion  ease. 

Two shapes were considered: 

a d  a tapered convergence section, and 2) A uniformly tapered c h a b e r  between 

the injector  and the throat. 

and the l a t t e r  chamber is 0.5-inch (1.27 cm) longer. 

shown i n  Fig. 98, together with the geometry of the combustor tested f o r  

Contract I?A33-11191. 

and coolant ex i t  temperature (within 30 F, 17Z), but the tapered chamber 

appeared su p r i o r  e 

1) a conventional s h p e  with a cylindrical  coabustor 

30th used the saxe injector  (contTaction ratio = 4), 

Compzrable geometries are 

Both chambers have about the same coolant pressure drop 

Shape Effect on Heat 'i'ransfer 

A two-dimensional heat transfer analysis was rn fo r  the throat  and f o r  c r i t i ca l  

par t s  of the combustor f o r  both confi,gurations. 

i s  near the start of convergence f o r  the conventional combustor, and zbout 

6 inches (17.8 cm) from the throat  on the tapered ckaber .  

bustor was 150 F (83X) colder i n  t h i s  region due t o  a s l i s h t l y  lower hecrt f lux 

(Fiy. 98), and because the chamber diameter and consequently the land width is 

appreciably smaller (about 0.116 vs 0,138-inch (0.295 vs 0.350 cm) channels). 

Conseqaently, about 30-percent more channels, or e lse  higher coolant veloci t ies ,  

would be required t o  maintain the sme  wall temperatures i n  the conventional 

marmer. 

The c r i t i c a l  combustor region 

The tapered com- 

A. comparable difference occurs a t  1O:l throt t led conditions. Consequently, the 

tapered chamber is more a t t r ac t ive  f r o m  a cooling stmdpoint. 

wall temperatures are  summarized fo r  8 %)-channel design i n  Table 66. 

Two-dirneraional 
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TABLE 66 
MAxIMUI4 COMBUSTION - SIDE WALL TENPERATURES 

-- 
Ful l  Thrust 

--I_-.----I-. --..--_-- 
Throat Combustor 

1Q:l Throttled 

Throat Combustor 

Conventional 
Contour, F (K) 1 139Q (1028) 16'70 (1180) 

I Tapered Contour, F (K)  

1045 (835) 1750 (1220) 

Effect onrl,* 

Tests with hydrogen (Contract NAS 8-20349, Ref. 15) iadicater! that f o r  a given 

chamber length, hi&er prformance was achieved with a lower contraction 

r a t i o  chamber, using a concentric injector .  The reason f o r  t h i s  is  two- 

fold: the smaller cross section of the chamber confines the methane 

t o  the v ic in i ty  of t he  element anrl, thereb;., promotes mixing; 

higher velocity of the methane and combustion gases i n  the chamber also 

promote mixiw and. vaporization of the  FLOX. Consequently, even t h o u  

the taperec! chamber has a lower L*, it is expected t o  have good perfom- 

mce e 

1) 
2) the 

Effect of Shape on ,Fabrication and Wdip.ht 

Fabrication and inspection of the combustion chamber i s  f a c i l i t a t e d  by 

the constant taper design. Machining of the channels and of  t he  chamber 

contour which a l so  de te rmias  the channel height prof i le  is  accomplished 

by following a template. 

easier t o  es tabl ish than the ax ia l  position. 

require less accuracy i n  the ax ia l  location of the template f o r  a given 

accuracy of the hot gas w a l l  thickness and channel height. The tapered 

The radial location o f  the tanplate is generally 

Smaller convergence angles 



chamber, having the s w l l e s t  convergence angle, provides the easiest  

tenplate setup conditions. 

the combustion chamber with cal ipers  a t  all s ta t ions a f t e r  machining 

is possible with t h e  tapered chamber. Inspection time requirements are 

thereby reduced compared t o  requirements for the -onventional shape 

combustor. 

and a smaller average diameter the weight w i l l  be s l i gh t ly  l e s s  

(approximtely 0.5 l b s  (0.027 kg) less) and the s t ruc tura l  s h e l l  w i l l  

ala0 weigh less .  

Direct measurement of the w a l l  thickness i n  

Since the tapered combustor has a smaller surface area 

Selection 

Based on projected t e s t  data the tapered combustor appears to be 

superior and has been chosen as the f l i g h t  weight design configuration. 

The performance and heat t ransfer  character is t ics  3f the. tapered 

combus t o r  should be experimentally verified.  

CKANNEL DESIGN SELECTION 

Many design combinations for t h e  channel configuration were examined. 

The ideal geometzy fmm a weight standpoint i s  a constant land width 

channel. Stress  requiremen+s, however, f i x  the m a x i m u m  channel width f o r  

a given w a l l  thickness, and thus channel branchine; i s  required i f  the 

ideal  geometry is t o  be approached i n  a physical design without undue wall 

thickness, using electroformed nickel channels. A t  the other extremep the 

easiest  and cheapest design would be a constant width channel from injector  

to nozzle e x i t ,  with no branching. 

weight and pressure drop. 

with no brmches, two s t ep  changes i n  nozzle width ( t?. = 4 and 16) based 

on w a l l  tempereture and s t r e s s  considerations, and selection of a m i n i m u m  

However, this design has the  highest 

The compromise f i n a l l y  selected w a s  a design 
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charnel height i n  the nozzle of 0,05 inch (0.127 cm) fron weight, pressure 

drop, and potent ia l  5lockage considerations. 

cost ,  and hns very l i t t l e  weight penalby over Vie optimum confipnat ion,  

This design i s  re la t ive ly  low 

Channel Geometry_ 

The following geosetrical  res t r ic t ions  were placed on the d e s i p .  

Minimum I k l l  Thickness = 0.025 inch (0.064 cm) 

ICinimum Lvld Width = .030 inch (0.076 an) - (previous fabrication 

experience) 

Land Width Channel Width i n  TLhroat (2-D conduction) 

Other ozerating a d  design features included: 

a )  l O / l  th ro t t l ing  capabi l i ty  

b) Ease of manufacture 

c )  

d) 

Ninimum s t r e s s  safety factor  = 2.0 based on gross distor t ion 

Theory a t  1700 r7 (12a)x) w d l  temperature i n  the throat and 

combus t o r  

No branches o r  s t ep  chmges i n  channel width upstream of the 

throat ,  due t o  the necessity of reasonably close tolerances i n  
order t o  minimize pressure drop and maintain the design w a l l  

temperatures. 

d) 

S t ress  analysis indicated the f u l l  thrust  cond.ition t o  be the most c r i t i c a l  

design point. 

f o r  electroformed nickel, using a safety fac tor  of 2 based on gross distor- 

t ion  theory f o r  rectangular channels. To permit wider channgels i n  the nozzle, 

a wall thickness of 0.040 inch (0.10 cm) w e s  used f o r  nozzle area r a t i o  greater 

than 4.0. 
liiTozzle channel widths were chosen to  u t i l i z e  standard cu t t e r  sizes. Channel 

heights i n  the nozzle were chosen t o  maintsin a constant mass velocity beyond 

€ = 4. 

Channel widths i n  the nozzle are  based on s t r e s s  requirements 

Chamel width s t ep  c'nanges occur a t  nozzle area ra t io s  of 4 and 16. 
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The throat was s t ressed f o r  a safety factor  of 2.0 a t  1700 F (120010 wall 

temperature, using a 0.025-inch (0.064 cm) w a l l  thickness. The remainder 

of the cocobustor was stressed f o r  a safety fac tor  of 2 a t  its maxim.m 

allowable operating temperature. 

150 F (83K) at f u l l  thrust  was then imposed on the design. 

temperatures determined the required coolant mass veloci t ies ,  and the 

corresponding channel heights. Consequently, the allowable wall temperatures 

i n  the combustor are  less than i n  the throat ,  due to  the lower heat f luxes 

and corresponding reduced wall A?. 

A minimum w a l l  temperature margin of 

The new wall 

Ease of fabrication was next considered, i n  terms of the channel height 

profile.  

considerations were: 

Additional res t r ic t ions  i n  the design imposed by fabrication 

1) 

2) 

constant height throughout throat radius of curvzture 

depth var ia t ion i n  combustor should be designed s o  that 

no reversal  i n  the rad ia l  direction is required of the 

cu t te r ,  i n  order t o  hold closer tolermces 

preferably design channels with constant taper angle or 

constant rad ia l  location. 
3) 

A trade-off study was conducted t o  detemine additional pressure Omp 

requirements imposed by fabricat ion tolerances. 

a channel whose height decreased l inear ly  dong two taper angles from the 

in jec tor  t o  an ax ia l  location 2.0 inches (5.08 cm) upstream of the throat,  

and a constant channel height section from t h i s  point through the throat.. 

The maximum chantlel height a t  the injector  end was selected as small as 

permitted by pressure drop considerations, i n  order to reduce required 

manifold sizes. 

coolant flow, thereby recovering some of the dynamic pressure a t  the exit .  

The final selection was 

"he channel ex i t s  lave beer, designed t o  diffuse the 
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Otherwise, %e f u l l  velocity head would be lost as the coolant entered 

f ie  ex i t  manifold. 

by about 10 psi (70kN/m2). 
This i s  expected t o  reduce the coolant pressure drop 

F u l l  Thrust 

V a l  1 Tan Be ratures 

1 O : l  Thrott led 

The regenerative cooling program used t o  design the charnels and determine 

pressure drops u t i l i z e s  one-dirensional analysis t o  calculate w a l l  temp- 

eratures. Consequently, a two-dimensional thermal m-alysis w a s  employed 

t o  determine the temprature  dis t r ibut ion a t  cer ta in  c r i t i c a l  locations 

i n  the combustor and throat fo r  f u l l  thrust and throt t led operation. 

t h i s  analysis, the channels were assumed t o  have a 0.030-inch (0,076 em) 

Nickel 200 closeout and a 0.090-inch (0.029 cm) Hastelloy C backup structure.  

The maxirm;ur! wall temperatures are summarized i n  Table 67. 

For 

TABLE 67 

MAXINUPI WALL TEMPERATURES, TAPERED CHAMBER 

No. Channels 

Throat TWG, F(K) 
Combustor T F 
(X = 7.5-inch) 

WG ’ 
(19.1 cm) 

A s  a resu l t  of the 2-D analysis, the m i n i m u m  number of channels considered 

fo r  the design w a s  90, because of combustor w a l l  temperatures at 10/1 

thro t t led  conditions. 

temperatures and stress levels ,  t h i s  m u s t  be traded off with additional 

cost  and with tolerance considerations . 
-&ile additional channels would fur ther  reduce wall 



Tolerance 

The philosophy adopted with regard t o  to le rances  i s  t h a t  t h e  nominal design 

would represent  t h e  highest  temperature operating condition. 

nominal channel dimenstons would a l s o  be maximum dimensions. Tolerance ef- 
f ec t s ,  then, would result i n  lower w a l l  temperatures and higher pressure drops. 

Typical width and height to le rances  resu l ted  i n  t h e  following pressure drop 

values at f u l l  t h rus t :  

This meant t h a t  

TOLEZANCE EFFECTS ON JACKET AP 

I 90 120 Number of Channels 

p s i a  (k N/m2) 

Tolerance, inches (cm) 

Nominal 230 (1590) 
-0.004W ( -0.0102W) 
-0.006H (-O.Ol52H) 
-0.003W (-0.00762~) 
-0.OlOH (-0.0254H) 

Above values are f o r  a roughness of 30 ,u inch (7.62 microns) and a f ixed  cool- 

ant jacket ou t l e t  pressure of 1090 p s i a  (7516 k N/m2)* 

a one ve loxi ty  e x i t  head loss., 
(210 k N/m2) i f  t h e  roughness increased from 30 t o  100 

microns) 

Pressure drops inc lude  

Pressure drops would increase about 30 p s i  

inch (7.62 t o  25.4 /” 

I n  addi t ion,  t he  lat ter tolerance (-.003 width, -.010 inch height (-.008 width, 

-.030 cm height)) results i n  approximately 100 F (56K) reduction i n  w a l l  temper- 

a tu re  at t h e  t h r o a t  and 70 F (39K) reduction i n  t h e  combustor c7.5 inch (19.1 cm) 
upstream of t h e  throa t ] .  

ant  pressures  are higher. 

minimum values. 

perature,  a net increase  i n  t h e  stress safe ty  f a c t o r  i s  obtained. 

This  increases  t h e  stress margin even though t h e  cool- 

Similar ly ,  nominal w a l l  th icknesses  were taken as 
Even though l a r g e r  w a l l  th icknesses  r e s u l t  i n  higher wall tem- 
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V'ile wider tolerance l i m i t s  imply potential  cost savings it is desirable 

t o  hold a reasonably close tolerarlce f o r  reasons of stress, pressure drop, 

and weight. 

sat isfactory compromise. 

A rnaximum height tolerance of 2 .005 inch was found t o  be a 

Channel (combustion-side w a l l  and loads) weight i s  a weak function of 

both the coubustor sha?e and the number of charnels. For the tapered 

combustor, the chonnel weight without closeout o r  backup structure is  
32.2, 30.9, and 28.6 lbs  f o r  72, 90, and 12C channels respectively. 

the channel closeout shown i n  the design, the 90-channel thrust chamber 

would weigh approximately 54 lbs,  

the nozzle downstrean of 6 = 16. 

With 

O f  t h i s ,  about 75A of the weight is  i n  

Upratina C b a c t e r i s t i c s  

when the 90 and 120 channel chambers with constant tapered combustion 

zones designed f o r  500 psia  chamber pressure are  operated a t  800 psia  

the  l imiting fac tor  becomes the s t ress  induced by coolant pressure i n  

the nozzle as shown in Table 68. The combustion zones still hme accept- 

able safety factors  a t  800 psia  because the channel dimensions i n  t h i s  

region were designed t o  maintain a wall tmperature (two dimensional) 

of 1500 F o r  less a t  500 psia. 

psia  are 1545 F and 1585 F f o r  the 90 and 120 channel designs respectively. 

The maximuu wall temperatures a t  800 

In order t o  maintain a safety factor  of 2.0 i n  the nozzle the channel 

width would have t o  be decreased t o  0.094 inches in  the 4 L e L16 
region and t o  0,156 inches i n  the Q = 16 region. These modifications 

would increase the j a c k  t pressure drop by ap3roximtely 10 psi  and 

increase the weight by 2 pounds. 



TABLE 68 

C-HAWEL STFZSS SAFETY FACTORS 

TAPERED CWIBER 

I_ _--- - ---- _- --.-- - 
E. X, i n .  (cm) 

60 26.47 (67.4) 

16.t 7.3 (18.6) 
4 i  2.22 (5.65) 
1 0 ( 0 )  

-1.5 (-3.8) 

500 psia (3450 k N/m 2 ) Design Operated at  800 psia (5520 k N/m 2 ) 

------I_-- 

99 

1.5 

1.5 
1.4 
2.3 

1.9 

Axial Location -_--,- Stress Safetx Factor 

No. Channels 
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The resu l t s  o f  these analyses indicate that only a s l igh t  modification of 

e i t h e r  the 90 channel or  the 120 channel designs would be required t o  2;- 

r a t e  t h e  t h r u s t  chambers from 500 psia (3450 kN/m ) operztion t o  Roo psia  

(5520 k ~ / m  1 oyeratiun. 

2 

2 

DESIGN C?JJ&4CTERISTICS 

This section covers the design character is t ics  of the selected 90 channel, 

tapered combustor configuration. 

a re  included i n  Appendix B. 

Alternate designs considered i n  the study 

The inner nozzle contour 3nd the corresponding gas s ide f i l m  coeff ic ients  

a t  a chamber pressure of 500 psia (3450 kN/m ) are shown i n  Fig. 1[x) and 101 e 

Coolant channel width, height, and land width are presented i n  Fig. 101, 

103, and 104 respectively. 

with s tep changes a t  area r a t i o s  of 4 and 16. 

chosen to  prevent the land width f r o m  dropping below the minimum value of 

0.30 inches (7.62 em). 

the steps t o  avoid unnecessary pressure drops. 

low, and the channels are thermally over-designed i n  the nozzle, fa i r ing  

the charnel a t  the two s tep locations should not be c r i t i ca l .  

height was fixed a t  0.050 (0.127 cm) inch from the nozzle ex i t  t o  m area 

r a t i o  of 16, 

maintain a constant mass velocity. 

throat  radius, and then increases i n  two l inear  tapers to  the in jec tor  

plane. 

2 

Channels are designed i n  constant width sections 

The step locations were 

The channel widths and heights a re  fa i red i n  a t  

Since the heat fluxes are 

Chrznnel 

Between area r a t i o s  of 4 and 1.6, the height w a s  tapered t o  

Channel height is c0nstm.t around the 

The w a l l  temperature prof i le  is shown i n  Fige 105. 

are very low a t  the ex i t ,  where the channels are over-designed to  save 

weight. The s t ep  chaqe  in  wall temperature (X/RT s 2) r e su l t s  from a 

change in  channel width a t  a nozzle area r a t i o  of 4. 
temperatures are l e s s  than 1500F (lO9OK) throughout. 

