UNCLASSIFIED

AD NUMBER

AD839274

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM

Distribution authorized to DoD only;
Administrative/Operational Use; AUG 1968.
Other requests shall be referred to Air
Force Rocket Propulsion Lab., Edwards AFB,
CA 93523.

AUTHORITY

AFRPL ltr 27 Oct 1971

THIS PAGE IS UNCLASSIFIED




sl 1 il S S

v Yio?
 AFRPL-TR-~68-124-Vol II
FLEXIBLE EXIT CONE

NOZZLE DEVELOPMENT PROGRAM
PHASE 1 REPORT

AD 839274

VOLUME i1
COLD FLOW TESTS
g— August 1968
)
::j TTOTTUTNT A NNTASSIFIED T
r_" E__: iﬂg"l trac Preng{egfggiia thz Departuent of
- y - elense TiUue Lievu Liaotd Ly Y 0f e
= 5. D N s
(o v Rocket Propulsion Laboratory
c X Research and Technology Division
* - Air Force Systems Command

Edwards, California ?3\5’ ,23
7 PR/ ST Y

Tt ioro€f
CHEMICAL CORPORATION
‘WASATCH DIVISION

S > - 9;“%;
.k..(;; 5 ) * r .
"T“ ;.. PR . N . i’-;;‘.\
A
SEP 171368

{ |
Ul ooy y
T A



DISCLATHER

Z @
o

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE  LEGIBLY.




T B e I A e

FINAL REPORT

COLD FLOW TESTS
FLEX-X NOZZLE

August 1968

Prepared by

,4J
%<>< mx&w/

'R. Lavery
Aero-Thermo Analygig Section

Vi
=
\d
)

P

Y
/TWR-3050

N "N;_—‘.... ——



e 19)- vautitl |
AFRP TR-68-124—VOI&Q .TWR-":aOSD’v/ 2,

Y May 67— 31 fu/ £%,
@ZE_'”:‘ | ’\f#‘ /5 @m?fmse :a.,

P 3‘1’

b

FLEXIBLE EXIT CONE
NOZZLE DEVELOPMENT PRGGRAM,

> .2

VOLUMEIL .,
COLD FLOW TESTS ,

T
(12) 73&.&

(SIFo% (11~ é&-C’—wa// yusrt

Drepared by

THIOKOL CHEMICAL CORPORATION
WASATCH DIVISION
Brigham City, Utah

NI NI 1 FIDITERSFRNETI ENATI S SRRl

\ .
| | 4 G
Publications Nw, 0B68 - 19523 Y

S A 7 - VA :




By

s
[

II

<

VI

v

A, Introduction ...
B. Summary

TEST OBJECTIVES . ..

TECHNICAL APPROACH .

A, Scope ......0..

B, TestPlan.....
C. Nomenclature ..

FACILITY .......

TEST PROCEDURE . .

A. Calibration....
. Test Models ...

vow

Testing ......

TEST RESULTS ...

Instrumentstion . .

A. Data Presentation ...

B. Discussion of Test Data

TABLE OF CONTENTS
INTRODUCTION AND SUMMARY ...... e es e e e
i

1. 8Side Force and Torque ... .

2. Axial ForceData.,......
3

Pressure Data and Flow Visualization Data ......

CONCLUSIONS ....

RECOMMENDATIONS

i

Gv U

17

17
26
32
35

37

37
40
40
61
66

73



10

11

12

13

14

15

16

17

LIST OF ILLUSTRATIONS

Page
Basic Flex-X Cold Flow Nozzle Nomenclature. . . .. ... e 7
Cold Flow Laboratory Layout (TUL 11175). ............. 10
Arrangement of Test Tank. . ... et e e e s e et 11
Ejector System for Thrust Stand Cold Flow. .. ...... ORI 12
Thrust Stand and Piping. . . . . ... .... e ceea 13
Flex-X Model in Thrust Stand . .. ...........ccuuun.n ‘15
Flexible Joint Thrust Stand . . . . ... .. covnveevsan A .! 16
Chamnel 5 Calibration . . . .. .. .. .. .. ... .. 19
. Channel 6 Qalibration ............................ 20
Chanel 7 Calibration......... e ee e e e e e 21
Channel 5, Second Calibration ............ e e s ee s 23
Channel 6, Second Calibration . .......... ..., 24
Channel 7, Second Calibration ................. PO 25
Flex-X Cold FlowModel Details. . . . . . . . .. v v v s v v v e 27
Flex~-X Cold Flow Model Assembly . . . ... ............. 28
Flex~-X Cold Flow Model Details at Exit Expansion ¢ 10 .. ... 29
Flex-X Cold Flow Model Details, 15 Degree Nozzle Anglé,
Exit Expansion €10, 16, and25..................... 30

iii



- ‘.,._ o _ . e o T ’ T ; . :‘;_\ TR, TS M‘: A :\:“%'«:\f::’:\gi
8 - — :,.;":%4
il S
3 ,%. % ) ::,:3
i . 3
- ;’?‘
% § LIST OF ILLUSTRATIONS (Cont): . 3
§§ 37 - ] o or = B )
j ' -7 < 5
- i g 18 Flex-X Cold Flow Model Defatls, 25 DegreeNozale Atgle, ‘ 3
;Ef’ %3 Exit Expa.nSiOIl ( 10, 16 and 25. ® e 0 006 8260 0w . o v.a 00 0.0 e 3;. . E:
3 g z: 19 Sketch of:Eroded Nozzles (3¢ and.80Sec).. . . co v v b e - - !&é
B . - 5\
: d . i - . - . ST L 7
S g 20 Tharee Component Balance System Gage Installation........ 34 -~ )f?
3 21 Photograph of the Mercury Manometer Board ) . < 3
Run No. 1, 5Degree Vector, HE25.71 ... ..ccvvveevens 36 = = fd

22 Effect of Pivot Location on. Slde‘Forée -ang Torgie - N
Ampliﬁ(‘»athD(E 10 fs 5)()0.’0~.-‘Obllr?.¢l~.aé-;i. 4;2‘ L

 tany

M,
i

23 Effect of Pivot Location on Side.Force ami Tcrqne 1 ,
Amplification {¢ =10, ¢ -25)‘....;.......";.;.,.:'.. 43 . IS

w0
L

B REAR R atay il Gt 0
ARG, 1oty
) "y ﬁ V*‘ni

| Mg |

(RS S A ke e o

A}
Y f it i sy,

F 24 Effect of Pivot Location on Side Force and’ Tor‘que 3 F

= Amplification (¢ = 10, e, =4 1) A ea. AR .
f 2 < 3

< , - ] :'i
. 1 L 25 Effect of Pivot Location on Side Force and Torque . ¥
k. Amplification (€=25, € =1.5)cc.cuucierneannion. 45 R &

‘ - J - 26 Effect:of Pivot Location on Side Foree and Torgue )
- g Amplification { ¢ =25, € =2.5).......... ...... e v 46

27 Effect of Pivot Location on Side Forcé and Torque
An)pnﬁcation (€ 25, E = 4 0) ooooo “® £ 5 O 8 0 0 8 e 0 e KR A AR

«
Fid et
it AdLa

28 Effect of Joint Location:on Sidg Force and Torque
Amplification(€=10; Pivot1}........ B

T T T TR T L

29 Effect of Joint Tocation on Side Force and Torque
AmpliﬁcaﬁOB‘( €= 10, PiVOtz) ® 6.0 2 06706 2 0 @ 5 00 00 0800008 .

TR

30 Effect of Joint Location on Side Force and Torque
Amplification (€=10, Pivot3)........ e e beemesan "

(ARG RIELr Ly e s
"
PR

Amplification (E 25 PiVOtl)........,.'-.ga.,._..-.‘:.

