NAL TR-286T

UDC 533.6.011.72.082.5:
533.697.4 -
629.76.062

TECHNICAL REPORT OF NATIONAL
AEROSPACE LABORATORY

TR-286T

An Investigation of
Secondary Injection Thrust Vector Control

Tatsuo YAMANAKA

May 1972

NATIONAL AEROSPACE LABORATORY

CHOFU, TOKYO, JAPAN

This document is provided by JAXA.



List of NAL Technical Reports

TR-256 On the Aerodynamic Damping Mo-
ment in Pitch of a Rigid Heli-
copter Rotor in Hovering

TR-257 The Dynamic Stability of a Con-
nected Rod under Periodic Longi-
tudinal Force

TR-258 Three Dimensional Suboptimal Ex-
plicit Guidance for Space Vehicles

TR-259 Study on a Rotary-Drive Vibratory-
Output Rate Gyro

TR-260 A High Sensitive Total Atmosphe-
ric Temperature Measuring Ap-
paratus

TR-261 Strain Measurement of Solid Pro-
pellant Material with Birefringent
Coating

TR-262 A Structuctural Analysis of Cylin-
der-Cone-Cylinder Shells by F.E.M

TR-263 A Study of Subsonic, Two-Dimen-
sional Wall-Interference Effects
in a Perforated Wind Tunnel with
Particular Reference to the NAL
2mx2m Transonic Wind Tunnel

TR-264 Flight Control System Design for
Launch Vehicle with Liquid Pro-
pellant

TR-265 Fluidic Turbine Inlet Gas Temper-
ature Sensor

TR-266 Some Consideration on the Aero-
dynamic Characteristics for a
Body of Rocket with Blunt Nose

TR-267 Aerodynamic Design and Test Re-
sult of Front Fans

TR-268T Aerodynamic Design and Test
Results of Results of Front Fans

TR-269T Approximation of Linear Operator
Semigroups

TR-270 The Experiments on the Buckling
of Circular Cylindrical Shells

TR-271 On the Vibration of Three-Parallel-
Beams

TR-272 An Investigation of a Transonic
Axial-Flow Turbine (I)—A Cold
Air Test of the Annular Turbine
Nozzle Cascade—

TR-273 An Investigation of a High Speed
Axial-Flow Turbine (II)—A In-
vestigation of a Single Stage
Turbine— .

TR-274 Investigation of Strength of Axial-
Flow Compressor Disc (1 On the
Disc with Many Pin Hole)

TR-275 Height Control Test Equipment for
VTOL Aircraft

Kingo TAKAZAWA

Masaaki SANO

Koji OTSUBO
Hiroshi YAMADA

Kenji NisHIO, Hiroyuki NOSE,
Takeshi KOSHINUMA, Shigeo
INOUE, Hiroshi USUI &
Toshimi OHATA

Shinichi KOSHIDE

Akinori OGAWA

Masao EBIHARA

Hidehiko MORI &
Hajime KOSHIISHI

Kenji NIsHIO, Seiki ENDO &
Tokukazu ENDO

Iwao KAWAMOTO

Shoichi FuJni, Hideo
NISHIWAKI, Mitsuo Gowmi,
Noboru SUGAWARA &
Katsumi TAKEDA

Shoichi Fuai, Hideo
NISHIWAKI & Mitsuo GOMI

Tadayasu TAKAHASHI

Susumu TobpA &
Kazuo KUSAKA

Yoichi HAYASHI &
Tsuneo TSUKLJI

Tadao TORISAKI, Mitsuo
MORITA, Shizuo SEKINE,
Hiroyuki NOSE &
Shigeo INOUE

Tadao TORISAKI, Mitsuo
MORITA, Hiroyuki NOSE,
Shizuo SEKINE &

Shigeo INOUE

Katsutoshi MATSUSUE

Masakatsu MATSUKI, Tadao
TORISAKI, Kenji NISHIO,
Masanori ENDO, Akira
YOSHIDA, Sin NAKAYAMA,
Keisuke IWABE, Katsumi
TAKEDA, Shizuo SEKINE &
Takeshi KOSHINUMA

This document is provided by JAXA.

Nov.

Jan.

Jan.

Jan.

Jan.

Jan.

Jan.

Jan.

Jan.

Jan.

Jan.

Jan.

Jan.

Feb.

Feb.

Feb.

Feb.

Feb.

Feb.

Feb.

1971

1972

1972

1972

1972

1972

1972

1972

1972

1972

1972

1972

1972

1972

1972

1972

1972

1972

1972

1972



TR W ST HE 1 05 1 A o B SR
ook

® =

Ry b OB A 2 KRR M L TN OB BIET 5 E#, ke y » b
BOT, BER bR T3, BE#/ A2 RiREBHT 5 &, FE iz EmHoih
BRET B, 2WEH X BENFEORNAE, bbb, RENENEHET 2, OB
BERPOENCET T HRABELELT S, WEE TR, 2REHKIZRERNBNLHET
BRI E L RINTERD, BFLb, THBBRERESh TR, Thik, WEE TOHRES
L OBMEEREOINKET ARy ARSI TV D EBbhs, Thbb, ERO2K
I & A S PIRIMOBR T 5 OICERHER ORI &, WEE TOPRRE LAY 2K/
AARIBERCIEONTVWEDL S TLH 5, AR DEHWI, coEMEEHREOENVIZEL T,
HXOTIABE L D I HFELVEREREZIRBL, 35K, HLOERFRICX 58/ XA
DIRTHERERZHRIET B L E 5T, ThEORREZEMT 5D ORITMIKEE 7L &2
FL, ZhbOEBREH R IUBITMREETF A REI S BRESENO—HEFELRLET DD
bOTH B, BRI E DR VRATS S LCBEERCET 2R TH D, HOOHESP
BRDIM TS, HIEPLEIHE CRAKEHCHTHL0THY, FAKLKVT, B
HOMBES Y SEBHE L OMBEFTRELRE T 5,

BIEREOTIE, 2KT/ AAEACARRRILIEORNCH T 5ROV TGER TS, £
Loy y MCGRELRRI, XL LT, HERNORARTH 525, BREFLIEORWERORIKIR
EFOE 2RI AVHORRT O HICERORR LN TH S LAEETE B, Fif, 2RAHH
ROWS & bBELAVT, ¥ F-FHEV L OROEHOVTRE L, LORR, ko
INKRCEES L L3 -, — 0k, 2WHERD / X FELERB A REB - THoRkE
RG> TORVHRETHY, ZOBRE0 2REAOEBERIERBOFES LABETHD LS
ZBND, WE—DOR, 2KWRGEE HERELREM - THHREREE) > TEBAL TV EHE
ThH. WHEIKDOWTIE, Mager I X HELMEAFE O <EHCH 7 5 DB ERCH T 53 KB
B EF A EBL—RLTVD, BERELTE, FARLOBLALBZOERELOVTOHETD
55, WOXSRiRKETF A EE X, FRIBIRT 5 2 KEASBE &R a s o HHERL, Bl
ML Y ~<VEREIRLTHEHES R T bERELBEGT 5, LOLE, HHEREROHE
BLED SRV T & SERERICE S REFRELT, 1 RTERROF=> t r CRILI X HHE
BE T, MBOFMEYZLEXD T LE X - THESh, IOREROBERBBFERCIE S MEO/E
X BN EFEER - TOBE LT, HREISER QBB 2 LIRS 5 KR IETT 5. T
DEMBRBER & U — ~ v BTIIR X 0B SRR 0T R P o R TR & 17 CAhRow i
b, MGERC S BEEREYET S, ZOSMEENEY /7 A VBEELTERRE &L T3 518K TH,
HAERBOR QIS HOEHEREEL TS, ZOFDEHEBEOMDARED Mager DOfFHT &
BB BT Lo, BREEOMIRICH, BEEOEM L NOHRE L BRT 5 BEEOR
CEREBD D0, FREH, TRHAE BRI EREZRLERBURICRET MR L R
ez, Kaattari OFfFf - - BEHRAO EHRCAET 558 EEROSRER - SERRoMmE
1R a sk 5 ERMELEAL T, R 50 MEEN L MOEEROLT 513 (R OAEY
kK, ThLOBHETVIRY + F-FHORBRER (HRPETEH I LHRIND,

AR BB X ST, 2RESHENFAHERERO R 7 » IGEASh S ORMSERICK L TT
»b, ERHOEAOEESEVEHLEZRERORRL, 2WT/ AV X - 2EERR LITAV

This document is provided by JAXA.



KRS, £TT, BLZETHRHLVERFREARET LRI -T, HERNOBEELERL
T, VEETHL R o RBRPHIR L, Tbb, FTRANH UAETRESO8E N2 T T
B> Tod, HTRIETIT X5 BMA#E L v AOFERY BN, REZ FAETRIC X 584550
FRIGCALT, vV AORARRKREZ KD Vv vV ASFBAOKERZE V2, 20V v XHBRORIC
HESWTHEES Y v X2 AHREL -, ThHDOV Y ROBRRER RT L X - TS RENET S
BEBHRTE D T L 2¥rDT, BHILBEROILN &, FIRERO S HEHEN» k< 2 Kkihm
KOEHER THbAEET, 2KEHARIEZOERTEREDREAEZTE > TS, A#EF LV X
ERVRHZERE ST, ZOZKREMEREEROEREZEEL, b, EEMMESL v X2HV
H5TEREHST, COHBKERORBTHEEZEEL, TO3KITHBREZHIR L, i, BEE
HRARPOMBEMEKEDL Y KAET IEBR R KD Lees EOTFAL -T2 ~F - 7THrIK
B EH A BEREBCIGR LT ER e D RO AR EBE I W ATFHE R BTS2 &
KEoT, ROXIBEREB. HRBL bR T&k Hsia 0, Wb 3, EHELHRETL
RIESHEBRIIT, BIRERLHMEDKE BRI L TRt T 52258 » bt ET 2 AR
OFBHHE, AVRTOERBERERL—HT 5, %k, 77A U7 - 7HeI%@EHATS
ot Frdhix, ERMAE AVOPETRVTIE, BIRYITEIRED, £7i3, 7 AL
FHTELITRELBERINTERLLIATHED, ERINEEFHOHEATE, BCHTER- b3
BWEEOL LI 0EEN»DY -, 51T, EEAMHEETL v AR I HBKORMFEBE D
BR» D, 2WMEROEHER ORI, EERERHFEOLh TR T, BROLRIGIVZ & §
o,

BIEIE2ECRVTG Z2REHEHEL > TETS ey v O/ ZLROILKOKITHIY+
DEBECTRITEL P -7, EI3IETHE, ZhHDOENBEAEHEN TS T 558ER oV
T, D OO E MG ZHE Lz SR T\w 5, BHREOTHFEROINZED TR SN
R WERRNTD 520 HENEMNG OERI X SBERTRbR P - 2 DT, KiFKETAICES
CENZHOUELEFTEHERIRRT 58D, BHEILERC ST 5ENREOKER, [Em
HIZEWTHE, BIERLBEROZEIELOLDPENEIMIELAEED R ok, ThbD
BT 7 AR XCERBERCE SV A ZRAKES OB EOREWEBNHE FELIERL, £80
Bk r o X SHENSAMEERLZIL EOS S NMEREEC X - THE LB HELE, 20
HBREIRVW—FERLTVS,

FAECIVTHE, BEEHZ OV TERTW S, BEEHOBER, F1ELE2EIGRS X
5 B ER AT S, BEZUZRNUSE5DORERDHDT, T2 T, BRTERED
HWREFAZEELCHORE IR F2HEOEXBREREBOTH S LEDPNIER L, WHAEHEA
DRFLZEINTHI LR LT, BEFBNOHUEMELZRC TV 5, REKOHERCET =T
BRFENE, FIRERIKEEHOBEL L FA—EEXLBL LB TESL, ZLTES, BARETE
BORMEEIE, fAHENEE ST, BREERTAEREBERL S - BBRBELRVZ L TH
5, Lihio T, BMHILERO 2RMEHREERIC L 5THOEHDHELBARAOENSTHIL, &
AEHOBELR T, REFHBNICKELFS TS, CO2RMAREEENTCOREHS R #E
T5bOMELRREKETARESVRHEFREF 2k, £, EBEOEKer v b7 v v
TEEXWARE ZREHN LT, BEILEROENEMERIE L EE LT, REABERILERIEWY
TZOXIBREETNEELD L LORLUEZERMFED DT, Lo T, WKEHHE TR
BOENKET ST HTMEI 2T, WK 2 KEHK X 2REHHEN KK 2 KEH L4 CH#E
THZERAUETHHEEZTREL TV,

This document is provided by JAXA.



An Investigation of
Secondary Injection Thrust Vector Control

By Tatsuo YAMANAKA**

ABSTRACT

Secondary injection thrust vector control (SITVC) of rockets has been in use for some-
time. This paper presents an experimental and analytical study on disturbances produced
by secondary injection and on an estimation of control forces produced by SITVC. SITVC
is done by gas injection or by liquid injection. The control force producing mechanism of
gas injection TVC is a little different from that of liquid injection TVC. Most part of the
present study is devoted to investigating the disturbances produced by under-expanding gas
injection TVC and to presenting an analytical method for estimating control forces of gas
injection. Disturbances such as under-expanding gas injection flow, complicated flowfield
ahead of injection flow, and leading shock wave in a conical supersonic flowfield are in-
vestigated by using two-dimensional cold and dry air flow and by using conical lens method.
An analytical model to predict the disturbances induced by secondary gas injection is pre-
sented. The comparison of the analysis with the induced disturbed flow is shown in good
correlation. Based on the analysis, an estimation of produced control forces by gas injec-
tion is tried. The measured control forces produced by secondary gas injection thrust vec-
tor control (GITVC) tests, conducted on solid propellant rockets, are compared with the
estimated control forces.