%e w a l l  t a p e r a h i r e s  

he-dimensional 
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e 100. Thru t Chamber Contour 
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-Side Film Coe i c i en t  P ro f i l  
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Figure 102. Channel Width Prof i le  
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Because of the two-dimensional heat conduction character is t ics  o f  

channels, the c r i t i c a l  coolinf regions near the throat and 5.5 inches 

(18.6 cm) upstream of the throat were examined i n  de ta i l .  

the 90 channel configurztion are shown i n  fig.  106. 

two-dimensional analysis indicates tbt the throat  w i l l  run approximately 

100 E’ (559) colder thzn predicted on a one-dimensional basis, while the 

combustor would run about 70 F(39K) higher a t  mid-land. 

i n  the combustor a re  close to  the one-dimensional design values. 

Results f o r  

In general, the 

Mid-channel values 

Backwall temperatures a re  about 100 P (5%) higher than the methane bulk 

temperature i n  the throct ,  and about 2W F ( l l O K )  higher in the combustor. 

For purposes of analysis,  a 0.030 inch (0.076 cm) Nickel 200 closeout and 

a 0,090 inch (0.229 cm) Eiastelloy C backup s t ructure  w a s  assuned. 

l i t t l e  difference i n  the temperature dis t r ibut ion would be expected using 

only an 0.Om inch (0.293 cm) nickel backup, due to  the f l a t  temperature 

profile.  

Very 

The coolant bulk tenperatures a t  f u l l  thrust  m d  a t  lot1 th ro t t led  

conditions are  &-own i n  Fig. 107. 
the cooland occurs i n  the nozzle. 

(620K) and 1750 R (970K) a t  f u l l  th rus t  and z t  t h r o t t l e d  conditions, 

respectively. Coolant mass velocity and pressure dm2 profi les  were 

determined hased on a 3OA-inch (7.62 micron) roughness. 

pressure drop occurs i n  the combustor, with only about 15-percent 

occurring downstrean of the throat. 

higher combustor heat fluxes and 3a r t ly  due to  higher coolant tempera- 

tures, 

mass velocity requirements and reduced density. 

About half the to t a l  heat ingut t o  

Coolant ex i t  temperatures are 1300 R 

Most of the 

This is par t ly  e resul t  of the 

The l a t t e r  effect increases pressure drop through both higher 
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Thrust chamber character is t ics  were anillyzed over a l O / l  th ro t t l ing  range, 

holding mixture r a t i o  constmt a t  5.25. 
along with the two phase region for the l O / l  t h ro t t l e  case was presented 

i n  Fig. 107. 
i n  Table 69. 
r e su l t ,  no cooling problems are  anticipated with the over-designed channels. 

The pressure drop through the coolant jacket is 45 p s i  (310 Ki/m ). 
cham5er design is predicted to  operate sa t i s f ac to r i ly  i n  terms of wall 

temperatures and s t r e s s  requirements over the f u l l  th ro t t l ing  ranse prof i le  

i n  t h i s  region. 

The coolant bulk tenperatwe, 

A su.mary of the met3ane phase change locations is presected 

The heat fluxes are low i n  the phase change redon.  

2 

As a 

The 

21wo dimensional w a l l  temperatures are  shown f o r  the throat  and combustor 

a t  the 10/1 t h r o t t l e  condition i n  Pig. 108. Because of higher coolvlt  

temperatures, the backup s t ructure  temperatures increase as the engine 

t h o t t f e s .  Although the w a l l  temperature i n  the combustion zone approaches 

1650 F (1170K) at throt t led conditions, the coolant pressures are  consider- 

ably less than et fu l l  thrust  and the s t r e s s  safety margin is  therefore 

satisfactory.  

I d l e  Mode 

Id l e  uode operation was analyzed over a range of chamber pressures and the 

maximum mixture ratios a t  which various temperatures would be acceptable 

were described (Fig. 109). 
was fixed a t  1500 F (1030;(), and t h i s  condition determined a maximum allowable 

A maximum discharge temperature for the methane 

mixture ra t io .  

I n  addition, m a x i m u m  w a l l  temperatures of 1600 F (1145K) and 1700F (1200K) 
were examined. 

coolant mass velocity th ro t t l e  be t te r  than regions of low mass velocity. 

In general, as an engine th ro t t l e s ,  the regions with higher 
T i s  is 
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Chamber Pressure 

psia,  k N/m2) 

500 (3450) 

300 (2070) 

25Q (1270) 

(690) 

50 (345)  

TABLE 69 

PHASE CHANGE LOCATIONS 

= 245R, MR = 5.25 
(13%) Tin 

I n l e t  Pressure , 
p s i a ,  k ll/m2) 

Phase Change 

Region, t 

* 
46 

40 

55-29 

60-35 

Heat Flux 

BTU/inL- se c 

--- 
--- 
0.29 

0 .  lo-. 20 

0.050-. 10 

J/cmZ-sec 

Jt. 
Superc r i t i ca l  
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par t ly  the reason why the ti-iroat has higher mixture r a t i o  l i m i t s  than the  

combustor, 

combustor, the w a l l  temperatures are more sens i t ive  t o  the  coolant discharge 

temperature. 

In  addition, due t o  the hizher coolant temperatures i n  the 

The com3ustor a t  the most c r i t i ca l  cooling point located 7.5 inches (191 cm) 

upstream of the throat  determines the maximum allowable mixture r a t i o  based 

on e i the r  a 1600 F (1145K) o r  1700 F (1200K) w a l l  temperature l i m i t .  

tempereture values of Fig. 109 are Dased on stezdy-state conditions. 

idle-node s t a r t ,  considerable time may be necessary t o  a t t a i n  steady-state 

conditions, It may, therefore, be possible t o  operate a t  n;ixtz.re r a t i o  values 

above those shown f o r  10-20 seconds without zchieving the indicated temperatures. 

In  addition, higher teaperatures than those shown nay be encountered without 

exceeding the thrus t  chanber strength capability. 

therefore, not be res t r ic ted  t o  z ixture  r a t io s  below nominal without detailed 

examimtion of the operating requirements. 

The 

In 

Idle-mode operation should, 

The f l i g h t  weiyht thrust  chamber consists of a one-piece s lo t ted  nickel coolant 

she l l  which i s  reinforced through the combustion chamber area by an Inconel 625 

s t ruc tura l  backu? shell .  

the  combustion chamber t o  facilitete the attaching of t h e  injector.  

tapered s t r a igh t  wall chamber an2 the constant radius throat  minimize fabrica- 

t ion  complexity and cost- 

A "J" weld jo in t  is  provided a t  the forward end of 

The 

The coolant s h e l l  w i l l  be electroformed on a two piece mandrel which is s @ i t  

a t  the t h o a t .  

area expansion r a t io ,  the mmdrel is of a length t o  allow f o r  additional ax ia l  

buildup i n  the event a mounting surface a f t  of the E =  60 plane i s  required 

f o r  attaching a nozzle sk i r t .  

Althouch the nomind engine length is  dictated by the E =  60 
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The i n i t i a l  electroformed nickel layer a f t e r  contour mechining i s  0.166 inches 

(3.422 cn) thick a t  the forwzrd end, 0.096 i n c b s  (0.244 cm) thick a t  the 

throat znd 0.0gO inches (0,229 cm) a t  the a f t  end. 

considered, s l o t  width can be held t o  2 0.0015 inches (0,0333 cn) and s l o t  

depth can be held t o  2 0.005 inches (0.013 cm). 

i n  the area where tne hot gas w a l l  thickness changes ( 6 = 3) .  
area where the s l o t  contour does not follow the internal  chamber contour is 

at  the end where the s l o t s  remain on the 7.5 degree (0.131 rad) cone angle 

wnile the chamber contour becones cyl indrical  fo r  a s h o r t  length t o  f a c i l i t a t e  

injector  instal la t ion.  

For the s l o t  s izes  

A smooth t r m s i t i o n  occurs 

The only 

Once the s l o t s  a re  machined, they are  f i l l e d  with wax 

and the en t i r e  part  is activated and placed in to  the tank f o r  the f i n a l  

electroform layer. This second electroformed layer requires edditional 

nJckel bliildup a t  b9tk ends OC t k  pr t  t o  provide a mounting surface for 

t h e  mmifolds and rn a t tzch  jo in t  f o r  the backup stmctwre. 

forming, the w a x  is Pmoved from the s l o t s  and the surface is  contour 

machined. 

with a 0.050 inch (0.127 cm) s tep machined i n  the forward end t o  accommodate 

the bac-kux, structure. 

After electro- 

FTanifold welding tabs are machined i n  the nickel a t  30th ends 

The coolmt s h e l l  i n  t i e  thrust  chamber is re la t ive ly  weds in  the circum- 

fe ren ta i l  direction as cmpased to  the longitudinal direction because only 

the inner and outer %-ells of the channels r e s i s t  circumferential loading 

while the webs between chznnels as well as  inner and oEter walls r e s i s t  

longitudinel forces. 

section, while being advantageous f o r  heat t ransfer  and fabrication 

requirements, has re la t ive ly  low strength and is  not as  e f f ic ien t  as  a 
material such as Inconel 625 fo r  r e s i s t i ng  s t ress .  Therefore, a she l l  

of Inconel 625 was added to  yrox'le hoop strength fo r  the combustion chmber. 

Since the ni-kel  channel section can adequztely cerry longi tudi~-al  loads, 

the Inconel 625 she l l  is  not brazed to  the nickel chsnnel section. 

The electroformed nickel used i n  the cooling chnnnel 
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Differential  ax ia l  thermal s t r a i n  between the she l l  and the channel 

section w i l l  r e su l t  i n  longitudinal loading that may produce minor longi- 

tudinal yielding of the shel l .  The r e su l t  deTends on f r i c t ion ;  and since 

the exact f r i c t i o n  force is  unpredictcble, the limits of axial interaction 

between she l l  and channel section were examined. Ho c r i t i c a l  condition 

w a s  detemined f o r  the extreme cases of with and without f r ic t ion .  

The backup s t ructure  is  spun from a sheet of Inconel 625 to  a mandrel which 

has the same inner contour as the outer surface of the nickel chamber. The 

w a l l  thickness of the spinning is tapered from 0.050 inch (0.127 cm) a t  the 

forward end to  a 0.030 inch (0.076 cm) a t  the throat.  Once spun, the she l l  

is' s p l i t  longitudinally, placed on the chamber, and seam welded together. 

The she l l  i s  then welded t o  the chamber a t  the forward end. 

The Inconel 625 manifolds a re  welded i n  place with the i n l e t  and out le t  

ducts being welded t o  the mmifolds a f t e r  the manifolds are  welded t o  

the chmber. The cross section of the manifolds are  ,half c i r c l e s  with 

an internal  diameter of 0.730 inch (1.778 cm) and a w a l l  thickness of 

0.050 inch (0.127 cm). 

weld j o in t  with the nickel tabs which are s t ruc tura l ly  required t o  be 

0.050 (0.127 cm) thick. 

compatible with the i n l e t  and out le t  l ines.  

The w a l l  thickness was selected t o  obtain ul even 

Inconel 625 manifolds are used i n  order t o  be 

k box sectioned support r i ng  is welded j u s t  below the forward coolant 

nanifold to  provide support for the gimbal actuator rigging and the 

turbo-pump mounts. F iwre  110 is  the thrust  chamber design drawing. 
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The t o t a l  weight of the thrust  chamber is 54.3 ?ounds ( 2 4 7  kg). 

weight breakdown by component is as follows: 

The 

lb 
P 

Electroformed Xcke l  Coolant Shell 4983 22,4 
INCO 625 Structural  Zhell 1*9 0,86 

Coolant Inlet Fanifold (XMCO 625) 1.3 0-59 
Coolant Outlet Manifold (TKCO 625) 0*2 0.09 

Gimbal Actuator Higging 0*5 0.23 

Su>por t liing 1.1 0.5 
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in jec tor  desi  w a s  established to provide the hi& performance and operational 

features required by the engine system, The in jec tor  receives hot methane f r o m  
the turbines a t  a nominal-thrust temperature of 1260 R (7001c) and a temperature 

of 1750 R (970K) a t  the 1 O : l  throt t led condition. 

160-170 R (90-94K) range. 

throt t led operation values of 30-50 psia  (210-345 kN/m2), up t o  the nominal thrust 
chamber pressure of 500 psia (3450 kN/m2) and potent ia l  uprated values of 700-800 

psia (4830-5520 kN/m2). The injector  design was based, to a considerable extent, 

upon the injector  tes ted with FLOX/methane under NASA contract NAS 3-11191. 

The FLOX temperature is i n  the 

Design chamber pressures range from i d l e  mode and 

ELEPSENT TYPE SELEXTION 

Various injector  types were evaluated t o  se lec t  a candidate in jec tor  element 

configuration. 

j e t ,  and large thrust/element types. 

doublets, t r i p l e t s ,  and pentad types. 

funded programs were reviewed; recent data from Contract NAS 3-11191, Space 

Storable Regenerative Cooling (Ref .  1 ), NAS 3-12011, Gas Augmented Injector 

(Ref .  2 ) ,  the J-2s program (Ref. 24) ,  and company-fbnded e f fo r t s  with FLOX/CH4, 

were most applicable. The principal evaluation criteria were performance, thrust  

chamber compatibility (streaking and to ta l  heat rejection),  s t a b i l i t y  and fabri-  

Basic injector  configurations evaluated were coaxial, impinging 

The impinging j e t  configurations included 

Data from ?USA, A i r  Force and company- 

cation cost. A comparison of the element types is  provided i n  Table 70. 

Coaxial injector  elements have been successfully used with 0 H2 i n  the J-2 and 

5-25 engine programs a t  Rocketdyne, and with the PWA RL-10 engine. 

performance and heat transfer data have been and are currently being obtained with 

a coaxial element injector  under NAS 3-11191 tes t ing  which is d i rec t ly  applicable 

t o  this engine. 

(97 to  98 percent) and good chamber compatibility. 

30 percent lower than comparable performing t r i p l e t  injectors  . 

2/ 
FL,OX/methane 

A coaxial in jec tor  has provided good performance with FLOX/methane 

Chamber heating loads are 
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Testing of a concentric element in jec tor  with F!LOX/me thane i n  a regeneratively- 

cooled chamber bas also been conducted under company funding. Results of these 

tests also show good performance over the en t i re  th ro t t l ing  range. 

these considerations 

injector  design. 

should be considered as al ternates  because of t h e i r  potent ia l ly  a t t rac t ive  

features. When additional data are obtained on these concepts, they should be 

evaluated f o r  potential  use i n  th i s  application. 

Based upon 

the coaxial element was selected f o r  the flight-weight 

s discussed i n  the following sections, two element designs 

Triplet  elements have been run with a var ie ty  of cryogenic propellants and 

provided good combustion efficiency. 

Ref. 1,2), high combustion efficiency was obtained with FLOX/methane, but the heat 

transfer to the combustor was very high, par t icular ly  near the injector ,  

Under Contracts NAS 3-11191 and NASw-1229 

Doublet element, l iquid FLOX/liquid LPG injectors  have been tested a t  low chamber 

pressure (100 psia ,  690 kN/m2) under NAS 3-11199, Space Storable Propellant 

Performance (Ref. 16 ) . 
and design c r i t e r i a  have been established. 

and readi ly  amenable t o  analysis. With additional test data, i t  could become 

a t t rac t ive .  

having backup poten t ia l  but was not selected f o r  the current design. 

Self-impinging doublet injectors  were used extensively 

This element type is moderate i n  cost 

Because of the absence of test data, th i s  concept w a s  regarded as 

Large thrust-per-element injectors  (5000 to  20,000 pound thrust ,  22,200 Ea to  

89,000 N)  are  being evaluated i n  the Gas Augmented Injector Program, Ref. 2 , 
where they have been hot-fired with oxygen/hydrogen with combustion eff ic iencies  

of ~ 9 7  percent. 

in jec tor  designs and cold-flow testing. 

evaluated. 

potent ia l  high performance and low cost. In addition, considerable gas-liquid 

inject ion design data a re  being gathered, which will materially improve the 

capabili ty to  design and t o  predict  performance f o r  gas-liquid injectors.  

4 Current contract e f fo r t  is  being directed toward FLOX/CH 

Impinging and coaxial types are  being 

This program provides an interest ing a l te rna te  in jec tor  design with 
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Various methods to  obtain good performance and s t a b i l i t y  over the 10:1 thro t t l ing  

range were evaluated. The basic techniques evaluated were: dual manifolding, 

gas/gas inject ion,  and cup recess types. 

Dual Manifold 

Dual manifolding provides a s tep  decrease i n  inject ion area as the propellant 

flowrates are reduced. 

reasonable in j ec to r  pressure drops and inject ion ve loc i t ies  f o r  stable and high 

performance operation. Study resu l t s  indicated dual manifolding of the gaseous 

fue l  side of the in jec tor  was not necessary. The injector  ( AP/Pc) r a t i o  r e m a i n s  

essent ia l ly  constant during thro t t l ing  due t o  the density decrease of the gaseous 

propellant a t  decreased pressure during thrott l ing.  However, the dual manifold 

design has the disadvantage of requiring an extra FLOX valve and a s tep  change i n  

engine system power (nOX pump discharge pressure) during throt t l ing.  

