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FOREWORD

The authors wish to acknovledge the early
work done on this problem at the Naval Air
Missile Test Center, Point Mugu, Celifornia,
by W.A. Fledler, inventor of the Jetevator,
and to thank Clinton Sherburne for his able
essistance in the experimental phase of the
study.

This study wae presented at the Fourih
U.S. Navy Symposium on Aerctallistics in No-
vember, 1957, under the title "An Analyticaml
and Experimental Investigation of e Method of
Thrust Vector Control for Solid Rocket Motors".
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SUMMARY L

The jetevator 1s designed to control the thrust vector of solid

propellant rocket engines. The device is a semi-spherical shell

hinged to the rocket nozzle and rotated, at the command of a sensing
unit, into the exhaust flow to produce a control force. Optlmuum
design of the system requires maximum effectiveness with a minimum

reduction in thrust.
This paper presents an analytical study of Jetevators which

includes analysis of control effectiveness, thrust decrement, and
aerodynamic hinge moments for two flow conditions--unseparated flow

i 2,

in the rocket nozzle and separated flow in the nozzle due to the

|
i

defliected jJetevator., The factors affecting jJetevator performance ]'
!

are discussed, and the results of experimental investigatlon of
these factors are presented and compared with predicted results.
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INTRODUCTION

I+t has become increasingly apparent that, for ballistie mivsildes, solld
propellant rocket engines have a number of logistic advantages over those
powered with liquid propellants., To capitalize upon thone advantages, how-
cver, the problem of stabilizing the missile by wmecans of thrust vector control
must be solved. Thrust control in the liquid engine pgenarally is accomplinhed

E by gimballing the rocket englnes. A similar scheme {uor the solid propellant

engine does not seem practical at the present time; concequently, other means
of controlling the thrust veoctor must be used (Ref., 1). One method for nc-
complishing this is with Jet venes or aserodynamic suvrfaces that are immersed
in the rocket exhaust strean and which are actuated to deflect the rocket

thrust. A seemingly more attractive method for thrust vector control is with
a device called the Jetevator - & spherical ring hinged to the rocket motor
exhaust nozzle free to swing in and out of the exhaust stream in response to
a control servo (see Ref. 2), A photograph of Jetevators installed on the
four nozzles of a solid propellant engine is shown in Fig. 1.

Several advantages for Jetevator control can be cited. First, for condi-
tions in which no contrel is reguired, the Jetevator is retracted from the
exhaust flow. As a result, neither degradation of thrust nor thermal erosion
of the Jetevator materlals coccurs., Secondly, hinge moments and the moment of
inertia can be held to low values by utilizing jJetevators of spherical curva-

ture.,

Two problems exist in the development of Jetevators. First, the obvious
difficulty of obtaining material that will withstand the extreme heat., Sccond-

ly, the problem of the aerodynamic design with the objective of arriving at

configurations having moximum effectiveness with compatible values of associnted :
thrust decrement. This paper 1is concerned, primarily, with the second of these

two problems.

LOCKHEED AIRCRAFT CORPORATION
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Jetevator Assembly

Fig. 1
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S$YMBOLS

A B Coefficients of linear terms in powers series expansion
Cog Friction drag coefficient
Ju Jetevator lateral load coefficient
Jo Jetevator axisl load coefficient
\)M; Jetevator aerodynamic hinge moment
M  Mach numbver
P Pressure ;
% Dynamic pressure
R Jetevator radius

(x!ﬂi) Cartesian coordinates
R,9©) Spherical coordinates of Jetevator with radius R

§ Jetevator deflection angle

\} Nozzle expansion half angle
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ANALYSIS

lhe analyeis is divided into two parts. In the first part, expres-
sions for lateral control effectiveness, thrust decrement, and aerodynamic
hinge moments are presented for the condition wherein flovw eeparation in
the nozzle ahead of the deflected Jetevator does not occur. The second

eection presents a similar analysis for the separated flow case,

THE UNSEPARATED FLOW CASE

Flow in the nozzle for this case ia considered to be symmetrical
about the ceuterline for all jetevator deflections. Therefore, it le
necersary to conslder only the load on thr Jetevator.