AP L i

iv

il
B
]
2
]
- ]‘ 31 Effect of Joint Location on Side Force and Torque

-
.
-,
R
v B -
« 9 @
© =
N -
- . v
o
- ~
E
- arr . “ Ead




L
Y

) LRl A L A

ARt p A a e it il i d ta s Ay
;

AN s
. s

PR A

TR TR, &Yy

RO TR T TR
.

l:::.nr:::;r::n

theJOint(TeS_tzl)...............,...1.......:.,.,
v

oy S - - i RSyt B
R B
- :Ef % . ) -

f . ‘ %t ) : > -

. % o * ZIBT-OF ILLUSTRATIONS {Coit) -
2 % ' Figure Page
£ - -

5 g 32 EffectofJoint Location on'Side Force and Tofque
: 3 ” Ampiiiicatxon (=25, Pivot 9). ieserocecesns ves s as. D3
% % 33 Effect.of Joint Location.on Side Force and’ Torque
‘é Amplification {€=25, PIVOt3). . . s e e v e v v ericenn., 54
3‘ § _ 34 Effect of Nozzle Expansior Rafion on Side Force. a.nd ) -
i . Torque Amplification (¢=15Deg). . . . s .- e .ev oo v vvee 0o s 56
‘2'“ § 35 Effect of Nozzle Expansion Ratmn on Slde Force and - -
E % Tordque Amplification (¢= 25Deg)....,,....,............. 57,
S 36 Effect of Nozzlé Cone hugle on Side Fotes and Torque -
2 z Ampllﬁcaticﬂ. e e n e s.a v o s s 000 e > 2 @ o 9 2 e s R I ’a—ﬂo v-o o i 59»
- e 37 Effeet of Nozzle-Erosion on Side Force axid Torque .
’;g Ampllﬁc&tlﬂn o--ooooc-&-oa-«o»:o-goto»goo‘v.s.ooiv‘ 60
i - :
2= .. - . i
g i 38 A’xial"l‘hmst Efficiency vs Nozzle Vector Angle. S
- E .
H 39 ng;al Thiust Efficiency vs Nozzie Vector Angle. . .. ....... 63:
; i: 40 A;Eial Thrust Efficiency vs Nozzle Vector Angle. erireeee. 64
- . L 41 Axxal Tarust Efficiency vs Nozzle Vector Angle. . ....... - 65. -
; i‘ 42 Comparison of Test Data with Treory, Compression Side
H l ofNozzle . ..... ...t iinieirernnoneionneans 67
; fy 43 Comparison of Test Data with Theory, Expanaion Side o
E ofNozzle 000000000 Q..l."el..b.......-’....Q.O' 68
. ﬂ 44 Flow Visualization Showing Separation Upstreati of
E theJOint*(TeBt 19) ® e 0 2 00 0000 020 0090 0.0 0 o 60060 060060008 69 N
o [‘ 45 Flow Visualization Showing Separation Upstream of
thEJOint (TeBt 20) ......... ® o6 0 06 06 2 0 8o ® 8 06 0 05 2 0 s 0 0 0 '/0
46 Flow Visualization Showing Separation Upstream of

7




TRE TR RN TY TR

X ERNT YRR TR TS TR

s s L o e e S LI N LIRS 6 % Yo, g
g TG an ey . o o o gt 2R s N o, " . .
. TV (hid ; ~ - manean-nen
g o e\ et e ariraiey p " —
, R “. . © o o ) o . " I3
i i 4 . , ! s .
‘. A A . N .
o ! LR e " o - “ f "
f ‘o ‘ " N m
PR R « o . ‘ . v
v .
¢ ’ ¢ o 5\ < .q e .
’ [ ' -~ w
1 - O Ry 13 PN “
i . . £ , 7
' ¢ X o w
' ; \ < ! ~a . ¢ o
) « " P re “ A I O
‘ 3 .
. : .
AU o . “ . - I T
‘ . : s U - I
. .
‘ * ' ¢ s LA
i
NN f . o M . ¢
» v e ‘e ©; [} ' ,
5 . *
¢ ' [ g . 'S 'Y \ . s
Cn . . Y
! : ‘e . . ¢
. : ¢
b : . . . , o
i .
3 3 N '
. .. .
- »
Y . KY
! ¢ B ‘e Ky to. >
.
' . ot o .
« « ‘ . J . ) 1@ B
£t . . A P
| .
f ) . N . . i . _ '
B . [ [} .
) v 7 ¢ .
1 ..v .. i) 1
I . - .m.
. " N
. D8 F .
g o . % ;
h |
o o * 3 O ‘
o _ . @“ &
K g 4] a . (Y] ,
' m ' ¢ ' .e r
. : O
2 A L Qm )
. . i .
gl -}
.
. ' L] LB by
! . (T . cm v,
. B . ! .
.
fy . I
« . .
, QF 5]
W % G £ .
K 2 & m o
| N .
m. "
ey
& m m
\ e A A
“ ) <m n_
* .
& § ¢
ﬁ i : o
| =] m
; | S S 9§
b
' , *
|
|
»v
1

T@le

_:,)A, . u ~!.:<1.u rn?zsi..ﬂ__m

e

2 e ORI A O

L s R wowe
AR M

vai) - NI,




oo

Yo

:<§ -

Yo e

Mo b
“
]

poef  joxed  WORY  BORE  WRWGL - B BN R
1
Xl et s Y \&bumpnmmmmvmmmu

’ 1 ’
. .
ey ™ 5 : P v
R4 L Ty SR T2 LT N AN LU VAVS IR N S

SECTIONI

IR 15

INTRODUCTION AND SUMMARY

» o o G > " { N
A i ' .
]
)
. } .
AEPAS TPty iy
. P LS5 b el

O Vgl A M &.,rc:.%mwa:i” ‘3_"&-* L

A. INTRODUCTION
The flexible exit cone nozzle is 2 new concept-being develdpec_lfby Thiékgf
Chemical Corporation to provide improved rocket motor system performance. and
reliahility. This concept consists of replacing a gection of the-exit cone with a flex—

ible joint which -w}ili.permit ',‘recboring'of ‘the éuperéénic section of 'the exit cone.