The proportional reduction in area with flowrate provides 

Two d i f fe ren t  types of dual manifolding f o r  the l iquid FWX appear promising. 

manifolds (feed passages) could be provided to  each of the oxidizer injector  

elements, such that  all elements would i n j e c t  oxidizer during throt t led operation. 

Dual manifolds could a l so  be provided t o  shut off oxidizer flow to.selected elements 

such that only selected elements would in j ec t  a higher flowrate of oxidizer during 

throt t led operation. 

(Ref. 17 ) indicated good performance and tha t  no purge of the inactive elements 

w a s  necessary. 

the technique where each element is thro t t led  should provide better performance 

and less potential  fo r  in jec tor  overheating and FLOX s ide  contamination. 

Dual 

Dual manifold testing with FLOX/MMH under Contract NAS7-304 

Both types of dual manifolding appear t o  of fe r  potential;  however, 

Gaseous Injectiok 

Injection of gaseous fuel and oxidizer over the en t i r e  thrust range gives a bP/Pc 

r a t io  which remains re la t ive ly  constant f o r  both propellants. Therefore, high 

performance and s t a b i l i t y  are obtained without dual manifolding, external valve 
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~ e q ~ ~ e ~ n t s ~  o r  s t ep  ages i n  p u p  discharge pressures Several methods of 
oftaining gaseous 'Eu>X through heat exchangers 

gasif icat ion i n  the in jec tor  tubes, gasif icat ion i n  the injector  mnifolds ,  

and gasif icat ion i n  t chamber heat exchanger /. heat exchanger in jec tor  

with gasif icat ion i n  the FLOX tubes has been fabricated and tested over a 1 O : l  

thrust  range w i t h  FLOX/CH4 propellants. 

throt t led ever a 1O:l range with oxidizer gasif icat ion i n  the injector  manifold 

and or i f ices .  

i t h  the hot methane are available: 

An F2/H2 in jec tor  has been successf i l ly  

Gaseous propellant injection f o r  1O:l th ro t t l ing  can be provided through complete 

vaporization of the FLOX i n  a heat exchanger prior to  its entering the in jec tor  

oxidizer manifold. I n  a typical design to accomplish th i s ,  a milled channel heat 

exchanger is incorporated on the outside of  the milled channel thrust chamber. 

The l iquid FLOX is thus vaporized by heat t ransfer  from the hot CH4 i n  the upper 

thrust chamber jacket. 

design reduces back-wall temperatures, decreases jacket AP, and could allow 

higher chamber pressures. 

with F2/IH2. 

In addition t o  the injector  th ro t t l ing  capabili ty,  th is  

This method has been demonstrated over an 8:l range 

Recessed Element 

The th i rd  basic method of obtaining good in jec tor  performance and s t a b i l i t y  during 

1O:l th ro t t l ing  operation was with a coaxial in jec tor  emplohng a recessed F M X  

post. 

design of a recessed post coaxial element would r e su l t  i n  a re la t ive ly  high net 

pressure drop being maintained across the element over a wide range of flowrates 

without interpropellant heat exchange. T h i s  type o f  in jec tor  has demonstrated 

sat isfactory thro t t led  operation with oxygen/hydrogen propellants. 

It was found i n  both cold-flaw experiments and i n  engine tests that proper 

Figure 111 shows APoI vs G 
It may be seen that the oxidizer AP differs s ignif icant ly  f r o m  a typical l iquid 

AP. 
or i f i ce  portion of the, A€' is dropping off proport ior i l  t o  flowrate squared. 

for  a l i q u i d  oxygen/hydrogen cup thro t t l ing  element. ox 

The init ial  portiQn of the curve follows the l iquid AP closely, because the 

The 
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data sca t t e r  

points indicate higher fuel temperature) e 

throt t led conditions, basically because of the low fuel temperature which dropped 

during thro t t l ing  due to decreasing mixture ra t io .  For the F%OX/m4 applications 

studied, fuel in jec t ion  tenrperatures will increase during thro t t l ing  and the 

a t  the throt t led conditions w i l l  be s ignif icant ly  higher than the data shown. 

s caused by variations i n  fue l  inject ion temperature (higher 

The absolute values o f  

Thro t t l im  Method Selection 

After careful evaluation of the thro t t l ing  methods, the recessed element approach 

was selected based upon its s imi la r i ty  to the in jec tor  element being tested with 

F'LOX/methane, upon the successful 5-25 experience i n  thro t t l ing  and upon its 
potent ia l  simplicity for  a flight-weight engine. 

Other th ro t t l ing  methods can provide the thro t t l ing  capabili ty with reasonable 

pressure drop values a t  nominal thrust  with somewhat more system complexity. 

dual manifold technique has a high level of confidence but is more complicated. 

The gas/gas inject ion with a FLOX heat exchanger i s  a l so  a potent ia l ly  a t t r ac t ive  

backup approach. 

The 

INJECTOR l%LEMENT DESIGN 

Under Contract NAS3-11191, a F%OX/methane coaxial injector  has been tested a t  a 

series of mixture r a t io s  and pressures. 

concentric rows. This injector  element is  shown schematically i n  Fig. 112. It 

has a tapered e x i t  and a s l igh t  FLOX post recess to  promote mixing. 

annulus hole w a s  broached t o  produce lands to center and support the FLOX post. 

The lends were cut  back from the end of the post t o  provide a uniform annular 

hydrogen stream. 

95 t o  100 percent, as shown i n  Fig. 113- 

The injector  elements a re  arranged i n  

The methane 

Testing of the in jec tor  resulted i n  combustion efficiencies f r o m  

The concentric in jec tor  element was designed based upon information f r o m  Contract 

NAS3-11191 and from information generated i n  connection with current rocket engines, 

Based on coaxial injector  investigations i n  transparent chambers, i n  conventional 

chambers, and i n  cold-flow test ing,  the injection/combustion process proceeds as 

follows : 
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t the end of the  oxidizer post, the annula gas stream (fuel)  rap$ 

across the gap le f t  a t  the end of the oxidizer post until i t  meets the oxidizer jet, 

Stripping of the oxidizer by the parallel, higher-velocity fuel  proceeds, yielding 

oxidizer vapor and spray, The gas velocity decays re la t ive ly  rapidly, due both t o  

entrainment of the oxidizer spray and to  expansion i n  the cup region (cylindrical  

portion between the end of the post and the face). 

mixing region, its extent determined by the combustion lag, the gas velocity, and 

the local mixture ra t io .  

oxidizer jet  is consumed. 

Combustion proceeds i n  the 

The combustion zone stripping continues u n t i l  the en t i r e  

The in jec tor  pressure drop ( f r o m  manifold to chamber) is composed of three parts: 

or i f ice ,  f r i c t i o n  and cup. 

The f r i c t iona l  loss  is determined basical ly  by the L/D of the passage. 

AP is a function of the geometry and the propellant entrance conditions. For the 

F'LOX, which is liquid,  the o r i f i ce  plus f r ic t iona l  loss is proportional to  the 

flowrate squared; i .e . ,  would drop off  t o  1/100th its nominal value at 1O:l th ro t t le .  

For the methane, w h i c h  is gas, the o r i f i c e  and f r i c t iona l  AP's a r e  approximately 

proportional to  the flowrate times the square root of the inverse of the temperature 

ra t io .  

700 t o  97010 AP/Pc will increase with thrott l ing.  

fo r  both propellants. 

The o r i f i ce  A€' is determined by the entrance geometry. 

The cup 

Since the methane temperature increases during thro t t l ing  (1260 to  1750 B, 

The cup AP w i l l  be the same 

It has been experimentally found that the cup AP is a function of [AQ/AP ] , 
where APl is numerically equal to one velocity head of the l iquid flowing f u l l  

i n  the cup diameter, and AP 
flowing full i n  the cup a t  the same density as  the entrance conditions. 

mentally, AP 
fo r  a par t icular  geometry. 

Rig. 114 may be used as a universal curve with a geometric conversion factor  ( f )  

applied t o  APcup. 

Q 

is numerically equal to one velocity head of the gas 
g 

Experi- 

/&l CUP g 
has been correlated against APi/AP a8 shown i n  Fig. 113 

Testing with different  geometries has established that 

0.08 
f =  ("'D)recess *annulus 

Since design data are  empirical, element geometric parameter s iz ing  was based on 

the range of parameters tested. The L/D of the cup should be maintained between 



n 

2" 
9 
Om 
X 
W 

a 

n 

n 
k 
0 
iJ 
0 
P, 
'rj c 
H 

rl 
0 
\o 

iJ 

a 

- 3  

- c u  

. c 9  
0 

b"!  
0 

.=! 
0 

rn 

'0 

Pi 
0 
k cl 

2 



0,5 i n  conjunction t h  a thin oxidizer post to  promote rapid mixing (a short  

wake region) e 

maintained a t  over 800 fl /sec (244 m/sec) for  e o d  performance; this determined 

annulus area, 

In  the selected element design the entrance velocity of the gas was 

The oxidizer post diameter w a s  sized to give V = 24 ft /sec (7*3 m/sec) 

f o r  a s table ,  full-flowing stream. 

low oxidizer velocity can lead to  unstable flow streams. 

gives Cipcup a t  f u l l  thrust of 70 ps i  and 28 psia (485 and 193 kN/m2) a t  throt t led 

conditions. 

is 120 ps i  (827 kN/m2) 

i n  the cup] . 
28.5 p s i  (197 kN/m2) 

(193 kN/m2) i n  the cup] . 

It has been found experimentally tha t  an extremely 

The design recess L/D 

The to ta l  fuel  AP is 130 p s i  (895 kN/m2) a t  f u l l  thrust  and the oxidizer 

[SO ps i  (345 kN/m2) i n  the o r i f i ce  and 70 p s i  (482 kN/m2) 

2 
A t  the 1O:l th ro t t l ing  flowrates, the oxidizer AP is approximately 

[composed of 0.5 ps i  (3.4 kN/m ) i n  the o r i f i ce  and 28 psi  

The f l i gh t  engine design injector  element is shown schematically i n  Fig. 115. 
oxidizer post i s  0.128 in. (0.325 cm) I.D. and 0.180 in .  (0.457 cm) O.D. 
wall provides for  a small wake region a t  the ex i t  to promote mixing and to reduce 

the stagnation region. 

recess is 0.097 in.(0.246 cm). 

The 

The thin 

The O.D. of the annulus is 0.209 in.(0.531 cm) and the post 

The 0.209 in.(0.531 cm) diameter hole i n  the copper 

is to  be broached, leaving lands i n  the upstream half of the copper and i n  the 

INCONEL sheet brazed t o  the back of the copper. 

of 0.030 in.(0.076 cm) R is provided t o  assure that most of the pressure drop is 
converted to  velocity head. 

radius to  eliminate a sharp corner that could be exposed t o  burning. 

or i f ice  a t  the entrance to  the post is 0.0635 h ( 0 . 1 6 1 3  cm) diameter. 

A rounded entrance to  the annulus 

The ex i t  of the cup a l so  has a 0,030 in.(0.076 cm> 

The oxidizer 

The 

entrance was not rounded (which reduces cost)  since the purpose of the or i f ice  is 
t o  meter and not t o  produce a high velocity as i n  the case of the fuel. 

I n  compzrison to the NAS3-11191 injector  discussed previously, the f l i g h t  injector  

design has a thinner FLOX post and a la rger  recess L/D t o  promote mixing by shear 

forces. T h i s  is especially important f o r  the thro t t l ing  injector ,  because a t  the 

low thrust a swirler would be re la t ive ly  ineffective and for  t h i s  case the full 
thrust  design m u s t  be one that maintains performance. The fuel annulus for the 

f l i gh t  design is 0,0145 in.(0,0391 cm) compared to  0.0095 in.(0.0241 cm) f o r  the 

NAs‘3-11191 injector;  this represents a 13-percent increase i n  area necessitated by 

the higher f ie1 temperature and thus lower density. 

injector  demonstrated the su i t ab i l i t y  of  the copper face design. 

Experience from the IiIAS3-11191 
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The FLOX post is made of Inconel 625 to  provide compctibility with the backup 

mEteriFJl and t o  reduce interpropellant heat transfer. 

indiczted tha t  a small amount of FLOX vaporization w i l l  occur i n  the FLOX tube a t  
A heat transfer analysis 

the 10:l throt t led condition. Although not generally desirable, t h i s  small amount 

may not be detrimental t o  system operation since a nunber of th ro t t l ing  tests with 

vaporized fluorine o r  FLOX hzve been successfully conducted. 

the vaporization be necesssry, the in jec tor  would be modified to  reduce the heat 

input through increased material thickness, insuletion o r  srlternate materials. 

Should reduction of 

The f l i g h t  engine injector  design may be modified to  change its characterist ics 

o r  performmce without major injector  b0d.y changes b:j changing only the poet recess 

and the cup diameter. 

thrust and the shear mixing i n  the cup. 

be bui l t  in to  the t e s t  hardware. 

design, however they are not currently included. 

These chmges cen modify the pressure drop e t  full and thrott led 

These minor element vzriations could eas i ly  

The use o f  swirlers is  optional i n  the basic 

INJECTOR ASSE24BLY DESIGN 

The injector  controls and directs  the flow of propellants to the combinstion chmber, 

provides structur61 closeout and seal of the  combustion chzmber, and also carries 

load to and supports the t h rwt  pickup o r  gimbal joint .  

is shown i n  Fig. 116. 
the face by conduction of heat from the face to the fuel. 

i n  a continuous ring arounc! the circumference and a t  concentric rings distributed 

across the face. 

The injector  assembly drawing 

The injector  face is  ring-type so l id  copper f o r  cooling of 
It is brazed to the body 

The annular oxidizer manifold provides closeout of the oxidizer elements and a 

s t ructural  member fo r  thrust  locld take-out. The manifold is  welded into the body. 

The center oxidizer manifold provides closeout of the oxidizer fuel  pzssnges under 

the gimbal joint .  It is shaped t o  minimize propellant volume and m E t e r i a l  weight. 

The annular fue l  mnifold is  welded t o  the injector body. 

pressure loads and bending loeds from the solid piping connecting t o  it. 

It is sized for  both 
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The injection pattern is made up of 61 coaxial injection elements arranged i n  a 

manner similer t o  the NAS3-11191 injector.  

cooled by the fuel,  the fece material being the outer surface of the fuel annulus. 

The temperature of the face will be 1150 F (895K) on the face t o  1010 P (815K) a t  

the back wall a t  fu l l  thrust  t o  1490 F (1080K) face and 1465 F (1070K) back w a l l  

a t  10:l thrott led conditions. 

pressure different ia l  bet 

(2070-2760 H / m  ) dictate  the use of distributed support for the copper face. 

fuel pssseges are sized t o  keep the velocity head to  4 p s i  (28 kN/m ). 
manifold is  shaped and sized by its use as a structural  element and resu l t s  i n  a 

very low pressure drop. 

The face is of s o l i d  copper rings 

This material temperature plus a possible transient 

nifold and chamber pressure of 300-400 psi  
2 The 

2 The oxidizer 

The injector  body is designed to  be fabricated as an investment casting. 

material selected is Inconel 625; selection w a s  based upon its weldability to nickel 

o r  nickel-base alloys ( for  the joint  to .the thrust chamber), high strength and 

good duct i l i ty  (-30$) over the -2OOF to  +1400F (-36% t o  +1035K) temperature 

range, compatibility with FLOX, and su i t ab i l i t y  for brazing. High duc t i l i ty  is 

required to accommodate the large temperature gradients across the body and the 

relat ive thermal expansion between the face and the body. 

since four  basic parts are welded to  the body: 

cover, the center oxidizer manifold, the toroidal fuel  manifold, and the thrust 

chamber e 

The 

Weldability is important, 

the annular oxidizer manifold 

The thrust chamber a t  the injector  weld jo in t  is electroformed nickel and thus the 

nickel-based alloy, Inconel 625, is desirable for the injector  body to  assure 

weldability. An alternate material would most l ikely be CRES 321, which has medium 

strength and good duct i l i ty .  

The center oxidizer manifold could be cas t  into the body but was l e f t  open to provide 

accessibi l i ty  f o r  cleaning of chips, etc., a f t e r  post machining. The center manifold 

cover is designed with a reverse curvature to minimize volume of propellant i n  the 

manifold. 

manifold cover is  designed to be made as a one-piece assembly s e t  direct ly  to shoulders 

i n  the body and sealed with two circular f i l l e t  welds. 

is designed to be welded on although a portion of it, excluding the three flared 

in l e t s ,  could possibly be case integral  with the body. 

It is attached with a simple burn-down weld. The annular oxidizer 

The toroidal fuel manifold 



The gimbal jo in t  i s  a simple Hooke jo in t  (U-joint), 

(teflon-impregnaLed fiberglass),  

ed i n  from the outside; locking is provided by e. pin driven i n  along the 

The bearing is of Fabroid 

The cross is put i n  place, then the bearing caps 

threads (similar to key insert points) The bearing surface was selected due to 

the spece environment; metal-to-metal contact such as i n  r o l l e r  or  needle bearings 

may r e su l t  i n  welding a t  the contact points. 

taken through the bearing cap, 

the top half of the gimbal j o in t  to locate on the vehicle and tzke torque and s ide 

loads. 