Coordinate System A system of rectangular and epherical coordinates as ‘;
shown in Fig. 2 is assumed. An element of area of the jJetevator is ]

dS = R*sind ddda (1)

vhere R is the jetevator radius. The component of the elemental force 3

on this area perpendicular to the Xz plane is 2

dl = ap R*%in2 sin © dPdO (2) ;

where AP 1is the pressure acting on the elemental area dS .

Pressure It is presently not possible to write an exact expression that
will give the pressure distribution on the Jetevetor. Because of the con-
cavity of the inner face, it is considered that the pressure can be represented

by a linearized function of the flow deflection angle.

LOCKHEED AIRCRAFT CORPORATION
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Fig. 2 Orilentation of Jetevator in Carteszian Cuordinate System and
Spherical Coordinate System
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let

vhere: P = ptatic pressure at the nozzle face for zero Jetevator
deflection.

p = pressure on the elde of the deflected jetevator that is
exposed to the nozzle exhaust gas.

Po = Pressure on the back side of the jJetevator.

By expanding in a pover series, the pressure in terms of the flow deflec-
tion engle 18

8 - |8, |48

(eo—G)"'"""'

2 ‘e -,

The difference in pressure between the inside and back side at any point,
then, is (for linear terms only)

ap=p, [A + B (©,-0) - %ﬂ (4)
vhere
A= ¥
l Pllo~g,

° - ‘Q%Lle-eo

Ap estimate of the value of the constants A and B can be made by
considering a two-dimensional flow in the xy plane (see Fig. 2). The
constant A, therefore, is the ratio of the static pressure behind the
shock wave that originates at the intersection of the nozzle trailing
edge and the Jetevator to the static pressure Just ahead of this shock
wave, By applying two-dimensional shock wave theory, the increase in
pressure on the inside face of the Jetevator due to curvature can be

- WML 1y e
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computed. A straight line approximation to the slope of this pressure
increase with © 1s consistent with the linearization and determines the
value of the constant B . As stated previously the foregoing procedure

is approximately correct only for the xy plane. Because of the concavity,

hovwever, it is believed that the approximation 418 reasonable for points away
é from this plane.

lateral Force Bubstituting Eq. b into Eq. 2, the total force normal to

the xz plane is
-ZE cos"‘-i'—’r?\—%"
2
L-2RQI / [A+ B(e,,—e)—%jsm"cp sin © dO d
lnn"‘c%‘%g:—s) e,~§

This equation can be integrated to obtain a lateral force coefficlent of
effactiveness as

JL'- F‘:ﬁ:. ={N[1zr-/74 +mcos¢] - Z.Mo.cosat - B[V(l-m"(w"—az}

L - R
+C - & 0! (W}‘Za(%* §eos L

-Q

(5)

|
- 2
+a5m1(‘ i = zb)]}
- ™ .

where

N = Mcos(6,-3) + Bun(g, - 3) = B(g,-5)cos(q-3)
M= A+ Bg, - J?:

“:ﬁ/%ﬂ{“&
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co0s O
m= '-0“9.—”
A= atm = ant & .
o = ¢os e°

C= ‘% [(0.‘#- 1) - 2:\]

Upon examining Eq. 5, 1t can be seen that the lateral force co-
efficient, J. , 18 & function of A, B, %} , 3 and ©, . ‘The
dependence upon & , of course, needs no discussion. The parameter e,
egsentially defines the posgltion of the Jetevator hinge relative to
the nozzle face. The two presgure parameters, A and {3 , are functions
of the Mach number at the nozzle face and the ratic of epecific heats
for the rocket gasj they are related to the nozzle design as well as
the jetevator design. The ratio J;,ﬂ; ie retained a8 a parmmeter to ac-
count for the fmct that the pressure on the back side of the jJjetevator
is a function of ambient precsure as well as the wmissile base pressure
vhich 18 influenced by the speed.