Liquid injection thrust vector control (LITVC) also was conducted and the produced
control forces were measured by multi components thrusts measuring stand. The regions
contributing to the generation of control force of LITVC are discussed by means of an
analytical model to predict liquid injectant trajectory. The difference between gas injection
and liquid injection is discussed.

chemically reactive liquids are considered here
as injectants.
In section 1 of the present paper, the disturb-

INTRODUCTION

It needs much informations of the flowfield
induced by secondary injection if one wants to
estimate control forces produced by secondary
injection thrust vector control (SITVC). Much
work has been done to estimate control forces
by investigating the complicated flow phenomena
associated with such injection(11~(6], but the esti-
mating methods do not sufficiently well predict
the control forces. This may be due to the lack
of informations about the complicated interaction
processes. The purpose of this investigation is
to study, more in detail, the complicated inter-
action processes and to present an analytical
estimating method of the control forces, which
is based on an optical observation of the interac-
tion phenomena. Only inert gases and non

* Received November 6, 1971
** Space Technology Research Group

ances induced by gas injection are discussed by
the injection experiment of two-dimensional noz-
zle fiow with a circular injection port. The
phenomenon near the injection port can be con-
sidered to simulate well the actual flowfield of
SITVC in a conical rocket nozzle. The disturb-
ances induced by gas injection have been observ-
ed by shadowgraph method. From the optical
observation, it is found out that two kinds of
disturbances exist. One is such that the pene-
trating height of an injection flow is almost the
same order of the thickness of turbulent bound-
ary layer near the injection port. Another is
that, an under-expanding injection flow protrudes
deep into rocket nozzle main flow, breaking
through boundary layer. The first type of dis-
turbance can be well predicted by Mager’s mod-
ell?), which is a semi-empirical theory on turbu-
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4 TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-286T

lent boundary layer separation. As for the
second type of disturbance, an analytical model
is presented to predict under-expanding injection
gas flow, which is being subjected to dynamic
pressure of supersonic main flow. Two types of
interferences are analysed in the stagnation flow-
field ahead of the free jet boundary of injectant,
especially about the detached shock distances,
the radii, and the separation point. One is the
interference between supersonic main flow and
injection flow, another is the interference be-
tween separated supersonic flow and injection
flow.

SITVC of rockets is generally applied to super-
sonic conical nozzle flow. The experimental re-
sults of two-dimensional nozzle flow, especially,
leading shocks and mixing flowfield in the down-
stream of injection port, must be different from
those of three-dimensional nozzle flow. There-
fore, three-dimensional investigation of secondary
gas injection flow is stated in section 2.

Section 2 of the present paper consists of three
parts. The first part of the section introduces
the conical lens method and presents the deriva-
tion of conical lens equations(8]~[9), Two types
of conical lenses were machined and polished.
One is called here as simple type and another is
called as rotatable type. Three simple type coni-
cal lenses were machined and polished for the
use of three-dimensional experiment. The per-
formance of these lenses are shown in the second
part of section 2. In the last part of section 2,
the observed three-dimensional shock waves in-
duced by secondary gas injection, by the use of
the conical lens method, are introduced. Be-
cause of deteriorating lens performance near the
injection port, only leading shocks have been
observed. Based on the experimental and ana-
lytical study of two-dimensional nozzle flow in
section 1, the leading shock waves induced by
secondary gas injection into a conical nozzle
supersonic flow are compared with the analytical
study.

In section 3, an estimating method of control
forces produced by secondary gas injection is
presented(10], The method is based on the study
of sections 1 and 2. The analytical estimation
of produced control forces by the secondary gas
injection are compared with the measured con-
trol forces, which were conducted by using solid
propellant rocket motors on multi-components
thrusts measuring stand.

Liquid injection thrust vector control (LITVC)
is a little different from gas injection thrust
vector control (GITVC) in control force produc-
ing mechanism. In section 4, three series of

LITVC experiments are introduced. The first is
that of high expansion nozzle, and the second
and the third are those of sea level expansion
nozzles. The LITVC feed system of the third
series of test was that of on-board type. A sim-
ple analytical treatment for estimating control
forces of LITVC is studied.

1. UNDER-EXPANDING SECONDARY
GAS INJECTION FLOW
AND EXPERIMENT OF TWO-
DIMENSIONAL NOZZLE FLOW

Nomenclature

A =area

Ap =frontal area of the jet

ay =semiminor axis of main ellipsoid

as =semiminor axis of separation flow ellipsoid

by =semimajor axis of main ellipsoid

bs =semimajor axis of separation flow ellipsoid

Cp =aerodynamic drag coefficient

D  =aerodynamic drag force acting on an in-
finitesimal length ds

dy =diameter of injection nozzle at exit

dnyerc =effective diameter of injection nozzle at
exit

dy =throat diameter of injection nozzle

g =acceleration of gravity

h =width of injection jet stream tube

M =Mach Number

M; =Mach Number of initial expansion at the
injection nozzle exit

M, =Mach Number of injectant expanded to
aft-separation pressure

My =Mach Number at injection nozzle exit

My, =Mach Number of injectant where Riemann
wave (the first Mach disc) is standing

M:; =Mach Number of aft-separation flow
M, =Mach Number of free stream

mj =injectant mass flow rate of gases

P =static pressure

Pey =total pressure of main flow

Ps =total pressure of injection gas flow
P. =static pressure of free stream

p =P[Pj

g~ =dynamic pressure of free stream

R; =radius of curvature of the jet stream tube

Rsy =detached shock radius in front of main
ellipsoid

Rss =detached shock radius in front of separa-
tion flow ellipsoid

s =trajectory path length of free jet boundary
u =free stream velocity
v =jet velocity along jet trajectory
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An Investigation of Secondary Injection Thrust Vector Control 5

vj =injectant velocity at injection nozzle exit
wj  =injectant weight flow rate

x, y =co-ordinates of injectant trajectory

Zp =penetrating length of injectant

Ys =distance between separation shock apex

and detached shock front for main flow
( Juwr=apex of main ellipsoid
( )os =apex of separated flow ellipsoid

« =over-all flow expansion angle with respect
to the x axis

any =half angle of rocket nozzle

7 =specific heats ratio of main flow gas

7j =specific heats ratio of injectant gas

1) =turning angle across oblique shock

Or =injection angle to the cross section of
rocket nozzle axis

oy =half angle of injection nozzle at exit

Os =turning angle of separated flow

4o =shock standoff distance from main ellipsoid

4dos  =shock standoff distance from separation
flow ellipsoid

0 =angle subtracted tangent angle to the jet
boundary from the over-all expansion
angle

0j =density of the injectant at nozzle exit

0% =density of free stream

G =angle of shock to incoming flow

we =Prandtl-Meyer angle of Mach Number
M,

@y =Prandtl-Meyer angle of Mach Number
My

Subscripts
b =condition along the jet boundary
t =condition along the trajectory of the in-

jected jet axis

The injection of a secondary gas into super-
sonic flow produces very complicated flowfield
near the injection port. The flowfield of this
region was observed by using two-dimensional
nozzle, whose width was 40 mm, throat length
was 10 mm, and nozzle divergent angle was 30°.

Injection port was varied from 1 mm to 5mm in
diameter, the expansion ratio at injection from
3.4 to 5.55, the injection angle was 90° to the
nozzle axis, and the injection was sonic. Cold
and dry air was used for the main flow and in-
jectant. The shadows of the induced disturb-
ances were directly projected to the film (Kodak,
TRI-X Pan, 2.25%3.25in.) by a collimating sys-
tem. The direct projection was convenient for
the comparison with the analysis. Fig. 1.1 shows
the test apparatus of two-dimensional nozzle flow.
More than one hundred test runs were conducted.

Fig. 1.1 Test apparatus of two-dimensional
nozzle.

From the optical observation of the two-dimen-
sional nozzle, it was found out that two-kinds
of disturbances existed. One is such that the
penetrating height of under-expanding injection
flow is almost the same order of the thickness
of turbulent boundary layer near the injection
port. Fig. 1.2 (a) shows a typical example of
the first type. Another is that an under-expand-
ing injection flow protrudes deep into nozzle
main flow, breaking through turbulent boundary
layer. Fig. 1.2 (b) shows a typical example of
the second type.

The separation shock angles and the leading
shock angles were measured by the shadowgraphs
for various injection conditions. The injection

Fig. 1.2 Two types of disturbances induced by gas injection.
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6 TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-286T

Table 1.1 The results of under-expanding air injection into two-dimensional nozzle

Run No. 1 | 2| 3| 4| s | 6| 7|8 910 nl| i
Po=Py ((kg/cmiab) [16.6 j17.1 [17.5 h17.1 li5.4 [15.0 ha.5 7.5 |16.9 l16.2 [16.9 |16.9
Mo 2.77 | 2.77 | 2.77 | 2.77 | 3.06 | 3.06 | 3.06 | 3.06 | 3.28 | 3.28 | 3.28 | 3.28
My A S W S N T I W N T A W N S T S O AN Y B
M, 2.34 | 2.34 | 2.34 | 2.34 | 2.50 | 2.59 | 2.59 | 2.50 | 2.80 | 2.80 | 2.80 | 2.80
dx (mm) 1] 2| 3 5| 1] 2| 3| s| 1} 2] 3| s
de (mm) 1 2 3 5 1 2 3| 5 1 2 3 5
ox (degrees) 0 0 0 0 0 0 0 0 0 0 0 0
31 (degrees) 15 | 15| 15| 15|15 (15| 15|15 )15 15/ 15] 15
sy (Nm/s) x 10-3 2.04 | 8.14 [17.7 [41.0 [2.08|7.44 |15.5 [43.0 |2.25|7.91 [22.0 41.0
dxers (mm) 0.917| 1.81 | 2.63 | 4.05 | 0.962 1.84 | 2.71 | 4.10 | 0.954] 1.83 | 2.98 | 4.04
3s (degrees) 19.1 19.1 j19.1 [19.1 [18.3 [18.3 [18.3 [18.3 17.5 [17.5 [17.5 7.5
a (degrees) 38.7 [38.7 [38.7 [38.7 [35.3 [35.3 [35.3 [35.3 [33.0 [33.0 [33.0 [33.0
M, 1.88 | 1.88 | 1.88 [ 1.88 | 2.13 | 2.13 [ 2.13 | 2.13 | 2.32 | 2.32 | 2.32 | 2.32
M, 3.93(3.93(3.93|3.93|4.41{4.41|4.41|4.41|4.80 | 4.80 | 4.80 | 4.80

Ellipsoid (Main)
axfdy e 1.03 {1.03 | 1.03 [ 1.03 | 1.21 | 1.21 | 1.21 | 1.21 | 1.39 | 1.39 | 1.39 | 1.30
barfdy ote 1.62|1.62 | 1.62 [1.62|1.96|1.96|1.96 | 1.96 | 2.28 | 2.28 | 2.28 | 2.38
Tos)darett 0.643| 0.643 0.643] 0.643] 0.942} 0.942] 0.942| 0.942 1.25 [ 1.25 | 1.25 | 1.25
You/darore 0.697| 0.697) 0.697 0.697] 0.852| 0.852| 0.852] 0.852] 1.04 | 1.04 | 1.04 | 1.04

Ellipsoid (Separated)
asldete 0.708| 0.708| 0.708] 0.708 0.793| 0.793] 0.793) 0.793 0.892| 0.892| 0.892 0.892
bsfdaresc 1.26 | 1.26 | 1.26 [ 1.26 | 1.50 | 1.50 | 1.50 | 1.50 | 1.74 | 1.74 | 1.74 | 1.74
Zos/dn ot 0.268] 0.268| 0.268 0.268 0.506{ 0.506| 0.506| 0.506 0.726| 0.726| 0.726] 0.726
Yos/dxets 0.636; 0.636| 0.636| 0.636] 0.786 0.786| 0.786| 0.786| 0.954] 0.954| 0.954| 0.954
dowldy et 0.475( 0.475| 0.475 0.475| 0.614] 0.614| 0.614] 0.614] 0.696| 0.696| 0.696 0.696
Ry ot 3.34 [3.34(3.34 | 3.34 | 4.45 | 4.45 | 4.45 | 4.45 | 5.23 | 5.23 | 5.23 | 5.23
os/drets 0.620| 0.620 0.620] 0.620| 0.701| 0.701] 0.701] 0.701| 0.716| 0.716] 0.716| 0.716
Resldarete 3.26 | 3.26 | 3.26 | 3.26 | 4.10 | 4.10 | 4.10 | 4.10 | 4.48 | 4.48 | 4.48 | 4.48
ifl’g;’a““g/dmu 1.31|1.31 | 1.31|1.31 | 1.76 | 1.76 | 1.76 | 1.76 | 2.19 | 2.19 | 2.19 | 2.19
Type ofinjection flow | 1 | 1 | 1 | w | 1 | mw | | o | 1 | ul| ol o

conditions of typical twelve test runs are listed
in Table 1.1. The measured separation shock
angles and leading shock angles of the test runs
were compared with the Mager’s analysist?] in
Fig. 1.3. The suffix numbers of x marks in
Fig. 1.3 show the test run numbers of Table 1.1.
Because of two-dimensional nozzle flow, only the
shocks very near the injection port were con-
sidered here. As far as the phenomenon very
near the wall is concerned, it can be said that
the phenomenon is hardly affected by the two-
dimensional nozzle flow. Fig. 1.3 shows that the
first type of separation induced by secondary gas
injection agrees well with the oblique shock
angles separated by wedge shocks. The separa-
tion shock angles of the second type may agree

better with the oblique shock angles separated
by conical shocks than wedge ones. But the
difference may be within 10 degrees. Angles of
the leading shock waves with respect to the in-
coming flow of the second type are far from the
Mager’s model. Thus, the leading shock of the
second type is considered to be produced by a
mechanism of flow different from the: Mager’s
model.