‘This document is-a report of the cold flow testing and’ andlysus performed at

-__ i Thiokol to establish nczzle design and performanee criteria.
é g ) The Flex-X concept provides thrust vector control- (TVC) by ﬁu:mng the: emagst 'E
; g- gases in the supersonic pomon of:-the nozzle; resulting in complex flow patterns which g‘
A 4
i hd are duuicult *o evaluate aniiytically. These flow condifions.are similar to those of 4
i the supersonit splitline nozzle. Therefore the data acquired in this program is appli- P:
# 3

cable to both the supersonic splitline and the flexible exit cone designs, ' i

This report supersedes results presented in the Phase I report. ¥ Analysxs E
révealed some fanlty data and it was therefore necessary to :n.peat some runs to 3
obtain consistent reliable results.

W\ A QI sl o ¥ o AR Ay
{2 pey poey pog

AP i,

-

bimwwremd’ ¢

" *AFRPL-TR-68-66 Flexible Exit Cone Nozzle Development Program Phase I Report
dated April 1968.
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B, SUMMARY , D &
“\ Thig report documents th eold flow testing conduciéd.on the flexible éxit
cone nozzle. The coid flow program was conducted to establish theperformance- r

. characteristics-of the Flex-X nozzle. ’i’he_inﬂﬁléx;ce:of *sfariouégeomgtgiq pai‘a;ﬁetersl

on nozzle side force, actuation torque,. and axial ﬂzruétdw‘ere'invqsﬁgatéd{ .

The flexible exit cone nozzle turns the gas in the supersonié. portion 6f»1;b;e«: ’
nozzle. With proper design this concept can produce:side fort}:eis‘grmber ﬁxa.ufi;hosg
realized with conventional-veetor nczzle systems.

The maximur side foree amplification achieved in this program was approxi-
smately 1.65 on the 10:1 éxpansion ratio nozzle and 1.95 on fhe 25:1 exparision rafic
nozzle. Torque amplifizations weré 3.6 and 2.9 Yespectively: Axial thrustlosses
for these configurations were from one to two percent. ‘The maxmmm Zthrugﬂoss

measured was.approximately eight percent.

Between five-znd ten degreesnozzle vector, the compression side shock iiiter—
gected the expansion wail and moved into the nozzle far encugh to:cause a.decrease in
side force amplification. Where high vector angles-are required, the seal could be

moved aft to prevent this shock intersection.
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fhe nozzle so 2 zmeiyiical model coald be develrped. - S
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SECTION T - G

A, SCOPE ’ -

1 The norele zxial throst, side force, and actuation torque wWeremessaredon. - F,

2ll test ponfigaratione. The eifects &ﬁefonmmgdemgnmamesm&“emm s

Joint Tocaticn 4 _ R
Cose Angle B T
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Al A contourad hazzie also was tested for comparison with the coniealmozile |
J 7 z ° - - = ?

Two eroded coxfigutaticns were teated to evaluate fa effect of firiig imeon |
‘ nozzie performance. ‘Aksi) aﬂita—so_secoildrﬁﬁng'ﬁme:conﬁg&aﬁonwere_feggtpda ‘ - B
These configuraticne were predicted using ineasured erosion d;m. from the fixed A o
rozzlematerials evalnatiox tests. ’ L Sk
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B. TEST PLAN T
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ST A
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Thé test program was condicted-in accordance with the test:matrix pregented : _:f
ih,Table I, A-total of 27 tests-were.conduéted. Each test consistedof four rins at 5

vector angles of 0, 2.5, 5.0; and 10..0 degrees.. 7 - ) . R

Nozzle thrust, side force, and torque were measured-on all tec,s't;;ﬁﬂs'. Ent -
cone pressures.were measurad at-é‘e?éra.l.ajiiglwl)ocati_ons»in*'thg 0, 45; 90, 135, and j
180 deg radial planes. ) I

The cnld-flow pi'égfam was. coriducted-in four parts. Part 1.consisted:of nine
tests in-which the effect of joint location, pivot location, andvector angle w‘ézjé h
evaluated for a.20 deg half angle exit cone hdving a 10:1 expansion \ra-tifs‘ “Part2 wis
identic4l to Part 1 excépt that a 25:1 expansion.fatio. nozzle was-tested. Part 3coﬁ-

sists of seven.teats in which the efféct of exit:cone djﬁérgéhcéaﬁgl‘é-.apd expaasion

ratio are évaluated. The contoured.nozzle was.tested in-this:portion of the test. In:

Part 4, the effects-of exit-cone erosion are investigated.

C.. NOMENCLATURE: S

The basic Flex-X cold flow model i shown in Figure 1. 'Pérﬁneiit nomen-
clature to be referenced in this report are shown in this figure.

All axial locations are measured along the centezline of the unvectored nozzle.
Pressure data measured on the vectored nozzle are presented at the respective.
unvectored axial locations to ease:data presentation. »

The joint location is presented as the axial cocrdinate of- the up’g‘tréémsij& of

the joint in this report. Joint thickness ig held:constant throughout the teat.

All force data are presénted nondimensionally for convenience in scaling.
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The following symbols and definitions -are used-in this report. o
Symbol Défi'niti'o'n«» D

P, or P | ToialPressure

P.and P Static Pressure.

€g Joint Expansion Ratio

€, ~ ExitExpansion Ratlo-

Specific.Heat'Ratio.. -

C¢ _ ﬁ;‘ua’f;iCoeiﬁf;ient . A

8 Vector Angle:(deg) -

© Back Preséure

P Exit &ﬁc?ﬁes‘étﬁe )

Ay Throat Arei

‘ ~ Side Foree.