Thrust Decrement With reference to Flg. 2 again, the component of the

elemental force on the area dS (see Eq. 1) perpendicular to the yz plane
is

dD =~ ap R*sn*ep cor © d O dop
(6)

Upon substitution for ap from Eg. L, the total force in the X direction
is

'E o878 :‘c:_:_e
D= Zple /( [A +B(e,~e)—1pn] Qzem"c{) cos 8 dOdP
Jm“—&:?gegf:” (6 -8 '
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or

¥
D= zp‘Qj . {M Vsm"cp - cost 9, sin d + ND gml'cp
sm't;:;;?'é?:j)

~BctosO,mn O - Bm [Cob"(f_“’—i%)] sin c()} do

(7

The last term in Eq. 7 was expanded in powers of »in Pand integrated term

by term. 'Termn up to and including the seventh power were retained. From
Eq. 7, then, a coefficlent of thrust decrement cun be defined as

Jor F = MM ¢ G cos® et

1

*Nb[coa"m +m l—m]— ZB[Ktcos"m + Kymvy1-m?
(8)

~ Ko loge (anfiznt) - i fmE -, L

where
M- A+ Be, - B;ff
Ny~ Beos (8,- 8) = M (g,~8) + B(g,~ dsin(e,-§)

o~ s 6,

9
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From & comparison of Eqs. 5 and 8, it can be determined that Jg end J,

1k are functiona of the same parameters.

I

Aerodynamic Hinge Moment  Since the jetevator is spherical, pressures upon the

surface exposed to the rocket exhaust result in a losd thet passes through the
Moments about the

hinge line and, theoretically, contribute no hinge moment.
hinge will be caused, however, by the frictional drag of the exhaust gases upon
the ineide face of the jetevator and mlen by pressures acting elong the trall-

ing edge surface. In this section only the frictional hinge moment is consid- ,

ered.
The moment of the frictional force on the element of area d3 (Eq. 1)

H ip

dMg = Cp q Rt do d @ (9)

T

10
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where

9 1s the dynamic pressure at the nozzle face and

-—a:,

Co,, 1s the frictlion drag coefficient based upon 9 and the
area of the jetevator face exposed to the exhaust stream.

The total frictional hinge moment is

10030

cos Sty
} im* P de d P
(9.-

snPd @ -(o, - / N wn'gd P (10)
=l cos
cot(&f‘é)

(10)
= 2Cp,q R’

- cov@,

(U Vo) 8

or

G

17‘
- 2CqR /

B ey

The first term in Eq. 10 was expanded in powers of Sing and terms up
to and including the seventh power were retained, After integrating term

by term the following expression 1s obtalned.

JMS' %é, = C"& {"—; ~(9,~ 6ﬂ[§—l+mcosﬂa2n cos 4 (11)

vhere

cos 8,

w55 (0.~ §)

shn
[0} _-_p

Tcos (O, - 8

11
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a = cos O

1

= I5a

Ky, 612
= o8 1L 4 2 150t
K:) (oY [b + 40 4= 446

THE SEPARATED FLOW CASE

Near the wall of the rocket nozzle, a gradient in velocity exists, and
the resulting shears in this region cause a boundary layer of some undetermined
thickness. 8ince a favoiable pressure gradient exists in the nozzle, thise
layer would be expected to be quite thin. However, it is true that in the
subsonic portions of the boundary layer pressure pulses from downstream can
move up into the nozzle, Thus it 1s that the increase in pressure associlated
with the deflected Jetevator can be felt upstream and a boundary layer separa-
tion point can be established at some point in the nozzle shead of the deflscted
Jetevator. The assumptions essociated with the prediction of the pressures ex-
isting on the Jetevator and upon the nozzle in the presence of a separated
boundary layer are discussed in the following section.

Pressure Most experimental and analytical studies of shock-induced boundary
layer separation pertain to air and generslly do not consider a favorable pres-
sure gradient such Bs exists in & rocket newzle (see Refs. 3 and 4)., Neverthe-
less, the assumption is made herein that exlsting data regarding shock-induced
separation for alr can be applied to rocket gases. More specifically, the
increase in pressure associated with flow separation at various Mach numbers
can be estimated by examining published data for air. Accordingly, pertinent

12
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rarameters oo determined from wind tunnel tecotn are ploitted in Fig. 3.
The date given in this figure indieate that the prensurc Jwnp acroes the
shock wave induced by the boundnry layer separation is a function primarily
of Mach number. The equivelent wedge formed by the separated flow varies
epproximately between 14° ang 16°,