As for the second type flowfield, which is of
the major interest here, a schematic flow model
is considered as shown in Fig. 1.4. . The under-
expanding injection flow, injected into'the up-
stream by angle of 4 to the plane perpendicular
to rocket nozzle axis, expands and over-expands
until it is- recompressed with standing Riemann
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Fig. 1.3 Seperated shock relations of Mag-
er's model and measured shock angles.
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Fig. 1.4 Schematic of typical flow pattern
for an under-expanding injection, pro-
truding deep into supersonic main stream,
breaking turbulent boundary layer.

wave (the first Mach disc) to the mixing region
pressure. During the expanding process, the in-
jection flow is subjected to the dynamic pressure
of the supersonic main flow. There have been
both experimental and analytical investigations
of the under-expanding free jet in recent years.
However, there is no method that predicts the
under-expanding jet transversely injected into
the supersonic main flow in the present study.
An approximate analytical model to predict the
under-expanding injection gas flow is presented.
Fig. 1.5 shows trajectories of the jet boundaries
and the jet axes with and without being subject-
ed to the main flow. The axisymmetric ideal
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Fig. 1.5 Jet boundaries and jet axes with
and without being subjected to main flow.

jet expanding into still air can be calculated by
using characteristic theory(25]. This gives a good
approximation to the real jet boundary, but it
needs a tedious mathematical manipulation. The
work involved for calculating the jet boundary
for each nozzle and pressure ratio appears to be
considerable in practical application. Also, it is
still only approximate because a vicous mixing
takes place along the boundary and there is some
question about continuation of the characteristic
net beyond the intercepting shock. Further, to
the present flow model shown in Fig. 1.4 such
as being subjected to the supersonic main flow,
the above mentioned method can not be directly
applied.

A simplified theory has been proposed by
Adamson et al.[26) of the jet expanding into still
air without recourse to the tedious calculation
of the characteristic theory. It has been shown
that the shape of the jet boundary calculated by
the approximate method agrees well with the re-
sults of the characteristic theory and the experi-
ment, provided that the expansion is not very
high. Here, the same approximation will be ap-
plied to the jet injected transversely into the
supersonic main flow. Then, it will be shown
that the relation between the angle of inclination
of the jet boundary and the average Mach Num-
ber in the corresponding cross section can be
expressed by the same formula as presented by
Adamson et al. In order to obtain the shape of
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the up-stream side boundary of the jet, the foi-
lowing procedure will be taken in the present
study.

First, the mass of the jet is assumed to be
concentrated to the jet center-line; consider the
balance of the drag and the centrifugal force
acting on each element of fluid of the center-line
filament; and derive the formula which expresses
the curvature of this center-line as function of
its angle of inclination, Mach Number and the
distance from the nozzle exit. Next, the cur-
vature of the up-stream side boundary is esti-
mated from that of the center-line under a cer-
tain simplified assumption. Finally, the shape
of this boundary is determined by using the
curvature and the relation between the angle
of inclination and Mach Number given by the
formula of Adamson et al., taking into account
the effect of the boundary layer ahead of the
injection flow as stated in the later part of this
section.

Now, following the argument which has been
made by Adamson et al., in the case of the jet
into still air, the relation between the angle of
inclination and the Mach Number in the corre-
sponding cross section in the case of the jet
subjected to the side-wise supersonic flow will
be derived. Consider the flow at the lip of an
injection nozzle with half angle éy and initial
angle d; between injection direction and trans-
verse direction to the main nozzle axis. At the
nozzle lip, before expansion, the Mach Number
is My and the corresponding Prandtl-Meyer
angle is wy. After expanding to aft-separation
shock pressure, the Mach Number is M, with
a corresponding Prandtl-Meyer angle of ..
Thus, the flow at the nozzle lip turns through
an angle of w.,—wy relative to the injection
nozzle wall, and the over-all flow expansion
angle with respect to the plane perpendicular
to the main flow is a, where

a=we— wx+0on+d1 (1.1)

It should be noted that this initial condition of
the equation (1.1) exactly corresponds to that
obtained by Johannsen et al.[?), who solved the
initial curvature of a jet boundary in dealing
with the isentropic, irrotational, steady axially-
symmetrical flow of a perfect gas in the neigh-
bourhood of the center of such an axial jet ex-
pansion by the limiting condition of the polar
co-ordinates reducing to the origin.

When an axisymmetrical under-expanding jet
expands suddenly around a cornmer in a wall, it
forms a pattern known as a Prandtl-Meyer ex-
pansion or centred wave, but is not a simple

wave as an uniform two-dimensional supersonic
flow. Here, it is assumed that the pressure is
maintained constant along the jet boundary, as
is the case of the jet into still air. Then, the
flow is turned from this initial expansion angle
by the intersection of expansion waves with the
boundary, reflecting as compression waves, so
that the condition of the constant pressure is
satisfied. The present approximation depends
on replacing the effects of the expansion waves
intercepting the flow near the boundary by the
effects of a quasi-one-dimensional area increase.
Just as in one-dimensional nozzle flow, it is as-
sumed that one can find the average Mach Num-
ber and pressure at any axial position in an ex-
panding flow from the area ratio at the given
point, instead of going throagh a characteristic
calculation.

Immediately after leaving the injection nozzle
exit, then, the flow at the lip has turned through
the total angle a. However, as it follows this
new direction, it is continually expanding.
Hence, in an incremental distance downstream,
ds, there is an increase in area, dA, with a
corresponding decrease in pressure, dP/dA-dA.
dP[dA can be calculated from quasi-one-dimen-
sional relations if one considers a stream tube
along the boundary of the jet to be the channel
in question. Since the pressure is assumed to
be constant along the jet boundary, this de-
crease in pressure must be balanced by an
equivalent increase in pressure which can only
be gained by turning the flow through an in-
cremental angle, df, thus forming a weak com-
pression wave. This process of expansion and
compression holds at any point on the boundary.

The equation for the pressure along the jet
boundary may then be written as follows;

dP=0=(3P|dA)dA+(3P[30)d0 (1.2.a)

Since a change in area, dA, is equivalent to a
change in Mach Number, dM, in quasi-one-di-
mensional relations, Eq. (1.2.a) can be written
in terms of M and ¢. Thus,

(0P[OM)AM +(3P)3g)do=0  (1.2.b)

where dP/dM is calculated from isentropic flow
relations.

Next, if p=P/Pj where Pj is the total pres-
sure for the injection flow along the jet boundary,
then Eq. (1.2.b) becomes

(9p/dM)dM +(3p[a6)d6=0

where Pj, is assumed constant along the jet
boundary.
For isentropic flow, p is related to M as fol-

(1.2.c)
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lows,
. —7 T 1)
p={1+11—2—1M2} o (1.3.2)
so that
(opjoM)dM =(0pjaM3)d M3
__ 1 paMi
-2

{1+ﬁ-2_—1M3}
(1.3.b)

From linearized theory, the change in pres-

sure due to a small change in direction is
dp=(rspM3|vM3-1)46 (1.4.2)

Hence, in terms of a vanishingly small change
in pressure and direction
opleb=ypMijvM:—1 (1.4.b)

Substituting Egs. (1.3.b) and (1.4.b) in the con-
stant pressure condition of Eq. (1.2.c), one ob-
tains a differential equation of # and M.

do vVMi-1
3 L
aMt {1+%—1—M2}

(1.5.2)

Letting 8=+ M?—1, integration of the differen-
tial equation gives

— 7i+1 ( / ritl )
0=/ =1 Arctan{( 8 \/ " Arctan (8)
— 7it+1 ( / 7it1 )
[.\/ -1 Arctan|{ 8, =1

7

— Arctan (ﬁe)}

(1.5.b)

where B.=v M,2—1. It should be remarked here
that the above formula is the same as that ob-
tained by Adamson et al. for the jet into still
air and that some modification of Eq. (1.5.b) is
tried in the later part of this section so that the
effect of the predominant boundary layer ahead
of the injection port may be taken into account.

In order to give a trajectory of the jet bound-
ary without being subjected to the main flow,
so called ‘' jet into still air”, the average Mach
Number at each point on the center trajectory
of the jet is given from quasi-one-dimensional
isentropic flow relations. Therefore, an approxi-
mate boundary is given by Eqgs. (1.5)!%. In the
present flow model, since the jet is subjected to
the dynamic pressure of the main flow, its effect
must be taken into account. Because there is
no analytical method to predict the present flow
model, the center trajectory of such jet is in-
vestigated first. Consider the forces acting on

an infinitesimal length ds; of the jet stream along
the center trajectory. Here, only the balancing
forces normal to the jet axis will be considered.
Then, if the mass of the jet stream element of
ds; is considered to be centred on the trajectory,
balancing forces acting on an element in a direc-
tion perpendicular to the stream tube axis,

D —mg sin (51— 0:))=mv2[R; (1.6)

where v=1(s;) is the local jet velocity, Rj=Rjs:)
is the radius of curvature of the jet stream tube
center-line, D is aerodynamic drag acting on the
jet and @, is a deflection angle of the jet from
the initial angle. Thus, ds;=R;df;, and D=
Cp(01—01)g cos? (61— b )hds,, where h is the width
of the jet stream tube measured in the plane
perpendicular to the plane in the sketch in Fig.
1.5.
Neglecting the -gravity force compared to the

drag and the centrifugal force, and with the as-
sumption, Eq. (1.6) becomes '

db. _ Cp(d:—6:) cos? (57 —:)(h/dxw) (pxum’ )
ds pivs?

[y 7i=1, .
oM 1“'-2‘%

1.7)

where 5:=s)/dy, po» and u#» are the density and
the velocity of the main stream, respectively,
and p; and v; are the density and the velocity
of the injectant at nozzle exit, and M; is the
corresponding Mach Number at the nozzle exit.

Assuming that each element of the jet acts as
an element of an infinite cylinder aligned at the
local angle to the flow, experimental data are
available for this situation, and the following
curve fits are taken as an adequate representa-
tion of these data by Schetz{11]:

Cp=1.2+4 {Mw cos (61— G1)} /2,
0< Mo cos (61— 0,)<1
Cp=1.06+1.14 (M., cos (6:—0:)) 3,
Mo cos(97—-6:)>1 (1.8.b)

where Mo, is the Mach Number of the main flow.

Eq. (1.7) shows the curvature of the jet stream
center-line with being subjected to the dynamic
pressure of the main flow. The parameters are
trajectory pass length, ds;, tangent angle to the
x axis, dr—0;, width of the jet stream, A and
average Mach Number of the jet at that point.
From subsonic experiments, Abramovich{i2] sug-
gests that the shape of the cross section may be
taken as an ellipse with a ratio of the major to
the minor axes of 5 to 1, and the width of such
jet stream is approximately given

(1.8.a)
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hldn=2.25+0.225, (1.9)

Now, the initial angle condition of the jet
boundary stream (1.1), the jet boundary condi-
tion of #, and average Mach Number M of Egs.
(1.5) to give constant static pressure level, and
the curvature equation (1.7) of the jet center-
line are given. If the curvature of the jet bound-
ary trajectory were equal to that of the jet
center-line of Eq. (1.7), then the shape of the
jet boundary would be easily given. However,
such condition will be satisfied only at the far
downstream of the jet flow. Therefore, the cur-
vature of the jet boundary is investigated from
the analogy of that of the jet center-line, in re-
viewing of the flow model of Fig. 1.4.

Eq. (1.7) can be rewritten as follows;

‘l‘ié.’_z =Cp(d1 —0:) cos? (61 —0:)5(5;)
dSy;
pxumg)
X\/ Tj—1+ 1 J( vt
2 1 7 -1 _
2 2
where { } is constant if GITVC condition is
given, hence
do, _— \/ ri—1 1
7506 CpAdr—0:) cos? (81 — ) h(51) T-}-m

It means that, the curvature of the jet center-
line with being subjected to the dynamic pres-
sure of the main flow, (df:/d5:), is proportional
to a separable variables type function of (6:—6:),
%, and average Mach Number M, if these are
considered as independent ones. However, 6 is
dependent variable of M as seen from Eq. (1.5),
and 5 also is related to 6 and M. As far as
the problem is limited to the jet flow down to
the first Riemann wave (Mach disc) in the pre-
sent GITVC problem, one can approximately
consider as §;~35,, and the average Mach Num-
ber of the jet boundary stream is nearly equal
to that of the jet stream, where § is trajectory
pass length along the jet boundary stream. If
it is supposed that the curvature of the jet
boundary has the similar proportionality from
the analogy of that of the jet center-line trajec-
tory, the difference may result from only angle
of the jet boundary stream to the main flow,
then

dﬂb - _ Tj—l 1
P Co{a— ) cos? (a—Op)1(5p) 5 +TM"2

If generally used GITVC conditions are con-
sidered, 90°>a»dr at the lip of the injection
nozzle exit. As a—60,»dr—0; near the lip flow,
the following inequality is validly obtained:

(dBs/d3sp)<(dB:/d3); near the lip flow.