Tamp Torque Amplificatioh
AF . Fofce Amplification _
A - Divefgénce:Angle Correction -

' Factor -
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is The Cold Flow Test Program was conducted at the Thiokol Wé&téﬁ.mﬁsion f o
7; E Aerodynamics Laboratcry. A complete description of this fagility-is- presentea in i L %
L - 2 23
345 ﬁ Reference 1. e, i Lo
i Figure2 shows the basic-laboratory layout. The-air snpplg is gone;cated by , e
3 ﬂ a 3,000 psig compressor having 2 200-cim flow rate. The compressor exhausts _ ' o <
L 7 directlyinto two-3,600. psi air receivers havmg a combined: volnme of:50 cubjc feet. ] 3 ;
“J o These tarks serve as surge tanks for the compressor. The main.storage’ volume i - °
i provided by fout Stage I Minuteman "Battleship™ mator cases. The volumeé.of elich T
1 tank is 590 cobicféet. Thus fhe total systém capacily is.2.000.ca £t of:air at g
11 400 psig (4,076.1b) 2nd.50 cu ft 2t 3,000 psiz (764 Ib). - o
3 E [ The air is pipéd from the large air receiver £0.2.10 in. . flGw.control. and ¢
o [
2 skatoff valve located mmedmtely upstream of the test cell k K
L i . ) - - . - Sl TR
2BE "The test-cell consists of a three component thiuststand an orifice mefering i N
2 : :
2P tube, a plenum chamber with ﬂexiblr -seal connection fo the au ‘nppl y @ vacunm o
n , chamber enclosing the plenura chamber, an-exhaust diffuser; a.nd -an ejector §y§tem. ¢
2 } Figure 3 shows the-general-arrangement of the-test cell and hgnreé shows the- A
SR ejector system. - - : - o '%
g 1] . . R ) .- T i P ) ’ :;c E
R The orifice meter accurately measires the weight.flow delivexed: to the thrust A
4 stand.by measuring the pressure loss across the:orifice plate. - L
F ; - } S
? ,ﬁ - _ z ) /‘: . ?
2 The air supply from the metering tubé is split through a tee-iato 4 yoke and . ]
a } then to:the plenum chamber (Figure 5). “This configuration emks—thé;’iniét:a;ir 7 o ﬁ",_;
"1 momentum from the plane of the fofce measurément and balarces'the fressure aréa -
- } force of the air inlets. _ ’ ‘% ;
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Figure 5. Thrust Stand and Piping
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The xplénﬁmfcﬁambér:sﬁppbfts the test,mpéél‘«andééﬁppiﬁeﬂs&hi}ghvp;ess;ujte; zera ,

‘f:elocity°air‘t0‘~the test nozzle (Figure 6j. T@@Sﬁrroquiﬁgﬁracuum chamgéi::allpw;s‘; .
the test nozzle to exhaustinto-a low presgure quiescent atmosphere for altitudle = ..

simulation. ] - SR e
The exhags,t‘diffuser‘senr'estg:re&ﬁce the pressure in the“‘vag;‘uu_mnché;pbgr )
to the desired level to assuré azifi;ﬁy'ﬂdﬁrihg nozzle. The high expa,néibg;r‘latﬁg,;‘:qzﬂzlés:

require a lower back pressure stch that the.éjector system is*qéeeSsary to achieve

2

K
H
W

: 53'
3
%
P -

ol
LA AN

the desired conditions: e 3
The vacuum chamber supports the instrumentation ﬂgnéés and-the air-supply .
piping. The mulﬁcoﬁxponent force balance shp?orts\tﬁe ‘plenum-chamber and.measures
‘the thrée components-of force ih the vertical.plane. z 7 e
‘The flexible ducts-replace the flexible seals described in Reférencé 1. The )
flexible ducts are constructed of alteinate layers of i;tgbber:aﬁdfsfeeﬁl"(}}‘i?gii‘ré-’7)l. i
“The force exerted on the plenum by the flexible ducts is very small ahﬂ«i:épeaigb;é; g
The magnitide of force is proportional-to the thrust load and is'apprdzimai:e’!y v s
0. 1. percent of the axial thrust. ‘Calibration of the force balanée‘zem'gveé the error.
induced by the ducts since-the-érror is linear and repeatable.. o °
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TEST PROCEDURE - R

) : &y
 otosent B
1
\\
(6}

A, CALIBRATION , o .2

I
" |

The force balance was calibrated elecirically prior to each of‘the first nine:

el o1 R AR Lo

. CPL Py yabii, 8 e
YN ARG 1 K
Frsonand

tests. The deviation in thesé calibrations was so slight that'the proceduré qu' dégrheé

o |

-unnecessary. It was therefore abandoned for the remainder of the program.

The force balance was calibrated usipg,a‘dead¢weight;. A c:able dﬁ‘a‘mﬁ'ey was )
attached to the upstream end of the plenum chamber. The system:first was .exercisgd A
by loadi.ig the:cable in 50 Ib increments up to 500 pounds. The readout %ién-was

j S

zeroed and the plenam chamber was-pressurized to-the expected test i)re;s‘sure. The

"
W |

cable then was loaded in 10-1b increments cver the expected rarge of test thrust.
This procedure was repeated to establish the system repeatability. -Calibration data. '

were acquired. in this manner for pressures of 10 and 20°psi above and below. the;

expected test pressure. These data then were curve fit for use in reduction of test

data. The calibration data are presented in Table II. These data are shov;h' plotted

gl BN snopmns

b
1 in Figures 8 thru 10.
1 3 After-completion of test 9, it became necessary to modify‘the power 'sqpply
(_ . system in the Thiokol Aerodynamic Laboratory. It then was determined that the
L modifications produced a-change in the calibration requiring recalibration of the force-
1 balance. 'If'njs was accomplished in a manner similar to that discussed previously.
% The loading, however, was applied in 50 1b rather than 10 1b increments. " The cali-
i bration data for all runs 10 thru 27 are presented in Table LI and are shown plotted
" in Figures 11 thru 13.
.
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: ﬂ - . TABLE I
g ‘CALIBRATION DATA ST
) -{Ten Pound Inérements) o L e
’ ___Chamnel 5 . . Chimel6 .. . Chanmel? - f
B Force . . .. ..  Voltage(psi). e
(b)  _200 ~ 210 220 _200 210  .220. 200 210 - 220
E 200 3.739 i )
210 3.938 ]
- 220 2,901 2.945 2.980 4.166 4.149 4:146 :
) 230 3.041 3.083 3.109 4:357 4.334 4.336 2.668 2.637:
240 '3.181 3.204 3.227 4,541 4.527 4.531 2.782 23752
& 250  3.317 3.338 3.347 4,747 4.740 4,727 2.895 2.886 2.876
3 | 250  3.442 3,465 3.482 4.930 4.949. 4.921 3.027 3.015 3.002°
270  8.572 2.580 3.598 5,141 5.135 5,121 3.143: 3.147 3.132
= 280  3.695 3.708 3.728 5.330 5.336 5.320 3.263 3.258 3.252
r . 290  3.821 3.837 3.847 5.521 5.526° 5.521 3.393 3.388 .3:382
: - 3000 3.951 3.973 3.991 5.721 5,725 5.717 3.517 3.509 3:508
1 ¥ 310 4,082 4.103 4.118 5.911 5.915 5.910' 3.632 3.623 - 3.522
- 320  4.202 4.4225 4.247 6.115 6.110 6.110 3.752 3.742 3,746
: B 330  4.332 4.349 4.362 6.321 6.303 6.298 3.878 3.868 3.872
: 5 340 4,459 4.477 4,491 6.517 6.513 6.494 4.017 3.998 4.002
A - 350  4.581 4.595 4.622 6:707 6.701 6.697 4.143 4,134 4,127
3 ! 360  4.711 4.693 4;745 6.907 6.925 6.890 4.258 4.291 4,247
5 - 370  4.831 4.827 4.871 T.117 7.121 7.090 4.387 4.395 4.362 ;
N 380  4.951 4,968 5.010 7.300° 7.306 7.300 4.508 4.512 4.493 g
S RE 390  5.087 5.099 5.132 7.500 7.505 7.487 4.632 4.632 4.618 ':_
: - 400  5.216 5.237 5.251 7.691 7.696 7.697 4.752 4.752 4,738 K
T 410  5.337 5.355 5.381 | 4.872  4.877 4.868
4] 420  5.465 5.484 5.627 5.002 5.008 5.002
3 . 430 5.133 5.112 &
: : 440 5.258 5.242 :
‘. 2
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voltzze. Eowever, Chaanels 5 znd 7-do pot récord the &@dmg}z‘forceasﬁs
force is.axial coly. ”?:esets'ozomesactaozvmn!emctmgagmnstthemomen;