Both s ide thrust  and axial load are 

A standard tongue and groove cross is provided i n  

The injector  face is made of OFdC copper rings with a sheet of Inconel 625 brazed 

to  the back side. The copper thickness is 1/2-inch and is sized by heat transfer 

area i n  the injection elements required to maintain face temperature e t  1150 F 

(895K) a t  f u l l  thrust and 1500 F (1090K) a t  1O:l throt t le .  The back s ide  Inconel 

625 sheet is  included for  a dual purpose. Lands on the back up sheet help center 

the ports thus taking much o f  the load off the lands i n  the copper, which is a t  a 

low strength a t  the  operating temperature. The bEckup sheet operates a t  the same 

temperature as the back of the copper and thus expands approxiwitely the same due to 

temperature, thus helping prevent the copper from yeilding and being distorted i n  

the outer fuel annuli. 

the inner face support rings, which are par t  of the body, may be s lot ted to eliminate 

the hoop band effect and the outer band reduced i n  thickness. 

If additional dis tor t ion relief of the copper is required, 

Fuel enters the manifold on the back s ide of the face from the toroidal manifold 

through 24 radial  holes (one between each cuter  element). 

holes reduce the velocity head to about 4 ps i  (28 kN/m ), thus assuring uniform 

distribution. The entrance to  the fuel  annulus is given a f u l l  rounded prof i le ,  

thus comerting as much as possible of the AP to velocity f o r  high momentum and 

performance. 

purpose is to meter and not t o  produce velocity. 

The large number of 
2 

The oxidizer orifice is sharp-edged f o r  l o w  cost, since its basic 

Machining t o  be done on the body casting includes boring and tapping of gimbal 

bearing caps, hollow milling and d r i l l i n g  of posts, turning the face support rings, 

and turning the but t  land a t  the t h r u s t  chamber t o  the injector  jo in t  to assure 

proper alignment. 



The most c r i t i c a l  factor  i n  the in jec tor  structure is retention of the copper face. 

Ring-type construction provides adequate braze shear area for  t h i s  purposep as  

e l l  as  appropriate span fo r  the copper face pla te .  The basic s t ructural  element i n  
the injector  is the Inconel 625 body p la te ,  which separates the oxidizer and the 

fuel and provides a means of transmitting thrust  and pressure forces. 

dry weight is 11.8 pounds (5.35 kg) . 
The in jec tor  

Assembly operetions of the injector  are as follows: 

jo in t  would be machined on the basic casting, then the face support rings, and the 

posts hollow milled and dr i l led.  

Inconel sheet,  turned, then the o r i f i ce  holes dr i l led  and broached. The face rings 

would then be asembled to  the body and broached. The injector  manifold would be 

welded t o  the body, and f ina l ly  the gimbal jo in t  bearing holes bored and tapped. 

the injector  t o  thrust chamber 

The face copper mterial would be brazed to the  

INJECTOR HEAT TRAEJSFER ANALYSIS 

A two-dimensional thermal analysis of the injector  was made to determine material 

operating temperatures i n  the copper face. The in jec tor  face pattern has the 

m a x i m u m  spacing between elements occurring a t  the center of the injector .  

center element, therefore, was selected for the analysis as  i t  represents the most 

severe conditions. A schematic of the center region of the injector  face is shown 

i n  Fig. 117. The center region was approximated i n  the thermal analysis by a hollow 

The 

cylinder of inner red ius  0.1045-inch (0.2654 cm) and an outer radius of 0.35-inch 

(0.90 cm), 

taking the mid-point between or i f ices  (0.33 inch, (0.84 cm), 

radius was taken to account f o r  the small triangular area that resu l t s  between 

three tangent c i rc les*  

The outer radius selected is somewhat larger  than that obtained by 

This larger  effect ive 

A cross-section of an in jec tor  element is  shown i n  fig. 117. 
thickness, 15, was varied between 0.25 (0,64) and 1.50 inch (3.71 cm) i n  the analysis. 

The face is assumed to be of oxygen-free high conductivity (OFHC) copper (k = 

0.00463 Btu/in.-sec F (0,756542 j/cm2). 

used i n  the analysis is shown i n  Fig. 117. 

heat input is assumed to occur uniformly over the in jec tor  face and i n  the recessed 

The copper face 

An enlarged schematic of the geometry as 

It should be note (Fig. 117) that  the 
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(cup) region, 

since combustion is not complete. 

by the methane flow through the element. 

behind the face and the Inconel 625 backup material, the back surface is taken to 
be effect ively insulated. 

The assumption of a f u l l  heat load i n  the cup is probably conservative 

Heat removal from the injector  face is accomplished 

Due to the very low methane veloci t ies  

The methane convective cooling coefficient was estimated from the Dittus-Boelter 

relation: 

9x7 = 00023 

where the methane properties are evaluated a t  the bulk temperature. 

bulk tempereture was taken to  be 750 F (670K) a t  full  thrust  and 1300 F (875K) a t  
1O:l  throt t led condition. 

input t o  the methane from the injector  face increases the methane temperature about 

20 degress. 

annulus. Due t o  the re la t ive ly  low length-to-diameter r a t i o  o f  the or i f ices ,  an 

entrance correction 

The methane 

These a re  based on injector  i n l e t  temperatures. Heat 

A hydraulic diameter (a,) equal t o  twice the gap was used f o r  the 

was applied to  the cooling correction: E 

This correction amounted to  about a 21-percent increase i n  the convective coefficient 

fo r  the 0.5-inch (1.27 c m )  thick face design. 

The injector  face heat f lux  is commonly assumed to be uniform and equal to  that  

obtained a t  the chamber w a l l  near the in jec tor  end. 

coaxial injector  under NASF11191 indicate a combustion-gas effective convective 

f i l m  coefficient of about 0.00030 Btu/in -sec (0.04902 j/cm ) which was used i n  

the f u l l  thrust  amlys is .  

Results of testing with a 

2 2 

Temperature a t  various points of the in jec tor  face model are shown i n  Fig. 118 

f o r  a 0.5-inch (1.27 cm) thick copper face. 
(900K) is shown f o r  the 0.50-inch (1.27 cm) copper face thickness. The temperature 

dis t r ibut ion across the heated face of the injector  is  seen to  be qui te  uniform due 

A maximum surface temperature of 1167 F 
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t o  the excellent thermal conductivity of the copper. 

vs face thickness is shown i n  Fig. 119. 

O825-inch (0,64 c m )  resulted i n  a maximum surface temperature of 1463 F (1067 K). 

The pr imry reason f o r  the temperature increase is t h E t  the thinner face reduces 

the cooled surfece area ( i e e e  

d plot of meximum temperatures 

Decreasing the copper face thickness to 

or i f ice  length is decreased), 

Injector face temperatures were a l s o  evaluated End 1O:l thrott led operation. 

this thrott led condition the methane bulk temperature was 1300 F (875K) an6 the face 

heat input was scaled with P O**. 

maximum face temperature of 1490 F (1082K), as noted i n  Fig. 120. 

the injector face is not subjected to  high s t r e s s  loads and this temperature is  not 

excessive. 

A t  

The high methane bulk temperature resulted i n  a 
C 

A t  1O:l th ro t t l ing  

FLOX Vaporization i n  the 1n.jector 

The extent of  FLOX vaporization was estimated for the 0.50-inch (1.27 cm) face 

thickness design. 

condition, since the methane temperature is a maximum and the FLOX subcooling a 

minimum due to the low pressure. The forced convection correlation was used i n  

conjunction with F2 properties evaluated a t  bulk temperature to estimatea FLOX 
or i f ice  convective f i l m  coefficient e The FLOX and methane f i l m  coefficients combined 

with the FLOX w a l l  thermal resistance determine the to ta l  heat transferred between 

the methane and the FLOX. 

The f u l l  thrott led (1O:l) point represents the most severe 

Results a t  the 1O:l throt t led condition indicate no FLOX vaporization i n  the manifold 

passages as a 

the amount of 

nature of the 

point, l i t t l e  

(possible end 

of 20-percent 

resu l t  of heat transfer from the methane. 

vaporization depends greatly on the i n i t i a l  FLOX temperature and the 

film coefficient.  Where the FLOX is i n i t i a l l y  a t  the normal boiling 

o r  no vaporization occurs. 

of f l i g h t  conditions) and forced-convection f i l m  a t  the wall, a maximum 

of the FLOX could be vaporized by the methane a t  1O:l thrott l ing.  

In  FLOX injector  tubes, 

For a FLOX temperature of 170 R (94.5K) 

It 

is quite l ikely,  however, t h a t  under throt t led conditions the FLOX would undergo 

f i l m  boiling a t  the o r i f i c e  w a l l .  

greatly when f i l m  boiling occurs (as compared to l iquid forced convection values), 

such that n O X  vaporization value would probably be 2- to 5-percent. 

change i n  the manifolds is generally avoided, F2/H2 and FLOX/W4 throt t l ing t e s t s  
indicate that  with proper design, phase-change i n  the oxidizer tubes (including 

complete vaporization) may not be a problem. 

The thernial resistance to heat transfer increases 

Althcugh phase- 
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s 

ne system has four cont 

propellant flow, one hot gas valve controlling power to the turbines and one 

hot gas valve regulating the power distribution between the turbines, 

ments f o r  these valves were defined by the engine s t a t i c  and dynamic analysis, 

operating environment, and potential  mission duty cycles. 

Require- 

PROPELLANT I h i T  VALVES 

In l e t  valves are used upstream of the turbopumps i n  both the FFLOX and methane 

lines. Preliminary valve requirements are presented i n  Tables 71 and 72 , 
The basic function of these valves is the on-off operation and the long tern 

isolat ion of propellant f r o m  the pump, 

both valves because of its simplicity, ease of fabrication, low leakage and poten- 

t i a l  f o r  short actuation times. 

A poppet-type closure was selected f o r  

Pneumatic actustion was selected f o r  l ight weight, 

Control Valve  Leakam 

Valve leakage i s  one of the more c r i t i c a l  areas of valve design f o r  propulsion 

systems which must be operable f o r  long times in space. Excessive gas or  pro- 

pellant leaks could: 

experiment located nesr the leak ex i t ;  (2) require additional attitude contml  

system compensation to  create abnormal increase of operating f l u i d  consumption; 

(3)  create a hazardous condition result ing from accumulation i n  the engine; and 

(4) decrease the operating f l u i d ' s  reserve to  cause a system's decreased performance 

o r  even a malfunction. 

(1) affect the performance of an onboard sc ien t i f ic  

Leakage is  divided into internal and external leakage. 

obtained by using a l l  welded valve bodies (and a l l  mldei! flange connections). 

Zero leakage between propellants and the control system is obtained by using welded 
end fittings f o r  internal  actuator sealing bellows, Internal leakage through the 

valve sea t  and in to  the e w n e  system i s  currently the area, of greatest  potential  

leakage, 

selection and the precision lapping of the valve and valve seat.  

Zero external leakage i z  

Low leakage across the valve seat can be achieved by proper material 



TABLE 71 

3 
2, 

a) On--Off ~peratiom 

b) Long Term Isolation of Flox from Turbopump 

30 Operating Fluid - Flox (82.5) - 8205% F2/17.5$ o2 

4. Fluid Characteristics a t  V a l v e  In l e t  

a) Liquid of any q u d i t y  condition t o  a l l  gas 

b) Temperature = 159-179 R (88K to 1OOK) 

5. Operating Environment 

a) 
b) Atmosphere: Sea Level t o  Vacuum 

c) Radiation 

d) Meteor 

e>  em go 

Temperature = 159 to 60O0R (88K t o  333K) 

60 Storage Requirements 

a) ~arth: Time - TBD 
Temp. - TBD 

Humidity - TBD 

Pressure - TBD 

Conditions - TBD 
b) Space: 2 years maximum 

250 days maximum between s t a r t s  

7* Operating L i f e  

a) Maximum cycles - 
b) Maximum operating time - 540 seconds + a l l  pref l ight  t e s t s  

10 engine restarts + a l l  pref l ight  t e s t s  

8, Propellant Leakage Bates 

FINAL INITIAL OPEUTING P 

a )  I n t e r n 1  TBD TBD 
b) External 

c )  Seat 170 SCCH Q 520% (289K) ___D 170 SCCH kS 52OoR 

IOm7 ATM cc/sec He @ 300 p s i  (2070 kN/m2> 

d 50 ps'  He 

316 
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9. Propellant Plow Parameters 

1 T h r u s t  10:l Throttled 

lb/sec (kg/sec) .79) 1015 (0,52) 

a / m 2 )  55 (37 60 (415) 35 (240) 
5 (35) 0,05 (0035) 0.013 (0,90) 12.5 (86.2) 

10, Critical Sizing Cr i te r ia  

a) pl~axicum AP a t  n o m i d  full thrust condition = 5 psi,  (35 l c~ /m*)  

b) Valve same size  as pump inlet  diameter 

llO Actuator Type - Pneumatic 

12. Actuation Time 
Ful l  Closed to  Ful l  Open - 150 Mil l isec 

Nl Open to Full Closed - 150 Mil l isec 

13. Mode of Operation 

a) 
b) 

Goes to  f u l l  open o r  f u l l  closed upon commd. 
Goes t o  full closed upon termination of actuator power. 

'14. Flow Geometry 

Number of Inlets - 1 

Inlet  Line I e D e  - Must be compatible with i n l e t  l i nes  

Number of Outlets- 1 

Outlet Line I.D. - 1.20 i n .  (3.05 c m )  

Line Orientation - 120' Included Angle 

2 plied Pressurs, psia ( H / m  ) 
I n l e t  

I n i t i a l  Pressure 80 (552) 

Operating Pressure 67.5 (465) 

Shutdown Pressure TBD 

- 

(2.09 r ad )  

Internal  Out l e t  
0 0 

67.5(465) 59.90 (413 

TBD TBD 

16, Ducting Interconnect 

In-place tube welding 
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17. Structural 

m t e d  from ex i t  duc t 

18. Purge Provisions 

Purge port  downstream of closure mechanism 

19. Comments 

Must provide acceptable low flow disturbance to pump i n l e t .  

Valve must be designed t o  operate a t  uprated 800 psia  (5520 kN/m ) condition 
2 as well as nominal 500 p s i  (3450 kN/m ). 

2 



L U U U  I C  

THANE INLET VALVE RY SPECIFICATIQ 

1 n t  - MeLEaane 

20 c t ion 
a) On-Qff Operation 

ng Term Isolation of Hethane from Turbopump 

3. Operating Fluid Nethane 

4. Fluid Characteristics a t  Valve In l e t  

a) 
b) Temperature = 232-248 B ( 1 1 2 K  to 138K) 

Liquid of any quality condition t o  a l l  gzs 

5. Operating Environment 

a) 
b) Ataosphere: Sea Level to Vacuw 

c)  Radiation 

d) Neteor 

e) zero g o  

Temgerature = 202 to 600 R ( 1 1 2 K  t o  333K) 

6, Storage Requirements 

a) Earth: Time - TBD 

Tap. - TBD 

Humidity - T B D  
Pressure - T E D  

Conditions - TBD 
b) Space: 2 years maximum 

250 days maximum between r e s t a r t s  

7. Operating Life 

a) mimum cycles - 4-10 engine restarts + a l l  pref l ight  t e s t s  

b) F s h m  operating time - 540 seconds 3. a l l  pref l ight  t e s t s  

8. Propellant Leakge Rates 
FINAL INITIAL OF%RATI IgG - 

a) I n t e d  m T3D TBD 

b) External 

c) Seat 170 SCCH @ 52OoR (289K) 170 SCCH Q 520°R 
lo-? ATliI cc/sec Be Q 300 psi  (2070 kN/m2) 

d 50 ps' He and 50 psi  He 
E45 m/m$ 31 9 



g B  Propellant Flow Parameters 
1O:l Throttled Idle  Mode Upr a t e d 

w, lb/sec (kg/sec) 0*22 (0.91) Om2 (0191) 3,206 (1,46) 

10, Cri t ica l  Sizing Criteria 

a) N a x i m u m  AP at n o m i d  full thrust condition = 5 p s i  (35 m/m2> 
b) Valve same s ize  as pmp i n l e t  diameter 

11. Actuator !Fype - Pneumatic 

12. Actuation Time 

Full Closed t o  Full Open - 15OmilLiseconds 

Full Opn to F u l l  Closed - 15Omilliseconds 

130 Mode of Operation 

a) 

b) 

Goes to fu l l  open o r  full closed upon command, 
Goes t o  full closed upon termination of actuator power. 

14. Flow Geotnetry 

Nmber of Inlets - 1 
In le t  Line IoDo - M u s t  be compatible w i t h  i n l e t  lines. 