The jet stream will be strongly subjected to
the dynamic pressure of the main flow near the
apex of the jet boundary shape to the main flow
direction until the first Riemann wave position.
Therefore, the shape of the cross section of the
jet stream will be approximately similar to that
of Abramovich’s ellipse in this region. The
general GITVC condition gives approximately z,
<2dy, and M,<4.8, where xp and My are posi-
tion and Mach Number of the first Riemann
wave, respectively. The distance between the
boundary and the jet axis at the first Riemann
wave position is smaller than 2d,, if Abramovich’s
ellipse is considered. It suggests that the cur-
vature of the boundary becomes larger than
that of the jet stream center-line in the jet
downstream region of after protrusion through
the separated flow, as

(dOb/d3p) >(d:/d3:); near the apex of the jet

boundary.

Both curvatures will finally approach to the
same value after being subjected to the above
inequalities. If the limiting condition is consid-
ered, then

lim (d6:/ds)=1im (d6»/d5s)
(0r—60:) > —(90°—¢)  (a—6p) > —(90°—¢)

where 0<e<90°.

Because of the above limiting condition, the
constants of both proportional relations should
be equal. Therefore, the curvature of the jet
boundary of the present flow model can be ap-
proximately expressed by Eq. (1.7) by replacing
(61—0:) into (a—¥6) and §, into &, as

8y _ Cpla—065) cos? (a —Os)h(30) ( Poothoo? )

dsp / ri—1 pivit
n M 1+ 2

> My 142 s

Mt

(1.10)

The general GITVC condition gives actually a=
25°~45°, 6; =0°, then the above mentioned in-
equalities of both curvatures are satifished -in
the present region by Egs. (1.7) and (1.10).
Here, one should mention about the unspecifi-
ed quantity of the initial condition of the jet,
M;, at the nozzle exit. In the case of the pre-
sent flow model, there exists the predominant
boundary layer ahead of the injection flow.
Therefore, the relation of Adamson et al., Eq.
(1.5.b), can not be directly substituted into Eq.
(1.10). It is to say that the initial condition of
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1

the jet is not M. but has a little lower &
value than M., because of the effect of ) %',’\}
the boundary layer. A simplified assump- ‘5% f?@" \'v‘ob'd
tion of M,=M; is used in Eq. (1.5.b), “ g & /.}i( Q‘é“&
while holding the relation of the initial ’3:':': e
flow direction of the up-stream side jet % &/ "e e N\ Axis of symmetry in
boundary of Eq. (1.1), in the present Main 2 g R /,“P“."‘“"“ f'-""“"‘“’fﬁ""
study, and also M;=My according to a flow "2 T ) Rss“ —— Axis gfrgmf:gt;fn
conclusion of many trial and error cal- w'.\°°i £ \ 7 -— Axis of cylindrical
culations of the present jet boundary as".;\é’" Mo | R\ last wave
trying to match the results of the later ° 1 N >t ‘ AL,
introduced two-dimensional flow visuali- Oblm 1‘"’:;;& !§\€
zation. This means that the initial ex- angle Y, o™

L_y — 1

pansion of the jet may be restrained by
the boundary layer. Thus, the initial
Mach Number in the turning portion of
the jet boundary is taken as; M;=Mxy
in Egs. (1.5) and (1.10). Therefore, letting §=5
and @6p,=40, substituting Egs. (1.5), (1.8) and (1.9)
into Eq. (1.10), and integration gives an approxi-
mate trajectory of the present up-stream side jet
boundary as

" i T 7+l P
52420.455= 044 1 7i P My
_ \ /-1
(1+I——1Mms)
2
— 7 41780 1
<1+ 7'32 l-My') J J
vMi—1
_1_ 33
- (1+1j———Mﬂ)
2 aM
% Iy, Co(a—6) cos?(a—0)
(1.11)

where Py is the total pressure of the main flow,
r is the specific heats ratio of the main flow,
and M. is Mach Number of undisturbed super-
sonic main flow.

Assuming that the jet boundary is enveloped
by the stream tube, of which circular cross sec-
tion corresponds to a situation of Mach Number,
M, Egs. (1.1)-(1.11) with the assumption, predict
the jet boundary and the intercepting shock as
an envelope of right running characteristic. The
under-expanding jet expands along the jet stream
and further the jet over-expands until the first
Riemann wave stands and is recompressed to
the mixing region pressure, the jet can be con-
sidered as a valid obstruction to the supersonic
main flow. The length, from the injection nozzle
exit to the first Riemann wave, may be here
called the penetrating length of gas injection.
The generation of the leading shock wave and
the separation shock wave will be induced by
this obstruction. In order to predict the com-

Fig. 1.6 Analytical model for describing flowfield ahead
of injection flow.

plicated fiowfield ahead of the injection flow,
two ellipsoids are approximately considered.
They are inscribed the jet boundary as shown
in Fig. 1.6.

The symmetrical axes of two inscribed ellip-
soids are directed to the main flow and the
separated flow, respectively. The ellipsoid is
approximately determined by the jet circular
cross sectional area. Its radius, r, is calculated
from quasi-one-dimensional isentropic relations.
At each axis intersecting point, a=7, b= V7 -R;,
where @ and & are the semiminor axis and the
semimajor axis of the ellipsoid, respectively, and
R; is the radius of curvature. The graphical
method to describe the detached shock shapes
for the ellipsoids at zero angle of attack, pre-
sented by Kaattarill3] was applied to the present
study. The shock standoff distance from the
main ellipsoid, dox, the shock radius on axis of
symmetry in the main stream direction, Rsx, and
the separation flow detached shock standoff dis-
tance from body, dis, the separation flow shock
radius on axis of symmetry in the separation
flow direction, Rss, were calculated. The separa-
tion condition was calculated from Mager’s model.

The calculated parameters of the injection flow,
detached shock standoff distances and radii, and
separation conditions of the experiment are list-
ed in Table 1.1. Actually, dy in Eqs. (1.9), (1.10),
and (1.11) was calculated by dyesr from the meas-
ured weight flow rate, w;, as dwerc=(41djfrosv;)1/5.
The flow rate of the injectant was measured by
orifice flow meter with quadrant nozzle, which
was calibrated by gas meter of 50 Nm3/hr (Shina-
gawa Seisakusho).

The comparison with the shadowgraphs are
shown in Fig. 1.7.

The leading shock shapes also were calculated
by applying cylindrical blast wave analogy, here
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Fig. 1.7 Disturbed flowfield ahead of injection flow and comparison with analysis.

axis of cylindrical blast wave was taken parallel M, =Mach Number of injectant to expand aft-
to the nozzle walll®] and the apex of leading separation pressure
shock wave was set at the intersecting point of My =Mach Number at injection nozzle exit
the main detached shock and an axis parallel to M, =Mach Number of injectant where Riemann
the nozzle wall through the symmetrical point wave is standing
of the separation flow ellipsoid (see Fig. 1.6). Ms =Mach Number of aft-separation flow
The leading shock shapes will be discussed more M. =Mach Number of free stream
in detail in the next section. Although the 7; =injectant mass flow rate
phenomena occur in the limited small region, my =main stream mass flow rate
these calculations may be concluded to agree n;  =refractive index of the lens material
well with the experimental results. R =cylindrical blast wave radius
Rsy =detached shock radius in front of main
ellipsoid
2. THREE-DIMENSIONAL Ry  =(mjfriny - thefthoo Aco)l/?
INVESTIGATION OF SECONDARY rv =maximum inner radius of conical lens
GAS INJECTION FLOW BY THE USE 7o =minimum inner radius of conical lens
OF CONICAL LENS METHOD ri =unit vector of the incident ray passing

through a point P, (1,0, 0).

/

ri =unit vector of the refracted ray passing
Nomenclature through the point P, (/, m, n).

A« =cross sectional area of rocket nozzle at S =distance between screen position and coni-
injection cal lens

ay =semiminor axis of main ellipsoid Si =surface of leading shock

by =semimajor axis of main ellipsoid Sy =separation front

dp =diameter of blunt nose t—¢ =parameters of cylindrical co-ordinates for

dy =diameter of injection nozzle exit inner surface of conical lens

daers =effective diameter of injection nozzle at U —=axial component of the wvelocity at the
exit rocket nozzle exit in the absence of in-

dy  =throat diameter of injection nozzle jection.

(e1, e, es)=fundamental unit vectors #- =axial component of the free stream velo-

H  =axial length of injection port location city at injection point

J =nondimensional constant x =position vector of outer surface of conical

L =axial length of conical lens lens

[, m, n=directional cosines of the refracted ray b =position vector of inner surface of conical
in the lens wall lens
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o =(x=x, y=v1, 2=z1) position vector of a
ray in the bore parallel to x axis

' =(x==x1t+ls, y=yi1+ms, z=21+ns) position
vector of the refracted ray in the lens
wall

(x, v)uw=apex of main ellipsoid
(x, ¥)s =apex of separated flow ellipsoid

Ys =distance between separation shock apex
and detached shock front for main flow

ay =half angle of rocket nozzle

7 =specific heats ratio of main flow gas

doyr =shock standoff distance from main ellip-
soid

dr  =injection angle to the plane perpendicular
to rocket nozzle axis

oy =half angle of injection nozzle at exit

0s =turning angle of separated flow

4 =ray path length in the lens wall

Lo =ray path length in the lens wall at ¢=0

A =nondimensional constant

3 =axial distance from apex of cylindrical
blast wave analogy

Q2 =injection angle to the transverse plane of

the incoming parallel light rays

SITVC of rocket is generally applied to super-
sonic conical flow. The actual flowfield, in that
case, especially the leading shocks and the mix-
ing flowfield in downstream, is different from
that of two-dimensional nozzle flow. Much work
has been done to investigate the phenomena as-
sociated with such injection, the flowfield pro-
duced is still not well understood. With regard
to secondary injection problems, optical observa-
tion has been used as a powerful method for
investigation. However, all of the studies re-
ported to date have been worked out by using
two-dimensional nozzle flow{141~018),

A conical lens method developed by the au-
thor(81.(91, for observing phenomena in a conical
pipe flowfield such as rocket nozzle, has been
introduced in this section. Two types of conical
lens, which are made of schlieren glass, have
been machined and polished. One is called here
as simple type. Three lenses of this type were
machined and polished. Another is called here
as rotatable type. One lens of this type was
machined and polished. Optical performance of
these lenses had been investigated before three-
dimensional investigation of secondary gas in-
jection flowfield was conducted.

The secondary gas injection produces very
complicated flowfield very near the injection port
as stated in the previous section. Because of
deteriorating lens performance near the injection
port, only leading shocks were observed by the

conical lens method. Based on the experimental
and analytical study of two-dimensional nozzle
flow presented in the previous section, the lead-
ing shock waves induced by secondary gas in-
jection into a conical nozzle supersonic flow,
through the orifice at sonic velocity vertical to
the nozzle axis, were observed and compared
with analysis in the last part of this section.

2.1. Derivation of Conical Lens Equations

The principle of conical lens method is sche-
matically shown in Figs. 2.1 and 2.2. Fig. 2.1
shows a cross-sectional view of an ordinary pipe
of transparent wall, where the incoming parallel

Rays

Fig. 2.1 Dispersion of incoming parallel rays
through ordinary pipe of transparent wall.

Rays

Fig. 2.2 Parallel rays through conical lens.

light rays are being dispersed due to refraction
or reflection on the outer and inner surfaces.
Fig. 2.2 shows a conical lens. The inner sur-
face is conical and the outer surface is generat-
ed such that the incoming parallel light rays go
parallel through the bore by compensating one
another at twice refractions on the outer and
the inner surfaces, and go out parallel by the
same refractions. Using differential geometry
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x (a) x-y-2 Co-ordinates

(b) £-2 Co-ordinates {c) -y Co-ordinates

Fig. 2.3 Conical lens co-ordinates

and vector analysis, conical lens equations have
been derived. Co-ordinates of the lens equations
are shown in Fig. 2.3.

The position vector, g of the inner conical
surface is given by

I z=(ro+ttan ax)cos ¢,
y=(ro+{tan ax)sin ¢, (2.1)
z2=¢

where ay is cone half angle, 7, is a reference
inner radius of conical surface and ¢ and ¢ are
curvilinear co-ordinates of the surface.

The differential geometry gives the first funda-
mental quantities of the inner surface as

E =g, -ry=(ro+ttan ax)?,
F=g,-u=0, 2.2)
G=g-u=1+tan? ax

and

g=EG—Fi=(1+tan? ay)(ro+1tan ax)
(2.3)

where r,=0dr/d¢ and y=dg/dt express tan-
gent vectors to the ¢-curve and the f-curve
at a point (¢, ), respectively. The unit
normal vector at this point (f)» is

@r=zsxu/Vg
=cos ax(cos ge1+sin ¢e3—tan axes)
(2.4)

where e), €3, and e; are the fundamental
unit vectors. The analysis deals with only
the half path of a light ray for simplicity.