prodoeed by dhedexd waight. T;.ezome:ecozﬂedonC‘nameIsSzxﬁ?‘s& 6"*«51-‘50; ‘

the dead weight. Tte scaled valtes a¥e shown onthe ﬁg;n-es- ‘ ) - 3

The zccuricy of the dzla is as follows. ‘ o
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B. TESTMODEIS N
The test-miodéls were désignad to aliow investigation of &eeﬁ'ects of va,pables
wnigue to the flexible exit cone concent such as jeint location and. .pivot: Iocazzc .Tn
addmcm, variables- such as cone:angle and nozzle expansion: raim, which umque]y
influence the performance of flexible-exit cone nozzle, were consxdered The inlet
zvd throat design are pot critical to performance of 2 supersomc flex: no..zle, there- )

fore, a comnion geometry was used for 2il nozzles.

The range of coné angle and expansion ratio to.be considered mas-seiéctgc} to -
pracket the values most commonly required-for first stage and upper:stage motors.
The location of the joint was sélected to avoid intersection of 2 shock wave with the
opposite wall for all. models. However, 'a more detailed analysis c»on('iu'g:te,dvafter _
completion of model desigr indicates that this phenomenon can bé\expéétedvgo ‘occur
on the higher expansion ratio nozzles. The pivot pointwas aliﬁvy_ed to vary from the
point source io the farthest aft point structurally féésible on the'dﬂexiﬁie‘j'c-)iﬁf
design. To reduce the test matrix, the joint length was not. considered as.a test vanable.

<

The test model désigas are shown in Flgures 14 thru 18..
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Two etoded nozzle conﬁg'umtions'a]so were-tested tb-'exani:ne ihe éffect of |

- el

erosion oh nozzle performance. The test.model having & 10:1 expansmn ratio and e

& 2.5:1 joint-and-pivot point was machined:to simulate the 30 and 60 sec eroded ‘o~
figurations. Sketches of the eroded nozzles are shown: mEigure 19.

C. INSTRUMENTATION - .

The instrumentation consisted of the followizg:
1. Force balance,

‘2. Two force links«’fqr measuring no;z_zlé,tbi'que. ’

3. Manometer boards. - - . - R

4. ~Pressure transducers.
5. Precision.gages used for préssure

measurement. ‘ ' e

‘The three ;iarallelogram flexures of theforce.balance were.oriented so ‘that
the flexures on each end réad vértical loads in either tension or compression while
the center flexure measured the axial forcé.. The plenum. chamber was:supported.on
the upper balance platform, which was connected to-the flex-cell bloéké by three thin :
straps, each as wide as the bléck (Figure 20). Forces generated by the test-model 7
were carried through these straps to the flex-cell units. The-thin straps further

acted to reduce interaction between the three flex-cells to a ‘minimum.

Two 2, i)OO 1b Baldwin force links were initially uéec_i f,to_ measure torque.
After tests 1, 4, and 7, it was determined that the range of these force links was
too great, thus the accuracy was-poor. They were, therefore, replacgd with two
300 1b Transducer, Inc force links. The accuracy of these links, as measured in
the Thiokol Metrology Laboratory, was within v.46 and-0. 6 percent of full geale.

A Tahor 5)0 psi pressure transducer was used to measure plenﬁm chambeér

pressure. The accuracy of this transducer was within-0. 17 percent of fuil scale.
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= of the manometer boards was caken simultaneous with third recording of the digital
output. A zero reading was recorded after the test. ,
A ’
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to the mercury manomeétér board, precision Bourdon tube pressure. ga,ges were used

Sutes.can be read-in this.manner'to 0: 024 in, of mercuryor 0: 025 psi. In ad:d'ii&ioﬁ* :

no~

s :").\

o
Lo
s a8

to measuré high-pressures recorded niéar the-seal.on the vectored nozzles, These—. T E

gages wefe calibrated:at 70°F. The accuracy was determined-to be 0.15.percent of

full scale, which.was 500 psi. ) Lo o N

D.. IESTING U —w

Considerable effort was expended to establish a test procedureiwhich woula

X

yield the best possible accuracy from-the available test. eqmpment Thé procedure B
then was ut1hzed throughout the-test program: The followinig paragraph descnbes A

Y
1
(h

i
)

this proce ure.

The force-balance first was-exercised by-‘ﬂo@vii;g air thrqugh:’cfhé:ﬁg;ﬂe ata
total pressure greater than the test pressure. The air flow then was shut-off and thé-
data.acquisition system was zeroed. This procedure was done twice at the stért of :
each test day. The test was then conducted by gradually increasing the air ﬂowto
the required total pressure through the nozzle. Flow conditions were then allowed
to reach steady state before test resalts were recorded; A mmimﬁ;hidifﬁive'd:ig‘itall

readings were recorded while maintaining a constant:total preSg@i‘g. A.photograph
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Data-from-the force balance, force Bnks, and pressur&tranedu er were ‘ RS ’7_1_’8;’;:_;;

récorded on an Electro-Instruments digital data system. The error mduced bythis ) ] R e , °5

system is less than 0.05 percent. Most of the pressure. measuremez_;ts in the‘nozzl., 5? SO 3

exit cone were Tead on mercury manometer boards.. The boards wexe,pho?qg?apl}g o g E

