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-ABSTRACT

Feasibility studies were conducted
of a circular planform, modified lenti-
cular cross section vehicle. The results
of these studies form the basis for the
ultimate fabrication and flight test of
o - _ vehicles to prove the ommidirectional -
v launch, stability and control, and

' maneuver capability of the basic concept.

Wind tunnel tests were conducted over
the Mach number range of 0.6 to 5 and
for yaw angles fram O to 180 degrees,
Force and moment data were obtained as
‘well as pressure distributions (in~
cluding the effects of reaction control
Jets).

The complete task is reported in
three volumes: Volume I--Summary,
Volume II--Aerodynamics, and Volume III--
~Configuration and AutopiIOV/Control.

) . THIS ABSTRACTIS CLASSIFIED SECRET

. Coatalog cards with an unclassitied abstract
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%ty
C.G.

C.P.

(&5

SB

- Base area, = 369.0 ih? main rockets off

Side force coefficient, z;

Center of gravity

Center of pressure o

Diameter of missile, 60.0 inches (FTV)
Drag, 1b

bistance parallel to x-axis from center of gravity to
center of reaction jets

Mach number, -

Normal force, 1b

~ Static pressure, psf

Chamber pressure of reaction jets, psia

© Pitching moment, ft-1b

Dynamic pressure, psf

Reynolds number, Ry = %Egﬁi—-

Rolling moment, ft-lb

Planform area, 2827..4 in% (Full scale)

. (FULL SCALE)
= 225.0 ir; main rockets on ' .

Frontal area, = 540.9 in?> & = O+ and 180° |
‘ ‘ " (FULL SCAIE)

- 4690 in® & = 90

Thrust of oontrolvjets (TWO JETS), 1b

Maximum thickness of missile, 12.6 inches (FULL SCALE)

Flow velocity vector 1long xg axis
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C.P.

AX

To.p.

TbYbZb
XgYsZg

Vazd

SUPSCRIPTS

b

3

‘Flow velocity vector along v axds

Tot#l flow velocity vector
Weight of missile, lb

Distance on x-axis from canter of pressure to
center of gravity

Distance on x-axis between any arbitrary center of
gravity and the mid chord cu1ter of gravity = = 30 - xc.G.
inches

Distance on y-axis from center of pressure to center
of gravity ,

‘Rectangular coordinates of the body axis system

Rectangular coordirates of the stability axis system
Angle of attack, deg

Angle of sideslip, deg

wAngle of roll deg

Incrpmental change in angle of roll, deg

Thickness ratio -t-; for FTV, -t maximm = 0.21
c c .

Angle of sweepback, deg

Ratio of specific heats, 1.4

Normal "G"'s per degree angle of attack
Density, slugs/ft3

Viscosity, 1b/ft”/sec

" Body axis system

Stability axis system
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Section 1.0
INTRODUCTION

1.1 HISTORY

' The lenticular confipuration concept oripinated with -the Technical
Planning Group, formerly of the Directorate of Development of the Air

Proving Ground Center, now of Detachment L of Wright Air Development

‘Division, Tarret and Armament Development Directorate, Eglin Air Force
Base, Florida., This group conducted a preliminary in-house study on the
feasibility of lenticular rockets., Parameters for a bi-convex cross-
section, circular planform confifuration were chosen and feasibility
calculations were made. Data cbtained fram these theoretical analyses,
augmented by wind tunnel data obtained in Tunnel E-1 of the Cas Dynanmics
Facility, Arnold Englneeriny Developnent Center, indicated a possibility
for advanced missile applications for both offensive and defensive roles,
The results of this study indicated that 2 circnlar planform configuration
can offer an efficient aerodynamic confijuration of very high maneuver

: ap1bilit .

: As a result of this effort, a reqnegt for a proposal was issued by

the Directorate of Procurement of the Air Proving Ground Center, This
request concerned a study program whose purpose was the evaluation of the
technical feasibility of the lenticular configuration as a potentially
sipnificant advance in airhorne weaponry, Particular emphasis was placed

on the determination of those characteristics of the circular planfomm ;
pertaining to flirht characteristices, stability, control and maneuverability
A further ohjective of the study was to establish the design feasibility

of the confiruration as a potentlal airborne weapon.

A contract (AF 08(635)-5h2) was awarded to Convair-Pomona in June,
1959 whose purpose was the evaluation of the confiruration aerodjnamically,
and the establishment of the design feasibility for dirborne weapon
applications. As a result of the Phase I'study, an improved cross section
sitape was @etprmlnod for use with a circular p]ahforﬁ._ The improved ’ '
cenfipuration, desirnated Model III, has the maximum thickness located at
the exbtreme aft end, The major aero ymanic advantage exhibited by Model
III over the basic s] mmotrical lentlculbr configuration is a rearward .
shift of center of p-essure, This rearward shift of center of pressure
' gr81ulf simplifies the problem of controlling the missile. in flight,
sh advantage shown in Prase 1 was the supersonic drag reduction
oc 1fp4 with the b1unt traLllng edge of Model I1II. The decreased

D) Zx‘»
')

Q SO
cript Released
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: drag’resuits in a higher lift-drag ratio, and in turn, an increased
range and maximum speeds In short, the Phase I cnnfiguration is
- feasible as a design for alrborne weapons. ,

Analyses, experimentation, and laboratory simulations are useful
in the determination of concepts, and are necessary in the establish-
ment of a design that can be fabricated into a vehicle. However,
they cannot furnish the final evidence of the practicality of a
concept. This can only be firmly established by a flight ‘test pro-
gram. As a result, recommendations made during Phase I included
a flight test program for the practical demonstration of (1) sta-
bilized, controllable flight, and (2) omnidirectional launch capa-
bility. It was recommended that off-the-shelf components be utilized
in the flight test program in order to minimize the time and funds
required to prove the concept.

1.2 OBJECTIVE

AL the conclus;on of the Fhase I st udy, Convalr—Pomona was
awarded a Phase II contract, AF 08(63,)-1168, for the necessary
studies to permit future design and successful flight of vehicles
launched from a high-speed rocket-sled. The studies to be conducted
were both theorctical and experimental in nature. Eighty hours
of wind tunnel time were provided for use in determining the PYE
WACKET aerodynamic characteristics between Mach numbers of 0.6 and
5.0. This volume presents-the result- of the aerodynamic studies
conducted durlng the Phase II PYE WACKET program,

R AR R T T e
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Section 2.0 .
RESULTS AND DISCUSSION

2.1 CONFIGURATION GEOMETRY

° Two feasible-design configurations wore described in the PYE
WACKET Phase I Feasibility Study, Reference 5.1. These configurations
have circular planforms with a blunt trailing edge and circular arc
cross-section. Both configurations are 60 inches in diameter with
one having a thickness-to-chord ratio of 0.21 and the other 0.14.
Figure 2.1.1 is a sketch of the 21 percent thick configuration,

The Feasibility Test Vehicle (FTV) configuration selection,
developed in Volume III of this report, is shown in Figure 2.1.2.
The overall dimensions are identical to the prototype configuration
with a thickness-to-chord ratio of 0.2l. However, the base geometry
was modified to accommodate the three rocket motors, This modifi-
cation consisted primarily of a lateral slot across the aft end of
the vehicle at the exit plane of the rocket motor nozzles. The two
wind tunnel models were fabricated to the same configuration. As
the studies progressed and wind tunnel results became available, it
was evident that the slot produced certain undesirable effects. The
wind tunnel data are reported for the ‘configuration tested; however,
later studies showed that the basic vehicle arrangement coald be
retained even though the slot was deleted. Tust vehicle fabrication
in a follow-on phase will be based on the configuration most likely
to produce successful flights (i.e. no lateral slot).

A detailed drawing and a weight and balance statement are pre-
sented in Volume III of this report.

2.2 BASIC STUDIES

S 2.2.1 M.D."L:TI'AL AERODYNAMICS  From the work of Linnell,

Reference 5.2, the characteristics of hyperaonlc, tHD—dlE&F;lO“al
'alrfo‘ls were es‘abllsned. These showed the 1ift and drag character-
istics to be a function of airfoil thickness, a hypersonic similarity
parameter, and tne specific heat ratio. This work was based on

shock exoan31on ‘theory combined with ny nypersonic similarity relatlons.'
Lorrance, Rererence 3‘,, in nis work extended the field by showing
tnat the eXpr8331onq for expansion and compressich are almost 1aenu¢bal
when the hypersonic similarity paraﬂetar, M4 , is less than one.
Tne main contribution war th2 conclusion that compression, from the
Rarkine-Hugoniot relation, and expansion, from the Prandtl-Meyer

2.1 - SECRET
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relation, provided the same three first terms of a power serlies in
MJ . This immediately allowed a closed form solution to be
obtained for 1lift, drag and moment coefficients. These solutions
apply over hypersonic Mach numbers between 3 and 12. The method was
applied to 12 airfoil sections ranging from a flat plate to a com-
bination of parabolic arcs and flat surfaces. The results are two-
dimensional and apply only for a value of M & between O and 1. The
angle of attack, o , i3 limited to a maximum value based on the
hypersonic sinilarity parameter, M & o+ This is exprussed in
terms of the free stream Mach number and the local slope of the
airfoil surface.

IO"MAX < relie () (2.2.1)
| - 1 MAX

The convenience of the closed form made the use of this theorotical
method most attractive in this study. Further, the range of appli-
cable Mach numbers and angles of attack is suitable for this appli-
Cat 10N . N
In order to mike more accurate theoretical eslimates, the two-
dimensional characteristics predicted by Dorrance were modified to
account for planform. This process is essentially a modification
of the two dimensional coefficients to account for the average
sweep over a section of the circular planform. From Reference 5.4,
for small angles of attack, the following relations are derived
for swept and unswept wings. .