An arbitrary position vector ri, which ex-
presses the path of a ray traversing per-
pendicularly to the bore axis and passing
through an arbitrary point P(xi, ¥1,21) on
the inner surface is given by

23+ y13<(r0+21 tan ax)?
(2.5)

El(xv Y, zl) »

The position vector, g/, of the path of

through the point P, is given by

Ray the refracted light ray, after it passed
i Y
Ly

o (x=x1+1s, y=vyi1+ms, z=z21+ns)
(2.6)

where I, m, and n are the directional co-
sines of the position vector r’ and s is a
parameter. Snell’s law determines the re-
lations among g1, the normal vector at the
point P on the inner surface [g(P)ln, and
1’ as follows:

Scalar product of two vectors gives

cos B4=[t(P)]~-ri=cos an cos ¢ 2.7
cos Op=[(P)lx1r/
=cos ay{l cos ¢+msin ¢—n tan an)
(2.8)

where r; and ry’ represent the unit vectors ri(l,
0, 0) of the incident ray expressed by the posi-
tion vector r1 and ry({, m, n) of the refracted ray
expressed by the position vector zi/, respectively,
and 64 and 0p are angles between [g(P)]¥ and
ri, and [¢(P)ly and ry/, respectively.

Because the two planes defined by vector pro-
ducts [(P)]~ x 71 and [¢(P)]¥ x 1y’ should be paral-
lel, one obtains after comparing components of
the two vector products [f(P)lxxr and [g(P)lv
xry’, and using the relationship 24+mi4+ni=1
and Eq. (2.8)

!=cos axn cos ¢ cos Op

—cos? 1/3
+(1—cos? ax cos? g&)( 1-cosi0s )

1—cos? ax cos? ¢

m=cos? ax sin ¢ cos ¢
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g cos Op _( 1—cos? @3 )1/2}
COS ay cos ¢ 1—cos? ax cos? ¢

7= —sin ax Cos ay COs ¢

{ cos 0p _( 1—cos? 65 )1/’]
COS ax COS ¢ 1—cos? ax cost ¢
(2.9)
The refractive index n; of the lens material is
defined by
n;=sin f4/sin Op (2.10)

Combining Egs. (2.7) and (2.10), one obtains
cos Op=(n2—1+cos? ax cos? ¢)/3[n; (2.11)

Letting @ be a point at which the refracted
light ray passes the outer surface of the lens,
one obtains the position vector (@) of @ as

Q) =tP)+C-r’ (2.12)

where { is a distance between P and Q.

Because the light ray leaving @ should be par-
allel to the incident light ray vector ri, the nor-
mal vectors at the point P of ¢ and at the point
Q of % should be parallel. One obtains thus

(EQlr x[e(P)lv=0  (2.13.2)
Rewriting gives
([E(Q)s x [E(Q))) x [2(P)l¥=0 (2.13.b)
The triple product of the vectors gives
([(P)lv-[2(Q))y) - [X(Q))
= {[e(P))w-[E(Q))e} - [E())p =

Because [£(Q)]s and [#(Q)) are independent vec-
tors, each scalar product of Eq. (2.14) vanishes,
thus one obtains

(2.14)

(x(P)l~-[2(Q)]s=0 }
(2.15.a)
(2(P)]x-[2(Q))=0
Rewriting gives
[&(P)lw-[0(Cr")/3¢]=0 }
(2.15.b)
[(P)]w-[8(Cry’)/3t}=0

Equations (2.15.b) are partial differential equa-
tions of {. Suppose { is separable:

C=E&(gm()

One can see easily that { is a function of only
¢ from the second equation of (2.15.b). Integra-
tion of the first differential equation of (2.15.b)
gives
v n3—sin? ay (cos an cos ¢
C_ 4+ vVni-l4costanxcosty)
o VY ni-l+costancost¢

x (cos axy+v nf—sin® ay )

(2.16)

where 0<¢<rm/2 because of symmetrical proper-
ty of the surface. One obtains, finally, the re-
quired surface for a given conical surface of g,
which can be expressed by the following position
vector:

(¢, H="(¢, D+LUHIM(¢) (2.17)
in rectangular co-ordinates
X =(ro+¢tan ax)cos ¢+l
Y =(ro+ittan ax)sin ¢p-+{m (2.17)

Z =t+ln

2.2. Conical Lenses and Optical Calibration of
the Lenses

The conical lens equation of (2.17) is a ruled
surface of which generating lines pass through
a closed guiding curve. Therefore, it is easy for
machining and polishing. Four lenses have been
machined and polished. They have been made

Table 2.1 Measured refractive indexes
of lens material

Material: BSC-7,

best annealed, NIKON

Wave length (my) Refractive index

404.7 (Hg, h) 1.5302 (nn)
435.8 (Hy, 9) 1.5266 (ng)
486.1 (H, F) 1.5223 (nr)
546.1 (Hy, e) 1.5187 (ne)*
587.6 (He, d) 1.5168 (n4)
656.3 (H, O) 1.5143 ()
768.2 (K, A’) 1.5114 (n47)

* Designed, measuring accuracy
+0.0005.
Presented by Nippon Kogaku K.K.

Fig. 2.4 Schematic of conical lens polishing
machine.
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of schlieren glass (BSC-7, best annealed, NIKON),
of which refractive indexes for various wave
lengths are shown in Table 2.1. Fig. 2.4 shows
a schematic of the conical lens polishing machine.
Three of them are called here as simple type,
and have the same configuration except second-
ary gas injection orifice. Fig. 2.5 shows the
photograph of simple type conical lens, of which
minimum inner radius is 17.6 mm, maximum in-
ner radius is 61.1 mm, cone half angle is 14°53/,
and {(=30 mm.

The fourth one is called here as rotatable type.
The rotatable type is made in two pieces, the
outer lens and an inner sleeve. Fig. 2.6 and
Fig. 2.7 show a schematic of rotatable conical
lens attached to the wind-tunnel, and the photo-
graph of the machined rotatable conical lens, re-

Fig. 2.5 No. 3 simple type conical lens.

ICIHEEOR

Main flow \/
=

OINERCR

I Outer lens

Inner sheeve

I
J IV

1rInjectant

Fig. 2.6 Schematic of rotatable type conical lens nozzle.
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spectively. The inner sleeve is free to rotate in
order to take evolved shadowgraphs of shock
waves induced by a secondary gas injection in
conical supersonic flow. Upon rotating the inner
sleeve, the secondary injection port rotates around
the nozzle axis. In order to decrease the amount
of distorsion resulting from the air-glass inter-
faces, a clear oil (a-chloronaphthalene (n=1.49)
+phtalic acid dioxime (#=1.63), mixing ratio is
4:1 with a refractive index of 1.520 for the H,,
e line) was inserted between the outer lens and
the inner sleeve. Table 2.2 shows the designed
and the measured lens parameters of the polish-
ed four lenses.

Belore SITVC experiment by the use of the

Fig. 2.7 No. 4 rotatable type conical lens.

Table 2.2 Conical lens parameteas

Lens No. | 1 2 3 4

7o (designed) 17.4695 mm 17.4695 mm 17.4695 mm | 17.4695 mm
7o (measured) 17.374 mm 17.418 mm 17.606 mm 17.5175 mm
minimum radius error —0.0955 mm +0.0515 mm +0.1365 mm +0.048 mm
Lo (designed) 30.000 mm 30.000 mm 30.000 mm 45.000 mm
Lo (measured) — — e —
ay (designed) 15° 15° 15° 15°
ay (measured) 14°53/ 15°1/ 52" 14°52/ 44" 14°547 06"
cone half angle error -7 +1/52” —7'16" —5754”
dead angle zone (designed) F10° F10° F10° F10°

e —10° —15° e
dead angle zone (measured) F20 113° +20° F15
L (measured) 50.55 mm 50.55 mm 49.77 mm 52.305 mm
Ry (measured) 122.673 mm 123.03 mm 122.204 mm 154.50 mm
dy (measured) 5.3 mm 4.3 mm 3.1 mm 5.2 mm
H (measured) 16.0 mm 18.0 mm 18.0 mm 16.0 mm

,/:CEEEEEEEEE = £
%igﬁgéﬁjjixﬁiz: =
E%S i
s tettittnng N
gt‘t@;}ggg - “*J::

(a) Square sheet glass of 2-mm (b) Trapezium sheet glass of {¢) Trapezium sheet glass of'
square grating 10° pitch SIN. chart & 2-mm square grating
2-mm pitch lines enqraved
Fig. 2.8 Sheet glasses for optical calbration.
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Condenser
lenses

Mirror

Filter Slit

e | )
@i@b,%} '

Collimating
lenses

Position 1

Position 2
Conical lens

Fig. 2.9 Schematic of calibration method.

conical lenses was set about, optical calibration
of the lenses had been conducted. Three kinds
of sheet glasses have been used as shown in Fig.
2.8 (a), (b), and (c¢). Fig. 2.8 (a) shows a square
sheet glass of 2 mm square grating. Fig. 2.8 (b)
shows a trapezium sheet glass of 10° pitch SIN.
chart and 2mm pitch lines engraved. Fig. 2.8
(c) shows a trapezium sheet glass of 2 mm square
grating. By using these sheet glasses, the cali-
bration of optical performance of the conical
lenses have been done as shown in Fig. 2.9.

The square sheet glass of 2mm square grat-
ing (Fig. 2.8 (a)) has been used to check distor-
sion due to machining error. Placing it in posi-
tion 1 of Fig. 2.9, the screen position has been
varied from S=0mm to S=600mm. Fig. 2.10
shows a back-lighted (parallel light rays through
filter, peak wave length=550 my, from a colli-
mating system) picture showing the distorsion
of the grating at S=0 mm.

If an incident angle (¢) of the incoming ray
on surface of the lens approaches to 90°, then
the dispersion due to machining error becomes
large. The region, where dispersion predomi-
nates, is called here as dead angle zone. In
order to check the dead angle zone, the trape-
zium sheet glass of Fig. 2.8 (b) has been used
by placing it at position 2 of Fig. 2.9. Photo-
graphs have been taken by varying the distance
from S=0mm to S=600 mm. If there were no
dead angle zone, +90° SIN. chart could be clear-
ly taken. Fig. 2.11 shows the picture through

No. 2 lens of simple type at S=0mm. The
dead angle zone (measured) of No. 2 lens of
Table 2.2 has been measured from Fig. 2.11 of
zero length distance.

The trapezium sheat glass of 2mm square

mE
SH

i

o

a8

B
]

Fig. 2.10 Distorsion of the 2mm square
grating, Lens No. 2, S=0 mm,
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Fig. 2.11 Calibration of the dead angle zone,
Lens No. 2, S=0 mm.

grating has been used to transform the image
co-ordinates into the object co-ordinates. As it
can be seen from Egs. (2.9), (2.11), (2.16), and
(2.17), the object co-ordinates in the conical pipe
(t—¢) are implicit functions of the image co-
ordinates (X—Y —Z). Because it is only an
image that one can take photographes by the
use of conical lens method, transformating re-
ference is needed. Placing the trapezium sheet
glass of 2mm square grating at position 2 of
Fig. 2.9, photographs have been taken by vary-
ing the distance from S=0mm to S=600 mm.
Fig. 2.12 shows the transformating reference.
As it is expected of the calibration, the longer
the distance S, the bigger the distorsion.

As to the optical calibration of rotatable coni-
cal lens, on rotating inner sleeve by pitch 10°,
exactly the same procedure of the above stated
calibration for simple type conical lens has been
conducted. Figs. 2.13, 2.14, and 2.15 show the
photographs for calibration of rotatable type
conical lens.

Fig. 2.12 Calibration of image co-ordinates,
Lens No. 2, S=0mm.

2.3. Three-Dimensional Investigation of Leading
Shock Waves Induced by Secondary Gas In-
jection by the Use of Conical Lenses

Leading shock waves induced by secondary air
injection have been optically observed by the
conical lenses calibrated in the previous part of
this section. The test apparatus used was the
same as in the two-dimensional experiment ex-
cept that the nozzle part was replaced by lens
nozzle as shown in Figs. 2.16 and 2.17. In order
to avoid dispersion due to wave lengths, the
transmission type interference filter has been
used, which transmits the 548.5+0.8 muy wave.
More than hundred test runs of three simple
type and one rotatable type conical lenses have
been carried out.

An analysis is tried to predict the leading
shock waves. observed by the conical flow ex-
periment. Using Egs. (1.1)-(1.11) with the pre-
viously mentioned assumption, and further as-
suming that the jet is enveloped by the stream
tubes, the free jet boundary and the penetrating
length has been easily predicted by the analysis
of the first section of the present study. As-

This document is provided by JAXA.
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Fig. 2.13 Distorsion of the 2 mm square grating
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Fig. 2.14 Calibration of the dead angle zone
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Fig. 2.16 Simple type conical lens nozzle.

Fig. 2.17 Rotatable type conical lens nozzle.

suming that the under-expanding jet expands
along the jet stream and further the jet over-
expands until the Riemann wave stands and is
recompressed to the aft-leading shock mixing re-
gion pressure, the jet can be considered as a
valid obstruction to the supersonic main flow.
The generation of the leading shock wave will
be induced by this obstruction. According to
the analytical model presented in the first sec-
tion of the present study, some analytical treat-
ment has been tried to predict the leading shock
shape.

