
— — ‘1
AO—AO66 k94 NAVAL POSTSRADUATE SCHOOL MONTEREY CALU F/S 21/S

AN EXPERDENTAL INVESTIGATIO N OF THE DUAL CHAMBER ROCKET, (U)
JAN 79 J F MCFIU.IN. D W HETZER

UNCLASSIFIED it567 79 001 Pt

40684 94 ____________ ____________ ____________ ____________ ____________ ____________ _________________________________________________________________

•

_  

__me’SB U-- Nfl ---- U
END
DAIt

•5-- 7g

p



_ _ _  ‘~~L~ ~2.2
III~~~

I I.’ ~~ HIO~11111 1.8

11111’ .25 MII~ .o~

4

MICROCOPY RESOLUTION TEST CH#IT
NATIO~AL BUREAU OF STANOARDS-196~-~4



11/ NPS67—7 9—4~l

V A L POST GRADUAT E SC HOO L
Monterey, Ca lifornia

E~~ERI~~~~ M. ~ N~ESTICATION OF ThE DUAL

CHA1thER RDcKE

,
~, r

~~~~~~~~~
an

~~~~~~~~7Ej ~~‘f’JApproved for public release; distribution tuilimited

Prepared for:
Naval Weapons Center
China Lake , CA

/ : ~ r, ~ 

~~~~~~~~ ~~~ii~ ~::~ ~~~~~~~~~~~~~~~~ ~ iJ



- -~~L ~

NAVAL POSTGRADUATE SCHOOL

Monterey, California

~~~~~~
• I

Rear Admiral T. F. Dedman Jack R . Borsting
Superintenden t Provost

The work reported herein was supported by the Naval Weapons Center ,
China Lake, CA., under contract N6053078WR3Q023.

Reproduction of all or part of this report is authroized.

This report was prepared by:

~~~~~~~~ 3. F. MC FILLIN, JR. D. V. NETZER
LT , US NAVY Associate Professor ol Aeronautics

Reviewed by:

• C
~ ~~~~ 11/ . / d~~M • F. PLATZER , Chairman w • M. TOLLES

Department of Aeronautics Dean of Research



~~~ -— ~~ ~~~~ ~a. --

P LAS~ IYIED
$tCu~~s Y v  c L a% S I r ,c A ’ I o w  OP V w , S  P061 (~~~on b.4. ln, ...dJ

4 U REPORT DOCUMENTATION PAGE RP~AD INSTRU, r,fl~~

GOVT ACCESSION NEC IPI C A Y  ci

!WS67—7Q—OO1
4 TIT ~~( (1.43ij bigi~•j S YY PL Or *(PORi 0 PV~IO~~’ OV1~~ED

AN EXPERIMENTAL INVESTIGATION OF ThE DUAL CHAMBER
ROCKET

S P(~~~O~ NiNO ONO. NLPo~~T ~~~~~~

7. ~~~~~~~~~~~ 
‘ UCo ~~tCaCT om o~~*~~t W~~~~NP~~(.

J. F. McFillin, Jr. and D. V. Netzer

O*O* NIZATtON NAMI AND ADI~73s- •~~~~~~~~ sv ,oPuI uNItNuMe!pIt S,c

Naval Postgraduate School
Monterey, California 93940

‘
.‘• coN7~~ c~ctsosE ~~o sastss ‘ IL CIPoNT DAYS

January 1979
Naval Weapons Center r

11 NuNeE~ er øaoEs
China Lake, ~~ 93555 46

11. MONi YONINO ADINCY HA MS I ADDMESWS mis.,.,. C MsUMl Dm..~ ts. oecuøvr v CLAsS . (.1 tAt. ~~~~~~

Unclassified
n b .  DICLASS PICAYIOS.TOONNO*AO MO

SCHCDULE

~sS. DISTNISUYION STATEMENT (.I UU. R.p..1)

Approved for public release; distribution unlimited.