CL = Cnss COS 2N - (2.2.2)

Cp = Co,_, COSTON - (2.2.3)

@

Expressed more sirn v’ﬁ the ‘1ift coefficient of a swWept wing may b
approximated by modlileJ the 1ift coeffz.cxefu of the unswept~wlng
by the cosine squared of the angle of sweep. The drag coefficient
may be approxlmated by multLply1n5 the pressure drag by the cosine
cubed of the sweep angle. Iu is inportant that frlct*on and base

se o SEAE
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drag be removed from the total drag before performing this modifi-
cations In the exact relations, a variation with angle of attack

i3 indicated. For regions in which cos a« = L, the above relations
yleld close agroement. From the above relations, the following
corroctions to Dorrance's two-dimensional coefficients were derived:

fam X e

-

Y
C/V = CNA=O oS A |
' : ¢

X =% s X = o COS A AN
(/ = C CO‘S” N . Q’A_—: _ 7 O'X

/ 2 . — NAco -

— 3mc? C °
768 A=0
8 = et
4 , | .

'This correction enavles the values of normal force coef[iclient
 obtained from Lorrance's work to be applied to a circular planform.
By similar derivation, the values for tha wave drag result in the
following relation: o

-aévz ~ , o
552 -

0
|

N =0
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which, for ﬁhis'applidaﬁion; results in the following expression:

5 = O. 6-8 c
;¢° ST O (2.2.6)

- K comparison of theoretical values obtained using Dorrance's work ' .
and the above relations is shown in Figures 2,2.1 through 2,2.5.
In Figures 2.2.1 to 2.2.3, a comparison is made of ncrmal force
coefficients from experimental and theoretical sources., As can be ' oL
seen, the comparison is excellent, In no case is the difference
greater than ten percent; This indicatesthat Dorrance's data combined
with a planform correction does yield excellent results., Figure
2.2.l compares the wave drag coefficients obtained theoretically and

° experimentally, The camparison is fair, with the theoretical results
approximately 15% lower than the experimental results., It might be
well to qualify the values shown in the theorctical curve, These
were(obtained'by modifying Dorrance's wave drag coefficients for
‘planform and adding an increment in drag for the blunted leading edge.
This incremental -welue for leading edge drag amounted to 0.0085 at
all the ‘Mach numbers,

_ Firure 2,2.5 presents a comparison of center of pressure locations
between experimental data and values computed using Dorrance's wark.
As 4rdicated, the values obtained using Dorrance's work are reasonably
correct in magnitude, but have a forward movement with increasing
Mach number. As a supplement, linear theory is included. The experi-
mental data fal'l:s in between the values indicated by linear theory and wl
Dorrance's work, - E o

The results presented in Figures 2.2.1 thfough 2.2.5 show that
theoretical methods can predict reascnabvle values for normal force,
wave drag, and center of pressure, The values for center of pressure

show the greatest inaccuracy.

2.6
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- 2.2.2  YAW MOMENT ORIGIN One of the major advantages of the

" PYE WACKET concept is the omnidirectional launch capability. Omni-
directional launch capability is the ability to launch in any
direction from the paren' aircraft. Launch procedurass of this type
require that the missile heading remain constant throughout the
launch phase. To satisfy the above requirements, reaction jets are
used to overcome the aerodynamic yawing moment, In order to reduce
hardware and prepellant weights, the reaction jets, and hence, the
aerodynamic yawing moment, must be as small as possible. In order
to reduce the aerodynamic yawing moment, the nature of the alrflow
producing the yawing moment must be understood.

- The blunt base of the prOposed PYE WACKET configuration .
initially appears to destroy the omnidlirectional launch capability
for which it was designed. However, this is not correct because
the high local forces on the base do not produce a yawing moment
about the planform center. Only when the center of gravity is
moved from the geometric center of the planform does the base con--
tribute to the yawing moment (neglecting the small effects due to
base skin friction and reaction jets). This ‘statement must be
qualified by defining the base to be solid, and not with a lateral
slot as considered for the FTV configuration. The yawing moment
about the midchord is due to the pressure acting on the surface
of the canfiguration, and not by any pressure acting around the
periphery. Corsider a circular planform configuration with a
blunted edge such as the PYE NACKET prototypo. -

PELIOLAERLAL PRESSURE OI/S7/BL770N

From basic physics, it is known that surface pressures act normal
to the surface. Since the plarform is circular, the normals pass
through the geometric center of the planform. Therefore, all
pressure forces on tne pe"’nneﬂy act through the centar of thb
planfora and do not producs a jawing momant ,

L WACKET yawing moment-1s primarily produced by surface
r the upper 1nd lower surfaces are cu*«ed, the

2.12 o SECRET
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yawing mcment about the midchord is produced by the surmation of
lateral components of locil forces normal to the surface. This
yawing mament produced by surrace pressures is called the basic
yawing moment, The direction of the moment is stabilizing, 1l.e.,
it tends to align the missile with the velocity vector. When the
center of gravity is moved forward of the midchord, the pressure
forces on the.base contribute a yawing moment which increases the
stabilizing effect of the basic yawing moment., Conversely, when
the center of pravity is moved aft of the midchord, the stabilizing
effect is dccroased.

Thus, only when the centcr of gravity is not lecated at the’
geometric center of the planform does the blunt base contribute
to the yawing moment. '

2.3 EXPERIMENTAL PROGRAM

2,3,1 MODELS AND TEST COHDITIOtS Two geometrically similar

PYF WACKET wind tunnel models were used in the experimental phase
of this program, one instrumented for body pressure neasnrements.and
the other for force and mament measurements. - Figure 2,3.1 is a
sketch of the external model jeometry showing the basic dimensions.
Since test data were desired for yaw angles from O to 180 derrees,
the nodels were designed to peérmit mounting on the wind tunnel sting
at the three peripheral positions corresponding to yaw angles of O,
90, and 180 degrees. The sting holes were filled with flush plugs,
discernible in Fijure 2.3.1, when not in use, Figures 2.3.2 a, b,
and c are photographs of the model mounted in the wind tunnel at
yaw angles of 0, 90, and 180 degrees respectively.

Flgurcs 2.3.3 a, b and ¢ are photographs of the force model, This
model was designed to use a 1. 6-inch diameter internal strain gage
balance,

Figures 2.3.L a, b, ¢ and d are photographs of the pressure model -

ohC’le cxternal reometry and internal instrumentation. This model

was instrumented for measuring 86 surface orassured, 6 base pressures,

“and 5 leading edge pressures. Tne locatiocn and numbeéring system

of these pressure taps is shcwn in Figure 2, 3.5. "In addition, the
pressure model has prov1sion3 for simulating the “ltcf/‘Oll reaction
control jets utilizing cold air with charber pressures ran;ing from

LOO to 1000 psia. Yaw control jets were not included in the test due
to the cormplexdity of the model instrumentation. ' ‘

2,13
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- Figure 2.3.4 ¢ Wind Tunnel Pressure Model and Sting
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Tests were conducted in two wind tunnels at the Arnoldﬁi gineering
Development Center (AEDC), Tullahoma, Tennessee. References 5.5 '
and 5.6 present the pre-test planning for the test program. Mach
numbers from 0.6 to 1.6 were run in ths 16-foot test section at the
Propulsion Wind Tunnel (PWT). Nominal angles of attack of 0, 3, 6,
and 9 degrees were run at angles of yaw including 0 to 20, 70 to
110, and 160 to 180 degrees. Both force and pressure measurements
were taken for these conditions. Mach numbers from 1.5 to 5 were
run in the Type A wind tunnel of the Von Karman Gas Dynamics Facility.
Six~-conponent force data, as well as pressure data, were recorded for
angles of attack ranging from O to 15 degrees at yaw angles betwaen
0 and 180 degreeas.

~ The PhaSQ II wind tunnel test objective was the determination
of: (1) the aerodynamic forces and moments for the free stream
conditions ond model attitudes expected in the FTV flights, and
(2) the effect of the reaction control Jets on the pressure field
surrounding the models. . ‘

2.3.2 EVALUATION OF DATA The force data obtained at .AEDC
agrece quite well with predicted values of Reference 5.7. The only
unexpected results discovered in the wind tunnel test occurred at
sideslip angles in the vicinity of 90 and 180 degrees. At & - 90°,
the base cutout altered the lateral stability characteristics to a
degree that was not previously calculated. Flow separation at <&
= 180° also gave reaulta that were not predicted. These two '
characteristics and their causes ars analyzed in a laler section.

In order to compare the data obtained at PWT with data obtained
at the Type A tunnel, the test program included an overlap of Mach
number coverage between the two tunnels. The results obtained in
the Mach number overlap agreed very well, providing smooth coefficlent
curves from M = 0.6 to M = 5,

The aerodynamic coefficlents obtained by integrating the
pressure distribution are not in complete agreement wirh the data
obtained with the internal’balance. In-general, the pressure
results ars lower than ‘the force results, as shown in Figures 2.3.6
and 2.3.7. :

A comparison of pressure symmeiry is made in Figures 2.3.8 a,
b, and c. The pressure coefficients along chords equidistant from
the centerline are plotted ag a function of longitudinal distance.
Since the model is at zero 31de;lln angle, the pressure cn these
chords should be identical. The plots show that the symmetry is
generally good. However, certain prsssure measureuents are shown
to be obviously bad. From past experlence with pressure measure-
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"in the integration procodure.' This process is extremely laborious

_ data and the internal balance data could be obtained in the future

‘and "wind axes", Confusion arises, however, when these axis

. inhercntly utilizes sideslip angles up to 180 degrees, a different
“axis syastem is needed ‘to avoid confusion. The system adopted here

- with its origin at the missile center of gravity. The stability

SECRET

ments, these bad readings are to be expeéted. To obtain reliable
pressure integrations, 'values faired from the adjacent pressure
ports must be substituted for the erroneous pressure measurements

and time consuming, For this reason, the forces and moments obtained
by pressure integration could not be completely correlated with the
data obtained with.the intermal balance. Howsvor, the reason for
the discropancy is shown. A good correlation between the pressure

if sufficiont time were avallable to correct the erroneous pressure
measuranent s,

2.4 AERODYNAMIC CHARACTERISTICS

2.4,1 AXIS SYSTEM Two standard axis systems are in current
use throughoul. the missile industry. These systems are "body axos"

systems are used for large sideslip angles. Since the PYE WACKET

is callezd the stability axis system in this report and is distin-
guishod from other axis systems by the subscript "s".