In order to predict the leading shock waves,
the blast wave analogy has been used. Lees and
Kubotall®] investigated bow shock waves generat-
ed by a hemi-spherer-cylinder at Mwo=7.7, and
indicated that the leading shock shape was pre-
dicted very accurately by the blast wave similari-
ty analysis. The author extended this analysis
to the leading shock waves induced by protrud-
ing a projection into medium Mach Numbers
supersonic conical flow(20], The following equa-

tion was used in the reference;
£:<?J,)”“ (1_; ’,Z?l)l”,.}m .é%l”(_é\ v
n] ( ( 27 Mc? dp dp )
(2.18)

where R is cylindrical blast wave radius, dp is
the diameter of the blunt nose, and & is axial
distance of cylindrical blast wave analogy. The
dy was calculated as a diameter of the sphere,
which had the same frontal areas as that of the
jet extending from the nozzle exit to the first
Mach disc.

Broadwelll2}, Karamcheti and Hsial3], and Hsia,
Seifert and Karamchetil!®] calculated the shape
of the induced shock by secondary injection, also
by using the results of the analogy between the
unsteady flowfield of a cylindrical blast wave and
steady, axisymmetric inviscid, small disturbance,
hypersonic flowfield past a blunt-nosed slender
body of revolution. In applying the blast wave
analogy to SITVC problem, however they ac-
counted the energy term as equal to the magni-
tude of the axial momentum of the secondary
injection per unit time. Hsia, Seifert, and
Karamcheti used the following equation for their
theory;

A-{a) ) s )

(2.19)

where Ry=(#/mo-tteftto- Ax)/?, ue is the axial
component of the velocity at the rocket nozzle
exit in the absence of injection, 72 is the main
stream mass flow rate, and A is the area of
main nozzle at injection. In order to calculate
leading shock shapes by Egs. (2.18) and (2.19),
& is started from the intersecting point of the
main detached shock and the axis parallel to
the wall through the separation flow symmetri-
cal point. Fig. 1.6 shows the relations of injec-
tion flow, two inscribed ellipsoids, main detached
shock, separation detached shock, separation
shock angle, and the starting point of leading
shock. J=0.88 and 1=-1.989 for y=1.4 have
been used in the calculation(21},(22],

Table 2.3 shows the typical test runs of ex-
periment carried out by using the three simple
type conical lenses. The blunt body parameters
of injection jet and disturbances ahead of the
injection port have been calculated by the analy-

sis of the previous section. The shadowgraphs
taken by simple type conical lenses are shown
in Fig. 2.18, which have been directly projected
through conical lens to the film (Kodak, TRI-X
Pan, 2.25x3.251in.) with exposure time 1/90 sec-
onds. Only at Run No. 3, the lens has been
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Table 2.3 Test results under-expanding air injection into simple type conical lens nozzle

Run No. 1 2 3 4 5 6 7 8 9
Lens No. 1 1 1 2 2 2 | 3 3 3

Peo=Pj (kg/cm?ab) 18.8 18.0 13.5 15.7 16.2 16.0 16.5 16.7 12.7
Me 2.25 2.25 2.25 2.31 2.31 2.31 2.31 2.31 2.31
My 1 1 1 1 1 1 1 1 1

M. 1.88 1.88 1.88 1.93 1.93 1.93 1.93 1.93 1.93
dy (mm) 5.3 5.3 5.3 4.3 4.3 4.3 3.1 3.1 3.1
dy {(mm) 5.3 5.3 5.3 4.3 4.3 4.3 3.1 3.1 3.1
on (degrees) 0 0 0 0 0 0 0 0 0

dr (degrees) 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0
mj (Nmd/s)x 10-3 43.0 41.7 34.0 35.8 37.0 36.4 — — —
dxess 3.97 3.98 4.15 3.95 3.95 3.94 2.87% | 2.87%| 2.87*
ds (degrees) 20.1 20.1 20.1 20.1 20.1 20.1 20.1 20.1 20.1

o (degrees) 47.0 47.0 47.0 46.0 46.0 46.0 46.0 46.0 46.0
M 1.45 1.45 1.45 1.49 1.49 1.49 1.49 1.49 1.49
My 3.10 3.10 3.10 3.19 3.19 3.19 3.19 3.19 3.19
Ellipsoid (Main)

ayldnesc 0.793 | 0.793 | 0.793 | 0.812 | 0.812| 0.812| 0.812| 0.812| 0.812
bufdn ert 1.14 1.14 1.14 1.18 1.18 1.18 1.18 1.18 1.18
ZTom/dn ess 0.487 | 0.487 | 0.487 | 0.524 | 0.524 | 0.524 | 0.524 | 0.524 | 0.524
You/dn et 0.665( 0.665( 0.665, 0.685| 0.685| 0.685 0.685| 0.685 | 0.685
Ellipsoid (Separated)

Tosfdn eft 0.200 | 0.200 1 0.200 | 0.229 | 0.229 | 0.229} 0.229{ 0.229 ] 0.229
Yos/dx est 0.614 | 0.614}| 0.614 | 0.633 | 0.633| 0.633| 0.633 | 0.633 | 0.633
Hosrldn ess 0.41 0.41 0.41 0.399 | 0.399 | 0.399( 0.399 | 0.399| 0.399
Rsu|dn ert 2.52 2.52 2.52 2.56 2.56 2.56 2.56 2.56 2.56
Penetrating length/dyerr | 0.706 | 0.706 | 0.706 | 0.763 | 0.763 | 0.763 | 0.763 | 0.763 { 0.763
A p|din et 2.01 2.01 2.01 2.22 2.22 2.22 2.22 2.22 2.22

* Flow rates missed, discharge coefficients of Table 1.1 (3¢) is applied.

rotated around the lens axis by 180° to check
the dispersion characteristics of the incoming ray
direction.

The calculated leading shock waves also are
compared in the photographs. According to the
discussion of the first section, the axis of cylin-
drical blast wave analogy is taken parallel to
the nozzle wall. Because Fig. 2.18 shows the
image co-ordinates of the shock waves induced
in the lens, the calculated leading shock shapes
of Egs. (2.18), and (2.19) are transformed into
the image co-ordinates by using the lens equa-
tions (2.1)-(2.17).

By using calibration grating of Fig. 2.8 (c),
placing the film holder in the same position
where the photographs of Fig. 2.18 were taken,
the comparison of the shadowgraphs of leading
shocks with the analysis is shown in Fig. 2.19
in the object co-ordinates also. Figs. 2.18 and

2.19 show that the calculated leading shock waves
from Eq. 2.18, based on the under-expanding gas
injection model of the first section of the present
study, extremelly well agree with the experi-
mental results of three-dimensional conical nozzle
flow. This experimental conclusion may answer
to the question presented by Hsia, Seifert, and
Karamchetill8), as to whether or not it is valid
to assume that the blast wave axis is parallel to
the nozzle axis for all conditions of injection.

A series of evolved shadowgraphs of induced
shocks has been taken by the use of No. 4 rotat-
able type conical lens. Table 2.4 shows the typi-
cal test runs of the experiment; injection condi-
tions, injected free jet parameters, separation
conditions, and the injection angles to the trans-
verse plane of the incoming parallel light rays,
2. The injection angle, 2, is varied from 0° to
90°. The evolved shadowgraphs are shown in
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Fig. 2.18 Leading shock waves induced by secondary air injection
conical lenses and comparison with Egs. (2.18), and (2.19).

into simple type
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Fig. 2.19 Leading shocks in the object co-ordinates (Simple type conical lenses).

1
Rotatable inner sieeve

Fig. 2.20 Shock front {S)) surface and sepa-
ration front (Ss) of rotatable conical lens
experiment.

Fig. 2.21.

The theoretically calculated leading shock front
(51, by Eq. 2.18) and separation front (S;, see
Fig. 2.20) also are compared in the photographs.
By using the calibration grating of Fig. 2.8 (¢),
placing the film holder in the same position
where the photographs of Fig. 2.21 were taken,
the comparison of the shadowgraphs of the lead-
ing shocks with the theoretically calculated lead-
ing shock front (S:) and the separation fronts (Sg)
are shown in Fig. 2.22 in the object co-ordinates
also.

The figures show that; if £ increases, the
shock front becomes larger than that calculated

by axisymmetric blast wave theory. As it can
easily understood, as far as Peo= P, the fluctua-
tions of the induced shock shapes depend only
on the injected mass flow rate, 71;, as an order
of those of dyerr. Table 2.4 shows that the fluc-
tuation of dyerr is within 0.75%. Therefore, it
can be concluded that the series of tests of Fig.
2.22 have the identity with accuracy of 0.75%.
Under the justification of this identity, the series
of tests in the object co-ordinates of Fig. 2.22
can be plotted down in cross sectional views.
Fig. 2.23 shows cross sectional views of the lead-
ing shock in the object co-ordidates, where ¢ is
expansion ratio of the section. These cross sec-
tional views show that the axisymmetricity of
the leading shock wave induced by the secondary
injection loses and the cross section looks like
that of an oblate spheroid. .

The parameters of the oblateness of the induc-
ed shocks are shown in Fig. 2.24. An ellipse is
assumed to envelope the experimental surfaces
at each cross section. The maximum and the .
minimum semimajor axes which envelope the
maximum and the minimum experimental sur-
faces, respectively, are plotted to the axial blast
wave axis. The semiminor axes are taken as
the experimental radii at 2=0°. Fig. 2.24 shows
that the shock surface has an approximately el-
liptical cross section with axes ratio of 1.5. This
experimental result also answer to the question
presented by Hsia, Seifert, and Karamcheti{1%),
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Fig. 2.21 A series of evolved shadowgraphs of the shock waves induced by the secondary
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the image co-ordinates (broken curves show S; and one dotted ones show Sy).
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Fig. 2.22 A series of evolved leading shocks in the object co-ordinates (Rotatable type
conical lens).

£=3.12 £=348

Fig. 2.23 Cross sectional views of leading shocks.
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Fig. 2.24 Oblateness of induced shocks.

‘““it is not clear whether the shock surface can F, =generated side force by pressure increase
be assumed to be axisymmetrical ”. acting on injection nozzle exit
Fs  =generated side force by injection flow re-
action
3. AN ESTIMATION OF Fs =generated side force by pressure.increase
CONTROL FORCES PRODUCED ‘ in interference region-of downstream:flow i
BY SECONDARY GAS INJECTION 2. F =total produced control force -by:SITVCiipn
AND GITVC EXPERIMENT My =Mach Number at injection nozzle exit - :
Pe =total pressure of main stream
Pj =total pressure of injection flow
Nomenclature P;  =static pressure of injection flow at injec-
Ap =frontal area of the jet from the injection tion nozzle exit
nozzle exit to the first Mach disc P;  =static pressure of turbulent boundary lay-
Aj =area of injection nozzle exit er separation
¢=tex Py =aft-detached shock pressure ahead of in-
A =2\ T IRE Y- R@aE  ecton fow
ay =semiminor axis of main ellipsoid Py = {(2Ps+ Pu)/3+(2Ps+ P;)/3}/2; average pres-
bn =semimajor axis of main ellipsoid sure in aft-detached shock region
dy =diameter of injection nozzle exit P, =static pressure of region 1
dnerr =effective diameter of injection nozzle exit P;  =static pressure of the aft-separation re-
Fy  =axial thrust of rocket motor gion
Fe =measured side force of SITVC test P =average pressure between separation shock
F.n  =theoretical side force of SITVC test and separated turbulent boundary layer
Fi  =generated side force by pressure increase R  =cylindrical blast wave radius
in separated region To; =total temperature of injection flow
F; =generated side force by pressure increase vy  =injection jet velocity at injection nozzle
between separated shock and separated exit
region ahead of detached shock w; =weight flow rate of injectant
F; =generated side force by pressure increase rp =penetrating length of injectant
in aft-detached region ahead of injection (x, v)owr=apex of main ellipsoid
flow Y; =distance between separation shock apex
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and detached shock front

axy =half angle of rocket nozzle

7 =specific heats ratio of main flow gas

7 =specific heats ratio of injectant gas

Aoy =shock standoff distance from main ellip-
soid

dr =injection angle to the cross section of
rocket nozzle

dny =half angle of injection nozzle at exit

Js =turning angle of separated flow

e =rocket nozzle expansion ratio at exit

&j =rocket nozzle expansion ratio at injection
point

& =cylindrical blast wave axial length at the
beginning of region 7

£ex =cylindrical blast wave axial length at
rocket nozzle exit

o =angle of oblique shock to incoming flow

Under-expanding gas injection flow, which is
subjected to the dynamic pressure of supersonic
main stream, complicated flow-field ahead of the
injection flow and the induced leading shock
waves were analysed and compared with the re-
sults of flow visualization, in the previous two
sections. The analysis showed pretty well cor-
relation with the experimental results. Based on
the above analysis, it is tried to estimate pro-
duced control forces of GITVC in this section.
Disturbed flow regions, considered especially to
contribute the additional generation of side forces
due to secondary gas injection, are shown sche-
matically in Fig. 3.1.

Section at mixing region

Fig. 3.1 Regions contributed to forces.

Region 1 shows undisturbed nozzle flow, 2
shows separated turbulent boundary layer region
ahead of detached shock induced by injection
flow obstruction, 3 shows oblique shock region
by the separation, 4 shows aft-detached shock
region ahead of injection flow obstruction, 5
shows over-expanding region of injection flow, 6
shows mixing region in the downstream, and 7
shows interference region between leading shock
and the turbulent boundary layer on the nozzle

wall to the exit section. The configuration of
each region can be calculated from the previous
two sections. .