17. DISYNII UTI O N STATEMENT (of A. aI.t, 0I .nI .,.d i. is.. * 30, ii ~ fl.. Sl 5.. Rm.’l)

IS SUPPLEMENTANY NOTES

IS scEy wOMOS (Conitew. on r~~~~i•. ifds IS a.C.. IaI ~ ond IdPNPIIV Sv Si..b ~~~ s.PJ

Rocket
Dual Chamber
Experimental

20. TNAC ~C4~ tffivs on ,~.iv•. .id. • ~~~~~~~~~ ~~ d S*.US& Op 091.2 1 2sr) 
— —

An experimental investigation was conducted to determine the feasibility and
practicality of the dual chamber rocket concept. Cold flow studies were performed
which utilized a telescoping booster cavity. The effects of booster cavity
length, booster cavity shockdown pressure, booster/sustainer nozzle area ratio,
and aft nozzle removal on thrust and the booster cavity pressure distribution
were explored.

000$ 1473 EDITIo N ,. WO~. 02 5 OSSOLITE
I’ ~~~~

. 
~~~~~~ ~~~ ~~~~~~~~~~~~~

SICu øITY C.Aft$ CATIOW ”° YW~~~~SI~l ‘~on

~ ‘) ‘~~‘

p~0 
______

- 
.. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -~~~----~~~~~- -  ~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~ -~~~~~~~



TABLE OF CONTENT S

Section Pag~e

I . INTRODUCTION . . . . . . . • . . . . . . . . . . . . . . . . 1

II. METhOD OF INVESTIGATION • . . . . . . . . . .  s
III. DESCRIPTION OF APPARATUS . . . . . . . . . . . . . . . . .  6

A. AXISYMMETRIC APPARA TUS .......... 6

B • INSTRU!~~NTAT ION • . . . • . . . . . . . . . . . . . . . 6

IV. RE SULTS AND D I S C U S SI O N . . . . . . . I . . . . . . . . . . .  8

A. DATA REDUCTION . . . . . • . . . . . . . . . . . . • • 8

B. BOOSTER NOZZLE ATTACHED ..   9

C. BOOSThR NOZZLE REMOVE D 13

V. CONCLUSIONS AND RECOMMENDATIONS . . . . . .  15

LIST OF REFERENCES • • • . . . . • . • . . . . . . . • . . . . . . 37

INITIAL DISTR1BUTION LIST . . . . . . . . . . . . . . . . . . . . 38

it~. i,~

- -

s I

iii

~~~~~~~~~~~~~~~



• .~~=~r~~~~
---

~ 
-

~~~~~~ 

______

LIST OF FIGURES
Page

1. Schematic of Thrust Stand . . . . • . . . . . . . . . . • • 17

2. Schematic of Axisymmetric Apparatus . . . . . . • . . . • • 18

3. Photograph of Apparatus on Thrust Stand •.. . . • • . . • • 19

4. Photograph of Full Forward Position . . . . . . • . . • • • • 
19

5. Photograph of Full Forward Position with Instrumentation • 
20

6. Photograph of Full Aft P o s it i on . . . .. . . . ... . . . .  20

7. Photograph of Hydraulic Ram . . . . . . . . . . . • . • • • 
21

8. Photograph Showing Thrust Stand Stiffeners . • . . . . 
21

9. Schematic of Apparatus and Test Conditions . . . . . . • • 
22

10. Thrust vs. Booster Cavity Length, Configuration 1, Booster
No £Zle on • • . • • • • 

23

i.1. btatic Pressures vs. Booster Cavity Length, Configuration 1,
P5 1500 psia, Booster Noozie on . . . . . • . . . . . . . . 24

12. Static Pressures vs. Booster Cavity Length, Configuration 1,
P5 

— 1000 psia, Booster Nozzle on . . . . . . . . . . . . . . 25

13. Static Pressures vs. Booster Cavi ty Length, Configuration 1,
P5 — 500 psia, Booster Nozzle on . . . . . . . . . 26

14. Thrus t ~s. ~soo~ter Cavity Lengt.~, Configuration 2, Bot ster
Nozzle on . . . • • • • . . . . . • . . . . . . • 27

15. Static Pressures vs. Booster Cavi ty Length, Configuration 2,
P8 1500 psia, Booster Nozzle on . . . . . . . 28

16. Static Pressures vs. Booster Cavity Length, Configuration 2,
P5 — 1000 psia, Booster Nozzle on • . . . . . . . . . . . . . 29

17. Thrus t vs. Booster Cavity Length, Configuration 3, Booster
Nozzle on . 30

18. Static Pressure vs. Booster Cavity Length, Configuration 3,
P8 

= 1500 psia, Booster Nozzle on . . . . . . . . . . . . . . 31

19. Fraction of Shock down Pressure vs. Booster Cavity Length . • 32

20. Thrust vs. Booster Cavi ty Length, Configuration 1,
P5 

— 1500 psia, Booster Nozzle off • . . . . . . . • . . . . 33

V 