(Flgure 21y during the fést_*aﬁgzrea:dings were-then taken :fi;Om'thé»photpg’raifh. ﬁréé% I M«&é
.
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Figure 21, Photograph of the Mercury Manometer Board Run
No. 1, 5 Deg Vector, Hg 25.71
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» }, A. DATAPRESENTATION ’ . ‘
L All test data are presented in tabulated form ih Appendix I The first page :
N E of data-for each:run contains the following information: )
- 1. Runnumber,
| 2. Nozzle vector angle,. - .
i 3. Area ratio of the nozzle aj the iipstrea.igetfgé
=5 _}5 of the joint, - . : 1
OB, 4. Pivot point number,
3 } 5. Expansion ratio of the.nozzle, ;
i ‘2 6. Ambient pressure,
i 7. Test date,
: } 8. Digital:cutput channels; ¢
9. Pressure data,
} The pivot point number designation is as-follows: (I)- downstream pivot.
3 point, (2) middle pivot point (hali-way between (1) and (3),. and (3))is the pivot
= point located at the point source. ‘ %
— 4
¥ :
I The digital data includes a zero reading before the test, five readings 1
- reccrded while testing, and a post-test zero reading. The five force B
-} readings were averaged and thén converted to proper units. This valu~ is pre-
3 sented for each channel in the load column. Channel 2 is the nozzle inlet total 5
pressure in psig. Channels § and 4 are the force link raadings in pouxds. / ‘
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Charmels:5 and-7:are the vertical:force measurements-and Chaxmel 6is. the axi Soren]

force measurement, These measurements all-have units-of pound§ force. - R

N :G' »_‘:\ 3;’3“‘
The first coliimnunder pressure data is: the tap’ nmhber as desigﬁitedinf IR PR
Figare 14. Taps 1, 11, 21, and $1.recordedthe pot levels of. the manome?;er

board. Tap-30 was the vacuum.cell pressiive. The second column was the mercury

B 2
TS

v S e

!

RO RLRRNISYIN  SPLLS RITH ) OE HIONYIN]

height in:inches; Thesthird column“presented the. dlﬁerence betweenthe pot: levelﬁ SRR

and the measured mercury level:. The fourth column:was thé tap: presented in psia
units-and column 5.shows the ratic of static preasure to total pressure. )

Thé‘seﬂ?gndjpagQ of data includés:the t@qﬁtkg@eﬁciént’: Siflé’iorq”e, side =
force ampliication, torqhe, torque amplification, axial thrust efficfency, aad
thrust vector angle. o
The equations used to coinpaté-the abeve parameters are pigsentedbelow,
Lhrust Coefficient (C ) :

®

Axial forée-(Channel 6) o I
Total :pressin'e_ {psia)
A = Throat area (sq in.)

M
P

Side ¥orce

Fs = Channel 7 - Channel 5 .
Side Force Alpp];ﬁcaﬁon
AF =

"F
8

GFo Pt At Sin Delta

F
. 8

corr C. P A, Sin Delta
FTH tt
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" nozzle was in the vectored position.
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‘90
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Torque g 7 - ST .

Torque (Charinel:3) {Lg) + (Channel:4)-(L,)
Where:
L3 -and.L 4 are the respective moment arms of the 10’8.@
cells about the pivot axis
Torque AmDHﬁcaﬁP};- -

_ : 3/2 .. .
amp Torque/! CFO Pt'At SinDelta

8/2

= Torque/C P A Sin Delta

. T
* . (a.mp)cqrr FTH tt
Axig,l '._I‘h}'ust Efficiency
- .. F = c./C Cos Delta
eff F FTH » |
Thrust Vector Angle -
Theta = ARCTAN (Side Force/Axial Force)

The torque and side force amplification and the axial thrust efficiency are
essentially the ratio of measured nozzle performance to ideal nozzle performance.
Initially, the measured thrust coefficient for the unvectored nozzle was used to
represent the ideal nozzle in the torque and side force ampﬁﬁcation~calcu1aﬁona
However, examination of the data revealed that f,o-r several runs, the variation
in back pressure produced 2 si'gniﬁca.nt variation in-the thrust coefficient. The

varistion in back preasure was dux to the loss in diffuser efficiency when the
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The back pressure variatien produced a change in thrust coefficient which

was not indicative of nozzle performance. It was therefore necessary fo calculé.te: -

theoreticai thrust coefficients for each run-using the measured back pressure in
each calculation.

The axial thrust efficiency also.was calculated using the theoretical thrust
coefficient. These values hdve been added to the second page of each data sheet.

’ The plotted pressure data are presented in Appendix II. The pressure
ratio-versus axial location for each test run is plotted. In at'idition; these data
are plotted circumferentially at each axial station for Runs 1 thru 9. These
plots were used to study the pressure variation for developm=nt of an analytical

program.

B. ODISCUSSION OF TEST DATA

The force data provide a measure of the performance characteristics of
the nozzle. Three parameters have been devised for comparing the performanée
of the Flex-X nozzle with that of an ideal nozzle. These parameters are side force
amplification, torque amplification, and axial thrust efficiency. Each of these

parameters are the ratio of the measured to the ideal force value.
1. SIDE FORCE AND TORQUE

The side force and torque amplification are of primary concern in this
test program. These parameters are, therefore, considered first in this report.

The effects of various geometric changes in the nozzle configuration on these

parameters are discussed in the following paragraphs.
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a. Effect of Pivet Location—The effect of varying the nozzle pivet location is
shown in Figures 22 thru 24 for the 10:1 expansion ratio nozzies and in Figures 25
thru 27 for the 25:1 expansion ratio nezzles. Data are shown for three vector

angles, 2.5, 5.0, and 10.0 degrees.

The force amplification is greatest for the upstream pivot {Pivét 3) and
decreases in an almost linear manner with pivot axial location. The upstream
pivot produces nearly the same side force amplificatior-on ali configuratiors. 7
However, moving the pivot aft resulted in considerably largzer reduction in-side
force on tke configurations having the downstream joint locaticn. In fact, a force
amplification of less than 1.0 resulted with the downstream pivot and joint expansion

ratio of 4.0 on the 10:1 expansion ratio nezzie.

The upstream pivot produces the largest side force because the larger
radius of the joint results in increased travel of fhe movable portion of the nozzle
during vectoring. A stronger shock is thus generated providing additional turning
of the flow within the nozzle.

The combination of a- downstream joint and-a downstream pivot results in
a minimal change in the wall slope which produces onl,’ a slight pressure differential
in the plane of vector. This, coupled with the fact that only a- smail portion of the

nozzle is affected, results in a side force degradation rather than amplification.

The side force amplification varies with pivot point on the 25:1 expansion
ratio nozzle in a manner very similar to that experienced with the 10:1 expansion
ratio nozzle. The 25:1 expansion ratio nozzle produces a slightly higher side force
on most configurations. This is to be expected since the surface area affected by

vectoring is appreciably larger on the high expansion ratio nozzle.