The static pressure of region 1, P, can be cal-
culated from isentropic relation of one-dimension-
al nozzle fiow. The separation agles, ds; the
separation pressure, P, the oblique shock angle
due to separation, o, and the aft-separation shock
pressure, Py, can be calculated from the Mager’s
analysis and the oblique shock wave relations.
The pressure decrease of over-expanding region
5 is assumed approximately to balance the pres-
sure increase due to the leading shock recom-
pression and weak recompression along the jet
boundary and further the interference region be-
tween turbulent boundary layer and the leading
shock wave.

Zukoski and Spaidl14) showed from their ex-
periment that the pressure of region 6 was al-
most equivalent to the undisturbed flowfield.
Fig. 3.2 shows a typical GITVC test run of two-
dimensional nozzle flow, measuring static pres-
sures of the disturbed and the undisturbed flows.
Fig. 3.2 (a) shows a schlieren photograph show-
ing positions of static pressure measuring ports.
Fig. 3.2 (b) shows static pressures of the dis-
turbed flows of the experiment of (a). If static
pressures of the undisturbed flow, §3 to $6, are
compared with the static pressures of the dis-
turbed flow, £3’ to 36, respectively, the experi-
periment of Zukoski and Spaid is assured by
Fig. 3.2. Therefore, no contribution of the re-
gion 6 was considered. Region 7 may be only
contribution to the generation of control force
after over-expanding region. The pressure, P,
may be calculated by the Mager’s model.

The area on which the pressure difference acts
to cause the control force, in the regions of 2
and 3, is bounded by the intersection of a separa-
tion shock cone and separated turbulent bound-
ary layer region of cone with the conical wall
of the nozzle. For simplicity, the projected area
bounded by a separation shock cone and a noz-
zle cone is calculated by cone and cylinder pre-
sented by Wu, Chapkis, and Mager(1). This
simplification is valid as long as the nozzle cone
is small. For estimation of area, A;, an analyti-
cal model of Fig. 3.3 is considered. Therefore,

ar=2|"RE+ Y)-R@MdE (31)

Now, six forc_e§ contibuting to the production
of control force by GITVC are as follows:

Fi=(Ps—P1)Yst tan 85 cos ax ; (3.2)

pressure increase in separated region.
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(a)
(b)

Fig. 3.2

Schlieren photograph of GITVC by two-
dimensional nozzle flow.

Static pressures of disturbed and undis-
turbed flows.

Fig. 3.3 Estimation of area Aj.
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Fy=(P,— P1){ Yi¥(tan 6—tan ds)} cos ax; (3.3)

pressure increase between separation

shock and separated region ahead of de-
tached shock.

F3:(1355_P1){(AOM+?/0M)27T/2—Aj/2} cos ay ;
(3.4)

pressure increase in aft-detached shock
region ahead of injection flow.

Fy=(Pj— P1)Ajcosir; (3.5)

pressure difference acting on injection
nozzle exit area.

Fs=wjvjlg-cos or ; (3.6)

reaction of injectant.

Fs=(Ps—P1)Ar; (3.7
pressure increase in interference region
7.

Total produced control force is,
L =R+ F+Fs+Fi+F+ F

where Y5 is the distance of separated region
along the wall, yor is the apex of main ellipsoid,
Aj is the injection nozzle exit area, w; is the
injectant weight flow rate, and A; is the area
of interference region 7, projected to the nozzle
axis plane perpendicular to the injection direc-
tion. The average pressures are derived by an
assumption of parabolic distribution profile as
follows:

Py=(2Ps+Py)/3,

i

Fig. 3.4 GITVC test on vertical

and
Py= ((2Ps+ Py)/34(2Ps+ P3)[3} /2

GITVC experiment was conducted by using 4-
components thrusts measuring stand (axial force,
pitching, yawing, and rolling moments). Fig. 3.4
shows the test stand. The solid propellant rock-
et motors were used for the test. The average
thrust of the tested rocket motors was about
300 kg. N; gas was used as an injectant. The
tested conditions and the theoretically calculated
control forces by the previously discussed esti-
mation method are listed in Table 3.1. In the
theoretical calculations, the second type flow of
disturbance as stated in the first section of the
present study was assumed, for the lack of in-
formation of turbulent boundary layer thickness
of the present case. The difference between the
measured control force, F;, and the theoretically
calculated force, Fi,, are about 30 percent in the
range of Fy/Fn=0.01 and about 60 percent in the
small range of Fy/F,;,=0.005, where F,, is main
axial thrust. This may be caused by an invalid
assumption of second type disturbance for the
small quantity of injection rate and also by the
side force measuring technique. The thrust mis-
alignment may be predominant in these small
thrust level rockets. A 6-components thrusts
measuring stand may be needed to measure the
accurate produced control forces.

Because the conducted experiment was limited,
the results of GITVC tests conducted by NASAL23]
were compared with the theoretical calculation.
Tables 3.2-3.5 show the GITVC conditions, the

4-components thrust measuring stand.
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calculated injection flow parameters, and the
estimated control forces by the theory. These
tests were conducted on 6-components thrusts
measuring stands. The average axial thrust of
the tested solid propellant rocket motors was
about 30001bs. Hot gas was used as an injec-
tant, which was generated by solid propellant
gas generator assembly. Injection was done
through oppositely located couple ports by a pro-
portional hot valve, and the control forces were
generated by the difference of injectant weight
flows, 4dwj;. The injection was vertical to the
rocket nozzle axis, and was sonic (Tables 3.2
and 3.4) and supersonic (Tables 3.3 and 3.5).
Because couple opposite injections were done,
each produced control force was calculated, and
the summed forces in each direction were com-
pared with the measured side forces.

The theoretically calculated control forces of
Tables 3.2-3.5 show good agreement with the
experimental results. From the estimation, it
can be concluded that the contribution of the
separation regions (say, Fi, F3, and Fj) to the
production of control force might be under one
percent of the total. The major part of the pro-
duced control force might be generated by F3,
Fi, and F; in GITVC.

4. LITVC EXPERIMENT AND
AN ESTIMATION OF PRODUCED
CONTROL FORCES OF LITVC

Nomenclature

Aj; =area of injection nozzle exit

Cpz =aerodynamic drag coefficient to x direc-
tional flow

Cpy =aerodynamic drag coefficient to y direc-
tional flow

dp =blunt nose diameter

dr  =diameter of injected droplet in liquid phase

dr+g =diameter of injected droplet surrounded
by vaporized gas

dy =diameter of injection nozzle exit

dnerr =effective diameter of injection nozzle exit

F1 =side force produced in the detached shock
region

F;  =side force produced by injection reaction

F3  =side force produced by injection pressure

Fy =side force produced by recompression
through leading shock

F; =side force produced in the injectant mix-
ing flow

g =acceleration of gravity

M; =Mach Number of undisturbed main flow

M;
Mo
Py
Py
Peo
Pijo
P;
Ps
Pq

Pr
Re
T
Tio
t
Uoo
vy
wj

=Mach Number of aft-leading shock flow

=Mach Number of free stream

=static pressure of undisturbed main flow

=static pressure of aft-leading shock wave

=total pressure of main stream

=total pressure of injection flow

=static pressure at injection nozzle exit

=separation pressure

=aft-detached shock pressure ahead of in-
jection obstruction

=Prandtl Number

=Reynolds Number

=total temperature of main stream

=total temperature of injection flow

=time

=horizontal velocity of free stream

=jet velocity at injection nozzle exit

=weight flow rate of injectant

x, ¥y =co-ordinates of injectant trajectory

IrL, YL

=trajectory of injectant droplet

X1, Y: =enveloped surface of injectant trajectory
(z, ¥)oar =apex of main ellipsoid

Ys

anx
T
dom

Op
or
or
s
&
&j

0

AL
Ar

=distance between separation shock apex
and detached shock

=half angle of rocket conical nozzle

=specific heats ratio of main stream gas

=shock standoff distance from main ellip-
soid

=tangent of eveloped surface of liquid in-
jectant

=injection angle to the: cross: section :-of i :
rocket nozzle

=turning angle across leading shock wave

=turning angle of separated flow

=rocket nozzle expansion ratio at exit

=rocket nozzle expansion ratio at injection
point

=half circular arc angle between couple in-
jections

=evaporation rate for laminar flow

=evaporation rate for turbulent flow

ér, nr=co-ordinates of leading shock shape

06
oj

Poo
g

(2]

=density of injectant droplet in gas phase

=density of injectant at injection nozzle
exit

=density of free stream

=angle of separation shock to
flow

=angle of the leading shock wave to in-
coming flow

incoming

LITVC is a little different in the control force
producing mechanism from that of GITVC. In
order to determine the shape of injected flow
pattern, atomization and vaporization processes
must be investigated for non combustible liquid
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(b)

Fig. 4.1 LITVC test apparatus of the first series.

injectant. Because the investigation of flow pat-
tern of the liquid injection has not yet been tried
in the present study, a reasonable analytical
model of injection flow such as gas injection
stated in the previous sections can not be pre-
sented here. Several estimation methods of
LITVC have been reported’ll(4l. However, the
complicated flowfield induced by LITVC has not
been enough investigated. Therefore, some
LITVC experiment was conducted and a simpler
estimation of produced control forces is tried in
this section, the present estimation method is
essentially the same of Sehgal and Wul4l.

LITVC test runs were conducted by injecting
Freon 114B2 on multi-components thrusts meas-
uring stands. The first series of test runs were
conducted on a horizontal 4-components thrusts
measuring stand. Fig. 4.1 (a) and (b) show LITVC
test apparatus of the first series. The average
thrust of tested solid propellant rocket motor
was about 5250 kg, nozzle throat diameter was
93 mm, nozzle half cone angle was 18°, and the
exit expansion ratio was 15. Because high ex-
pansion ratio to the combustion pressure (aver-
age 45.6 kg/cm? ab), the cylindrical diffuser for
high altitude simulation was set after rocket
nozzle exit and the horizontal 4-components
thrusts measuring stand was built in a cylindri-
cal vacuum chamber (1.5m in diameter x3.5m
in length). Before ignition of the tested rocket,
the chamber was exhausted to 10 mm Hg and
the pressure of 40 mm Hg was kept during the
firing test by the self diffusion effect of the ex-
hausted gas. Freon 114B2 was injected through
couple of ports spaced 40 mm in a circle of noz-
zle at one quadrant, directed to the rocket noz-
zle axis. The properties of injectant are listed
in Table 4.1. The tested conditions and the
measured control forces, Fs, are listed in Table
4.2.

The second and the third series of LITVC test

Table 4.1 Physical properties of Freon 114B2

Chemical formula CBrF;-CBrFy
Molecular weight 259.9

Boiling point 47.5°C
Solidification point —110.5°C
Specific gravity (22°C) 2.20
Viscosity (20°C) 0.76 CP
Specific heat 0.18cal/gr°C
Heat of vaporization 25 cal/gr
Critical temperature 214.5°C
Critical pressure 35.9kg/cm?ab
Gas density (air=1) 7.3
Coefficients of gas expansion | 230 vap/liq. vol %

runs were conducted on a horizontal 4-compo-
nents thrusts measuring stand (Fig. 4.2) and on
a horizontal 6-components thrusts measuring
stand (Fig. 4.3), respectively. The average thrust
of tested solid propellant rocket motor was about
5300 kg, nozzle throat diameter was 93 mm, noz-
zle half cone angle was 15°, and the exit expan-
sion ratio was 10. The test runs of the second
and the third series were done in sea level at-
mosphere condition. Injectant also was Freon
114B2. In the third series of the test, LITVC
feed system was integrated around rocket nozzle
as an on-board type (see Fig. 4.3). The tested
conditions and the measured control forces, Fj,
of the second and the third series are listed in
Table 4.3, where % mark shows that of the third
series of the test.

In order to see the difference of control force
producing mechanism from the gas injection, a
simple analysis to predict the injectant flow pat-
tern is tried. Fig. 4.4 shows an analytical model.
A liquid jet penetrates transversely supersonic
main stream as a liquid sphere surrounded by
vaporized gas. The trace of the vaporizing
sphere is considered as a solid obstruction to
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Fig. 4.2 LITVC test of the second series. Fig. 4.3 LITVC test of the third series.

Table 4.3 LITVC test and calculated control forces

Rocket motor throat dia.=93mm | Injectant: Freon 114B2
Average thrust=5300 kg 0r=0°, Typ;=300°K
7=1.3, e=10, ay=14°44’, Txx=3210°K Double holes injection, pitch=36 mm

e;=3.25, cos 0,=0.977, dop/dners=0.147, Yom|dnert=0.5, Ys/dyerr =0, dpldn et =1,
(Ps/P1);j=1.98, (Ps/P1);=3.52, (Pa/P1);j=7.51, (0);=43.75°, (55);=22.82°

LITVC conditions Control forces (Theoretical)

Peo Pjo wj dv | dvett | gy Fs F Fy Fs Fy Fs F
kg | ke dyest

cmiab | cm?ab kg/s mm mm e kg kg kg kg kg kg kg
46.03 | 30.0 1.325 3.27 | 2.747 | 0.060 | 197.8 | 0.34 | 13.27  3.29 | 110.8 | 0.26 | 128.0
44 30.2 1.328 | 3.27 | 2.745 | 0.059 | 189.0  0.34 | 13.30 | 3.32| 105.7 | 0.25 | 122.9
54 25.0 1.209 | 3.26 | 2.751 | 0.078 | 156 * 0.34 | 11.01 2.66 | 148 0.28 | 162.3
51.6 25.0 1.206 | 3.26 | 2.748 | 0.078 | 158.5% 0.32 | 10.99 | 2.67 | 143.3 | 0.32 | 157.6
51.4 25.1 1.212 ) 3.26 | 2.752 | 0.077 | 164.0% 0.32 | 11.07 | 2.69 | 138 0.32 | 152.4
55.0 25.8 1.269 | 3.25| 2.796 | 0.071 | 163.2% 0.36 | 11.76 | 2.84 | 133.4 | 0.34 | 148.3
51.2 26.8 1.295 | 3.25| 2.796 | 0.067 | 172.3% 0.34 | 12.23 | 2.98 | 122.8 | 0.34 | 138.7
50.8 26.9 1.298 | 3.25 | 2.797 | 0.067 | 177.2% 0.34 | 12.29 | 3.00| 120.8 | 0.34 | 136.8

* Conducted on the 6-components thrusts measuring stand.