~~~~~ ~ •~ • • ~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~



Page

21. Static Pressure vs. Booster Cavity Length, Configuration 1,
P5 — 1500 psia, Booster Nozzle off . . . . . . . . . . . . . . . 34

22. Thrust vs. Booster Cavity Length, Configuration 2, Booster
• Nozzle off . . . . . . . • . . . . . . . . . . . . . . • . . . 35

23. Static Pressure vs. Booster Cavity Length, Configuration 2,
- P5 — 1500 psia, Booster Nozzle off . . . . . . . . . • . • . • . • 36

vii

i~i ~~~~~~~~~~~~ ~~~ .J1TT~; ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ITI _ _ _ _ _ _ _ _ _ _ _ _ _



—•~~~~~~~ • . ~•“- •.-—~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~ • • • ______• •

TABLE OF SYMBOLS

A - Area

Cf — Nozzle thrust coefficient

d — Diameter , in.

F - Thrust , lbf.

L — Length , in.

ik —

P — Pressure, Lbf./in.2 absolute

T - Temperature, °R

Subscripts:

b — Booster

e — Nozzle exit

j  — Jet

a — Sustainer

sh — Shockdown

t — Nozzle throat

ix

I ~~~~~~~~~~~~ 
.
~~~~~~~~~

. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

. 
~~~~~~~

•- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— ~~~~~~~~~~ . • ~~~~ • • ,



~~~~~~~ 
- • 

____________

I. INTRODUCTION

Tactical missiles most often have utilized solid fueled rockets for their

ease of handling and storage, and their light weight. Demands for higher perfor—

• 
. - 

mance have necessitated new advances in propellants and metallurgy, and pressures

have steadily risen. New inovations have become necessary in order to improve

overall performance for a propulsion system which has become a mature technology.

Various thrust—time behaviors obtained with new grain configuration and

nozzle combinations have been utilized in an attempt to optimize performance for

design goals. Boost—sustain motors have been used to meet the demand for medium

ranged air—launched tactical missiles.

Boost motors utilize high pressures, high burn rates, and thus short burn

times to accelerate tactical missiles to their normal operating speeds, and to

provide rapid separation from the launch vehicle. This generally has necessi-

tated In internally burning grain and a large nozzle throat area. Sustainer

motors, on the other hand, require longer burn times and operating pressures

determined by the desired boost—sustain thrust ratio. Current demands are for

thrust ratios up to 20:1. A particular problem occurs when large thrust ratios

are required for the boost—sustain motor. If both modes of operation use the

same large boost nozzle, then the sustainer would necessarily operate at very

low pressures with often unacceptably low burning rates. To obtain adequate

pressures and flow rates under these conditions often requires internally

burning grains with correspondingly shorter burn times.

Several possible alternatives are available. In principle, the burning

— . rate of the sustainer motor propellant could be increased enough to allow the

use of an end burning grain with small surface area. In practice, however ,

1
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high burning rates are difficult to obtain at low pressures. Separate boost

and sustain motors could be employed with the booster ejected after burnout. 
*

This is often done on ground/ship launched missiles, but this would present

difficulties for air launched syateme which usually utilize one set of aft - *

mounted fins for trajectory control.

Mother alternative is the variable area nozzle, which requires some form

of actt,mtjon. This, by itself $ leads to increased complexity, weight , and

expense, not to mention the technical difficulties associated with the high

temperatures involved. New technology may permit this concept in the future.

The dual—chamber rocket presents another alternative. In this configura-

tion the sustainer motor has its own nozzle, raising the pressure sufficiently

to allow the use of conventional propeli.ants in the end—burning configuration.

The sustainer motor then exhausts into th. empty booster cavity. The booster

nozzle may either be retained or ejected.

The dual chamber concept involves some interesting design considerations.

A typical design might incorporate a booster cavity which is nearly fifty sus-

tainer exhaust nozzle diameters in length. From available literature [Refs. 1,

2, 3j, free jets have been observed to shockdown within eight to ten diameters.

Little is known about the behavior of confined jets. For long booster cavity

lengths the sustainer motor exhaust would enter the booster cavity, shockdown,

and merely act as a gas generator for the booster nozzle. This in itself may

provide sufficient performance advantages over the conventional (one—nozzle)

boost—sustain design. However, if the jet imp inges on the booster cavity walls,

severe problems could arise from high heat transfer rates. This could adversely

affec t thrust performance, with the increased need for insulation and weight.

2
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If the sus taine r exhaus t could be made to pass through the boost cavity

without shockdown or only partial shockdovn , it may be possible to significantly

increase thrust as a result of 1o~~-r stagnation pressure losses.

Benham and Wirtz (Ref. 4J concluded that preventing shockdown did not

appear feasible for the tactical dual—chamber concept. This conclusion was

based primarily on observed short ahockdovn lengths. However, these short

shockdown distances might still prove beneficial in the tandem approach to the

integra l—rocke t—ramjet (IRR) , where combustor lengths are short and the booster

exhaust j et may actually pump ramjet air.

The above concep t requires tha t the sustainer jet pass through the booster •

nozzle , either freely or just attaching at the nozzle throat. While this may

not be practical, another possible means exists for reducing stagnation pres—

sure losses. This involves designing the nozzles and booster cavity such that

it operates similar to a blow—down supersonic wind tunnel. In this mode of

operation the sustainer exhaust would expand (with minimum or no shocks) to

the booster cavity wall and flow supersonically into the booster nozzle.

In order to operate in this manner, particular values of nozzle area ratio,

and booster cavity length are required. These requirements may or may not be

compatible with particular motor geometry restrictions. To operate in the

supersonic mode may also require the sustainer exhaust nozzle to be specially

contoured to the booster cavity diameter. This may impose severe weight penalties.

The approximate area ratios required can be determined using one—d imensional

theory and assuming that the only losses occur across normal shocks (Ref. 5).

The value of the specific heat ratio will significantly affect the required

area ratios. Smaller values require smaller sustainer and booster nozzle