The stability axis system is basically a combinal.ion of holy
anel wind axes. It is a right hand orthogonal coordinate systaem

ad.s system is formed by rotating the standard body axes about
the z-axds through the sideslip angle <« o Thus, the xg-axis
is the intersection of the missile planform and the plane formed
by the z-axis and the velocity vactor., Note that the z-axes in
the body and stability axis systems are identical. The stability
axis system !s.shown in Figures 2.4.1 and 2.4.2.

In stability axes, the angle of athack,o, is defined as the
angle between the xg-axis and the velocily vector.  The sideslip
angle, & » 1s defined as the angle between the xg-axis and
miscile longitudinal center-line. These angles are illustratal
in Figuras 2.4.1 and 2.%,2 along with tha pOuiulve direction of
forces and moments for the stability axis system. ‘ v - ‘ ;
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2 L.2 APPLICABILITY OF AERODYNAMIC COEFFICIENTS This section
presents a figure index of the experimental and estimated aerodynamic
coefficients as applied to the three phases of PYE WACKET FIV flight,
The cross-indexing of the aerodynamic coefficients and figures for the
various combinations of main rocket motors and reaction control jets
~ off or on is presented in order to simplify the use of the data for

-computer simulation studies. A detalled discussion of the individual
coefficients may be found in Section 2.L.3 for power-off coefficlents
(experimental data), and in Section 2.1.5 for power-on coefficients
(estimated). .

Power-off and power-on aercdynamic coefficients are indexed
with the associated fipure numbrrs for the three flight conditions:
(1) sled captive phase, (2) power-on phase, and (3) coast phase.
" The liatings corresponding to the three phases of flight are presented
in Tables 2,h.1, 2. E 2 and 2.b.3.

2.L.,3 FOWER-OFF DATA PRESENTATION The basic acrodynamic
characteristics for the 21 percent thick PYE WACKET Feasibility Test
Vehicle arc presented in this section, . These data were obtained from
a 1/3-scale force model of the FYE WACKET FTV tested in the transonic
and supersonic wind tunnels at A.E.D.C., Tullahama, Tennessee, The
coefficients include no effects of the main rocket or the reaction
control jJets.

A brief listing of the power-off{ data is presented in Table
2.Li.l'.  The pertinent characteristics of the aerodynamic coefficients
will be discussed in detail under the headinrs of the individual
coefficients,
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TABLE 2.L.1
SIFD CAPTIVE FHASE FIGURE INDEX
(MAIN MOTORS OFF) -
LAUNCH AERODYNAMIC FIGURE NO'S. ,
ANGLE, @ COEFFICIENTS REACTION JETS | REACTION JETS

- - ' ON ~_OFF
CN 2.1!.3 201403

CY 2.1“9 2.b09
o° Ca 2.b.25 2.b.14
Cn 2,b.6 } 2.b.6
Cn 2.,.'010 : ) 2.11.10
cy 21,11 2,b,11

N 2.b.3 2.1.3

Cy 2.b.9 2.L.9

Cm 2.1].6 2.11.6
Cn - 2.b.10 2.L.10
! 2.0,11 ..

Ch 2,003 2.4.3
Cy 2.L.9 2.4.9

Ca 2.k 2.L,

, Cn 2,06 2.6
Cn 2.h.lo 20}4010
C1 2.y ) 2.m

2435
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CTABIE 2.4.2

FOWER-ON PHASE FIGURE INDEX

(MAIN MOTORS (N) )
EXFECTED ~ AERODYNAMIC - __FICUTE NO'S,. '
& RANGE COEFFICTENTS REACTI(N JETS REACTION JETS | - .
B oo OFF , |
Cy k 2,103 ' 2.3 !
; } CY ’ 2.11027 2ob-27
| CA- Lokl 2.h.2h
[ o . ] : 1. . '
0 to + %0 - Cnm 2.6 2.h.6
| Cn ; C2.h.20 2.h.28
5 o 2.1 2.b,11
| Cy .
L0 - CA DATA NOT DATA NOT
S » Cn © AVAILABLE - AVAILABIE
[\ : . Cy
TAJLE 2,L,23
- COAST FEAJE FIGURE INDEX )
{VMAIN MCTCRS CFF)
EXFFCTED AEPODINAMIC L FIGURE NO'S, -
@ PRGE | . COEFFICIENTS REACTION JETS | REACTION JETS T
oy 2,13 2Ly
Cy 2.:.9 2.h.9
o Ca 2,k4.25 2.L.1k
Otor20 Cm 2,116 2.6
Cn 2.0 2.L.10
[ 2.b11 2.L.1n
2,36
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TABLE 2.4.h
POJER-OFF AERODYNAMIC COEFFICIENTS
Coefficient Figure No. M -3 oc Parameter
Cu vs « 2.4.3 | 0 to 5.0] 0°,90°,180°| @ to 14° 8
Cxovs 77 | 2.l 0 to 5.0| 09,90°,180°| Pto L4° &
Cy v;r';g 2,k,5 1 0 to 1.0] 0° to 18o° 3°,6°,9° o
Gy 15 oc 2,4.6 |0 to 5.0 0°90°,180° | 0°%o 14° &
C”k Vs/‘7 2.7 0 to 5.0 o°v,9o°,180°” 0%o0 L° | pea
Cnr V5 8 2,L.8 0 to 1.0 0° to 18° | 39,6°,9° o< -
Crs 3 2.L.9 0 to 1.0] 0° to 160° | 093°,6° o
Cr s B 2.1.10 | 0 to 1.6] 0° to 180° o°;36,6° o«
G S 2.b,11 |0 to 1,6 0° to 180° 1° - 4
CPRvs I 2,4,12 |0 to 5,0 o°-, 9o§ o° <
Cr v 8 2.h.1‘3‘. 0 to 1.6 | 0%, to 100° | 0° A7
G s 7 2,b.lk | 0 to 5.0 o°,§o°,180° o 4 -
Gy ws /7 | 2005 [0to5.0| 00 00 CavoomenTs
G, v 3 2,16 |0 to 1.6 | 0%to 160° o°,3°,6° Ca
2.37
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. In order to clarify the use of the power-off data presented in
this section, a brief description of the method of arplying the
magnification effects of the conirol jets is necessary. With the
control jets on, two forces are generated in addition to the aero-
dynamic force already present., These are: (1) the force due to the
thrust of the control jet, and (2) the force due to the interaction of
the jet exhaust and the aerodynamic flow fisld., The total normal force
(N) on the missile is the sum of the nommal force (power-off), the
Jet reaction component, and the interference.

N=Cn g8 *+ ey +ACN QS
| . (2.5.1)

The magnification factors resulting from the jet interaction
with the body flow field are presented in Volume III, "Confipuration
and Autopllot/Control" It may be noted that the magnification factoers
are calenlated in relation to the control jet thrust rather than the '
aerodynamic force. Consequently, the power-off aerodynamic coefficients
are readily applicable in computer studies which simulate control jets.
The applicability of the power-off aerodynamic coefficients for the
flight conditions of the PYr WACKET FTV is presented topether with the
power-on coefficients in Tables 2.Li.1 through 2.L.3 of Section 2,L.2.
The coefficients are. indexed according to fipure number for the three
phases of flipght: sled captive phase, power-on phase, and coast phase.

2.L.3.1 Nommal Force Coefficient The normal force coefficients

- for the PYF WACKST FLV confipuration are presented in Figure 2,kL.3.

As shown, the normal force coefficient is lincar with angle of attack

up to approximately L deprees for anpl<s of sideslip of O and 90 degrees
for all Mach numbers presented. For rear launch ( 8 = 160°), this
linearity exists only at supersonic velocities. Examination of Fiprures
2.4.3a, b, and ¢ reveals sllrhfly higher subsonlc and transonic normal
force coeff101pnts at A= 90° than at 3 = 0°. For supersonic Mach
numbers the reverse condlulon ex1sts, i.e,, more normal force is generated
in the Lorward launch { /&8 = 0% position than for cross-wind launch

( B =909, & similar phenombnon, relating subsonic and supersonic
pressure distribution on bodies with varying degrees of bluntness, is
discussed in Reference 5,8 (nodies without flareu). The sketch Lollowlng
emphasizes %he geometry of the confijur aticn, for the flaw at G = 0°

and 3= 907, whare the velocity vector is ints the page.

2.38
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SIDE ViEW FRONT VIEW
‘;(ﬁ=' 90') - (8=

As shown in the sketch, the rearward half of the configuraticn presents

- a blunted face to the airstream at 4= 90°, In contrast, the front

view presents a symmetrically tapercd edge to the airstream at <= o°.
Subsonically and transonically, for & .= 90°, the small increase in
normal force coefficient (see Figures 2,4,3 a, b, and ¢) is attributed
to the increase in effective thickness ratio for the bluhted face of
the rearward half of the body as canpared to the thickness ratio of
the symmetrically tapered edge at .4 = 0° An increase in normal force
coefficient is characteristic of blunted shapes at subsonic speeds,
Examples of the effects of varying degrees of bluntness on subsonic

normal force coefficients are given in Reference 5.9. Substantiation

of this effect for blunted shapes of varying degrees is given in
Reference 5.10.