Leading shock the supersonic main flow. The separation of

¥ En\'el?pxedysu)rface turbulent boundary layer ahead of injection, the
o detached shock, and the leading shock are in-
duced by the obstruction.
Pou. /& __Trajectory of droplet If the motion of the vaporizing liquid sphere
M. ' - (x,.9,) is considered,
} \ di=dy?— gl (4.1)
i i AV

/ ‘ ' where d; is the diameter of droplet in liquid
Y7rrrr7777777777 //

sphere at time ¢ and 1r is evaporation rate for
TIITITITIT I T TITIIIIITTT turbulent flow (mm?/s). The equations of motion

in £ and ¥y direction are, respectively,
Az 3 pe . 2(dx/dt)?
R i ) e 4.2
aret 8 pj L \/dz\%e(f_xf't (4.2)

ay _ 3 pe .

Fig. 4.4 Schematic of LITVC flow pattern. e 8
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where 1r=2r(1+0.276R.\/2Pr1/3) and 2;=1.2077

mm?/s was used to Freon 114B2. Cp: and Cpy
are given by Eqs. (1.8.a) and (1.8.b).

From continuity equation
drie dr\$ d 3 (dr\3) pj
e YL TV
2 2 2 2 o6
(4.4)

Equations (4.1)-(4.4) give the trajectory of the in-
jected droplet and the diameter dr;¢. Thus, an
envelope of external surface of the injectant,
(Xt, Y1), can be given.

The trajectory of the injected droplet and the
envelope of the vaporizing liquid sphere for Freon
114B2 at the tested LITVC condition (Tables 4.2
and 4.3) was calculated on an electronic comput-
er (HITAC 5020). As the atmization process of
Freon 114B2 is not well understood, a droplet
with the jet diameter is simply supposed. The
motion and the growing diameter of the vaporiz-
ing liquid sphere were calculated by considering
the effect of the side-wise supersonic main flow
and the heat transfer from the hot main flow.
An example of the calculated result is shown in
Fig. 4.5. It shows that the vaporization is negli-
gible at the location of the downstream side
edge of the injection hole (the passed time from
the injection is about 1x 106 seconds), therefore
the diameter of the vaporizing droplet is assum-

ed here to be constant at that location. Then,
the droplet is sharply turned by the side-wise
supersonic main flow and became almost parallel
to the main flow direction at the passed time of
about 4 x10-% seconds (about 10 cm downstream).

Thus, one can reasonably regard the droplet
with the jet diameter as the blunt nose in
the case of Freon 114B2 LITVC, i.e. dpy~dwers.
(z, ¥)oxr is obtained from the apex point of the
envelope of the vaporizing droplet in the main
flow direction, and doy also is obtained by the
previously mentioned method of section 1. The
increases of the pressure in the regions of the
separation flow and the separated oblique shock
were small even for GITVC, and those of LITVC
of Freon 114B2 can be easily supposed to be
much smaller because of the sharply turn of the
injected jet, that is the penetration of the liquid
is smaller than that of the gas jet. The con-
tribution of these regions of LITVC to the con-
trol force is neglected here. In order to calcu-
late the pressure increase of the detached region,
(Ps/P1); and (Pu/P1); were calculated by the same
way of section 3.

In addition to the side force produced by the
detached shock region,

Fi=(Pse— P) {(dose+ vom)37/|2— Aj[2) cos an
(4.5)

Xi/dx

4 Enveloping surfaces of the vaporizing droplet

sphere and the liquid droplet sphere

R 1+6¢ =0.5003
R1=0.4997

Trajectory of the center
of the droplet

—05
Yi/ds 77777777777

10r < Fig. 4.5 (a)

I ynjectio” hol
XLl pig. 4.5
T ig. 4.5 (a)

i X 3 2 1 2 J
'\ -10 =20 y, jgv— —30 . —40 —50 —60
Fig. 4.5 (b)

Injection

Fig. 4.5
(a) Enlarged envelope surfaces and the trajectory of the vaporizing droplet.

(b) Envelope of the vaporizing droplet.
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by the injection reaction

Fy=wjvjfg-cos d; (4.6)
and by the injection pressure
Fy=(P;j—P)Ajcos 1 4.7

where Py is the same definition of the third sec-
tion, much part of control force may be produc-
ed by recompression through the induced leading
shock in the aft-leading shock region, Fi, and
by weak recompression or expansion by the flow
turning along the injectant mixing region, F;.
Fig. 4.6 shows a recompression process of the
region.

From Egs. (4.1)-(4.4), one can predict the en-
veloped surface of the vaporizing injected flow;
i.e. (Xr, Yr), and also from the cylindrical blast
wave equation of (2.18), one can predict the lead-
ing shock shape, i.e. (¢, 71), as seen in Fig. 4.6.
Undisturbed flow of Mach Number M turns

47

Leading shock
(&.7,.)

Enveloped surface of
(X.,Y, ) injection

3njection

Fig. 4.6 Analytic estimation of produced
control force in the down stream of in-
jection point.

through the leading shock with oblique shock
angle gz. Two conditions of M; and ¢r give
turning angle across shock, i, aft-leading shock
pressure F;, and Mach Number M; from oblique
shock relations. If the tangent of enveloped sur-
face of injectant to the wall, J, is larger than
Jr, then a weak recompression occurs by turning

Table 4.4 Measured static pressures of leading shock recompression region of
LITVC (2nd and 3rd series)

Measured static %esiuzr%sé a;c’ __e_:)lc%ansion ratio 4.96, Theoretical
Pso P Py Py Py Py P. Py
kg/cmiab | kg/cm?3ab | kg/cmiab | kg/cm?ab | kg/cm2ab | kg/cmsab | kg/cm2ab | kg/cm?ab
46.0 1.64 1.63 — — 2.13 1.21 1.92
44.0 1.13 1.58 — — 2.10 1:16 2.14
54.8 1.78 . 2.28 — 2.91 2.15 1.45 2.53
51.6 1.58 2.28 — 2.91 1.98 1.36 2.36
52.1 1.59 2.08 — 1.65 1.97 1.38 2.13
55.0 1.86 2.60 — — 2.35 1.46 1.94
51.0 1.75 2.26 — — 2.23 1.35 2.12
50.8 1.58 2.06 — — 2.06 1.32 2.10

P Injection
P.PU - -f:% b2 PU
N~
N Injection
QO #3 PU

Expansion ratio = 4,96
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aft-leading shock flow along the injection flow,
and if &, is smaller than dz, then a weak expan-
sion occurs, inversely. As long as the deflection
angle is small, the linearized theory gives

TPzM 92

P**':P“h*?/hrz—‘f

{

Thus, the integration of the pressure increase in
leading shock disturbed area,

(85— 5L)} (4.8)

£=¢ X< . _
¢ 2AP2— P)(yr— Yr)dé

(4.9)

Fg:COS aNg
J§=Udyaptdpd

and of the injection flow area,

f=fex
Fs=cos “NS
E=(dy prtdpd

2(Py’ — P)Y1d¢ (4.10)

where Py=(P;+Py')j2 and concave surfaces of
main nozzle and of leading shock wave were not
considered here for simplicity.

The static pressures of the disturbed area by
leading shock waves were measured in the second
and the third series of the present LITVC test
runs. The calculated pressures from Eq. (4.8)
also are compared in Table 4.4. It shows good
agreement. The estimation of produced control
forces, according to the above simple analysis,
is compared to the results of LITVC test runs
in Tables 4.2 and 4.3. The tables show that the
agreement is worse than that of GITVC of the
present study. The simple analysis for predict-
ing liquid injection flow may be insufficient. De-
tailed investigation of injection flow pattern and
induced leading shocks of LITVC, such as con-
ducted in the previous sections, is needed to
estimate more accurate LITVC control forces.

CONCLUDING REMARKS

While the experiment reported herein is in the
limited range, from the analysis of the experi-
mental results, the following can be concluded:
(1) From the optical observation of the two-

dimensional nozzle flow test runms, it was
found out that two kinds of disturbances
existed. One is such that the penetrating
height of under-expanding injectoin fiow is
almost the same order of the thickness of
turbulent boundary layer near the injection
port. Another is that an under-expanding
injection flow protrudes deep into nozzle
main flow, breaking through turbulent
boundary layer. The results give an evi-
dence that justifies the fiow pattern model
predicted by Charwat and Allegre-24.

(2) The first type of separation induced by
secondary gas injection agrees well with
the Mager's model separated by wedge
shocks. It is supposed that one can esti-
mate well the produced control forces of
this type by the method of the reference
23.

(3) The separation shock angles of the second
type may agree better with the Mager’s
model separated by conical shocks rather
than with the wedge ones. But the differ-
ence may be within 10 degrees.

(4) As for the second type of flowfield, an
analytical model is presented to predict free
jet boundary of under-expanding injection
gas flow protruding deep into nozzle main
flow, penetrating length with standing Rie-
mann wave, detached shock distances and
radii ahead of injection flow, and interac-
tion between separation shock and detach-
ed shocks. The analysis near the injection
port agreed well with the experimental re-
sults of two-dimensional nozzle flow test
runs.

(5) An exact conical lens equation is obtained,
such that incoming parallel light rays trav-
erse in parallel the bore of a conical pipe
by compensating the refractions on the
outer and the inner surfaces, and go out
parallel by the same twice refractions.

(6) Using the characteristics of the conical lens
equations, a method to generate :conical
lens surface has been developed. Four
lenses have been machined and polished
according to the principle. The perform-
ances of the lenses were investigated. If
the incident angle approaches to 90 degrees,
then the lens performance deteriorates,

however the dead angle zones of the polish- +

ed lenses were 10°-20°. Thus, it was found
out that phenomenon in a conical pipe
could be accurately observed by the use
of the lenses.

(7) A series of evolved shapes of shock waves
induced by secondary injection also could
be taken by the use of rotatable conical
lens.

(8) By comparing the shadowgraphs of the
leading shock waves induced in a super-
sonic conical flow with an analysis to pre-
dict the shapes, it was shown that Egq.
(2.18) agreed better with the three-dimen-
sional tests than Eq. (2.19) of Hsia, Seifert,
and Karamcheti, which had been in some
time used for the prediction of SITVC.

(9) In applying the cylindrical blast wave ana:
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logy SITVC problem, the axis of symmetry
must be parallel to the nozzle wall rather
than the axis of rocket nozzle. This ex-
perimental conclusion may answer to the
question, presented by Hsia, Seifert, and
Karamcheti(13), as to whether or not it is
valid to assume that the axis is parallel to
the nozzle axis for all conditions of injec-
tion.

(10) It was found out, from a series of evolved
shadowpraphs by the use of rotatable type
conical lens, that the surface of the lead-
ing shock wave induced by the secondary
air injection into the supersonic conical
main flow was not that of axisymmetrical
revolution but that of an oblate spheroid.
In the tested region of the SITVC condi-
tions, the cross section could be regarded
as an ellipse, and the ratio of the semi-
major to the semiminor was 1.5 with ac-
curacy of 9%. This experimental result
answer to the question presented by Hsia,
Seifert, and Karamchetil1%), “it is not clear
whether the shock surface can be assumed
to be axisymmetrical .

(11) Being based on the investigation of under-
expanding gas injection flows in the two-
dimensional and conical nozzle flows, an
estimation method for control forces of
GITVC has been presented. Comparing
the measured control forces of GITVC con-
ducted by solid propellant rockets with the
theoretical estimation, the presented meth-
od has been shown to be pretty well pre-
dictable.

(12) An experimental and analytical investiga-
tion of LITVC also was conducted to dis-
cuss the difference of control force produc-
ing mechanism from that of GITVC. The
difference from that of GITVC, that is, a
pressure increase aft-leading shock wave
flowfield in the downstream of injection,
has been shown to agree well with the ex-
perimental results of LITVC conducted by
solid propellant rockets. However, due to
the lack of information of leading shock
wave induced by liquid injection, a simple
analysis of estimating control force is worse
than that of GITVC.

The approach presented in this study appears
to offer an useful method for GITVC and a key
to solve LITVC problem. To establish fully the
method presented here, further investigations
are needed. The followings are suggested to be
further studied.

(1) Separation shock diffusing region into tur-

bulent boundary layer should be studied.
(2) In the case of multi ports injections, inter-
action between injections should be studied.
(3) Disturbances induced by a chemically re-
active injectant should be studied.
(4) Disturbances induced by liquid injection
should be experimentally investigated.
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