Number of Outlets - 1 
Outlet Line 1,D. -0.87 irches (2.21 cm)  

Line Orientation - 120' Included Angle 

Applied Pressure, psia (lcN/m2) 

_I IhZET INTERNASJ OUTUT PROOF BURST 

Initial Pressure 110 3 0 0 TBD TBD 
Operating Pressure 97.5 (670) 97.5(670) 8%9(620) TBD TBD 
Shutdown Pressure TBD TBD TED TBI) TBI) 

16, Ducting I n t e r c o m c t  Nethod In-Place Tube Yelding 

17. Structural Mounting Method Mounted from E x i t  Duct 
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In  the absence of contamination, the leakage r a t e s  t h a t  can be achieved through 

carefu l  valve design a r e  of the order 1 7 G  scch, Use of  proper s ea t  mater ia l s  

can provide low leakage even i n  the presence of some contaminants, For a 200- 

day storage duration, t he  propel lent  l o s s  due t o  t h i s  leakage would be qui te  

reasonable f o r  a propulsion system of  t h i s  s ize .  However, a number of  sources 

( f o r  example, Ref. 16 ) ind ica te  s ign i f i can t  contamination which, i f  lodged i n  

the valve s e a t  could increase  the leakage by several  o rders  of magnitude. 

For the present  system, s ing le  low-leakage poppet va lves  a re  used. These are 
engine-mounted upstream of  the turbopumps. The successful  use of  these valves  
i n  a long-duration mission i s  based on the  el iminat ion of s ign i f i can t  contamina- 

t i o n  from the feed system. Should t h i s  not be achieved, a set of squib-actuated 
i s o l a t i o n  va lves  would be added upstream of the i n l e t  valves  to  assure  low leak- 
age losses.  

I n l e t  Valve Designs 

The oxidizer  and f u e l  i n l e t  valves,  as shown i n  Fig,  I21 and 1 2 2 ,  a r e  d i r e c t  
ac t ing ,  poppet-type c losures  which use a high-pressure f l u i d  f o r  opening. The 

valve can e a s i l y  provide actL-ation times of  100 t o  150 mill iseconds,  The va lves  
a r e  s i n i l a r  i n  basic  design and func t iona l  operation and d i f f e r  only i n  physical  
s ize .  

The l i n e  o r i en ta t ion  i s  120-degree 
t o  the pump i n l e t  l i n e ,  
lapped t o  provide superior  leak t igh tness .  Pcppet s ea t  and closure are o f  t i t a n -  

i u m  carbide. Poppet seats a r e  flexure-mounted to  i s o l a t e  the impact and thermal 
and v ib ra t iona l  loads from the sea l ing  surface. The poppet seal i s  made o f  INCO 
718 which i s  s i l v e r  p la ted ,  Flow passages a re  s ized f o r  minimum pressure l o s s  
through each valve, 

Propel lant  pressure and a low-pressure f l u i d  i s  required f o r  closing, 

included angle and the valve e x i t  i s  welded 
The poppet/seat surfaces  are hard, f l a t  and prec is ion  

Valve bodies are welded f o r  zero ex te rna l  leakage. 

cover a r e  made of 347 S ta in l e s s .  

ensure zero leakage between propel lant  and control  systemo These bellows are; 

formed o f  three-ply I N C O  718, 
o r  cont ro l  compartments ensure freedom from contamination o r  ga l l ing ,  

Valve body, housing and 

I n t e r n a l  ac tua tor  sea l ing  bellows a r e  used t o  

Absence of bearing surfaces  within the  propel lant  
A pos i t ion  



Figure 121. Ne tnane Ink t Valve Asseubly. 

Figure 122. FLOX Inlet Valve Assembly. 
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ind ica tor  device i s  shown b u i l t  i n t o  the valve, This device i s  mechanically 

linked t o  tne poppet and g ives  a pos i t i ve  indicat ion of the poppet posi t ion,  

The fail-safe feature  of  the vzlve i s  t o  ”close” i n  the event of leakage o f  
the ac tua tor  bellows. The actuator  design i s  such t h a t  any small amount o f  

leakage would reduce the fo rces  ava i lab le  t o  hold the valve open. 

HOT GAS VfiLVES 

Two hot methane cont ro l  valves  are used. The FLOX Turbine Control Valve i s  
located a t  the entrance t o  the FLOX turbine and regula tes  the d i s t r ibu t ion  of  
the hot methane between the two turbines.  The bypass valve i s  located near  the 

e x i t  from the regenerative cooling jacket  and con t ro l s  the t o t a l  amount of  hot 

methane avai lable  t o  the  turb ines  by regulat ion of the amount of gas which flows 
d i r ec t ly  from the cool ing jacket t o  the in j ec to r  manifold. 

FLOX ‘Iurbine Control Valve 

The FLUX turbine control valve specifications are l i s t e d  i n  Table 73. Flow char- 

ac t e r i s t i c  requirements are i l lus t ra ted  i n  Fig. 12’3; start characterist ics are 

shown i n  Fig. 124. 

methane during start  t o  values of 1300 to  1750 R (880 t o  1225K) during operation. 

Although 4 t o  10 engine starts are considered, the valve w i l l  operate a number 
of times during p re f l igh t  tests. The vzlve i s  operat ing cont inual ly  during an 

engine f i r i n g  t o  assure  naintenance o f  the  proper engine mixture r a t i o .  The 

methme flow requirements are described both i n  Table 73 and i n  Fig.  123. 
To cover the range of conditions from nominal t h rus t  t o  1O:l t h r o t t l i n s ,  a flow 

area vo r i a t ion  of f i v e  i s  necessary. To cover the uprated condition, the flow 

area va r i a t ion  i s  about e ight .  For the idle-mode ai.?. ea r ly  start conditions,  

the valve i s  closed but  i s  not required t o  maintain zero leakage. S t a r t  re- 

quirements are shown i n  Fig.  124 e The valve actuat ion time f o r  the engine 

starts of  Fig,  124 i s  500 milliseconds. Since more rapid starts will eventually 

be o f  i n t e r e s t ,  the p o t e n t i a l  f o r  faster actuat ion times should b e  included. 

The valve w i l l  encounter temperatures ranging from that of cold 
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73 

1. Type of  Components - Hot Gas Turbine Control Valve 

2. Function 

a )  

b )  
c)  Control engine mixture r a t i o  
d) Continual va r i a t ion  

I s o l a t e  FLOX turbine during e a r l y  phase o f  start and idle-mode 

Control power appl ica t ion  t o  FLOX turbine 

3.  Operating Fluid - Methane 

4. Fluid Charac te r i s t ics  a t  Valve I n l e t  
S ta r t :  Temperature = 200R t o  500R ( 1 1 1 K  t o  277K) 

Run: Temperature = 1300 R t o  1750R (721K t o  971K) 

5. Opera t ing  Env i r o  nmen t 
a)  Temperature - 200R t o  600R ( 1 1 1 K  t o  333K) 
b)  
c) Radiation 
d) Meteor 

e )  Zero g 

Atmosphere - Sea Level t o  Vacuum 

6. Storage Requirements 
a )  Earth: Time - TBD 

Tenperature - TBD 
Hunidity - TBD 

Pressure - TBD 

Conditions - TBD 
b )  Space: 2 years  maximum 

250 days maximum between restarts, 

7. Operating L i f e  

a) 

b) 

Maximum Cycles - 4 t o  10 engine cyc les  + a l l  p re f l igh t  tests 

Maximum Operating Time - 540 sec + a l l  p re f l igh t  tests, 
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8 Propel lan t  Leakage Rates 

-__I I n i t i a l  C&e_ratinc F ina l  

a )  In t e rna l  TBD TBD TBD 
b )  External  

c )  Sea l  

lom7 AT14 cc/sec He a t  300 p s i  (20e7 kN/ra2) 

Not Required t o  Sea l  

9. Methane Flow Parameters 

Upra t e d Full F 1O:l Throt t led _Idle Node 

i, Ib/sec (kg/sec) 0.74(0*336) 0.033(0*015) 0 1.30 (0.59) 

Tin’ R (K)  1300 (720) 1750 (971) 1076 (597) 1270 (705) 

pin, p s i  (m/m2> 976 (6780) 78 (540) 70 (480) 1690 (11650) 

AP ,  p s i  (lcN/m2) 37 (255) 1 (7) No Flow 120 (825) 

10. C r i t i c a l  Sizing Criteria 

Naxirnum allowable AP t o  balance turbine power and maintain mixture 
r a t i o  during t h r o t t l i n g ,  start and steady-state.  

11. Actuator TYPE - Pneumatic 

12. Actuation T i m e  

a>  

b)  

250 - 500 millisec. Stop-to-Stop 

Proport ional  between any two pos i t i ons  

13. Node of  Operation 
Valve must go t o  any pos i t i on  upon command and r e t a i n  t h a t  pos i t ion  

14. Flow Geometry 

Number of I n l e t s  - 1 
I n l e t  Line I.D. -0.940-inch (2.39 cm) 

Number of Outlets  - 1 

Outlet  Line I .D.  -0.940-inch (2.39 cm) 

Line Orientat ion - 180-degree opposed i n  l i n e  

15. Applied Pressure, P S k  ( H / m 2 )  
I n t e rna l  Outlet 

-L1 
I n l e t  

I n i t i a l  Pressure 0 0 0 
Operating Pressure 1690 (11650) 1690 (11650)1570(10825) 

Shutdown Pressure TBD TBD TBD 



16 e Ducting Interconnect Netliod - In-Place Tube Welding. 

17. S t m c t u r a l  Xountinc Nethod - Kounted from entrance duc t .  

18. Purge Provis ion - Not required.  
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The spec i f i ca t ion ,  t he r s fo re ,  shows a range of 250 - 500 mill iseconds,  An 
i n i t i a l  pos i t i on  of 8-percent of nominal t h r u s t  flow area i s  required during 

start e 

The FLOX tu rb ine  con t ro l  valve i s  shown i n  Fig.  125. The valve i s  a normal- 

l y  open poppet confi,wration with a c t i v a t i o n  power supplied by pneumatics. A 
pneumatic servo cont ro l  u n i t  operat ing i n  closed loop with the l i n e a r  trans- 
ducer pos i t i on  ind ica to r  regulates valve pos i t i on  by varying the pressure ac ross  

the piston. 

poppet clearance minimizes the  con t ro l  f o r c e s  necessary to  ac tua te  the  valve. 

Some contouring of the poppet i s  incorporated t o  reduce the  ra te  of change o f  

area with s t roke as  the valve approaches the  closed posi t ion.  The poppet con- 

t o u r  may be designed t o  achieve any des i r ab le  area/s t roke re la t ionship .  

Pressure balance ac ross  t h e  2oppet provided by the c i rcumferent ia l  

F iner  cont ro l  i s  obtainable  by designing increased poppet contour length  and 

s t roke.  

and ful l -c losed (1/2 s t roke) ,  which r e s u l t s  in minimum required bellows length;  

approximately one-half the  length required f o r  a normally full-open o r  ful l -c losed 

valve configurat ion.  A s  shown i n  Fig.125, the valve flow i n l e t  i s  annular,  

which also minimizes s t roke  requirements and valve length  and provides a more 

uniform d i s t r i b u t i o n  of gas flow around the  poppet. The f l i g h t  va lves  employ 

a l l  welded construct ion and bellows s e a l s  exc lus ive ly  i n  the ac tua to r  t o  pre- 

clude i n t e r n a l  and ex te rna l  pneumatic leakage and t o  minimize weight. 
welded l i n e  connections provide s t r u c t u r a l  support f o r  the  valves,  

The normal (unpressurized)  valve pos i t ion  i s  midway between full-open 

In-plaCe 

Valve material se l ec t ions  a r e  d i c t a t ed  by the operat ing temperatures and pressures  
shown i n  Table 73 e The valve body i s  cast from INCONEL 625 se lec ted  f o r  i t s  

good elevated texperature  nechanical proper t ies .  The poppet i s  constructed 

from S t e l l i t e  21, which e x h i b i t s  ;ood r e s i s t ance  t o  e ros ion  due t o  high ve loc i ty  

hot  gas flow and good thermal shock cha rac t e r i s t i c s .  A S t e l l i t e  21 seat may a l s o  

be welded t o  the cast valve body, i f  found necessary to  prevent e ros ion  i n  t h a t  

area. 

which a l s o  serves  as a p a r t i a l  p i s ton  rod seal. 

The p i s ton  rod is Rene 41 guided by a s i l v e r  impregnated carbon bear ing 
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Specifications f o r  the turbine bypass valve a r e  l is ted i n  Table 74. 
character is t ic  requirements f o r  nominal 

i l lus t ra ted  i n  Fig. 123. S t a r t  requirements a r e  i l lus t ra ted  i n  Figo 124. The 

bypass valve encounters the same thermal and pressure environment as the FLOX 

aZlrbine Control Valve. so similar to the turbine control, valve operation is  

continual during the engine operation. 

and i n  Fig. 123, indicate a large area variation requirement. In thro t t l ing  and 

uprating the flow, area requirement varies by a factor of 100. 
mode flow area requirements a re  within t h i s  range. 

Flow 

thrott led and uprated conditions a re  

Bypass flow requirewnts,  l i s ted i n  Table 74 

The s tar t  and i d l e  

The turbine bypass valve would be essent ia l ly  the same i n  concept as the FZOX 
turbine control valve described i n  Fig. 125. 

control the flow area t o  regulate the hot methane bypassing the turbine. 

and actuation methods would also be the same. 

ments and thrust  accuracy restr ic t ions on flow area tolerance over this range may 

necessitate consideration of other valve concepts. 

A variable position p in t le  would 

Materials 

"he large area variation require- 
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TURBINE BYPASS VALVE PRJ3LI SPEC1 FI CATION 

1, 

2. 

3. 

4. 

Type of Component: Hot Gas Bypass Valve 

Function 

a)  Control of Total  Turbine Hot Gas Flow 

b) Continual va r i a t ion  

Operating Fluid :. Netharre 

Fluid Charac te r i s t ics  a t  Valve I n l e t  

S ta r t :  

Run: 

Temperature = 200R to  500 R. (111K t o  277K) 

Temperature = 1245R t o  1670R (69X t o  927K) 

5. Operating Environment 
a )  Teinperature = 159 t o  600 R (88K t o  33%) 
b )  Atmosphere: 

c )  Zadiation 

d )  Meteor 

e )  Zero g 

Sea Level t o  Vacuum 

6. Storage Requirements 
a) Earth: Time - TBD 

Temperature - TBD 
Humidity - TBD 

Pressure - TBD 

Conditions - TBD 

b )  Space: 2 years  maximum 

250 days maximum between restarts 

7. Operating Life 

a) 

b) 

Maximum Cycles - 4 t o  10 engine cycles  + a l l  p re f l igh t  t e s t s  

PIaximum Operating Time - 540 sec + a l l  p r e f l i g h t  t e s t s ,  
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a,  R rop e 11 ant  Leakage R a t  e s 
Fina l  I n i t i a l  Operat i n z  -- 

a) I n t e r n a l  TBD TBD TBD 

b )  External  

c )  Seat  

ATM cc/sec H e  a t  300 psi(2070 W/m2) 

Not Required t o  Seal  

9. Propel lan t  Flow Parameters 
Ful l  F 1O:l Throt t led I d l e  Mode- Uprated -- 

k, lb/sec (kg/sec) 0.42 (0.191) o*15(o*068) 0.169(0.077) 0.15 (0.068) 

Tin' R (K)  1300 (721) 1750(971) 1079 (539) 1270 (705) 
p s i a  (kI?/n2) 1014 (7090) 79 (545) 71 (550) 1747 (12045) 

'in 
AP,  p s i  (m/rn2> 360 (2480 7.0 (45) --- 720 (4565) 

10. IJIaximum allowable AP t o  zchieve low th rus t  mode (probably i d l e  mode) 
with reasonable engine response time. 

11. hc tua to r  Type - Pneumatic 

12. Actuation Time 

a) 

b )  

100 mill isecond - stop t o  s top 

Proport ional  betweer, any two positions,, 

13. Node of  Operation 

Valve must go t o  any pos i t i on  upon command and r e t a i n  t h a t  pos i t ion .  

14. Flow Geoinetry 

Number of I n l e t s  - 1 

I n l e t  Line I .D .  

Number o f  O u t l e t s  - 1 
Outlet  Line I . D .  - 0.940-inch (2.39 cm) 
Line Orientat ion 

- 0.940-inch (2.39 cm) 

- 180-degree opposed i n  l i n e  (3.14 r ad )  
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15 e p l i ed  Pressure, psia (k3/m2) 
I n l e t  Interna 1 Outlet 

I n i t i a l  Pressure 0 0 0 

Operating Pressure 1747 (12045) 1747 (12045) 1020 (7032) 
Shutdown Pressure TB1) TBD TBD 

16. Ducting Interconnect Method - In-place tube welding. 

17. S t ruc tu ra l  Mounting Method - Mounted from entrance duct. 

18. Purge Provis ions - Not required. 
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mTRBOfUCH IREiIY DE S I  

The turbomachinery i s  designed t o  supply the head and flow requi red  by the  engine 

system, as descr ibed previously . These opera t ing  condi t ions include the  nom- 

i n a l  t h r u s t ,  1 O : l  t h r o t t l i n g ,  and p o t e n t i a l  t h r u s t  u2rating. Low NPSH requirements 
a re  des i red ,  p a r t i c u l a r l y  during pumped idle-mode operet ion when tank pressuriza-  

t i o n  may not  be ava i l ab le .  Rapid  thermal condi t ioning of the  pumps i s  a l s o  con- 

s idered,  as well  a s  p o t e n t i a l  v a r i a t i o n s  i n  pump i n l e t  pressure and temperature. 
In  t h i s  s ec t ion  the pump End turb ine  analyses  are  descr ibed,  inducer suc t ion  per- 

formance i s  evaluated,  and turbopump design and f a b r i c a t i o n  a r e  described. 

cur ren t  technology i s  emphasized. 
sub s t a n t  i a  t e  the ana ly  se s. 