These small differences in the normal force ccefficient for
subsonic and supersonic flow at & = = 90° may be summarized as follows:
(1) for subsonic flow, an increase in bluntness results in a higher
normal force coefficient which is due to the increased flow velocity
over the blunted shape, and (2) for superscnic flow an increase in
leadiny edge blantness results in a lower normal force coefficient
caused by flow separation around the blunt leadlng edge. Separation
cccurs in varying degrees over ‘the sharp curvature of the blunted

‘porticn of the body, and will occur asynmetrlcally over the body as
angle of attack is increased. As the local flow becomes supercritical

over the sharp cormners of the blunt leadlng edg a system of compression
shock waves form, ' These shocks terminate in a region where the flow

is undergoing a significant pressure rise as a result of the basic
subscnic pressure distribution. The prpsence of ohe shocks tends to
increase tna adverse pregsure g’adlent and thus causes flow separztion.
As the flow s separates, the large negati ve pressure gradient collaysns,
and the 1ift forces decrease. .

- 2.39
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For the rear-launch condition ( & = 180°), as seen in Figures
2.4.3 a, b, and ¢ for subsonic and transonic speeds, a nagative normal

" force occurs at positive angles of attack. The maximum negative force

occurs betwecen angles of attack of 2 to 3 degrees at a Mach number of

0.9, (Figure 2,4,3 ¢), This phenomensais discussed in detail in Section
2.4.6 under PRESSURE DISTRIBUTION and will ngt be treated in detail

here. The accuracy of the data for @ = 180° is somewhat questionable

at Mach numbérs of 0.8 and 0.9 due to the lack of normal force coefficients
at = 0°*, The "zero-shifts" of data at M = 0.8 and M = 0,9 were inter-
poéated from the « = ©° data at Mach numbers of 0.6, 1,0, 1,2, 1.l, and
1.6. - .

The slope of the normal force coefficient with respect to angle
of attack is presented in Figure 2.4, for sideslip angles of 0, 90,,
and 180 degrees, The normal force derivatives, dctermined at « = 0,
are applicable to either body or stability axes., For reference to
wind axes, the 1lift coefficient may be computed from the following
relationship: : 7 : :

QV = Ch COS & —-C‘AS' s & 2.L.2

2.0
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The normal force coefficient as a functicn of sideslip angle
(0° to 180°%) is presented in Fipure 2.1.5. The coefficients are
presented at Mach numbers of 0.6, 0.8, 0.9, and 1.0 with angle of
attack as a parameter, For the subgonic and transgonic range of
flight, the data indicate the peak normal force coefficient to oceur
generally at an angle of sideslip between 110 and 120 degrees, At
a Mach number of 1.0 the maximum normal force coefficient occurs at
approximately & = I5 . In both cages, the combination of local
thickness ratio, angle of attack, and flow separation are maler
factors in determining the peak normal forece as a function of angle
of sideslip, It 1s ncted that the solid lines on the graphs indicate
experimental data, whereas the dashed lines are interpolated data,

2.1.3.2 Pitching Moment Coefficient  The pitching moment
coefficients discussed in this section are illustrated in the same
manner as the normal force ccefficients of the preceding discussion,
The lsting of the firures with the assoclated variables and paramecters
1s given in Table 2. L.h. The applicability of the power-off pitching
resients is shown in TaﬂlCo 2.k,1 throurh 2. lie3 of Section 2.h.2.,

The pitching momend coeffici rnfﬂ refler to the "tabllltj axis
system described in Section 2.hi.1. The coefficients are based on a
ccnfnr of rrav1t' ab ©0 percent of the chord, (percent of the body
diameter aft of the leading cdpe), However, the anticipated ccnter
of pravity for the PYR WACKET FIV will be located at 13 percent of
the chord, and, based on this, the pitching moments would be modified
by the foll""lnw expression:

Cm(o 43@ C/W(O 50C) — .07 C/\/ . 2-14-3

or, in a more generul expression,

B (A X
Crrca. = Cm(osoc) c ) Cv 2l

or positive coefficients of normal force, positive pitching
s derrease ag Lo cb.,n¢ of gravity is moved forward.

ibChint Jama ’lu coell]
ormal force “belf tznt 1 ,20“ 3a, b,

tes that the pi ag moment coefficient becomes
1y 10 degrees an;1e of attack for'M = 0,56, 0. 3

2.60
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and 0,9, whereas, the nomal force coefficient becomes positive at
angles of attack of 5.0, 8,7, and 9.6 degrces, respectively, For the
angle of attack range for both negative pitching mament and normal force
-coefficients, the center of pressure is located ahead of the center

of gravity., With negative pitching moment and positive normal force
coefficients, the center of pressure is located behind the center of
gravity. Theoretically, the center of pressure may lie off the configu-
ration.  However, the more practical view of this situation is to
consider two individual center of pressure locations on the top and

- ’ bottom surfaces (see sketch below), - k

/

The phenomenenof pitching moment and nqrmal‘forceoboth being
- negative at positive angles of attack for the & = 180" power-off
condition, subsonically and transonically, is caugsed by flow sepa- .
ration on the leading edpe of the blunt base, Flow separation over
the upper surface is more severe than over the lower (windward)
surface, resulting in a greater reduction in the absolute value of
the pressure coefficient on the upper surface than on thé bottom
surface. -Hence, a nepative normal force is produced. For the con-
dition of nepative pitching mament in conjunction with a small positive
normal force, ‘the forces may be distributed as shown in the sketch '
belm’. ' :

C:/v' = C;ﬁé; - Cj/@?/ : ’ma

/_—'100494 C/\/
O/ ST/ BUI77ON

AL O DIRECTI/ON

As was notad in the discusslon of normal force coetficient, the
& = .90° values of Gy were sli~htly larger than the & = 0° valuss

for subsonic and transonic flow, ard for supersonic floW the reverse
condition exddsteds Pitching moment coefficients, however, are rreater
at & = <0° tran at & = 0° throughout the entire Mach number ronge
(32e Figure 2,1:.6). Therzfore, in order to satisfy the condition of
an increase in pitching moment and a decrease in normal force for
supersonic flow, a shift in center of pressure teward the leading. edre

2,61
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must occur, This condition is illustrated in the center of pressure
curves of Figures 2.4.12 and 2.4.13, where the center of pressure for
& = 90° 13 closer to the leading edge than the center of pressure at
& ~ 0° over the complete Mach number range.
The slope of the pitching moment coefficient with respect to
“angle of attack, COmus , is presented in Figure 2,L4.7 as a function
of Mach number, The pitchiny ‘mament derivative was obtained by taking
: the tangent slope of the pitching moment coefficient at an angle of
. attack of zero gegrees. Angle of sideslip is presented as a parameter
for @ = 0% 90 and 180°, As illustrated in the figure, the configu-~
‘ration has a restoring moment only at & = 180° between Mach numbers
of zero and approximately 0.9, However, the actual magnitude of .the
glope of Cm s for this Mach number range should be treated with caution
due to the fact that experimental values of pitching moment at oc = 0
were obtained only at M = 0,6 for the subsonic Mach numbers.

The variation of power-off pltching moment coefficient with angle
of sideslip from 0° to 180° is shown in Figure 2,4.8, The values as
a function of sideslip angle are presented for Mach numbers of 0.6,
0.8, 0.9, and 1.0. As evidenced from the data of Figures 2,L.8 a, b,
and ‘c, the confipuration has a regtoring moment for approximately 25
degrees of sideslip angle about a rererence angle of & = 180°.  However,
it is emphasized that this condition is realistic only for main rockets
off. No estimates have been made of the characteristics of pitching

moment. with main rockets on.

2.3, 3 Side Force Coeffxcient The variation of side force
coefficient with sideslip angle, anple of attack as a parameter, is
shown for Mach numbers of 0,6, 0.8, 0.9, and 1.0 in Figure 2.L.5.
The data shows that Cyq may be either pOSLtive or negative, depend;ng
on the sideslip angle.

The Fide forcc is the result of lateral components of pressure
acting on the periphery and on the top and bottom surfaces of the
configuration as shown in the sketch below.  If the missile were ‘
- symmetric about the x_ axis, the pressures and areas-on each side of
o the axis would be equal., As a resilt there would be fio side force. e
Because of the aft location of the maxi tthfﬁesg of PYE WACKET, - . N
the missile isrsymmetr'c only at & of 0 and 180°, Hence, it is :
apparent that flow over the missile will produce a variation of side
force coefficient with sideslip angle,

2.81

SECRET




The lateral prescures on the lifting burface, the blunt sides,
and the base, all contribute to the side force. At zero angle of
attack, and .8 rreater than 90°, the flow impacts directly on one
blunt sidc and the base of the missile., As the impact pressures are
large, the side and base contribute the major portion of the side
force in the region of A fron 90° to 180°. At anrles of & from O
to 90° ‘the pressures are somewhat equal on all the surfaces and it is
difficult to predlct which surfaces cause the larpest side forces.

The data for the Mach numbers of 0. 6 0.8 and 0,9 show that

is nepative up to a uideqlip anple of approtlnately 160 and
remaing positive from 160° to 180°, This change in sign is due to
the fact that the component of side force resulting from the base

appreaches zero, while the blunt side is in such a positien-to con-

tribute a DOaithe side force as shown in the folluwlng sketch, Fraom
90° to 160°, the relative position of the blunt side and the base
is such to cause a resultant nepative side force coefficient.