Schematic sketches of the {low with boundary layver separation ie shown
in Figs. 4 and 5. The most forward point within the nozzle at which the
boundary layer ic separated is Point 2 in Fig. 5. The point (in the xy
plane) at which the surface of dincontinulty (aseumed to be conical) between
the separated flow and unseparated flov intersects the Jetevator is Point b
in Fig. 5. For computatlonal purposes 1t is assumed that the pressure along
the surface of discontinuity can be taken as an average pressure, p5Av ’
between that behind the shock ot Point 2 and the pressure p which would exint
st the fece of the nozzle (for no jJetevetors). Thie pressure, therefore, acts
on the nozzle as well as on part of the Jetevator. For the pressure along the
Jetevator behind Point 4, the Mach number M, and static pressure p , war con-
sidered to define thc flow ahend of the shock at Point 4, and the effects of
the turning of the flow from Point U 1o the jJetevator trailing edpe wuu come
puted two-dimensionnlly as in the unscparated case.

The geparation pattern within the nozzle 1s difficult to determine
uniquely. For purposes of mathematical analysis, it was assumed that in
the side view the geparation boundary in the nozzle is a straight line drawn
from the most forward point (Point 2 in Fig. 5) to the point at which the
Jetevator aft edge intersects the nozzle 1ip (Point 1 in Fig. 5). As pre-
viously mentioned, the surface of discontinulty defining the separated layer
wvas assuned to be conical and was considercd to subtend equel wedpge angles
measured from the nozzle wall in any plane pagsing through the nozzle center-
line, With these boundary conditions, then, a procedure for cotimating the
lateral and axinl forces upon the nozzle and Jetsvator is glven in the fol-

lowing paragraphs.

lateral Force on the Nozzle With reference to Fig. 5, conslder that a plane

parallel to the 2z -axis pacses through Points 1 and 2. The parametrle
equations for the intersection of this plane and the conical nozzle are
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LN s -
[(x - %,) tan \;/]L" \j? v ol (12)
(13)

Y =~ mx + h

If we consider, then, only valucs of y defined by Eq. 13, and cquation
for the corresponding # np a function of x can be obiained as

[(x - %X,) tan \‘/)z"’" (Mx + h)z + g* (14)

The line defined by Eq. 14 is in t <z planc and represents the pro-
Jection of the boundary-lnyer separation points in the nozzle upon the
x2 plane. Equation 14 is nn ellipoe.

It is assumed that a constant pressure VEAV achs outward on the conienl
nozzle within the boundaries of the separated flovw reglon. In order to find
the 1ifting pressure contributing to the lond on the nozzle, the pressuref,,
must be compared to the pressure thet normally would exist in the separated
portion of the nozzle had separation not occurrcd. Accordingly, the incre-

ment in pressure contributing to the load is

Poav Pn
4P =P (.,,p\ T (15)
where ststatic pressure at the nozzle exit arca for

unseparated flow,

% = average pressure in the oeparated flow
Y
reglon as influenced by the inercase in pres-
sure caused by the shock wave associated with

the boundary layer separation.

Rm§ the normal unseparated flow pressures in the
nozzle averaged for the area of the nozzle

covered by separated flow.

16
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These outwnrd pressurco are inclined forward by the angle (nozzle ex-
pansion half-angle) relative to the W axis.

To compute the lateral load on the nozzle, the pressure multiplied
by the cosine of the angle qz is integrated over the separated area of the
nozzle projected to the x® plane, This area (Region I in Fig. 5) is
vounded by the line given in Eq. 14 and the line parallel to the # axis
defined byy=Oand X = Hecoe O,

The load, then, 1is

Vi - x.)-h“zq‘,'_ (x + )

x\
L,-z.z.\.pcos\y/ / de dx
Xy, o

Thies equation can be integrated to obtain

[

L, = &psosN {{[&:Y.‘ - (x.’can"\.p + r‘ﬁh)][/c_{r+ by, + a.]