Use of 

Where poss ib le ,  e x i s t i n g  t e s t  da t a  a r e  used t o  

PUMP DESCRIPTION 

Pump design conf igura t ions  a r e  i l l u s t r a t e d  i n  Fig.  

were e s t ab l i shed  i n  Task I with the sha f t  speeds a t  nominal t h r u s t  se lec ted  from 

considerat ion of  impel le r  t i p  speed and diameter r a t i o ,  bear ing DN values ,  s e a l  rub- 

bing speeds, and suc t ion  performance. The va lues  of  the design l i m i t s  t h a t  govern- 

ed the  pump designs a r e  l i s t e d  i n  Table 

upon propel lan t  condi t ions  an t i c ipa t ed  a t  tne eod o f  an in t e rp l ane ta ry  mission which 
represented p o t e n t i a l l y  the most severe power requirement. The pumps a re  mounted 

on separate  s h a f t s  and a r e  dr iven by separate  tu rb ines .  The configurat ion a l l o w s  
both u n i t s  t o  run a t  t h e i r  most  optimum speeds and provides f o r  f l e x i b l e  control,, 
Both u n i t s  a r e  equipped with a conventional inducer. 

126 . The pump conf igura t ions  

25 . The pump nominal designs are based 

The FLOX pump i s  a conventional,  s ingle-s tage,  high s p e c i f i c  speed c e n t r i f u g a l  

machine. A t  the nominal t h r u s t  l e v e l ,  the FLOX pump speed w a s  l imi ted  t o  40,000 

rpm by the  impel ler  eye diameter t o  t i p  diameter r a t i o  which was set a t  0.77. The 

l i m i t  w a s  reached a t  a r e l a t i v e l y  low speed f o r  t h i s  s i ze  p w p ,  because of  the  low 

required head and consequent high s p e c i f i c  speed. The FLOX pump design parameters, 

phys ica l  c h a r a c t e r i s t i c s ,  and opera t ing  condi t ions  a t  a t h r u s t  l e v e l  o f  5000-pounds 
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(22200N)are presented i n  Table 75 The bear ings and seals operate i n  FLOX a t  

DN and speed values  s ign i f i can t ly  below those being demonstrated i n  technology 
programs such as  NAS3- 12022 (Ref e 

Inducer i n l e t  flow coef f ic ien t  and blade angles  were selected t o  provide maximum 

suct ion performance. These were based upon experience with inducers i n  cryogenic 
f l u i d s  and consideration of po ten t i a l  blade thickness  l imi ta t ions .  
blade angle of 25 degrees was se lec ted  t o  provide an H-Q operat ing curve conducive 

t o  t h r o t t l i n g  and engine start, while a t  the same time being reasonable t o  fabr i -  
cate. The impeller i s  shrouded t o  provide high e f f ic iency  with wear r i n g  clear- 
ances reasonable f o r  use i n  FLOX. The estimated head, flow and ef€iciency map 
is  presented i n  Fig. 127 and the correspondin; flow coefficient/head coef f ic ien t  

curves are shown i n  Fig. 128. 

The impeller 

Me thane Pump 

The r e l a t i v e l y  low deneity of methane requi res  considerable head t o  produce the 

necessary discherge pressure.  Consequently, t o  raise the spec i f i c  speed per  stage 
t o  reasonable l e v e l s  f o r  conventional cen t r i fuga l  pumps, a two-stage rnethane pump 

configuration was chosen. The shrouded impellers,  which are ident ic21 except f o r  
the wear r i n g  and balance pis ton,  are placed front-to-back t o  fac i l i t a te  compact 

design, t o  minimize ex terna l  l i n e s ,  and t o  improve i n l e t  condi t ions t o  the second- 

stage impeller. 

s idera t ions  as the FLOX pump. 

a t  the impeller discharges to  reduce the high discharge v e l o c i t i e s  and t o  equalize 

the circumferent ia l  s ta t ic  pressure d i s t r ibu t ion  which, i n  turn, reduces r a d i a l  

loads,  

s t a t o r  t o  provide proper flow t o  the eye o f  the second-stage impeller,  

Inducer and impel ler  blade angles were se lec ted  from the same con- 

The t w o  stages are equipped with r a d i a l  d i f f u s e r s  

The in t e r s t age  crossover  i s  annular and i s  equipped with a r a d i a l  inflow 

The rotat ional  speed w a s  established a t  74,000 rpm by the primary seal rubbing speed. 

This speed is comernative m(l w i l l  allow higher speeds i f  desired f o r  uprating. 

The methane pump design parameters physical characterist ics,  and operating 

conditions a t  the 50CXl-pound (2270 kg) thrust  l eve l  are presented i n  Table 75. 
head, flow, efficiency maps, and the flow coefficient/head coefficient curve are 

presented i n  Fig. 129 and 130, respectively. 

The 
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TABLE 75 

DESIGK POINT PUMP DESCRIPTION 

NOHINAL THRUST 
FLOX 

Flcwrate, lb/sec (kg/sec) 

Flm-=te, gpn ( R/min) 
I n l e t  Pressure, p i a  (k N/m2) 

In le t  Temperature, R (K) 

Discharge Pressure, psia (k N/m2) 
Head Rise, f t  ( m )  

Speed, rpm (rad/sec) 

TYPe 
Number of Stages 

Specific Speed Per Stage 

Efficiency 

Horsepower (kw) 

Discharge Flaw Coefficient 

Head Coefficient Per Stage 

Inducer Inlet  Diameter, inches (cm) 

Inducer Inlet  Flow Coefficient 

Inducer Tip Blade Angle, deg. ( rad)  
Inducer Tip Speed, ft/sec (m/sec) 

Impeller T i p  3iameter , inches (cm) 
Impeller Ti:, Ifidth, inches (cm) 

Impeller Discharge Blade Angle, deg. (rad) 

Impeller Tip Speed, f t / s e c  (m/sec) 

Impeller Diameter Ratio 

Diffuser I n l e t  Blade Angle, deg. 

Bearing Dn x 10 

Seal Speed, f t /sec (m/sec) 

( rad)  
-6 , mm-rpm (mm-rad/s) 

10.52 (4.79) 

56.5 (214) 

50 (345) 

170 (94.5) 

680 (4690) 
1080 (330) 

4oooO (4190) 
Centrifugal 

1 

1590 
0.71 

29 (21.6) 

0.11 

0 469 
1.2 (3.05) 
0.088 

7.3 (0.127) 

209 (63.8) 
1.56 (3.96) 
0.170 (0.43) 

25 (0.435) 

272 (83) 

0.77 
NA 

0.6 (.159) 

113 (34.4) 

Me thane 

2.0 (0.91) 

37.5 (141.8) 

80 (550) 

1600 (11050) 

9120 (2780) 

74000 (7740) 
Centrifugal 

2 

817 
0.62 

54.0 (40.3) 
0.08 

0.542 

240 (133) 

0.9 (2.29) 
0.081 

6.75 (0.118) 

291 (88.7) 
1.61 (4.09) 
0.085 (0.216) 
35 (0.61) 

520 (159) 
0.54 
8 (0.14) 

0.89 (.236) 

240 (73.1) 
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Fig. 127. F'LOX Pump Operating Line 
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Figure 128 e FLOX Turbopump Charac te r i s t i c s .  
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Figure 130. Methane Turbopump Charac te r i s t i c s ,  
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The parametric pump ana lys is  used i n  

descr ip t ion  of pump performance and configuration. These f i n a l  pump analyses  
m d  performcnce estimates are based upon the more de ta i led  ana ly t i ca l  procedure 
provided by Rocketdyne's Centrifugal Pump Loss I so la t ion  Progran. This program 

computes individual  l o s ses  (e.g., incidence, d i f fus ion ,  e t c . )  f o r  each pump 
component (e.g., inducer, impeller,  e tc . )  and sub t r ac t s  then f rom i d e a l  perfor- 
mance t o  get component and ove ra l l  pump performance. An i t e r a t i v e  procedure i s  

used f o r  ca lcu la t ing  impeller flow and hea6 based upon calculated weer r i n g  leak- 

age which i s  a funct ion of ,  and a f f e c t s ,  impeller head. Pure power losses ,  such 

as d isk  f r i c t i o n ,  are a l s o  calculated so t h a t  e f f ic iency  and required horsepower 
can be obtained. Design f ea tu res  such as  blade angles,  blade thicknesses,  blade 

lengths,  surface rouzhness and boundary layer  thicknesses Ei-e os t ina ted  f o r  the 

Task I w a s  ref ined t o  provide more exact  

pumps based upon anticipated flow passage materials and design practice f o r  small 

pumps. 
Computations for  larger pumps using these methods have led to reasonable agreement 

with test data. Tests of a 12 gpm fluorine pump under Contract NAS3-12022 (Ref.$ 

w i l l  provide tes t  data for  small pumps which can be used to correlate the analytical  

predictions. 

These are input to the program and are used i n  the performance calculation. 

) 

The 5oOepound thrust FUX and methane pumps can be uprated to t h r u s t  levels  as 

high as 8OOO pounds merely by rais ing the i r  speeds to  54,000 and 92,000 rpm, 

respectively. 

the E-& maps, Fig. 127 and 129. 

become a problem, the pump could be m fas t e r  and the impellers trimmed s l ight ly .  

The pump operating characteristics a t  8OOGpound (35600 N) thrust  are presented i n  

Table 76. 

Estimated 7OOepound (31100 N) thrust operating points are shown on 

Should the high methane pump flow coefficient 

It can be seen i n  Table 76 that the FLOX pump seal speed of 160 ft/sec (49 m/sec) 

a t  uprated conditicns is still below the state-of-the-art value of 180 ft/sec 

(55 m/sec). 
the presently accepted state-of-the-art value of 0.75 x 10 . 
and planned development work with fluorine lubricated bearings, no problems are 

anticipated i n  t h i s  area. 

The bearing DN value of 0.81 x lo6 is less than 10-percent higher than 
6 Considering the present 
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TABLE 76 

PUMP DESCRIPTION: UPRAT2D CONDITIONS 

Flowrate, lb/sec (kg/sec) 

Flowrate, gpm (1 /m> 

Inlet  Pressure, p s i a  (k N/m2) 
In le t  Temperature, R (k) 
Discharge Pressure, psia (k N/m2) 
Head Rise, f t  dm) 
Speed, rpm (rad/sec) 

Type 
Number of Stages 

Specific Speed Per Stage 

Efficiency 

Horsepower (kw) 

Discharge Flaw Coefficient 

Head Coefficient Per Stage 

Inducer I n l e t  Diameter, inches ( c m )  

Inducer I n l e t  Flow Coefficient 

Inducer T i p  Blade Angle, deg. ( rad)  
Inducer Tip Steed, ft /sec (n/sec) 

Impeller Tip Diameter, inches (cm) 

Impeller Tip Vidth, inches (cm) 

Impeller Discharge Blade  Angle, deg. (rad 

Impeller Tip Speed, f t / sec  (m/sec) 

Impeller Giame t e r  Ratio 

Diffuser In le t  Blade Angle, deg. 

Beariq; Dn x 10 

Seal Speed, f t /sec (m/sec) 

( rad)  
-6 mm-rpm (mm-rad/s) 

FLOX 

16.8 (7.64) 

90 (340) 

67 (460) 

170 (94.5) 

1100 (7580) 
1800 (550) 
54000 (5650) 

Cen t r i f u g s l  

1 

1850 

0,70 

79 (59) 
0.132 

0.431 

1.2 (3.05) 
0.104 

Methane 

3.2 - (1.45) 
60 (227) 

85 (590) 

240 (133) 
2110 (14550) 
12200 (3720) 

92000 (9620) 
Centrifugal 

2 

1020 

0.60 

118 

0.103 

0.47 

0.9 
0.105 

362 
1.61 

0.085 

35 
646 
0.54 
8 

1.08 
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The methane pump bearing DN values a m  

both nominal and uprated thrust  levels ,  

however, is about 300 ft /sec (91 m/sec), which is 20-percent above the limit 

presently being used fo r  250 f t /sec (76 m/sec). 

conservative based on RP-1 fuel seal performance, on the mild cryogenic character- 

i s t i c s  of  nnet:?ane, and on the lack of reported test problems i n  the literature. 

It is reasonable t o  assume thet  300 ft /sec (91 m/sec) can be obtained i n  methane 

with l i t t l e  problem. 

the estimated l imiting value a t  

The seal speed a t  uprated conditions, 

The present l i m i t  is f e l t  to  be 

In addition to  mechanical considerations l i s t ed  above, the increase i n  speed w i l l  

a lso a f f ec t  the amount of i n l e t  pressure required to maintain the suction specif ic  

speed. 

double when the speeds and flows a re  increased to  the 8OOO-pound (35600 N) thrust  

level. 

For constant suction specif ic  speed, the required NPSH values approximately 

Additional NPSH may be needed depending upon the inducer off-design performance. 

TURBINE ANALYSIS 

The two turbines operating i n  para l le l  Lire powered by heated metnane from the thrust 

chamber discharge manifold. A t  nominal thrust ,  turbine inlet temperature is 1300 R 

with a small temperature drop allowed between the thrust chamber and turbine in l e t .  

Sl ight ly  over 20-percent of the methane flows through the bypass valve to assure 

suf f ic ien t  power margin and to  allow for  potential  uprating. 

levels  the bypass is reduced to  5 percent. 

between the turbines to  minimize overall  turbine pressure ratio. 

A t  higher thrust  

The remaining methane flow is s p l i t  

Turbine operating pressures a r e  high and reduce the available pressure r a t io ,  and 

consequently the available energy and working f lu id  specif ic  volume. The low 

pressure r a t io s  coupled with a r e s t r i c t ion  on minimum pi tch diameter place turbine 

velocity rates i n  the range best served by single row turbines. 

volume coupled with the low horsepower demand and the l i m i t  on m i n i m u m  blade height 

indicated the use of a par t ia l  admission nozzle. 

t o  improve the ease of manufacture. 

fabrication ease i s  s ignif icant ly  be t te r .  

take the pressure drop i n  the nozzles, this allows larger  blades and reduces 

leahage across the blades. 

The low spec i f ic  

Turbine blades were unshrouded 

A s l igh t  efficiency penalty is incurred9 but 

The turbine i s  velocity-compounded to  
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Turbine eff ic iencies  were determined through est iaat ion of individual losses due 

to  gas dynamics, f r i c t ion  and leakage. The resul t ing efficiency values are very 

comparable with data f r o m  Ref. 

eff ic iencies  a re  s l i gh t ly  lower than the data,  re f lec t ing  the s ize  difference' 

7 fo r  a s l igh t ly  larger turbine. The predicted 

Turbine character is t ics  were evaluated a t  both the nominal and uprated thrust 

levels to provide a design which would give high performance a t  the 5OOO-pound 

(222QO W) thrust  level and. ye t  be reasonable fo r  operation a t  the 8OOGpound 

(37000 N) thrust  level. 

had a re la t ive ly  s l i gh t  e f f ec t  on turbine per fomnce ,  and a design which was 

common to both the FLOX and methane pumps was deterinined. 

inch (6.99 cm) pitch diameter with the same blade character is t ics  for  both turbines. 

A t  the 5000-pound (22200 W) thrust  level ,  pitch diameter 

This design has a 2.75- 

When the nominal thrust  turbine designs were evaluated for uprating, i t  was found 

that the FLOX turbine could be uprated i f  the nozzle a rc  of admission were 

increased by 3 percent and i f  the torus w e r e  originally made 0.050-inch (0.127 cm) 

larger  i n  diameter. 

Analysis of the 5000-pound (22200 N) thrust mthane turbine a t  8oc)O-pound (35600 N) 
thrust revealed that the increase i n  turbopump speed from 74,000 t o  92,000 rpm forced 

operation beyond the peak efficiency point for a single-row design. 

the methane turbine was designed with a lower 2.16-inch (5.48 cm) pitch diameter 

Consequently, 

t o  reduce the pitch l i ne  velocity and, hence, velocity ra t io .  At the nominal 

thrust  level ,  the fuel turbine would have an arc of admission of 51 percent. 

uprated conditions this would have to  be increased to  63 percent. 

the physical and operational character is t ics  of the selected oxidizer and fuel  

turbine designs. 

A t  

Table 77 presents 

The turbines and pumps must be stressed f o r  operation a t  the most severe conditions. 

The highest operating temperatures occur a t  throt t led conditions. 

turbine speed and pressures are very low and the stress is not severe. The most 

severe stress condition would be where the engine was operated a t  1O:l throt t led 

conditions, and then the thrust increased rapidly while material temperatures were 

still high. 

maintained over the anticipated terrperature range. 