2,82
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The data at Mach 1.0 shows that Cy, is similar to the subsonic

¢asca beyond a sideslip angle of 100°. “However, the Cy is positive

" 4n the region of L0O® to 90°. This differcnce between~sabsonic and
supersonic Cy ' in the region of LO° to 90° is due to the effect of
the Llunt ba3B. The high subsonic or low supersonic local flow ex-
panding around the corner of the base causes extremely low base
pressures. The result of these low pressures is a positive side
force coefficient, ‘ ' :

2.h.3.L Yawing Moment Coefficient The power-off yawing moment

coefficients are shown versus sideslip angle, with angle of attack as
a parameter, for various Mach numbers in Figure 2.4.10. A positive
Ch. indicates that the moment is tending to rotate the nose of the
veRicle in a clockwise direction while a negative Cp_ means that the

" mements are attempting to rotate it counterclockwises The data shows
that for all Mach numbers the missile can have either positive or
negative yawing moment depending on the angle of sideslip. For the
subsonic Mach numbers of 0.6, 0.8, and 0.9, Ch, is positive from &
equal 0° to a & of approximately +100°, From Mach 1.0, 1.2, 1.L,
and 1.4, C,_ remains positive unuii a & of +120° to +120° 18 rcached.
It must be Emphasized that the negative yawing moment at large sideslip
anpgles tends to rotate the missile base into the wind. Hence, for
launch at & of 1800, the base will tend to remain oriented into the
wind, which is the desired flipht attitude, '

The praphs at the three Mach numbers of,O;%, 0.8, and 0.9 show
abrupt increases in Cn_ between & of 75° to 85°, These sudden increases
are atiributed to the aerodynamic effects of the blunt base. A%t angles

2.1 SECRET
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of sideslip less than 90°, the air must flow around the corner formed
by the base and the blunt side of the missile. This expansion around
the corner makes the base act rmuch like an airfoil. The pencral flou
petterns are shown in the sketch belaw. At the minimum value of Cj
prior to the sudden increase, the flow around the comer is conpletSIy
separated. (See Sketeh a), The pressures on the base slot are close .
to atmcspheric, much like those on the top surface of a stalled wing.
Further _ncrease of the sideslip angle reduces the expansion angle of
the flow. At a ,Bof about 80° to 85° the flow expands smoothly around
the corne. and very low pressures result in the base slot, (See Sketch
L), These 1low pressures cause larpe positive peak yawinpg mement co-
efficients. For the peak G,  the pressures on the base are analopous
te those on the leeward: surfacc of a wing at high angle of attack just
before stalling occurs, As the base beccmes alipned with the flow,
= 900 the base pressure increases and the positive Cpg decreases,

Further cvidence of the stall-like condition should be evident in the

- Cag and Cy; curves. However, the flow was very unstable in the pertinent
z3 ranre and the curves were faired smoothly throuph scottered data
peints. Hence, the faired Cy_and Cp, data do not show the stall, The
stall was not evident in the 8ata for Mach number lar;cr than 0,9, Once
the angle of u1d0011p has increased beyond a /3 of 90°, direct impact
cn the base results in cxtremely hirh base pressures (uoe Sketch ¢),
The increesing pressures cause the yawing mcment to become nepative
as /3 increases to 180 degrees, This holds true for both subsonic and
supersonic {lipht, ' '
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2.1.3.5 Rolling Mament Coefficient The variation of rolling
T , moment coefficient with sideslip anple is shown in Figure 2,4.11, It
/ is empha51zed that the rolling moment is measured about the stability
' : Zs ads. If the confipuration were symmetrical, the center of
pressure would lie on the 7¥s . axis and no rolling moment could occur,

" At sideslip angles other than zero and 180 degrees, the PYE WACKET
configuration is not syrmetrical. -The asymmetry with respect to the
velocity vectar results in a center of pressure shift off the Z, axis,
and hence, a rolling moment is produced. However, the magnitude of '
the rolling moment is small in comparison with the pitching mament,

The sensitivity of wind tunnel balances is low when such small moments
are measured. This effect is observed in Figure 2.5.11 b as an erratic
variation of the rolling moment with sideslip anple and angle of attack,

2.b.3.6 Center of Pressure Location The center of pressure is
a theoretical point on the body where the total aerodynamic normal
force is assumed to act, The center of pressure locations are presented
in Fipures 2.1.12 and 2,1.13 in terms of percent of body diameter aft
of the leading edge. ' :

Center of pressure locations as a function of Mach number are
shown in Figure 2.4.12 for & = 0° and 90°. The center of pressure
locations were calculated using the ratio of the slopes of the pitchlng
momen® and normal force coefficicnts with angle of attack.

Fijure 2. b 13 illustrates the variation of center of pressure
for anples of sideslip between O and 100 degreces. The centers of
pressure wcre computed for the planferm by using the slopes of the
pitching moment, rolling moment and normal force coefficlents with

respect -to an:le of attack. An example of the method of obtaining

the plagform contg" ‘of pressure is as follows. The condlticns are
& =wQ, O = M = 0,6, and a c.g. of O., c.
X5 Cr 00088 | ey
EAR - sovar| 0 =241 7 I
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As illustrated in the sketch above, the absolute magnitude of
_th ratio of the moment and normal force was used in the calculation
of the xg and yg center of pressure location. In order to arrive at
the direction of the xg and yg C.P.'s, the sipns are determined by
the direction of rotation of the vehicle, Thus, the moment arm for |
it positive normal force and positive pitching moment, must lie bet-
ween the center of gravity and the leading edge. As in the example
shown above, a negative rolling moment will be produced by a positive
normal force acting with a pogitive moment arm in the positive Y

direction. | :
2.h.3.7 Ay111 Drag Coefficient  The power-off axial drag co- .

cfficients are presented in Figures 2.L.1lL, 2.L.15 and 2.L.16., Figure

2.1k p“esents the axial drag coefficient, CA , for & = 0°,

909, and 1% %0° for the entire Mach number range Lesfpd at oc = Oo : ,
Figure 2.0L.15 presents a Ca  breakdown for & = 0% and « = 0°,
-The variaticn of C, as a function of sideslip angle with angle of
atiack as a paramet8r is ‘shown for various Mach numbersln Flgure
2.L.16, : S ’

2206 SR
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The relationship between Cy and Cy for body and stability m’
syslems is shown below, o ' -

CAS = c"a Cosﬂ- Cyd S//V/j’

Cyy =Cq, SVAB +Cy cos3

SHADLD CORTI/ON
BAss Apea AT S8=0"

SHADELL LPLTI/ON .
BASE AeLA A7 AB=90°
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A’comgarlson of Cag values at o = 0° (Fipure 2. h lh)é'shows that
the & = 900 drag is approximately 75% lower than the & = 0° drag at
subsonic Mach numbers. As shown in the above sketch, the base and

frontal areas are smaller for & = 90° than & = 09, Assuming that the

base and surface pressure coefficients are the same for & = 0 and

& = 90°%, the difference in drag can be partially explained an the SRR
basis of the difference in representative areas of the two positions,

The subsonic trend is reversed at supersonic speeds; .e, the .
< = 90° drag is approximately 25% greater than the,é? 0° drag.
In the supersonic region, the bluntness of the & = 90° profile has
a larpe influence on the drag. This influence is greater than the
difference in base or frontal areas., Evidence of the drag increase
due to bluntness can be seen in the schlieren pictures from the wind
tunnel test. This picture, Figure 2.4.18 d, shows that the blunt
gection causes a very strong shock wave and hence high wave draga
As the missile is turned to sideslip angles greater than & = 907,
the shock becomes normal to the base, and the drag 1ncreases at a
rapid rate., The maximum drag is reached at & = 180 y Where the
largest blurt area i3 presented to the flcw.

The drar breakdown in Fifure 2,L.15° separates the Cy at & = 0°
and a = 0° into base drag, skin friction drag, and wave Blus after-
body-drag camponents. The power-off base-drag camponent was computed
. from base pressures determined from wind tunnel tests of the pressure

model, It must be noted that the blunt-base drag pertains only to the
area of the "cutout" at the aft end of the missile as shcwn in the

sketch

Cpg = -Cp S : .
b8 Pa B ' 2L
where Cp, = average base pressure coefficient over the base
cutout,
Sg = projected area of cutout, and

S

‘For this case, main rcckets off

missile reference area,

Sp . a2
2 = L1.0 30, < 5,33, and
S 314.0 in®

2.4.10 -
C ) , o ' .
Crg = ~0.13 "F4 | | 2.l.11
The siin friction drag, prepared from reference 5.11, is presented for
a full scale FTV configuration (dlameter -5 ft)éat sea levaL. This
correspends to a Reynolds number range of 7 x 10~ to 2 x 10°. By
'subrractlng skin erctlon gna blunt-base drag fram the total FIV drag,

2.108
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the wave plus afterbody drag was obtained. It should be noted that
afterbody drag is defined to be the drag on the blunt trailing edge
not inclgded in the base cutout, A drag breakdown was not computed for
A = 90° because there was insufficiant tunnel data to compute the
effcctive base drag. B : ‘

The variation of axdal drapg zoefficient, Cy_, as a function of
sideslip angle for constant angle of attacka has the same general
variation discussed for the 4@ equal 0%, 90° and 180° cases at
oc = 0° Inthe range of & from 0° to 20°, Cpq is reasonably
linear and varies by only a small value. For the sector where &
varies from 70° to 110°, the Cy_ values are minimal at 90°. The
test data, shown in solid lines, areavailable in the range of & =
160° to 180° at only Mach 0,6, rhe large values at 180° are due to

" the blunt base presented to the flow. The data shown in this range

of sideslip angles for other Mach numbers were estimated, Since no
data were obtained fram tunnel testing in ranpes of & from 20° to
70°, and 110° to 160°, the curves in this area were faired from the
existing data, Hence, the graphs show only peneral trends in these
repions. a ‘ .