=[x ~ (xutanty o o] [/W} (16)

L ' 3 ~ 1 - - o 2 - . — A >
+ }STHJ (h 4 #x) {Sm '[‘—’(‘z‘a#‘ﬁﬂn ggﬂ—sm ! {%ﬁ%@]}

Bl
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TR ST

vhere X, 18 the x-distance of the nozzle cone vertex
from the origin of the‘&ﬁhz coordinate system
(Jetevator hinge),

X1, 1s the x-coordinate of the foremost point
of boundary layer scparation in the nozzle

ahead of the jetevator.

{
i X, 18 the x-coordinate of the intersection of
|

the Jetevantor trailing edge and the nozzle lip,

a = (x,"kuﬂlq,-hl)

b = *?.(x,tcthp + wh)
¢ = (&cmkp —-m?)

R A =

- Yo is the y-coordinate of the boundary layer
separation point.

ﬂ: 18 the y-coordinate of the jetevator tralling
edge and the nozzle lip.

. h = Y, * R.cos ©, ton 7/

For computing purposes, it is convenient to express Eq. 16 non-
dimensionally. Accordingly, therefore, 1f all lengths are divided by
R (the jetevator randius), a coefficient of lateral effectiveness can

be defined as

18
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(17)

vhere

a - (xean*y -h*

b~ —2(x]tanty * ™h)
¢ = tcm"\y - @

D = % tan'y *+ ¥0h

B » clx) + bly) + a2
E, = c¢) t b)) + 2
F = h + ]

Cy ex, = D

G,= coxy = D

h = ‘j" ~ meos O,

Ayp = ¥y
5t» 6
/ - ]sn - LA
- B Tangy <0 S
x = .ﬁL = cos e
1 R @
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[ L RVRLANCIAN, S

X, Ei' (guvcn)
‘j: %t v eon 8, tan (0, - 3)

% tan\y + sin @, (/- cote, 7an ¥)

Interal Force on the Jetevator To estimate the loads on the jetevator,

i1t 48 assumed first that the general level of the static pressure in Reglon
IT of Fig. 5 18 Ps,, . As o first contribution to the lateral force on the
Jetevator, it was considercd that a constant pressure equal to /EAV acted
upon the total ilnner surface. Upon examining Eq. 5, the contribution of
this pressure to the lateral load coefficient is

J‘-r. = ‘,';"“&‘ = N, (—‘f{ - % ¥ m,_c.osi) -2M;a, cos X (18)
i

where B in Fq. 5 is zero

Ny = M, cos’o, - 8)
P,
M, = (Az - “?bf') (“%:“L - fﬁ%f)

In Region III (Fig. 5) an increase in pressure mbove that in Feglon
IT occure first due to the shock wave at Point 4 and then to the effect of
the Jetevator curvature in Reglon III. To compute the contribution of the
pressures 1n this region to the jetevator lateral load, Eq. 5 was altered
0 that 1t would apply only for Reglon III. To accomplish this, the angle
U, in Eq. 5 18 redefined as the angle measured from the y axis to a line
drawn from the hinge point to Point L4 in Fig. 5. Correspondingly, the angle
$ 15 measured from this new & . The precsure in Reglon III was determined
by assuming that the static pressure and Mach number ahead of the shock at

Point 4 was equal to the value that would exist at the nozzle face for zero

" Wi 3N
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' Jetevator deflection., Again, two-dimensional flov considerntions were ured to

eotimate the terma A and B in Eq. 4. By approprintely altering the parmmeters

in Eq. 5 then the contribution of Region III is

L - - - .
JLba ;AR\. - N5 (‘!{' -:13 +'m5c05'i.3)‘2M5 aycos Ay ‘BB[JH‘MJ‘("“D“(‘SO !
1

1
o~ 4t A 2m=(ag +1)

‘ +Cy —(AL;L ) ( "‘(055 ) 2 ay (cos 4.3,)(8, _,) (19) o
' |
. ’. -
F +u55m KH% T z“—)} l

| |

|

' I Total Lateral load 'The total lateral load coefficlent contributed by the three

regions ie

i- Jo- VI Ju, v Jl-a (20)
]
1

) { Axial Force on the Nozzle The pressure ap given in Eq. 15 exerts an axial

l force on the nozzle in the forwerd direction and tends to reduce the overall
k thrust decrement. To compute this force let ds,, be an element of cone aren

and de be the projection of thils area on the xt plane.
! Then

de, ~ ds sec@

where (3 18 the direction cosine assoclated with the outward normal to ds ,
in the Y direction. From the cquation for the conical nozzle

secﬁ - \/1"+ gt + [(% - )L.)L{on"g.glz'

\‘
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The radial force on the conical portion of the nozzle {s // & pds,
The axial component of thie force is

D - an \{;/LApds. - Apsm.\,‘;//sv/:!'+ \L"'\-[(fj-)(.)"-tqnlw]:
l !