The torque amplification data exhibits considerably more scatter due to
vector angle indicating that aerodynamic torque will not vary linearly with vector
angle. However, the genersl trend is for torque amplification to decrease as the

pivot is moved downstream. This is primarily due to the reduced moment arm.
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Figure 23. Effect of Pivot Location on Side Force
and Torque Amplification (¢ = 10, €g = 2.5)
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: L The variation in fordue -amplification isasgmewhatfméfe erratic-with .t_he> ‘ ¢
: { E upstream seal.thin with the.other joint configurations. This is gr.pbabljr féau's‘gd L 7:’
F e "By the shock fromi-the compression side of the nozzle ivflueicing the flow.on the B
‘ [ opposite side-of themozzlé. This-phenomenon is.dependent 'n,iadn Joint locatich, 0
: vector zngle, -and ivot location:as wellas sgveral lesserwvaridbles. Since ;ﬂzé ,
E Mach No. is lower at'the upstream seal, @ larger.sbock angle it:,e'i;iiltss ‘This - :_ "
: ]I % -allows the shock to-affect the .oppnsite half.of the nozzle ;férfhéiamétregin in-the g
éc nozzle. ‘The upstream joint location:also results’inadarger -por:iqix _Ofai;he~nozile | 2 :
f g being influenced By vectoring. However, the-pressure ratio ;acrigés the shock is: |
3 : reduced due to-the Jower Mach No. at:the joint. All.of these wariables complicate L,
L . the-variation in torque such-that 2 consistent pattern n:s anlikely. ' ;
£ A The préssure data show-evidence of the shock intersecting;the opposite E
) r ‘wall in the plane.of vector on the high.expansion:ratio nozzle. “The éige,cts of
-] this bccurﬁqé g .quite apparent in-the torque data. Vectoring the nozzle 10 deg A
1 . ‘produces :alarge -rleducﬁion in forque due-to the influence .of the shock. Some :
eviderice. of this phénomenon is also apparent in-the side foreé data. - 5
N b. Effectof.Joirt Lasation--The effects of joint lecation on side force amplifi--
: r cation and torque amplification are illustrated for the 10;1 expansion ratio ﬁozéié :‘
i in Figures 28 ¢hra 30, ‘The same data are preserited-for the 25:1 expansion ¥atio
‘ nozzle in Figures 31 thru:33. ‘ ' ) 4
. M
i ‘ ‘The side force amplification is generally reduced, asthe jointJocation is ?
i g moved downstream. This is:primarily due to the reduced surface area.downstream .
T ) of the joint. 3
L . B
X" ‘The influence of joint loéation .on force amplification is much less ;pronounced r
) . '; with the upstream pivot .configuration. ‘This:is the resultof a stronger shock :
: generated with the wpstream ppivot increasing the pressure differential dowastream .
m of the joint which tends to reduce the effect of :moving the joint .downstream.
[
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Figure 31. Effect of Joint Location on Side Force - -
and Torque Amplification (€= 25, Pivot 1)
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K - * > 3 M
. The torque amplification tends:to decrea#é as:the joint is moved cioﬁx_iﬁsﬂtgéaiﬁ:r S
I on the aft pivot configuration. ‘The opposité is true for the forward pivot qénﬁg&raf T
- tion. Thee- interaction of the-effects of pivot and joint lccation on torque shogild;be : ‘ - 0
I similar to that of the force data; However, theéinoment arm variation.introduces . A ,—D
- an additional variable which further cq;np;igates, the influence-of these two‘pé_’ra:ne- ‘ ‘ /*.
B ters on nozzle torque. . - e ;
i e. Effect of Nozzle Expansion Ratio--The effect of vaiying the expanson ratio of , g
) : the nozzle was investigated én the. 15 deg dand 25.deg cone configurations. The R ,\
7 __ pivot 2, Es = 2,5nozzle wis used. Expansion ratios of 10:1, 71§:17, and.25:1 'were .
P examined. Force.and torque amplification are shown as a function of expansion 3 o
L ratio in Figures 34 and 35. ° 7
{ * ‘Increasing the nozzle expansion ratic.while holding all other péu"améf::ers‘ :
; : constant normally would be expetted to produce an increase in sids force die to .
: u the inéreased area downstream-of the joint. On the nozzle having a 25 deg exit
{ -y cone, the 16:1 expansion ratio does:produce an increase over the 10:1 e:‘cpansioni )
L ratio nozzle. However, the side-force drops -appreciably on the 25;1 expansion é
i 'y ratio nozzle. Pressure data indicate that this.is-due fo the intersectionof the
§ 4 shock wave from the compressiok side-of nozzle with. the opposite wall.
] - - o
{ é On the 15 deg exit ¢one, 16:1 expansién ratio nozzle, the shock wave .
E i o intersection with the opposite wall was appatent it ﬂié;prégsﬁre*data. This :
? j explains the general decrease in side foree with increasing expansion ratio 6n -
i '; the 15 deg exit cone:nozzle. The 2 1/2 deg vector angle data vary in the opposite: P
i‘, < manner on this nozzle because the smaller shock angle (due to reduced turning of
2 : E the gas) did not result in the shock intersecting with the opposite wall. This also
g E ‘ is verified by the pressure data. ]
§ } 7 The influence of i:he‘ éhdék intersection was.much inore pronounced in‘the N
% q torque data. At the higher expa‘nsion‘ ratios, the vector angle induced a wide ,0:5
u ‘ spread in torque amplification. -This was due to the larger vector angles increasing 7
B | | B
il
o - - e T
P (é ) &oj%‘, o
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thé shock angle such that the shock intersection point moyedapstream. In faﬂt, |
on the 15 deg éone, 25:1 expansion.ratio-norzzle, the area aﬁected’oy the in,er- :
szcting shockwas large enough toproduce a nonrexto:lng ﬁozzle torate %
(Figure34), 7 - PRSP
d. 'Effect of Cone Aniglé-~The effect which-varying the coné-angle from 1545 25 .
deg had on side force and-torgue is illustrate¢ $h Figure 36. Both Lie side-force 3
and torque incréased appreciably as the cone angle decréased: Increasing the 3
cone angle while holding the expansion ratio constant resulted in a shorter pozzle; 3°
thereby Teducing the length of the movable portion of the nozzle. The surface '
area affected by vectoring being decreased, reduces the side force and forque, (
The. effect of cone angle was.examined on the 10:1 expansion rato nozzle ;
only. This trepé v,mﬂdmt be expected on high expansion- ratio nozzies, dne to
erossover of the shock mve.
. Effect of Nozzle Ergsion--Two ‘evoded nozzles wer’é’fe?;xtéd o evaluate the g
effect of birntime on nozzle per*‘ormance. Force dataare*presented for these
‘nozzleg in Figure- 37. Torgue-and side force increase mth buin time, . g
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: E ‘Theaxial thrust sificiency iépreseénted for.eachitést run on dhedata sheats - : ¥

1 N ‘ ] A o ‘ - L

: f presented in Appendix]. These dataareadlsoplofted.on Figures 38:thru41. - o T

“The:axial thrust.efficiency is the ratic of:measured thrust o theddeal dhrust N34

: I: of a weotoring mozzle. ‘Thisparsmetel décreases withnu¢r easmgrvectorﬂan_gle«due ’ g

2 4 v

’? IS todosses incarred wheniturningasupefsonic:gas siream. . "2

- - Moxing theipivet dipstreamor thejoint downstream tendsitofedicemozzle | S

; % § efficiency, Moving fhe pivotwpstream lincieases the shock strength.diedo thelarger- N Tl

i . .z T I % A

§ turning «of the flow in thewicinity.of the joirtthusincreaging the dosses in themozzle. [, ©

- {_ The losses 2lso.aré inéreased withthe downstream jioint duetoithe stronger shock ‘ié E

J € .