Althouph the missile drag is presented for only o = Q° in the

form of Cp,, the drag may be computed for angles of attack other
than zero by the use of the follcwing equations:

C, = CASCOSO( + CNSS//VO(

S
CN‘ '
| o 2.1,.12
\ | . . |
0( e
X |
Cay

and if Cp, at oC = 0 i3 defined as the zero 1ift drag (CDO’)
then, o
S (a: 0)

2.109
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The drag induced with angle of attack is equal to: -

Cr. = Chp - Cpr | 2,424
‘265' :§<2,?$C» ' C%?
or, 7

Hence, either the induced drag or the total drag at angle of attack
may be obtained from Cp, and CN, data.

2.b.i WIND TUNNEL PHOTOGRAFHS - JETS OFF Fluorescent-oil
film and schlieren photographs of the PYE WACKET FTV wind tur..el
models are shown in Fipures 2,.4.17 and 2.4.18. The photosraphs of
thc models represent a cross-section of the numerous pictures taken
during the tests, and consequently do not include all Mach numbers,
angles of attack, and angles of gsideslip. The photographs presented
in this Section were obtained frem the Supersonic Von Karman Gas
Dynamics Facility at A,E.D.C., Tullahcma, Tennessee, Schlieren
photographs frem the Transonic Propulsion Wind Tunnel were not in-
cluded due to the lack of resolution. Fluorescent-oil film pictures
were not made at the FWT transonic facility.

EXAmplcs of the fluo"escent-oil film photographs may be seen in

F%gures 2 h.l?. The test conditions were M = 2.0, 3 = 0°, and o= 0°,

, and 12°, It is noted that the camera used to take the photographs
was at a umall angle to the planform of the model and, thc*eforr, does
not present a icture normal to the planform (sce b1se of mouel in
Fijure 2. h‘l?ag Qualitatively, the fluorescent-oil picuu:res show the
flow pattern on the windward side of the model, Fluorescent-oil film
photorraphs with control jets on are illustrated in Section 2.h.7.
Methods and applications of the fluorescent-oil film technique are
given in Reference 5.12. g

‘The schlieren puotograohs are presented in Flgures 2.54.18 for
¢controil jets off, All:pictures are for an angle of attack and anrle ‘
of sideslip of zero degrees. The photographs saocwn were selected as
representative of the profile and planform shock systems for forward,
crogswind, and aft launch conditions (power-off). Extraneous shock
waves are also apparent in all the pictures, These shocks are caused
by the conical S““ped bew shock wave emanating from the leading edge
of the model which *Dflerfs off of the obs orvatlon window, and/or o

21119
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' , Figure 2.4.18 2 Schlieren Phoiqgr.éph of Side View
- , L -~ Forward Launch, M =20 - ' .
2,123 ~
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2.4.18 b Schlieren Photdgfaph of Pldn View
Forward Launch, KI= 2.0

2.12L
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Figure 2,4.18 £ Schlieren Photograph of Plan View

Cross-Wind Launch, M= 2.0
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Figure 2.4. 18 g Schlieren Photograph of Side View
Aft VLaunch,' M=23.0
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1 Schlicren Photograph of Plan View
Aft Launch, M= 3.0
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imperfections in the window itsolf. The wide, vertical black strip
appearing in the schlieren phétographs is the frame of the observation
window, .

2.h.,5 POWER-ON AERODYNAHIC CHARACTERISTICS The effect of main
rocket motors and control jets on the aerodynamic coefficients of the
~ PYE WACKET Feasibility Test Vehicle is discussed in this section. The

power-on coefficients presented were estimated for use in computer
studies to determine the flight characteristics of the PYE WACKET FIV.
The effects of the main rocket motor were considered negligible fur the
coefficients of normal force, pitching moment and rolling moment for
the low anple of attack range considered ( (X = 0° to 4°) at sideslip

" anples up to 90°. The force and moment coefficients estimated for the

power-on -condition were: (1) axial drag, (2) side force, and (3) yawing
moment. The estimated coefficients are presented only for sea level
conditions since this will be the approximate launch altitude of the
Feas 1)111ty Test Vehicle,

, 2;h,§.1 Axial Dragg Coefficient  The estimated axial-drap co-
-efficient for pover-on and power-off is presented in Fipure 2.4.19
for zero angle of sideslip and angle of attack between M =0 and Y =
5.0, The axial-dras; coefficient for main rockets on (/3 = 0° only)
was estimated by reducing the main rocket-off, cenirol jet-on, axial
base-drap cocfficients of Fipure 2.1,20 by the ratlo of the power-on
‘base area to the pouor-off base area,

= l}ngl (v/oi) .. 0.61

o | Spast (r/0FF)
This factor anounts to approxxmatolv an eight to twelve percent re-
duction in total axial-drag coefficient for power-on flight. It is
notad that the axial-drap coefficients are presented for both control
Jets and main motors operating since these conditions will prevail in
the actual power-on flipght phase of the FTV, As illustrated by the
base drap coefficients of Figure 2,/;,21, there is a marked increase
in base dray due tu operation of the control jets up to M = 2,0 with
main rocket motor off. This increase in base drag is due to the pumping
action in the wake of the jet causing entrainnment of air from outside
the jet, thus reduciny the pressure behind the jet. This effect is
substantiated in Referencas 5.13 and 5,1l for pressares he! ‘"d Jets
in subsonic and supersonic rlcw

A dragp breakdown for the axial-drag coefficients of Figure 2.4.19
is shown in Figures 2.4.20, 2.4.21, and 2,L.22, Figure 2.L.21 presents
“the base drap coefficient fnr nain rOﬂfefq off \ccn4r07 jess on and
off), and Figure 2.4.20 pregent ts uJ for main rocket on with cnurol
,bts en for 3 = 09, o=0% as z function of iach numher up M ='5.0.

2,131
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. Agaln, as-discussed previously, these curves present the 39 per cent
reduction in base Adrar coefficient with main rockets cn and conirol
jets on due to the reduction in #flective base area. Tho wave plus
afterbody drag and skin-friction dray are shown in Fipure 2,4.,22, The
total axdal dray For a piven power-on condition was obtained by adding
the wave plus afterhody drap and skin-friction Jrap to the associated
power-ci baseZdrap component,  The skin-€riction drap coefficlent was -

"

based on FIV Reynolds numbers at sea lavel (Reference 5.11),
‘The estimated axial drap coefficieny at /3- 90° for main rocket : .
motors on i3 shown in Fivwre 2.4.23, The increase in Cx_ due to main
motors on was estimated from assunmed présonm distributions around the
portion of the périphery aftected whon the main reckste are on, A
sketch showinp the pawer-on conditien is illustrated below,

MAIN ROCKETS ON
Lo’ p - 90"

VELOCITY
VECTOR -

PITCH
AND ROLL
CONTROL JETSR—"ZL a1/ conNTROL
JETS

- ROCKET EXHAUST

The pressure disiributions for pouer-on weore nased larfely cn the
correlation of pressures in front of and behind the reactisn jets, o -
Fipnre 2,0.3%, and the data from Beferences 5,13 and €.UL. '

acn num
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.deprees for use in ccmputatlons involving sido-lannch conditions. Aft
Jaunch estimations for main rockets on are not included because of the
lack of experimental data, A discussion of some of the peneral aspects
of rear launch conditions is Erescnted in Section 2,7.1. The axial drag
coefficient as a function of Mach number, for main rocket motors off
and control jets on, is shown in Figures 2.4.25 and .2,4.26,

2.4,5.2 Side Force and Yawing Mament Coefficients The estimated

Ve ‘side force and yawing moment coefficients for power-on are presented in
. 7. Figures 2,4,27 and 2,4,28, respectively, with /3 as a parameter. The

- power-off wind tunnel side force and yawing moment data were used as

a basis” for determining the power-on coefficients. The power-off data
was first modified by subtracting the estimated effects of the pressure
distribution on the base. The base pressure data from the wind tunnel
tests did not afford a complete distribution of pressure across the
base, and consequently, estimations were made of the unknown pressure
pointa on the base, A diagram is shown below with the pressure port
locations indicated, '

928 g4p . YELOCITY
» 9sa L VECTOR
L) ~ :
O + - -
. '\ \'\ 9
b
» 938
WIND TUNNE-L 7R
STING MOUNT BASE PR.ESSURE
' 4 porTs
AFT ViEW

As shown in the sketch pressures were obtalned over approx1mate1y 30
percent of the base ThlS lack of complete data resulted in only an
“approximated’ base pregsure distrirtion, In order to determine the
pregsure distrin:tion in_front of and oehind ‘the jets of the main rocket
motor exhaust at 3 = 900, the pressure disiribution was assumed to be
the same as the pressure data in front of and behind the reaction jets
23 obtained from the pressure model wind tunnel test., These data are
shown in Figure 2.L,39 as windward and leeward pressure coefficients for
control Jet chamber pressures of approanately 7C0 psia. A two-to-one
trapezoidal pressure disitribution on ‘either side of the rockeu ~exhaust
extendinz to the adee of the base was assumed for the power-on ‘estimations.
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LEEWARD Cr
(oF Froves 2.4.39)

(oF. <r6ues 2.4 39)

The acsured 1 ewaord and vindward pressure distribution on either
side of the yYocked exhaust is Lirhly destabilizing in the yaw plane
ith the maxiran yawine menents occurring at the side -launch condition
of B -~ en®, i oannlysin of ‘the recuired yaw control thrust for aero-
dmamic vawing mements and moments due to thrust misalipnments may

be Tomd An Velume TTL, "Confiruration and Autopilet/Control,"