For the boundary conditions of the separated flow reglon previously dis-

cussed
\j .\/L(x- -5{011 \p] - 1
and
- [x %" + (1 + %) tan'y
apsin b tan \p// Ox - 7(.)"'{6:‘*' el 3 d=«dz
Let T - ®=%, then
Vo= =
* -, ot~ [t + ) + h) (21)
Dw~2 apsin qJ{on\p /l-Hont\P + / Y dt
115'(. o /“LtﬂnL\P - Z'

Equation 21 was integrated to obtain an axial force coefficient equal to

-— D - = PSA - P“‘ - =EL
‘JD. - ;‘1 (T! “;;‘Y p‘)écmln.p {[(-/.l--x,)"

[<.d

W
" \( act b, (,=x,) +c.(x.-x.\>} {(h_,” an L_LL(‘%LL(_’(_!.:_)I'{}%C_\’F“‘L_.L) B
A

Ty~ o) t970

- % Ya; + b, (1."“%0) ¥ C{(’#\”L‘-ﬁl - 1/0k 4 bl(.{‘l-*‘)"' Cl(*k'*-)z} (22)

1

+
El
[ of

o

£
'

o

%sm-\ [_m; :;(:51,)}_ e [ Tt “,(n ]}
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where all linear coordinates sre in terms of ‘the Jetevator radiue as in o
Eq, 1% and vhere :
ag= =-n* = - (ﬁ‘\x.*'h)"
b, =~ 2mm= = 4(My, + Wh) .'
Cy e (Qh \‘J -m * S
ne T, + h i

Axiel Force on the Jetevator To estimate the axial force on the jete-
vator, the parameters in Eq. 8 were modified in a manner analogous to the L3
modifications to BEq. $ that were made to obtain the Interal force. More !

speciflieally ‘ - 4

' ‘JD,_ = %12" = Mg [1/7- 5 m} -a;,) + (1" “‘) cos’ (L“JJ\:':‘:BLL;Q:)
(23)
", _ & Nal(c‘:s"-m,. +mp_V1—mf)—\ !
vhere B in Eq. 8 is zcro ‘
ND:. = - M, sm(G,,-S) ﬁ

EETT™ T

i el

M- (o) (e - %)
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and
| | A b ) n L 2 \
i Jo, - g‘fit = Mb[‘/(\-vn,")(-m,"-q;) NENTY e (_z_.ml_:_%‘__\m/)]
Y
. *+ No, [cm.“m, + my V1 —m,‘} - 28, [K\ cas g
|
| - cmd: - A=V1-va
|i Kymyg Y1= 1y Ka L.<>3e ( e ) (o)
-
| ok
- - L-m { -n _ i- Y
} Ks = + K q K, m:h A
‘/1 -y
+ Ka "Tn‘?l‘ ‘
|
‘,.'.!."1 4 gL £ \” -. . . p '. Rﬁ‘ \ -
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EXPERIMENTAL RESULTS

In developing the mathematical model for analysis yurpoces, it uac
apparent that many of the assunptions would require experdmental investi-

gation. Several of the more imporiant pointes requiring clarification vere:
1. Precsure distributlion on the deflected Jjetevator,

2. Pressurc disiribution and nature of the separated flow

reglon in the nozzle.

3. The influence of nozzle and Jetevator pgoometry on the

above 1toms.

Moreover, i1 was desirable, of course, to check the loads predicted by

the analytical results with experimentel values for a jetevator under

actual operating conditlons. It was considered that uscful tests could

be cenducted on a model using alr as the test medium, thercby separating the

material heating probloms and the jetevator offectivencss computations. Ac-

cardingly, therefore, a series of "cold-flow" tests were dovised for purposcs
of obtaining presscure dlistribution data. These results arc discussed herein

together with limlted test results from actual rocket firings.