- - throat areas for a given booster cavity diameter. It should also be mentioned

3
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that both the “starting” of the supersonic flow and the exhaust nozzle losses

- 
. will depend upon the local ambient pressure (altitude).

When calculating the necessary area ratios several operating requirements

must be met; (a) the sustainer nozzle throat must be small enough to produce the

desired high sustainer chamber pressure, (2) the booster throat area must provide

adequate booster pressure and loading fraction, (3) the booster throat pressure

during sustain operation must be kept greater than ambient pressure to prevent

flow separation and to allow “starting” and (4) the booster cavity length proba-

bly should be sufficient to allow the sustainer exhaust to expand to the wall.

Whether or not the above restrictions together with possible nozzle contour

• requirements will allow a practical system to operate remains to be determined.

Another alternative for the dual—chamber concept employs the ejection of

the booster nozzle. Here the sustainer motor may be optimized for expansion

to atmospheric pressure. Thrust is again provided at sustainer pressures couinen—

surate with long burn times using end burning grains. Expansion of the sustainer

exhaust to the booster cavity wall could greatly affect base pressure and thereby

cause thrust to vary appreciably with altitude.

The purpose of this investigation was to determine the feasibility and

practicality of the dual—chamber concept through a systematic investigation of

the pertinent design (nozzle shape and size, booster cavity lengths, etc.) and

operational (pressure , etc.) variables. This initial report presents the results

of an experimental investigation directed at dual—chamber operating character is—

tics without expansion to supersonic flow in the booster cavity. The latter will

be presented in a subsequent report. Initial mathematical modelling work has

been previously published (Ref. 6) .  . -

_____  
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II. METHOD OF INVESTIGATION

The object of this investigation was to determine the ef fe—ta of config.ira—

tion variables on the internal flow field and on the thrust of the dual. chamber

rocket. To this end , both axisymmetric and 2—D appara tus were designed and

constructed for non—reacting flow experiments. The axisyimnetric apparatus

consisted of a telescoping booster cavity and was used to determine the effects

of design and operating variables on the obtainable thrust and the booster

cavity pressure distribution. The 2—D apparatus was designed to provide

schlieren observations of the flow field within the booster cavity during sus-

tainer opera tion. This initial investigation was concerned only with the

axisyninetric apparatus.

The booster cavity length could be varied to provide length to diameter

ratios from zero to approximately 2.3 for a 4.0 inch booster cavity diameter.

Thrust, pressures, temperatures, and flow rates were measured and recorded as

cavity length was varied.

Two booster and sustainer nozzles were employed to determine the effects

of nozzle diameter, and booster/sustainer nozzle area ratio. As a consequence,

nozzle exhaust pressure to the booster cavity and shockdown pressure could be

varied. Sustainer motor pressures were varied from 1500 to 300 psia.
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III. DESCRIPTION OF APPARATUS

Li A. AXISY)*1ETRIC APPARATUS

The axisymmetric motor was mo-inted on a thrust stand which utilized

linear bearings to minimize frictional effec ts (Fig. 1). Figure 2 presents

a schematic of the dual chamber apparatus. The high pressure section was

mounted to the thrust stand. The length of the low pressure section could be

varied by actuation of a hydraulic jack mounted on the af t  end of the thrust

stand. This section was also mounted on linear bearings . Photographs of the

apparatus are presented in Figures 3 through 8. Figures 4 and 5 show the

apparatus in the full forward position and Figure 6 in the full aft position.

To ensure tha t no forces from the high pressure air supply interacted with

the thrust developed by the nozzle, two flexible hoses twenty feet in length

were utilized (Fig. 8).

The air supply system consisted of a small 3500 psi air compressor , air

dryer , and storage tanks.

Three basic configurations were employed in the initial investigation as

summarized in Figure 9.

B • INSTRUMENTATION

Thrust was measured with a strain gage load cell and calibrated using a

pulley and weight—table arrangement. Air flow ra te could be measured using an

A.S.M.E. sharp edged orifice. Orifice pressure and differential pressure and

sustainer cavity pressure transducers were calibrated using a dead—weight —

tester. Booster cavity length was measured using a linear potentiometer

attached to the translating section. Pressure distribution within the booster

cavity was measured using a Statham differential pressure transducer mounted

in a 48—channel Scanivalve.

6
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Scanivalve output , orifice tempera ture , and booster cavity temperature

were recorde d on strip —chart recorders . All other variables were recorded on

an 8—inch Visicorder .

I f
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IV. RESULTS AND DISCUSSION

A. DATA REDUCTION

The results are presented in Figures 10 through 23. During the experiments

it was not possible to exactly obtain the desired pressure levels of 1500, 1000,

500, and 300 psia. When these small variations occurred thrust was corrected

to the nominal pressure value using the expression F — Cj , 
~T A t . Corrections

were made for both 
~T and CF •

Shockdown pressures 
~~~~ 