—
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lateral pressure distribution. The peak pressure at the leading edge @  ——

i3 a function of the local leading edge sweep angle, The variation /
of peak pressure around the leading edge periphery is approximately a

‘cosine sauared function of the local sweep angle, supporting the theo-

retical derivation presented in Section 2,2.1,

Figure 2.4.31 shows the effect of Mach number on the centerline
pressure distribution, This plot clearly shows the transonic pressure
coofficient rise. %The peak leading edpe pressure increases with Mach
number to approximately M = 1.3 and then deéreases with increasing Mach
number, Also discernible is the characterisﬁic linearization effect
of supergonic Mach numbers,

The effect of anple of attack on the longitudinal centerline pressure

~ distribution is shown in Figure 2.h.32. The local lift produced by a

cross-gection is proportional to the area between the curves of the
windward and leeward sides. Since the pressure coefficient is more
positive on the windward side, the direction of the lift is positive,

An unusual situation is apparent at a sideslip angle of 90 degrees.
Because of the blunt base, the configuration is not aerodynamically
synmetrical,  Although the confipuration appears catirely different to
the frce stream, the subaonic surface pressures are not too unlike the
pressures for the forward launch position, This statement may be veri-
fied by noting that the subsonic normal forces of the two positions are

_essentially the same (see Fipure 2,4.3). Supersanically, however, a -

noticeable reduction of normal force is apparent at /3= 90°, This
normal force reduction can be attributed to the fact that portions of
the blunt trailing edre are now effectively the leadlnr edie. The
blunt face induces local leadlnr edye separation, resualting in a re-

“duction of the normal force,

The effect of anple of attack on the lateral pressure distribution
is shown in Fipure 2.L.33 for the cross-wind launch position. Similar
to.the forward lainch position, the normal force produced by the cross-

section shown is positive, Another feature of the pressure dlstrlbutlon
is apparent in Figure 2.1i.33. The area betwéen the windward and leeward
curves, and hence, the nermal force, is freater upstream than downsiream.
This trend is indicakive of an ‘upstream shift of the aerocdynamic center

‘of pressure with sideslip angle, Figure 2.4L.13.

- The most important aspect of the pressure distribution in the e
vicinity of 90 de ;rees of SLdesllo iz its effect on the base slot.
Tnis slot behaves in the same manner as an airfoil. As the configuration
is yaved fram 110 to 70 degrees, the base can be considered to sweep
: tive anple of attack from -20 to +20 deprees. At approximately

2,15
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80 degreces yaw (effective base anple of attack of 10 degrees) the base
stalls, resulting in a loss of lift on the base airfoil, The effect of

this pressure in the base slot is predmminantly felt in the yawing

moment, The subsonic pressure coefficients recordod in the base slot

are presented in Figure 2.4.3L as a function of sideslip angle, It :
should be emphasized that this phenomenon will occur only when the main . -
rockets are not operating. In flight, the sideslip angle will not be

in this vicinity after main motor burnout, However, this base pressure

must be subtracted when estimating power-on yawiny moments as explained

in Section 2,kL.5.2. : .

The 180 dcgree sideslip, or rear launch position, is analogous
to blunt re-entry shapes and some of the same problems are encountered.
Notable are the negative normal force and pitching moments observed for
positive anprles of attack in the high subsonic flow regime. A combination
of pressure distribution studies and schlieren pictures are particularly
useful in explaining the salient features of this phenamenon. However,
no ugeable schlieren pictures were obtained subsonically; therefore,
qualitative analysis of the flow field must be made from the pressure
measurements and from the rrsults of other investirations,

The cmcave base normal to the airstream induces local areas of
high velocity as the f1o4 expands around the cdpes, These induced
velocities may exceed local sonic velocity and terminate in shock waves.
These shock waves are ajparent in schlierens obtained at supersonic
velocities where the flow field behind the detached bow wave is essentially
similar to subsonic-flow. The shock waves produce an adverse pressure
fFradient which the boundary layer cannot support without separation,
Because the airflow does not have the ability to complete the full
expansion, the flow leaves the body at the leading edge and re-attaches
to the body at scme downstream point determined by the Fach number,
Reynolds number, and anrle of attack, As an aid to the flow visual-
ization, the centerline pres:ure distribution is shown in Figure 2.4.35.
Consider first the pressure distribution at zero angle of attack. As
the airstream flows from the concave base to the surface of the vehicle,
the large expansion around the lip of the base produces a very low
pressure., This low pressure is in the vicinity of Station 20 in
Fipure 2.L.35. The local surface slope of the configuratién is negative
downstrean of Statiocn 20; consequently, the velocity of the airflow
decreases. As the velocity decreases, the local pressure coefficients .
increase and reach positive values at the trailing edpe.

Consider next the windward surface of the ccnfiguration at an angle

of attack of 3 degrees. The pressure distribution trend is very similar
to the zero anrle of attack case, lotice, however, that the prescure

2,16
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coefficients are more nepative. This is caused by the fact that.the
flow must expand an additicnal 3 degrees ‘around the base, The extra
expansion produces a preater nepative pressure at Station 20, The
pressure coefficients then incrcase aleng the remainder of the configu-
ratien ags in the zero anple of attack case,

The leeward side of the confipuration produces a flow condition
wvhich is entirely different from thc previous cases., The large adverse
frescure gradient on the leeward side causes the flow to leave the asurface
of the vehicle. This can be observed by a pressure which is almost ’
constant along the conterline, This flow gseparation is the cause of
the unusn~l acrod:mamic characteristics of ‘the confipuration in the rear
launch pogiticn.. The net area between the windward and leeward curves
jndicates that a negative normal force is produced for positive angles
of attack, Also of importance is the force distribution along the
centerline,  The force upstream of the midchord is ncgative while the
force downsbream is positive. The combination of these forces produces
a larye nerative, or restoring, pitching moment. It should be emphasized
that the preceding discussion was concerned with the power-off case;
the main rocket motor exhaust flow.ap over the vehicle will alter the

pressure disiribution, A discussion of the probable flow structure with

the main jet on is fiven in Section 2.7.1. Lack of experimental data
precludes a quantitative analysis,

2;b.6.2 Con'rol Jet On - The method of control utilized by the
FYF WACKET confipuration i3 reaction jets. This choice waddittated

.prlwarxly by considerations of amnidirectional launch, and secondarily

the superiority of reaction controls to aerodynamic controls at very .
hlrh altitudes. However, when reaction jets are operated in the atmos-
phere, an interaction between the jet and the free stream occcurs which
cin be very beneficial, This interaction i5 referred to as jet magni-
fication and implies an induced pressure distribution on the body sur-
rounding the jet. Because the jet induces both positive and negative
pressure ceefficients on the body, the sense of the induced force 1s

"~ dependant en the body geometry surrounding the jet. The mapnitude of

tho force induced on the PYE WACKET confipuration is rresented in Volume
111 of thic repert; a2 qualitative analysis »f the flew structure in
jet is presented in this wlume,

A corprehensive study of the interaction of a reactlve jet and
the flow over a body has not been attempted unt. 1 recent years., Frevicus
earch was confined to supersonic flow only. PfF WACKET reaction
T2 tested in supersonic, transonic, -and sub°011c airstreams,
t. wsg nob specifically pcrformpd as a snud/ of twe local flow
so a detailed analysis cannot be made., However, with the
revious research, (Reference 5.1L) and with experimental
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evidence gained from the wind tunnel test, a good understanding of
the flow -tructuro was gained.

Subsonicslly, tho only experimental results gained at the wind :
tunnel were the induced pressures surrounding the jets, Supersoniocally,
however, both schlieren and fluorescent-oil pictures were taken, Figures
2.4.42a through 2,4.L2f are seleoted examples of the schlieren pic-
tures at zero sideslip angle. These pictures show thai-a detachsd normal
shock wave forms around the jet. The high pressure behind this shock

-wave ig transmitted upstroam through the boundary layer and causes

flow separation to occur. This effect can be seen in the schlieren
pictures as an oblique shock wave ahead of and intersecting the normal
shock. The pressurs im this separated region is high, resulting in an
interaction force which acts in the same direction as the force pro-
duced by the jet itself., Figures 2,4.41 a, b, and ¢ are typical flow
patterns taken with the fluorescent oill technique. The lines shown
are actusl streamlines very close to the body. The reverse flow is
evident in front of the jet in the aeparatad flow regiom.

Figures 2.%.36, 2.4.37, and 2.1.38 present the measured pressure
coefficients in the vicinity of the reaction jet., The pressures were
moasurod in three radial rings around the jet. -Because the jet is very
close to the trailing edge, only Ring 1 extended entirely around the
Jjet. The measured pressures are shown for Mach numbers of 0,5, 1.6,
and 3.0 and eve representative of Mach numbers not shown.

Subsonically, the reaction jet induces a high pressure area up-
stream of the jet analogous to the stagnation region upstream of a
solid body. This high prossure acts in the same direction as the Jet
thrust vector. However, this bensficial effect is overshadowed by the
extremaly low pressure induced on the leeward side of the jet.  This
prossure is lower than that expected behind a solid body and therefore
suggests that a jet pumping effect is present, Figure 2,h.36c shows

- that the high pressure region extends upstream of Ring 3. Because

the reaction jet i1s near the trailing edge, the low pressure is confined
to a amall area on the wshicle, Ths tetal force obtalned by integrating
the pressures in the subsonic region is positive., However, the

location of the induced force is forward of the midchord, resulting

in a pitching moment which is opposite in aign to that of ths reaction -~ -

control jets.