Description of the Tests  The cold-flow jetevator tests were conducled in the

engine test cells of the Ordnance Aerophysics Laboralory al Deingerfield, Texn:

A photogroph and schematic drawing of the test sclup are pyesented in Fips. 6

and 7. The model coneisted of' a conical nozzle, a series of semi-joelevnlors

of various radil, and equipment for positloning the jetevator. 'The nouzle was

designed for Mach number 3 at the exit planc. The cuit diameter of the noz-
. 0
zle was 9.4 in  and the lotal diverpence angle wvas 20°. The jetevator chard

vas approximately 4 in. at the center line, Jjetevator position, vith resncet

to the nozzle exit, wac controlled by means of an hydraulic acluatlor.
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Fig. 6
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The analytical investigatlion indicated that the effects of several
factors could be important in Jetevator design. Hinge position rela-
tive to the nozzle exit face, possible boundary layer control by means
of increased gap between the nozzle 1lip and Jetevator, and thickness of
the nozzle trailing edge were considered to be of primary importance.
Means of examining the influence of these parameters were, therefore,
incorporated into the design. Removable fittings were provided as a
means of varying the hinge point exially. Detalls of the fittings are
shown in Fig., 6. The gap between the nozzle lip and the inner surface
of the Jetevator could be varled by removing special rings fitted to the
nozzle and also by using Jetevators of varying radii. Finally, the noz-
zle tralliing edge thickness was varied by changing the special rings
mentioned above.

Deta recorded during the test consisted, primarily, of pressures
from approximately 50 static orifices located in the Jetevator and
nozzle. The Jetevator remained in a fixed position while the data were
recorded to allow the use of gages and multi-manometers to measure pres-
sure. All tests were made at & supply air temperaturc of SOOOF. Supply
pressures were 45 and 210 psia, as noted on the figures. The cell pres-
sure was adjusted to give a ratio of supply pressure to cell pressure of

approximately 37.

Test_ Results Results from the cold-flow tests and from representative

pressure distribution data obtained by Aerojet-General Corp. during rocket

the mnalysis. The comparison of pressure distribution datu mcasured along
the surfaces of the nozzle and Jetevator on the cold-flow model with as-

motor firings confirm, in general, the fundamental assunptions utilized in t |
sumed pressure distributions in the analytical model is swmmarized as follows: {

]

|

1. Without some means of boundary layer control, separation
occurs in the nozzle ahead of the dellected jetevator. f
The deflection angle at which this separation starts is

approximately 12°,

ol At L 15
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2, Based on values of prescure ratlq across the chock, the
strength of the shock wave gencerated Ly the ceparated
Tlow in the nozule is 22 higher than predicted (sec
Fig. 3).

3. The boundary formed by the mctual flow is such that com-
presslon on the Jetevator oceurs along a length of the
chord rather than through a strong shock as assumed in
the analysis (sec Fip. 8). This tends to move the arca
of high loading downsiream on the Jetevator and causes
& hipgher exial load {(thrusi decrement) than prodicted.

L, The pressure on the jetevator surface ic maximum along
the centerline but decrcases toward the hinge-noint.
Figure 9 shows radiel pressure distribution of the peak
pressurc points on the Jjetevator and nozzle as compared
to assumed values. The difference in radiaml distribution
is not concidered significant, however, since the lateral
load-per-unit arca decreases as a function of the cosine
of the radial angle.

A comparison of predicted lateral loads with loads measured during
rocket motor firings also indicates that the analytical Tlow model is in
reasonable agrccement with test data. Tigure 10 shows curves of lateral
load as a function of jetevator deflcction Tor unseparated and scparated
flov cases as computed from Eqs. 5 and 20, respeclively. These computa-
tions have been made for a particular nozile-jetevator cystem with the
dimensilons listed on the figure and corresponds Lo a conlipuration tested
by the Aerojet-General Corp. during a vockel motor firing. The results
of this tect arc alno shown on the fipare.