presented in Fig. 9 and on the pressure distri-

bution plots were calculated from the continuity equation (i.e. by multiplying

the sustainer stagnation pressure by the sustainer—to—booster throat area

ratio) . Nozzle exhaust pressures in Fig. 9 were calculated assuming one—dimen—

- - sional isentropic flow.

Values of theoretical thrust (Fth) are presented in Figures 10, 14, and

17. With the booster cavity in the full forward position (left side of figures)

was calculated from 
~~ ~~ 

At using the sustainer stagnation pressure and

nozzle exhausting to ambient pressure. With the booster cavity fully extended

(rigF. t side of figures) F
~~ 

was calculated using the ahockdown pressure for

and the booster nozzle exhausting to atmospheric conditions. The maximum

possible theoretical thrust (Fm
) was calculated using the sustainer stagna-

tion pressure and assuming isentropic expansion from the sustainer nozzle throat

to the booster nozzle exit diameter and ambient back pressure. For this cal-

culation it was also assumed that no flow separation occurred in the booster

noozie. This is a good assumption except for configuration (3) and possibly

configuration (1) at 500 psia . In these cases may be 1&cger than the

calculated value due to flow separation .

8
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Only minor variations occurred between the pressures along the booster

cavi ty wall. For this reason only data for p6 are presented. Pressure tap

~
, ,  

was located in the booster cavity wall , 2 inches forward of the nozzle

plate. Pressure tap p
9 was located in the diverging section of the booster

nozzle (configurations 1 and 2 only) at an area ratio of 1.237. This nozzle

employed a 5.5° divergence half angle and had an overall area ratio of 1.362.

Pressure tap p8 was located on the booster nozzle plate (above the contour

section) at a radius of 0.90 inches.

In the full forward position the booster nozzle did not contact the sus-

tainer nozzle plate (due to bearing stops) . Booster cavity length could be

varied from a minimum of 0.35 inches to a maximum of 9.28 inches.

B. BOOSTER NOZZLE ATTACHED

The three basic configurations presented in Fig. 9 were tested. Configura—

tion 1 employed a sustainer nozzle that provided expansion to slightly greater

than the shockdown pressure. Configuration 2 was significantly overexpanded

and configuration 3 provided ideal expansion to the shockdown pressure.

Fig. 10 presents the thrust data and Figs. 11, 12, and 13 the corresponding

pressure distribution data for configuration 1. Thrust was measured as booster

cavity length was decreased continuously from 9.28 inches to 0.35 inches. At

intermittent lengths booster length was held constant and the pressure distri—

bution recorded.

The differences between the sustainer and booster theoretical thrusts was

small (3—132) for this configuration and resulted in very minor variations in

- 
_ thrust with booster cavity length. However , at no time did thrust increase

dramatically to approach the maximum theoretically possible thrust. Thus , the

sustainer exhaust jet never remained supersonic and never smoothly attached

to the booster nozzle contour .

___  

_ _ _ _  
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It might be possible to -tailor the booster length and nozzle contours to permit

the latter but it would probably be a very unstable condition (as a result of

variations in sustainer stagnation pressure and ambient conditions)..

Figs. II, 12, and 13 show that for this configuration wall, static -pressure

approached the shockdown stagnation pressure (85—93%). The wall static -prea—

sure decreased with booster cavity length. For lengths less then approidmately

1.8—20 sustainer exhaust diameters pressure decreased rapidly. However , booster

nozzle static pressure (p9) remained essentially constant. This indicated

that an approxiisatel.y constant stagnation pressure was provided to the booster

nozzle and is in agreement with the observed constant thrust . For this con—

figuration jet shockdown always occurred , but the subsonic jet apparently did

H not spread to the cavity wall. A recirculation region apparently existed over

the entire booster cavity length at the outer wall.

As sustainer stagnation pressure was reduced from 1500 to 500 pain, the - 
-

ratio of booster wall, static pressure to shockdown pressure decreased slightly

(93% to 85%) • The pressure profiles also are observed to level off earlier for

higher pressure conditions . It should also be noted that the sustainer exhaust

actually operated in a more underexpanded condition than the design point

since booster cavity static pressure was less than the ahockdown pressure.

Fig. 19 presents the fraction of shockdown pressure obtained at the outer

vail as a function of booster cavity length. If several plausib le assumptio ns

are made (which must be verified with schlieren data) then Fig. 19 yields some

interesting results. It will be assumed that (a) when p6 (or 
~8~~~~sh the expanding

jet has reached the booster cavity wall and (b) when p6 begins to decrease

rapidly, the core of the jet begins to penetrate the booster nozzle throat

(for configuration 1 the latter occurred for 
~~ 

0•7~~i~ and lengths of 16—20 -
.

10
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sustaine r exhaust diameters , or 4 . 4  — 5.5 inch..). When the jet clears the

booster nozzle entirely it will pump the booster cavity to its minimum pressure.

With these assumptions Fig. 19 implies that the jet may have spread in an

approximately linear manner independent of sustainer pressure (since pressure

ratio remained fixed) to lengths of approximately 18 exhaust diameters. Af ter

18 diameters of length the jet spread more slowly and approached a maximum

diameter asymtotically. In the latter stages, the jet spreading was slower for

lower sustainer nozzle stagnation pressures.

It is not clear at this time why the percentage of theoretical thrust at

500 psia increased above that obtained at 1000 psia and why values were greater

than theoretical possible at maximum booster length. Thrust and sustainer

pressure measurements were least accurate at low thrust conditions and may

account for some of this apparent discrepancy.