However, 

With the INCO-'713C, -718 mterials used i n  the turbine, strength is 

For example, blade centrifugal 
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TAaLFI 77 

TURBIIiE DESI& POINT DESCRIPTION 

Drive Fluid 

I n l e t  Temperature, fi ( K )  

TYW 

I n l e t  Pressure,  p s i a  (k  N/m2) 

Pressure R a t i o  

Exhaust Pressure,  p s i a  (k  N/m2) 

Speed, rpm (rad/sec) 

Mean Blade Diameter, inches (cm) 

Mean Blade Speed, f t / s e c  (m/sec) 

Horsepower (kw) 

Flowrate lb/sec (kg/sec) 

Efficiency ( T-S) 

Nozzle Exit  Height, inches (cn) 

Nozzle Width, inches (cm) 

I-R Blade Height, inches (cn) 

I-R Blade didth,  inches (cm) 

Torus Diameter, inches (cm) 

Nozzle Arc of  Admission, percent 

FLOX I Iqezane 
i 

M e t h a n e  

1300 (723) I 1300 (723) 

Single Row Impulse 

977 (4740) 

1.47 

665 (4585) 

40,000 (4190) 

2.75 (7.0) 

480 (146.2) 

29 (21.6) 

0.70 (0.318) 

0.46 

0.17 (0.432) 

Oe30 (0.762: 

Oe20 (0.509: 

0..26 (0.66) 

0.55 (1.40) 

25 

1017 (7010) 

1.53 

665 (4585) 

74,000 ( 7740) 

2.16 (5.49) 

697 (212.5: 

54 (40.3) 

0,90 (0,409: 

0.61 

0.15 (0,381: 

o*28 (0.712 

O*l8 (0,457' 
0.24 (0.61) 

0.65 (lc65} 
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stress i s  indica ted  by the  parameter of the f l o w  annulus area times the speed 
squared, 
indicated by the maximum cen t r i fuga l  blade s t r e s s  of Fig,  1319 material  s t rength 
i s  more than su f f i c i en t  even for the  extreme condition, 

For current  tu rb ines ,  t h i s  value i s  below 10'' f o r  a l l  conditions,  

TURBOPUMP SUCTION PERFORMAI\TCE 

An ana ly t i ca l  inves t iga t ion  of pump suct ion performance was conducted t o  evaluate  

the po ten t i a l  f o r  low NPSH operat ion,  both a t  f u l l  t h rus t  and during start opera- 

t i o n  where pressur iza t ion  gas  may be unavailable.  Low NPSH and even two-phase 
operation have been accomplished with hydrogen and appear possible  with the cur ren t  
propel lants ,  
Use of a boost pump o r  preinducer could improve suct ion performance, however the  

added complexity of these devices  was not f e l t  t o  be desirable  a t  t h i s  time. Av- 
a i l a b l e  NPSH a t  the inducer i s  given by 

I n  the inves t iga t ion ,  conventional inducers are used on each pump. 

i n l e t  
= UA c t o t a l  pressure - vapor pressure] 

(mSH)avail  P 

= Ptk + A P  - APfric 's + APvel acc 
where t o t a l  pressure = 

= tank pressure ' tk with 

A 'frit f r i c t i o n  l o s s  

= acce lera t ion  head 

= ve loc i ty  head 
'acc 

A 'vel 
- - 

'vapor vapor pressure 

For e f f ec t ive  pump operat ion,  the ava i lab le  NPSH must be equal t o  o r  g r e a t e r  than 
the MPSH required by the inducer. 

quired i s  t h a t  a t  which l e s s  than 2-percent pump head l o s s  occurs. 
For the current  inves t iga t ion ,  the NPSH re- 

Suction Performance Predic t ion  

The required ne t  pos i t ive  suct ion head (NPSH) o f  a pump i s  the d i f fe rence  be- 

tween the bas ic  ne t  pos i t i ve  suction head, which i s  independent of  thermodynamic 
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e f f e c t s ,  and the  thermodynamic suppression head (TSH), 

s i ona l i z ing  

Therefore, nondimen- 

Since ambient temperature water nas  very l i t t l e  TSH, the  bas i c  NPSH i s  equal 

t o  the ambient water value.  For  moderete sized inducers,  t h i s  b a s i c  NPSH of 

water i s  equal  t o  approximately th ree  i n l e t  v e l o c i t y  heads. For smaller in- 

ducers, minimum blade tnicicness and leading edges may increase t h e  bas i c  NPSH 

t o  4-5 i n l e t  ve loc i ty  heads. 

Thermodynami c su?p.-ession head e x i s t s  because vaporizat ion within the  inducer 

c h i l l s  the  l i q u i d ,  thereby d r o p i n s  the  vepor pressure,  i n c r e a s i n s  the  effective 

NPSH, and permit t ing the  pump t o  operate  s a t i s f a c t o r i l y  a t  a reduced value o f  

i n l e t  NPSH. 

Two expressions f o r  the  tnermodynamic suppression head were considered. The 
first expression w a s  obtained from Ref. 

expression 

12  and i s  r e f e r r e d  t o  as the  NASA-Rol l  

0 * 1 6  0.05  

TSH = c ( 5 )  u p 

This  equation i s  based upon c a v i t a t i n g  ven tu r i  t e s t  d a t a  i n  both Freon 114 and 

l i q u i d  ni t rogen,  and on inducer t e s t  d a t a  i n  l i q u i d  hydrogen (Ref.18, l c j e  The 

constant ,  C ,  is  a funct ion of inducer geometry and operat ing po in t  and [nay be a 

funct ion of the prope l l an t  p rope r t i e s .  However, i t  was assuned t o  be constant 

i n  t h i s  ana lys i s .  The thermal f a c t o r ,  p, i s  the primary thermodynamic r e l a t i o n -  

sh ip  i n  TSH (Eq. 2 ) and i s  e n t i r e l y  a. funct ion of propel lant  p r o p e r t i e s  

(zq* 3 >. 
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Equation ( 2 ) was used t o  obtain the influence of f l u i d  type and vapor 

pressure on the thermal f a c t o r  . The f ac to r ,  P 9  and consequently TSH, are 
greatest f o r  hydrogen, followed ( i n  order of decreasin,g p end TSH) by methane, 

oxygen, f l uo r ine  and water. For a l l  f i v e  f l u i d s ,  the P I S  approach simple ex- 

ponent ia l  funct ions of vapor presrure  with exponents between 1.5 and 2.0, 

The reference value of TSH was obtained from the  MK 15-0 
which, a t  design va lues  of speed and volume f lowra te ,  WSH/CN2/2g was Ezpprox- 

imately equal t o  one (Eq. 1 >. 
poin t ,  the  nondimensional NPSH becones: 

pump t e s t  r e s u l t s  i n  2 

Consequently, based upon the  XK 15-0, pump design 

The second expression f o r  thermodynamic suppression head was developed a t  Rocket- 

dyne during work on the Mark 4 pum? development f o r  the 

This expression l e a d s  t o  the following r e l a t i o n  f o r  the required NPSH: 

THOR engine ( R e f .  20.). 

where 

353 



comparison of these equat ions with test da ta  f o r  l i q u i d  oxygen and hydrogen is 
presented i n  Fig.  132, 

The THOR expression general ly  
expression, Both expressions 

ind ica t e s  higher NPSX requirements than the NASA-Ho11 
show t h a t  the NPSH requirements decrease as the pro- 

pe l l an t  vapor pressure increases .  This e f f e c t  i s  due t o  the increase i n  vapor den- 

s i t y  a s  the vapor pressure increases .  It should be noted t h a t  the a c t u a l  pressures  
are not decreasing as vapor pressure rises -- only the required NPSH, 

A t  s u f f i c i e n t l y  high vapor pressures ,  the curves f l a t t e n  and above t h i s  NPSH re-  

quired i s  only one ve loc i ty  head, 
with the s t a t i c  pressure equal t o  the vapor pressure o r  with sa tura ted  propel lants .  
In tihis region , it  becoines l i k e l y  t h a t  two-phase pumping could be accomplished. 
The probabi l i ty  increases  as vapor pressure increases .  
expression i s  a b e t t e r  representa t ion  of  the  l iqu id  oxygen data  and the NASA-Bo11 

expression i s  b e t t e r  f o r  l i q u i d  hydrogen. The THOR expression would, therefore ,  be 

more representat ive of f luo r ine  suction performance, while the methane suction per- 

formance might be expected t o  be somewhere between the two expressions. 

In  t h i s  region the  pumps can funct ion e f f e c t i v e l y  

It appears that the THOR 

Suction Performance f o r  Space Storable Pumps 

The NPSH requirements were predicted f o r  the FLOX and methane pumps using both pre- 
d i c t ion  methods. These are shown i n  Fig.  133 and 134. Since these pumps are small, 

two values of  the basic NPSH were used, 3 and 5 ve loc i ty  heads; the l a t t e r  value rep- 

resent ing a conservative est imate  f o r  s m a l l  pumps. The required NPSH i s  shown f o r  
two pump speeds, one corresponding t o  f u l l  t h rus t  and the other  about 50-percent of 
f u l l  t h rus t  operation. 

These predic t ions  a re  t r ans l a t ed  i n t o  pressure requirements i n  Table 78 . 
The FLOX es t imates  were based upon the THOR equation, while r e s u l t s  of both ex- 

pressions a r e  shown f o r  methane. A t  f u l l  th rus t  and low vapor pressures,  the 
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i ed  Thor Corre la t io  

--- H o l l  Correlat ion 

o 2-percent Head Loss Data 

k N/m2 

100 200 390 40( 

40 
MK 4 LO* 
N = 10,000 rpm 

Q 20 40 68 0 10 40 60 
Pv9 p s i a  Pv, p s i a  

5 

20 40 60: 0 40 80 

Pv9 p s i a  Pv, p s i a  

Pigure 132 . Correlat ion of  Suction Performance Test Data, 
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TULE 78 

SUCTION PERFORMAICE FOR FLOX/METUNE 

-- 

PROPELLANT 

----- 

Me thane 

FLOX 

VAPOR 
PRFISSURE, 2, 
PSIA (k N/m , 

14.7 (100) 

25 (172) 

REQUIRED (KPSP), 
- PSIA (k 

MAXIrn 

13.8 (95.2) 

i o  (69.0) 

4.6 (31.7) 

1.7 (11.7 

(48.3) 7 

3.5 (24.1) 
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SH requirements f o r  both propellants are similar t o  those resul t ing 

for a suction specif ic  speed of ~ , O O O ,  s used i n  the pELrametsic study, 

the vapor press e increases as ght occur during f l i g h t ,  the WSH 

t the 50 percent th ro t t led  condition and 1 e r  thrust level,  the EJPSH 

required is essent ia l ly  equal to  the velocity head, and the pumps could operate 

with saturated propellants. 

even the most conservative prediction indicates that the pumps can perform effect ively 

with saturated propellants a t  the pump i n l e t  for  vapor pressures greater than 14.7 
psia (100 kN/m ). 
of two phase propellants appears possible. 

For thrust levels below about lo00 pounds (450 kg), 

2 I n  this region, par t icular ly  a t  higher vapor pressures, the pumping 

FLOX TURBOPUMP DESIGN DESCRIPTION 

U-D ASSEMBLY 

The FUX turbopump i s  described i n  Fig. 135 and cons i s t s  of a single-stage 
cent r i fuga l  pump driven with a single-row p a r t i a l  admission turbine.  The 

pump r o t o r  i s  supported with two a n t i f r i c t i o n  bear ings posit ioned between the 
pump impeller and the  turbine.  Bearing and seal configurat ion i s  i d e n t i c a l  t o  

t h a t  of NAS3-12022 . 
the discharge volute  and forced through an o r i f i c e ,  as shown i n  Fig. 

f l u i d  i s  c i rcu la ted  f irst  through the bear ing located c l o s e s t  t o  the turb ine ,  

then through the  bear ing  located behind the  pump impeller,  and then returned to  

a low f l u i d  pressure area through holes  arranged i n  the hub of the impel ler ,  

Axial r o t o r  t h rus t  i s  balanced hydraul ica l ly  by the d i f fe rences  i n  diameter o f  the 

wear r i n g s  posit ioned on the shroud and the  back p l a t e  of the  impeller,  Axial 

r o t o r  t h r u s t  during t r a n s i e n t  operat ion i s  control led by the a n t i f r i c t i o n  bearing 

located behind the  pump impeller,  

The bear ings are lubr ica ted  with FLOX, which is tapped from 
136. The 

The sha f t  sea l  configurat ion between the pump and the turbine cons i s t s  of  two 
primary face  contact-type s e a l s  separated by an i n e r t  gas-operated purge seal, 

Each primary seal has  a dra in  cavi ty  f o r  removing possible  primary seal leakage 

aided by the purge gas pressure,  
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Turbopump mater ia l s  a re  i d e n t i f i e d  i n  Fig. 135. 
bing face i s  made f rom A1-203 (aluminum oxide) and r i d e s  aga ins t  the inner  

race of  the modified a n t i f r i c t i o n  bearing, which i s  made from 440-6 and alum- 

inum oxide coated. 

The primary FLOX sea l  rub- 

The primary methane s e a l  rubbing face i s  made f r o m  carbon r id ing  aga ins t  the 
turbine d isk ,  which i s  made from INCO 718 and i s  chrome-plated on the sea l ing  
surface. 

alloy), separated 
arrangement. 

The rubbing speed f o r  both primary face  s e a l s  i s  113 ft-sec (34 m-sec), and the 
rubbing speed f o r  the purge sea l  rings is 83 ft/sec (25 m-see). 

The purge seal cons i s t s  of two r i n g s  made from bearium B-10 (bronze-lead 

by a wave spring and prevented from ro ta t ion  by a p in  and s l o t  
The s e a l s  a r e  designed t o  be replacable with minimum complication, 

The turbopump i s  constructed from I N C O  718 bar-stock mater ia l  and a combination 
I N C O  7 1 3 4  investment cas t ing  joined i n t o  a weldment, forming the turbine manifold 

assemb 1 y . 
Turbopump Assern'o1.y 

The turbopump i s  assembled i n  the following sequence. 

ed onto the dr ive  shaf t  (see Fig. 137 ) u n t i l  seated aga ins t  a sha f t  seal ( 2 )  

i n s t a l l e d  between the bear ing  and the sha f t  shoulder. Next, the shaf t  with bear- 

i ng  i s  in se r t ed  in to  the volu te  housing (3) and the bearing i s  seated aga ins t  the 
bearing preload spring (4). 
sha f t  u n t i l  seated aga ins t  bearing (l), then bearing (6)  i s  assembled onto the  
sha f t  and i n t o  the volute  and fastened with nut (7) and locked with lockwasher, 

The impeller i s  now i n s t a l l e d  onto the involute  spl ine provided on the drive sha f t  

followed by the inducer (8) which i s  locked against  r o t a t i o n  with a s l o t  and key 

arrangement (9) against  the  impeller,  Next, the a x i a l  assembly i s  fastened with 
a nut (10) and lockwasher. 

housing (3)  with seal (12) and fastened with nut (13) and lockwasher. 

p l e t e s  the pump subassembly. 

The bearing (1) i s  assembl- 

The bearing spacer (5)  i s  then slipped onto the 

The pump i n l e t  (11) i s  then assembled t o  the volute  

This com- 
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The turbine subassembly i s  prepared by mounting the primary FLOX seal (14) 
t o  the turbine housing (15) and i s  fastened with nut  (16) and lockwasher, 

Next, i n s e r t  purge sea l  components (17) and a t t ach  primary methane seal (18) 

with nut (19) and lockwasher, 

i s  then assembled onto the  volute  housing (3) and fastened with bo l t s ,  

the  turbine r o t o r  i s  a t tached  t o  the main shaft u n t i l  seated aga ins t  a shaf t  
and s e a l  (20) between r o t o r  and sha f t  shoulder, 

ened t o  the sha f t  with the  nut (21) and secured with lockwasher. 

the  turbopump assembly. 

The turb ine  housing (15) with the seals mounted 
Next, 

The turb ine  r o t o r  i s  then fast- 

This  completes 

1UIETWE TURBOPUMP DESCRIPTION, AND ASSEMBLY 

The l iqu id  methane turbopump, described i n  Fig. 138, qons is t s  of  a two-stage 

cen t r i fuga l  pump driven with a p a r t i a l  admission turbine.  

a two-stage machine with an annulzr crossover between the front-to-back mounted 

impellers. The second-stage discharge f l o w  i s  co l lec ted  i n  a volute ,  

The methane pump i s  

The pump r o t o r  i s  supported with two a n t i f r i c t i o n  bear ings of  whicn the  upstream 

bearing i s  posit ioned between the first- and second-stage impellers,  and the 
second bearing i s  posit ioned between the  second-stage impeller and the turbine.  
The bearings are lubr ica ted  with l i qu id  methane and operate a t  a DN vzlue of 
a59  x 10 and0.89 x 10 , respect ively.  The lubr ica t ion  flow i s  i l l u s t r a t e d  i n  

Fig. 136 . 
which i s  an i n t e g r a l  p a r t  of the second-stage impeller and the volute  backplate. 

Balance p i s ton  a x i a l  t r a v e l  i s  r e s t r i c t e d  by l imited t r a v e l  of the two a n t i f r i c t i o n  
bearings. 