The effecls of changes in peometry were determined by r~omparicon of
pressure distributions. 'The prousure dola were 2lso integrated over the
nozzle and Jetevator to give loternl and axial loads for selected config-

urations. Onc of the important paramcters in the analysis uns lecalion

A o ymay
- (}',.‘ 0
‘i
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of the jetevator hinme point vwith veepect to the nozsle exit plane.
Since the location of the hinge point detemines the angle 6. (sew
Fig. 5) and the initial flow turning anple from the nozzle to Jote.
vator, it was expected thnt the separntion characteristics in the
nozzle and the precosure distribution over the jetevator would be af-
Tected by a change in hinge point position. In the teots, the hinge
point location was varied to give a 7O change in 6. and the resultn
are shown in Flg. 1l. As the flow-turning angle incrcarrd (reprosent-
ing a decrense in @. ), the point of separation moved upstream in the
nozzle and the pressures over the aft surfoce of the jetevator incrensed.

Since the phenomenon of flow separation in the novxzle 15 a result of
an adverse pregsure gradient due to the initial flow turning angle at the
Juncture of the nozzle and Jetevator, an investipgation wns made using the
gap between the nozzle and Jjetevator as a means of boundary layer control,
By opening the gap, and thus venting the high pressure repgion to the low
back pressure, it wos found thut the flow boundary over the Jctevator wus
changed causing greater compression which in turn resulted in hipgher pres-
sures over the aft three-fourths of the jetevator. Figure 12 presents the
ecnter=line pressure distribution for a minimum nozzle-to-Jjetevator gap
clearance (indicated as "O" on the fipure) and o gap of 0.20 in. Similar
increases 1n pressure were recorded at stations mecasured 30 s hSO, and 600
radially from the center-line. Later tests run on similar configurations
showed the optimum gap to be in the order of 0.30 in. These results have
not yet been confirmed in rocket motor firings due to the serious problem
of the hot gases which blow back through lhe gap. The pap effcets are
particularly interesting inaesmuch as rocket firing experience has indica-
ted that serious difficglties can be encountered with spalling metal
essentially wvelding the Jetevators to the nozzle 1f small gaps are main-
tained. On the other hand, if shlelding clirouds have to be provided to
deflect blowby gas, a welght penalty is Incurred.

The effect of nozzle tralling edge thickness on the pressure distri-
bution was mlso investigated. A comparison of the pressure data for a
nozzle with a sharp trelling edse at a Jetevntor deflection of 250 (see

e
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Fig. 11 Effect of Jetevator Hinge Locatlion on the Pressure Distribution
along Nozzle and Jetevator Centerline
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Fig., 8) to the one with a thick trailing edge for the case of "0" gnp
clearance (see Fig. 12) shows:

1. Geparation occurs at a more forward point in the nozzle,

2. The pressure rise occurs over a more forward portion of

the Jetevator,

3. A lower pesk pressure is obtained for the cage of the
sharp trailling edge.

Sufficient data on the effect of nozzle trailing edge thickness are not
available. The date to date indicate however, that it is desirable to design
the nozzle trailing edge as thin as can be tolerated by the ability of the
material to withstand heating. In fact, in several rocket firings excessive
nozzle tralling edge thickness is consldered to have contributed to serious
load reversals at small jetevator deflection angles and nonlinearity of con-

trol losd as a function of Jetevetor angle.
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CONCLUSIONS

|

i

%

|

% _ The analysis presented has proved to be very useful not only in preliminary

1 design investigations of Jetevators but also in studies of the stebility and

! control of miseiles employing jJetevator control systeme. It 1is believed that

| the most pertinent parameters have been included; however, it is recognized :

| that e number of mssumptions related primarily to the problems of real gas | ;}v

% flows have been made, The most troublesome areas, of course, are the formula-

| tion of an analytical expression for the pressure distribution on the Jjetevator E

i and the specification of the flow separstion boundaries and their eff'ect upon 7

} the pressure distribution. Concelvebly, further exemination of second order
expressions for the pressure distribution (see Eq. 4) and a more detailed

studf of the effects of pressure gradient upon boundary layer separstion will i
improve the accuracy of amhalytical computations, However, only a limited number 1
of Jetevator tests have been made to date, end much of the information required 4. 1
to more amccurately formulate the analytical fremework will probably come in ' ‘:
future tests of the devices. :
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