Although the small difference between sustainer and booster theoretical

thrust prohibited observation of marked variations in thrust with booster cavity

length some variations were observed for very short lengths. Figs. 11, and 12

show that booster nozzle static pressure decreased more rapidly for lengths

less than approximately f ive sustainer exhaust diameters.

ConfIguration 2 operated in an extremely overexpanded condition. The

difference between sustainer and booster theoretical thrusts was approximately

13%. The behavior was similar to that obtained with configuration 1. However ,

sustainer jet shockdown apparently occurred more rapidly for the overexpanded

conditions , allowing booster cavity wall static pressures to reach shockdown

stagnation values for maximum booster lengths. Fig. 19 also presents the

fraction of shockdown pressure attained at the booster cavity wall as a function

of length for configuration 2. With the same assumptions used above it appears

11 
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tha t sus tainer pressur. had no affect on jet spreading . In this case the

exhaust jet was much larger and more nearly equal in df’~~ter to that of the

- - booster throat. 702 sbockdown occurred at approximately six exhaust jet

1 .- diameters (or 2 ,8 In) and the aubsonically expanding jet apparently reached the 
- .

booster wall .

Configuration 2 exhibited a noticeable thrust increase (Fig. 14) for

boos ter lengths less than approximately 3.5 exhaust jet diameters (1.6 in.).

For configuration 2 this apparently was when the sustainer exhaust jet began

to completely clear the booster throat.

Configuration 3 wa, designed for optimum sustainer jet expansion to the

shockdown pressure but actually opera ted in an underexpanded mode due to the

lower booster cavi ty pressures which were ob ta ined. Comparisons of Fig.. 17 and

18 with the results for configurations 1 and 2 indicates that the jet core had

begun to penetrate the large booster nozzle at the maximum length. obtainable

with the apparatus. The jet appare ntly clear ed the booster nozzle for lengths

shorter than approximately seven jet diameters ( 3.3 in.).

The above results indicate tha t without specifically designing the area

ratios and lengths (to simulate blowdown supersonic wlndtunnel behavior) the

dual chamber configuration will operate in a completely shockdowned manner

except for very short booster lengths. Thrust variation with leng th does not

appear to be of major significance. The behavior for the shorter lengths

where the jet clears the booster exhaust nozzle may be of significance in the

design/operation of integral—rocket—raajet. which use very short coupled

ramjet combustors . Jet spreading to the booster cavity wall (as occurred with

configuration 2) may presen t significant heat transfer problems .

12
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C • BOOSTER NOZZLE REMOVED

With the booster nozzle removed, configuration 1 provided an extremely

4 • underexpanded sustainer exhaust flow. Theoretical thrust was 90.7 lbf. for a

sustainer pressure of 1500 pals. In the full forward position (no booster

cavity) a thrust of 81 lbf. was measured (Fig. 20). Thus, 10 lbf. was attri-

buted to drag on the thrust apparatus when the booster cavity was full—forward.

As the booster cavity length was increased , thrust dropped slowly until 18

exhaust diameters, where it decreased rapidly with length to a minimum of 28.6

lbf. This drop in thrust was directly attributable to less than atmospheric

pressures being developed within the booster cavity for lengths greater than

12 exhaust diameters (Fig. 21). At the full aft position pressure on the

forward booster wall was approximately 10 psia. This resulted in a negative

th rust of 61 lbf. and was approximately equal to the difference between

theoretical and measured thrusts.

A large thrust variation would occur from sea level to forty—five thousand

feet if the aft  nozzle were ejected. The altitude performance would be

significantly improved over the “nozzle on” performance, but this wide variation

in thrust may not be acceptable for tactical missiles. It is well known in air

combat that most enga gements take place below twenty thousand feet. Most

pilots would be unwilling to accept such inconsistent performance, especially

such poor sea level performance. It is worth noting that the rapid thrust

decay (Fig. 20) began at a length of approximately 18 exhaust diameters.

Large , high frequency oscillations in thrust also occurred for lengths greater

than 18 exhaust diameters. The top curve in Fig. 21 also shows that atmospheric

pressure existed in the cavity for shorter lengths. Apparently, the jet

13
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expanded to the wail at thi. location. Interestingly, this was approximately

the same length at which jet pueping began with the booster nozzle attached.