6 6 

Axial r o t o r  t h r u s t  is cont ro l led  with a balance p is ton  arrangement, 

The sea l  arrangement c o n s i s t s  of a face  contact type carbon sea l  operat ing i n  

conjunction w i t h  a chrome-plated mating r i n g  and a turbine s e a l  cons is t ing  of  a 

carbon r i n g  r id ing  on the  sha f t  and simultaneously on the  side o f  the turbine 
dra in  l i n e  arranged between the two s e a l s  removes any leakage from e i t h e r  

The face  contact seal operates  a t  a r o t a t i o n a l  contact speed of 240 f t -sec,  seal. 

The turbopump is  constructed from INCO 718 and INCO 713-6 investment cas t ings ,  as 

i l l u s t r a t e d  i n  Fig. 138. This mater ia l  i s  used a lmost  exclusively i n  t h i s  turbo- 
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ump assembly mainly purpose of strength and uniform the 

and contraction. The ifold assembly is 

second-s tage 

bopump is assembled by the following sequence (Fig, 139). fter the seal 

assembly (1) is bolted t o  the combined turbine and volute housing (2), the main 

shaft with the turbine rotor  (3) is inserted through the seal mating r ing  (4) 
and the bearing ( 5 )  un t i l  seated. 

onto the drive shaft (3)  and into the volute, checking also the clearance on the 

balance piston (7). 
volute (9) and the upstream bearing (10) is inserted, making sure of proper spacing. 
Next, the first-stage impeller (11) is attached to the shaft (3) and a s l o t  (12) 

i n  the hub aligned with a s l o t  machined in to  the main shaft. 

with its long tension rod is then inserted into the shaf t  (3) and tno keys (14), 
machined onto the rod close to  the inducer, are engaged together with the impeller 
and the main shaft s l o t s .  
the main shaft into the impeller and the inducer. 

(15) is bolted t o  the crossoxer volute, making the turbopump assembly complete. 

Next, the second-stage impeller (6) is assembled 

The crossover volute (8) is  then bolted to  the discharge 

The inducer (13) 

This makes possible proper torque transmission from 
Finally, the pump i n l e t  casting 
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Specific Impulse 

cm 
cm 
cm 

lbf N 

ft/sec2 
Btu/lb 
in 

m 
ft-lb . 
BtU 
Btu 

- 
hr ft R 
in 
ft 
in 

cm 
N-sec 
kg 

Conversion Constant (778) J 

Thermal Conductivity K 

Characteristic Length 
Length 
Land Width 
Mixture Ratio (O/F) 

Rotational Speed 

Prandtl Number 
Nusselt Number 

L* 
L 

cm 
m 
cm 1 

PZR 
N 

- 
rad/sec 

NPR 
NNU 

'Re 

... 
Reynold's Number 
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NPSH 

N 

P 

0 
P 

Q 

&m 
B 
R 
SCCH 

T 
TSH 

93 
Y 
P 
3 
x 

NA% - 
Inducer B e t  Posit ive 

Suction Head 

€'umber of Channels 

Pressure 

Chamber Pressure 

Outlet Pressure 

Heat Input 

Measured Heat Input 

Predicted Heat Input 
Radius 

Stm4srd Cubic 
Centimeters per Hour 

Temperature 

Inducer In l e t  Thermo- 
dynamic Suppression Head 

Wall Thickness 

Inducer In l e t  Tip Speed 

Velocity 

Flowra te  
Channel Width 

Axial Length 

Radial Length 

Thermal Factor 

Expansion Ratio 
Cooling ahancement Factor 

Flow Coefficient 

Head coefficient 

Density 

Efficiency 

Beat of Vaporization 

UXITS 
ENGIIIXERING 

f t  

psia 

psia  

psia  

Btu 
Btu 
Btu 
i n  

ft 

i n  

fPS 
fPS 

lb/sec 

i n  

i n  

i n  

f t /sec 312 

lb/f t3 

SI 
I_ 

m 
- 
kN/rn2 

m/m2 
kN/m2 

cm 
- 

X 
m 

cm 

m/sec 
d s e c  

kg/sec 

Clll 

cm 

Cl3l 

kg/xn3 
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L - Liquict 

V - Vapor 

t - Throat Location 

WC - Coolant - Side Wall 
WG - Gas - Side Wall 



PENDI 

ENERGY BALANCE MODEL 

A system balence is obtained by matching pressures throughout the system and a l so  

by mztching pump and turbine horsepowers. This matching process is carried out by 

i te ra t ions  which start w i t h  estimated values of pump speeds and turbine flowrates. 

Accurate estimates result i n  rapid convergence to a balance point. 

w i l l  f a i l  t o  converge i f  the ini t ia l  estimates are not suff ic ient ly  accurate. 

The program 

Figure 5 presents a schematic of the expander cycle showing the flow paths and 

system resistances considered by the mathematical model. 

mixture r a t i o  control valve (A) and the thrust  control valve (B) are computed by the 

program. Liquid propellant l i ne ,  valve, and manifold resistances are assumed to  

vary as the square of flowrate (AP = R 8* /P ) .  For hot gas resistances, a mean 

fluid density is calculated from the perfect gas l a w .  

drop may be input f o r  each case o r  computed assuming a l inear  variation with flowrate. 

The resistances of the 

The cooling jacket pressure 

Program inputs include pump i n l e t  pressures, pump diameters and impeller flow areas, 

turbine diameters, turbine effect ive and ex i t  areas, resistances fo r  a l l  l ines ,  

valves, manifolds, and injectors,  pump and turbine maps, l iquid propellant densit ies,  

and estimates of pump speeds and turbine flowrates. 

plots  of head coefficient and efficiency a s  a function of flow coefficient. 

operation is described by a plot of efficiency versus isentropic velocity ra t io .  

Pump operation is described by 

Turbine 
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FED SYSTEM RESISTANCES 

81 - 
R2 - 
R3 - 
R4 - 
R5 - 
R6 - 
R7 - 
R 8  - 
R9 - 
R10 - 
R11 - 
R12 - 
Rl3 - 
R14 - 
A -  
B -  

Main Oxidizer Lines, Valves, Manifolds 
Oxidizer Injector 
Main Fuel Lines, Valves, Manifolds 
Cooling Jacket 
Turbine In l e t  Line 
Fuel Turbine I n l e t  Line, Orifice,  Planifold 
Oxidizer Turbine In l e t  Line, Orifice 
Fuel Turbine Exhaust Manifold, Line, Orifice 
Oxidizer Turbine Exhaust Manifold, Line, Orifice 
Turbine Exhaust Line 
Turbine Exhaust Line 
Fuel Injector  
Bypass Line 
Bypass Line 
Mixture Ratio Control Valve 
Thrust Control Valve 

Figure A-1.Throttling Analysis Model - Expander Cycle, Para l le l  Turbines 
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IIPPENDIX E 

I76E: THRUST CHAMBER DESIGNS 

llhrust chamber design a l t e r n a t i v e s  a r e  shown i n  Fig.  B-1 
as p o t e n t i a l  weight reduct ion methods. 

mi l led  channel, electroformed n i c k e l  design i s  c l e a r l y  super ior  t o  the a l t e r -  

na t ives .  In  o the r  cases ,  the a l t e r n a t i v e  design could provide lower engine 
weight where an a l t e r n a t e  f a b r i c a t i o n  p rocess  i s  b e t t e r  reduced t o  p rac t i ce ,  
or i f  s e l ec t ion  c r i t e r i a  become very heavi ly  weighted toward a p h r t i c u l a r  goa l  
such as performance o r  cost. 
Fig.  B-1 , the design a l t e r n a t i v e s  were, o f  course,  i n t e r r e l a t e d  i n  many in- 

stances.  

and were explored 

In some cases  the  present  one-piece, 

Although shown under f i v e  major headings i n  

The combustion chamber contour and the channel configurat ion a l t e r n a t i v e s  and 

se l ec t ion  have a l r eady  been discussed i n  d e t a i l .  The present  sec t ion  compares 

a l t e r n a t i v e s  considered f o r  ma te r i a l s ,  f a b r i c a t i o n  methods, an2 means of reduc- 
ing  the weight of nozzles  with a r e a  ra t ios  of  60 o r  g rea te r .  

WTERIALS 

Several  ma te r i a l s  were considered and compared t o  n i cke l  on the  standpoint o f  

s t r eng th ,  thermal conduct ivi ty  and f a b r i c a t i o n  c h a r a c t e r i s t i c s .  Haynes 25 and 

T-D n i c k e l  i n i t i a l l y  appeared a t t r a c t i v e  but  should be explored i n  g r e a t e r  de- 
t a i l ,  

Nickel - Has good thermal conductivity but exhibi ts  low strength a t  

elevated ( 1400 F ( 1032 K))  t e q e r a t u r e .  May be 

electroformed, but electroformed nickel may have poor elongation 

propert ies  a t  elevated temperatures. 

being fabricated by the powder metallurgy and spinning processes ; 

readi ly  weldable to  high nickel content a l loys.  

Has high potent ia l  f o r  

&1 
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INCO 625 .-. Relat ively poor thermal conductivity but  good 
s t rength  a t  elevated temperatures. Has been spun, 

Readily weldable t o  n i cke l  and high n i cke l  content 
a l loys.  

Haynes 25 - Thermal conductivity higher  than INCO 625 but lower 
than T-D n i cke l  and much lower than Nickel. 
s t rength  a t  eleyated temperature. 

Has good 
H a s  been spun. 

T-D Hickel - Thermal conductivity is good but has  poor  e longat ion 
propert ies .  Has good s t rength  a t  e levated tempera- 
tures .  Has been spun. 

FABRICATION PROCESSES 

Several  advanced f ab r i ca t ion  techniques are being invest igated a t  Rocketdyne, 
These techniques, as w e l l  as o t h e r s  reported i n  the l i t e r a t u r e ,  were considered 

f o r  f ab r i ca t ion  of  the thrust chamber. 

Electroforming 

Electroforming was selected as the  method f o r  f a  i r ica t ing  the coolant she1 
(combustor and nozzle). 
have been electroformed and demonstrate the f e a s i b i l i t y  o f  the process, Being 
ab le  t o  index d i r e c t l y  from the electroforming mandrel ensures  the bes t  possible  
tolerance cont ro l  of any f ab r i ca t ion  techniques. A t  the present  time, t h i s  fab- 
r i c a t i o n  method i s  c lose r  t o  being reduced t o  p rac t i ce  with n i cke l  than the  
following techniques. 

Several  n i cke l  t h rus t  chambers and three  n icke l  nozzles 

IGCO 625 th rus t  chambers i n  t h i s  s i z e  range have been fabr ica ted  using a spun 

inner  s h e l l  with electroformed n icke l  closeout,  It is  reasonable t o  assume 
t h a t  a n icke l  chamber could be made i n  a similar manner. 

t i o n  would be spun i n  two pieces ,  necess i ta t ing  a circumferent ia l  weld j o i n t  

The current  configura- 
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just af t  of the th roa t ,  
allow machining of the  i n t e r n a l  sur faces  and o f  t h e  channels. 
machining of the channels, a n i cke l  closeout w a l l  is electroformed. 
and w a l l  to lerance cont ro l  cur ren t ly  appears t o  be l e s s  than with the e l ec t ro -  

forming process e 

After spinning, the spinning too l ing  i s  removed t o  
Following 

Channel 

Powder Netallurgy and Casting 

Powder metal and cast n icke l  p a r t s  have been nade f o r  chambers i n  t h i s  s i z e  
range. Process parameters must be establ ished before i t  can be considered a 
"state-of-the-art" f ab r i ca t ion  technique, The process,  however, does show a 
g rea t  deal of p o t e n t i a l  f o r  f ab r i ca t ion  cost  reduction. 

CHAKNEL DESIGN 

Channel design v a r i a t i o n s  were considered f o r  weight reduction poten t ia l .  

Since most of the weight i s  i n  the  nozzle, t h i s  a r ea  was emphasized. Nozzle 
extensions t o  increase the area r a t i o  and performance were a l s o  evaluated as 
p a r t  o f  t h i s  e f f o r t ,  

Al ternate  Channel Configurations 

As described i n  Task I channel configuration s t u d i e s  (Fig. 17 
channels and channel branching o r  addi t iona l  step-width v a r i a t i o n s  can provide 
nozzle weight reductions.  Five t o  e igh t  pounds reduction i n  nozzle weight could 
po ten t i a l ly  be achieved. Considerably more f ab r i ca t ion  expense could be involved 
i n  these channel configurations,  

>, use of tapered 

Dummy Channels 

The coolant channel widths i n  the nozzle a re  l imi ted  by s t r u c t u r a l  considera- 

t ions.  ks  a r e s u l t ,  the  nozzle i s  grossly over-cooled and heavier than necessary. 

Considerable weight reduction could be effected by removing mater ia l  from the 
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center of the cold s i d e  of the lands, Machining 0.2-inch (0.5 cm) s l o t s  i n  the 

region x/Rt greater than 10 would. reduce the thrust  chanber weight by 4 pounds. 

Combined Tube/Zle c t rof ormed Nozzle 

A l ightweight,  low-cost nozzle can be made using unspliced simply-tapered 
tubes with c i r c u l a r  cross-sections throughout t h e i r  f u l l  length. 
formed close-out would provide an in t eg ra l  gas-tight seal and s t r u c t u r a l  
member. The nozzle would extend f r o m  an area r a t i o  of 4 t o  60 and have 
characteristics as described i n  Table B-E . The tube w a l l  nozzle and mani- 
fo ld  could provide a weight savings of 10 -12 pounds. Fabricat ion i s  i l l u s -  

t r a t e d  i n  Fig. B-2. 

An e lec t ro-  

T U L E  B-1 

TUBE WALL THRUST CHAMBER EXTENSION 

Attachment Point  

Exi t  

Material 

Tube s : 

Number 
Wall Thickness, in.  (cm) 
Diameter 

Weight 

e = 4  
c = 6 0  
INCONEL 625 

180 

0.025 (0.064) 
0.093-inch (0.236 cm) O.D. a t  .Cl = 4 
0.361-inch (0,917 em) O.D. a t  E = 60 

Cross-section remains c i r c u l a r  

21 pounds (9.5 kg) 

Radiation-Cooled Nozzle Extensions 

Radiation-cooled nozzles general ly  weigh s ign i f i can t ly  le?s than regeneratively- 

cooled nozzles and, therefore ,  were invest igated as a l t e r n a t i v e s  t o  reduce 

chamber weight o r  t o  increase nozzle area r a t i o  for performance improvement. 

Cloth and metal nozzles formed t o  80-percent b e l l  and 15-degree cone con- 

tou r s  were considered. 



Tube ready f o r  electroform deposit,, 

I n i t i a l  electroformed n icke l  deposit .  

Machined smooth, 

Electrolormed n icke l  deposited t o  required 

thickne $so  

Figure B-2 e Method Used t o  Form an Electroformed Nickel She l l  

f o r  a Tubular Thrust Chamber, 
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2 t a chamber pressure of 500 psia  (3450 kN/m ) and with an extension attached at 
= 60, the max imum w a l l  temperature a t  which the extension must operate is 

approximately 2100 F (1170 K) as shown i n  Fig. B-3. 
at th i s  temperature; however, careful choice of materials w i l l  have to be made 

due both to the operating temperature of 2100 F (1170 K)  and to the need f o r  

compatibility between nozzle extension mterial and FLOX/CH combustion products. 
Materials which could be used are nickel-based alloys (Hastelloy o r  INCO type) 

f o r  the m e t a l  skirts and graphite c loth for  the cloth extensions. Information 

on cloth nozzles w a s  based on the resu l t s  of Ref. 22 

Radiation cooling is feasible 

4 

The operating temperature of a radiation-cooled extension a t  area ra t ios  s ignif icant ly  

lower than 60 is beyond the capabili ty of the metals, so that graphite c lo th  was 

selected for  the radiation-cooled nozzle material to effect the most signif icant  

weight reductions. 

Performance, weight, and dimensional data presented i n  Table F3-2 show that very 

l i t t l e  pe r fomnce  is l o s t  by attaching a 15-degree conical extension to the 

existing truncated contrjur a t  an area r a t i o  of 30, compared to  attaching an optimum 
&percent contoured extension. Fabrication ease, therefore, would suggest using 

the conical extension. 

nozzle would reduce the performance difference between the nozzles. For equal 
performance, however, the conical nozzle extension would be longer than a bell 
nozzle extension. 

The graphite cloth can be attached at  an area ra t io  of 30. 

Reoptimization of the regeneratively-cooled portion of the 

The 15-degree c lo th  extension attached a t  area r'atio of 30 would save 23.2 pounds 

(10.5 kg) of thrust chamber weight. However, the methane would cool less nozzle 

area and, therefore, would leave the jacket at a lower temperature which would 

require the turbines to be driven with a higher inlet pressure. 

(296 kN/m ) fuel pump discharge pressure rise would result .  

A 43 ps ia  
2 

Extending the present contour t o  an area r a t i o  of 100 or  200 would result i n  the 

same performance, whether a b e l l  or a conical extension were used, as shown i n  

Table B-2. 

for  selecting a conical extension. 

and weigh about the same; the cloth nozzle, however, is retractable.  

Fabrication ease would probably supersede the s l igh t  weight penalty 
Both metal and cloth extensions could be used 
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