¢ g aseociated with the higher Mach No. of the fiow being tiirsed. -

? { . . ‘ ' L : p o

- ? ‘Thethigher eXpdngion ritiomnozzles dre:mox efficientthan the 103 expansion . N

;i I ratio nézzle indicating thatsome of thelosses are recovered-with the donger mozzle. . 5

¥ L ’ ; . . oy - - :

é e the thrust efficiency.data iis .somé&what more irrégilar on the 10:1 than:on :25:1 X~ A

& I pansjon-rationozzle. 'This is primarily due 6 the:measured fbéckgpressuré,ﬁfféhﬁng :

g i g' the idenl nozzle thrust rather than irrepularitiesn the measured fhmst. Fous: 3pres-« .,
( 1 N .

2 M sure taps recorded back pressure ©n the 25:1@xpansion rati6 mozzle;. whe:eas a 5

Ef ; c i

5 single tapwas usefl with the 10:1- expansion xatio mozzle. ;.gpiﬁQs which measired s

c . R . o . s . oE

F back pressure onkoth nozzles was found o be erratic during testing :and during o

ST xedvotion of data on the 25:1 expansion ratio-nozzle. A

s ;) b’ i ] N v ~i

s The éfféct of erosion on:axial thrust efficiéncy isdllustrated in Figure 43. "The P

- . . - . ) . o

- efficiency of the 30.sécond configiration iis nearly the same a8 for theuneroded con- ki

B figuration. However, the loss experienced became significant\with the 60 second ¢on- é;j?

B figuration, ‘The miodél reflected a highly erodable flexibile joint. S T
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ﬁ 3. PRESSUGRE DATA AND FLOW VISUALIZATION DATA ST
All pressure data are preseited in. AppendixII. For Runs 1 thru9,ihedata R
are plotted axially and circumferentially. Only the-axial plots are presented-for the i3
remaining rurs. ' . . 5
& .
’ ﬁ The ¢ircamférential plots were used to sipport deveiopment of the analytical 3
flow model and to peiform a pressure area integration*to obtain side force and:torque
. - - -
for purposes of checking with thé measured test data.. . R
y o 3
Integration of pressure data produced torque and side force vaiues significantly v
less than the measured data. Tnvéstigation showed this to be.due to insufficient pres- &
sure data in the vicinity of the joint. Figures 42-and 43 show at'comp?ari;sdxﬁi 6fr‘£é§i: : 3
dats with pressures-calculated using the-analytical fiow model beibg-devéloped:inder ;
this.program. From these plots-it is apparent that presgure data are not adequate ) <
to define the flow field in.the joint Yegion: Theréfore;. side force and'ggrqge’éoﬁid N

_ not be accuratély determined in thi§ manner: ) 1.
L Figure 42 shows 4 point of separation occurring upstreain of the forward: 7
) ) - < %
[ edgeof the.joint. Theory indicates that thie phenomena oceurs when the turn-angle :
- at the wall i3 greater than-the angle which thé flow can negotiate through an attiched = - X
[ oblige shock. ‘This results-in jhocks being generated at.the point-of séparation and 1;
at flie.reattachment point. —
[4 ‘Evidencé of separation occurring ahead on the vectored seal was.obtained from
flow-visualization. ‘Stipples of lampblack-aiid glycerin were placed‘in the:model'to B
- exa:nine the separatior phenoniena and-also to 2ssure that separation did’not oécur »
. near the nozzle exit. 7
-~ Figures 44 thru 46 are photogifaphs of flow visualization-data-obtained in thig
mianher. The line of Separation is clearly evident in each of i;h,ésie photographs. ¥
Separation distanices were meastred ofi various runs-to assist'in egtablishing.a. f #

:geparation criteria to be used.in the analytical model. - )
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Flow peparation near the nozzle exit also was discovered using smear 'da.ta. |
Pressure date were used to verify this occurrence, in which event, a repeat run was

performed.

On the high expansion ratio nozzie, the 10 deg vector angle resulted in the shock
wave from the compression side of the nozzle intersecting with the wall on the expan-
sion side of the nozzle. This caused pressure on the expansion side of the nozzle
to be appreciably higher than that of the compression side which results in a re-

duction in torque and sgide force. This phencmenon can be seen in the pressure plo'fs

of Appendix I. The 10 deg vector configuration of Run 10 is a good example of this

occurrence,
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SECTION VII

CONCLUSIONS

The performance parameters considered in this program were:
1. Side fcrce
2. Axal thrust

4. Actuation torque

The influances of nczzle expaneion ratio, nozzle vector angle, joint location,
pivot location, exit cone half angle and nozzle ercsion on each of the performance
parameters were evaluated. Performance data are presented as a function of each
of these geometric parameters. These data show that with proper design, appreciable

amplification of side force can be achieved with a relatively small loss in axial thrust.

Nozzle internal pressures were recorded for each of the test runs. These
data are plotted versus axial station at five circumferential locations around the

nozzle. Flow visualization data were also taken to further investigate the flow field.

it was determined that a separated region exists ahead of the joint on the large

vector angie configurations. The pressure data are not adequate to properly define

flow conditions in this region.

The pressure data as well as flow visualization data are used extensively in the
development of an analytical model. A comparison of analytical results with test

data is presented in this report.

Data from tests 1 thru 9 were utilized in establishing the design for the

demonstration nezzles.

Data from the Cold Flow Test Program will be ugsed for refining uic TVC
Computer Program. These data will be supplemented with analytical results so that
a matrix defining the interaction of various geometries can be developed. The effects
of hot gas will also be com;{:\uted. A regression analysis then will be run so that
expressions for each of the performance parameters as a function of the variables

mentioned can be included in the TVC Computer Program.
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SECTION vII

RECOMMENDATIONS

The data obtained in this study should be used to evaluate optimum designs

for various application. These data should then be verified in cold flow and hot firing
tests. |

The effect of joint length was not considered in this program. The effects of
the parameter should be investigated analytically and verified in cold flow.

A cold flow program in which pressures in the separated area ahead of the
joint can be measured should be accomplished. The effects of separation on heat

transfer and erosion in this region also should be investigated.

The analytical model presently being developed assn=es an ideal gas. Future

development should include-consideration of real gas effects.
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