In configuration 2 (Fig.. 22 and 23) , a sustainer nozzle exhaust diameter

of 0.465 in. (vice 0.273) was utilized. The jet had increased diameter but lower

exhaust pressure and higher exhaust velocity. It attached to the cavity wall

at approximately 13 exit diameters (about 20% further downstream than for con-

figuration 1). Decreasing the flow rate (by reducing sustainer pressures from

1500 to 300 pale) decreased underexpansion effects and resulted In a more

slowly spreading jet (from 13 to 18 exhaust diameters for expansion to the wall).

For a sustainer pressure of 300 psia the sustainer nozzle exhaust pressure was

approximately atmospheric.

For the booster cavity in the full—aft position the negative pressure

thrust at sea level conditions was approximately 40 lbf. (Fig. 22). Again,

there was an approximately 10 Lbf. difference between theoretical and measured

thrust in the full—forward position. In this configuration the jet expands

more slowly and does less pumping down of the booster cavity (Fig. 23). This

would result in less thrust variation with altitude than for configuration 1.

However, the thrust variation would still be quite large.

The length of the booster cavity and the area ratio of the sustainer nozzle

will affect the decision as to whether or not the booster nozzle should be

ejected . For long booster cavities, aft end heat transfer would be high as

would thrust variation with altitude.

14 
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V. CONCLUSIONS

- i 1. For the geometries tested , no evidence of sustaine r exhaust jet attachment

- - to the booster nozzle was obtained.

- 
- 2. Without specific attention to nozzle contouring and to area ra tios , sus-

tainer operation will occur in the shockdown mode (except for very short

booster lengths) .

3. In the shockdown mode of operation, thrust is usually insensitive to

booster length although booster wall static pressure may drop rapidly with

shorter booster lengths.

4. Thrust variations with booster cavity length will occur when the sustainer

and booster nozzles have significantly different thrusts (when expanded to

atmospheric conditions) and when the core of the sustainer exhaust begins

to penetrate the booster nozzle throat area.

5. Jet penetration of the booster nozzle throat results in the booster cavity

static pressure being pumped down. The drop in wall static pressure occurs

more rapidly below the condition 
~wall 

— 0.7 
~sh

6. The length required to obtain jet penetration of the booster nozzle depends

upon both the sustainer nozzle area ratio and the exhaust diameter.

7. The sustainer exhaust completely clears the booster nozzle throat for lengths

of 3—7 exhaust jet diameters (depending upon the nozzle areas employed) .

8. Sustainer pressure does not appear to greatly affect the jet spreading

rate wttil after shockdown is complete . After shockdown , lower sustainer

pressure s resulted in slower spread ing rate.

9 • The higher the booster/sustainer thrust ratio the lower will be the static

pressure on the booster wall (more jet penetration of booster nozzle throat).

15
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10. Ejection of the booster nozzle for sustainer operation could provide

significan t al ti tude thrust au~~sntation but also rapid thrust reduct ion

as altitude decreased.

11. When the sustainer exhaust spreads to the booster cavity wall and the

boos ter nozzle baa been removed, system vibra t ion and booster vail heat

transfer may become significant problems.
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Figure 3. Photograph of Appara tus on Thrus t Stand .
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Figure 4. Pho tograph of  Full Forward Position.

19

I ~~~ 

‘-- - - 

.—~
- -- —-- 

——- -
- - - - p_ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - __ __ _ _ _ _ _ srn _ - - - - -  —- - - — - —- - - -—



— - ,.. ,- 

~~~~

— -

~~

—-

~~~~~ 

~~~~~~~~

• ~i&J
:- t _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - —

r~ ~, -
- - -

- -~
-,- -

~ -~~
--
~; ~~~~ 

->-
- — 4~~ - -

~

- -
~~~

~~~~~~~~~~~~~~~~~~~~~
‘ !~~~~~~~ ~;~- 

-

~~

‘-- -

~ - 
- -

~~~~~~~~~~~
%- ‘J ~

Figure 5. Photograph of Full Forward Position
wi th Instrumentation.
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J i g u r e  6 . P h o t o g r a p h of F u l l  Af t  Position.
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Fi gur e 7 . Pho tog raph of Hydraulic Ram .
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Figure 8. Pho tograph Showing Thru st Stand
St i ffencrs.
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