Snpersonically, baneficial flow interference is achieved, The
predeminant foaturs of tha induced pressure field is the large pressurs
upstrean of the jet, The pumping effect on the leseward side of the
jet is very small and therefors, only 2 small decrease in mwressurs
1z realized. The high pressurs decreases rapidly upstream of Ring 3.
The integration of the pressures results in a force acting in the
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same dircction as the reaction jet thrust vector: This magnification -
factor is of the same order as the jet thrust itself in the low super-
gonic flow regime. In cffect, tho reactien jet thrust is doubled and
the pitching moment maynification is bencficial in this velocity
region. v

Fifure 2.4.39 presents the variation of the pressure immedlately
upstream and downstream of the reaction jet as a function of Mach
number, This figure emphasizes the trends previously discussed. The
difference between the curves shovn for the windward and leeward pregsures
is indicative of the jet magnification factor, Subsonically the diff-
crence is negpative and regults in a reduced effective jet thrust, The
maximum positive magnification factor is obtairied in the transonic flow
regime. The maximum magnification factor then decreases, but remains
positive, with increasing Mach number,

Figure 2,L.,b0, showing the flow structure in the vicinity of a
jet, was taken from Reference §,1l. Althourh the data obtained during
the FYE LACKET test were not sufficiently complete for such a detailed
alketch, all experimental measurenients and oooervatnons were in excellent
arreement with the flpnxe. :

2.7 WIND TWEEL VHCTOGPARNS - JETS ON - Fluorescent-cil film
and schlieren photographs of the YYE WACKET FTV wind tunnel wode]J,
with control jets operating (one or both jcto)) are presented in
Figpures 2,001 and Figures 2,0,02,  As discussed in Secticn 24b il
the photo;raphs were cbtained froa the supersonic Von Karman Gas Dynamics
Facility at A.E.D,C,, Tullahcma, Tennessee. A complete descripticn of
the method of application of the fluorcscent-oil tilm technicque may be
found in Reference 5.12, Basically, the mcthod incoryperates the use of
a fluorescent petroleum base oil Lhotorraphed under ultraviolet light.

The fluorescent-oil film photorraphs.are presented in Fijures
2.1 with either cnc or both reaction contrel iets operating at a
measured chamber pressure of approximately 707 psias All of the pictures
were taken with the o0il flow on the windward side of the model, A free-
stream Mach number of 2,0 is common to the five photopraphs presented.
Photographs at a higher Mach number were also obtained, but were not of
the quality of the pictures showvn here., The p“otographs of Figures

L.l illusirate the large effect of the control jet extaust on the
‘Llcv field over the model. The shock wave in front of the conircl jets
s evidenced by the dark area in front cf and around the jets, Exam-
ination of the schlieven photograph of Fijure 2.L4.l2a clearly indicates
the relative rosvflon of the shock wave to-be.the same as thatv indicated
in the photo~ra“ho of Figures 2,401,

Schliersn photographs of the mocdel in the rcr"ﬂ*'d, side, snd

2,147
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Figure 2.4.42 a Schlieren Photograph of‘Sikdé View
Forward Launch, Left Jet On, M = 2,0

2.171
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Figure 2.4.42 b Schlieren Phqtogi'éph of Side Vies
Forward Launch, JetsOn, M = 2,0
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Figure 2.4.42 ¢ Schlieren Photograph of Side View

Forward Launch, Jets Ou, M =2.0,.8 = 14°
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- , ‘ Figure 2.4.42 d Schlicren Photograph of Plan View
' Forward Launch, Jets On, M = 2,0
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Figure 2.4.42 e Schlieren Photograph of Side View
Forward Launch, Jets On, M =5.0
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Figure 2.4.42 f Schlieren Photograph of Plan View
‘ Forward Launch, Jets On, M = 5.0
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Figure 2.4.42 h Schlicren Photograph of Plan View
Cross-\Wind Launch, Jets On, M= 2.0
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1.42j Scunlieren Photograph of Plan View
Aft Launch, Jets On, M = 3,0
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roar launch positions are presented in Fipures 2,L.42. These photo-
rraphs are of the profile and planform views of the shock system caused
by the model and the exhaust of the rcactioa jets. Again, as stated

in Section 2.lb.k, extraneous shock waves are present in the photographs
due to shock reflections from the observation window and/or from imper-
fections in the window. The photopraphs were taken at angles of attack
and stdeslip of zero defrees in all cases except Figure 2,L.42c, The
sideslip anrle of 1L deprees clearly shows the two shock waves emanating
in ffont of the control jets. The planform view iz shown in Figure

. e.bled, ' : : '

2.5 PERFORMANCE

Sca level launchings present an extremely difficult environment
for hirhly mancuverable missiles such as PYE WACKET. - A major advantage
of the I'YE WACFET concept is its ability to maneuver ab high altitudes
where cenventional missiles cannot. A3 a result of the hirh maneuver-

“ability, extremely hirh "p" loadings occur for mederate angles of
attack in the dense, sea level ailr, Uechuge of shtructural and . available
. contrel limitations, a law missile anple of attack must be maintained.
" To emphasize the hirh maneuver capability of }MYE WACKET at sca level,
attention is drawn to Figure 2.5.1. This praph presents the normal
acceleration in terms of "g's3" as a function of Mach number. For an
assumed launch weirhf of 128 ponnds, tne nermal acceleraticn ranpes
from 0.8 p's per depree cnrle of attack at a Mach number of 0.6 to 10
#'s per derree at a Mach numter of 2,0, The assumed burnout weipht of
285 pounds has a manevver capability of .Y p's per depree at a2 Mach
nurber of 2;0, Cateolotion of Lhese values does not include the addition-
al force proiuced hy the reacticn jets and associated magnification
‘factors. :

The angle of attack necessary to maintain level flirht is shown
in Firure 2.5.7 as a function of Hach number., At a launch Mach number
of 0,6, a trim anrle of attack of 1.3 derrees is reguired. The re-
anizred anple drops down to 0,07 defrzes for the empty weirht condizion
at a Mach nunber of 2.0. As a resull, the control system must be very

- sensitive to avold hipgh "p" loadings in the burnoui Mach number range.

1% .

Tne maxirmum conirollabla angle of athack as a function of iHach

. Anrne shown in Firure 2.5.3 “or the forward launch case. This curve AR
is basm sea ‘level ccnditicns with @ reaction jét‘ahrust of 500
pounds ' . Steadv-state cinditions were assuned with no jet magnification
farteors ne effect t meenification factors is presented in Volume
11 of er 3 sheus that 4 minimum controllable }
anrle © cours ab Mach 1.2 (eauivalent to 8 to ;o
12 #tz), n=ie of attack increases rapidly as the
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Mach number is cither incrcased or decreased, The increase at hipher
or lower Mach numbers is caused by different factors. A sketch of the
force diagranm is shown below:

Summation of moments pivea the follawing ecquntions:

Ny = A € | ‘ W
CA&_O( ’Q\ﬁ-,?‘ ""A: ' ‘ , 2,62

. X | |
T T gsx | 2.53

The reaction jet force, F., is constan® with Mach number as is the jet
monent arm, £ o ltherefor?, the con“rol moment, Fj4, is also constant
with Mach number. The two remaining parameters are: N, the nomal
force and_x,.the distance between the aerodimaric ccnter of pressure
and the center of gravity. These two vdriables determine the shape
of the gurve shown in Fipure 2.5.3. In the low Mach numher ranpe the
distance between the centers of pressure and pravity is large, out the
norinal force is low due to the low dvnanic pressure, . ‘Therefore,
a larre anfle of attack can be cinirclled, As the llach number is in-
creased above M = 1.2, the dynamic pressure. increases rapidly, However,
tie acrodynamic center of pressure moves aft toward the center of pravity,
resulting in a very small moment, arm and hence, a large con“rollable
anrle of attack, In fact, at M = 2., the center of pressiure and the
center of gravity coincide (c.o., located at the 37 chord). Any anrle

) ‘2% this Mach number. This
rearward shift of center of pressure can be verified by referring to

of aittack theoretically can be ccnirolled

2.182.
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Fipure 2. h 12, Section 2.4, 3 6

: - Ficure 2.5.l is a 81m11ar curve for the cross-wind launch. A

‘comparison of Fipures 2.5.3 and 2,5. li shows that the cross-wind
launch will be more difficult than the forward launch. The maximum
controllable anple of attack does not increase above M = 1,7 as did
the forward launch because the center of pressure does not approach
the center of pravity as closely., It should be noted that the center
of pravity cannot be moved from the lonpitudinal centerline to alleviate
the problem, However, it should be noted that this condition applies
only to a sea level launch. The maximum controllable angle of attack
is a direct function of air density so that an altitude launch will
increase the maximum angle. Prototype launchlngs from an alrplane
will pot encounter such ripid restrictions.

Mach number-time histories of the PYE WACKET FTV are presented
in Fipure 2,5.5 for the forward launch, /3 = 0, sea level flirht
condition, Three launch Mach number-tlme hlstories are shown at M =
0.h, 0.6 and 0.8.

The cquat1ons used in the calculation of the Mach nwiber-time
histories throurhout the power-on and coast phases are presented in
Appendix 6.2, It is noted that the equations are closed-form equations
utilizing linear approximations of the PYE WACKET FTV drag as a function
of velocity. Comparisons with computer calenulations using the standard
iterative technique indicate very pood aprecment between the tvo methods.
The maximim Mach numbers at the.burnout time of 1.L7 seconds are 1.58,
1.69-and 1.80 for the launch Mach numbers of 0.4, 0.6 and 0.8, respevt-
ively.

2,6 LAMNCH SIUDIES

In order to substantiate the omnidirectional launch characterlstlcs
of the flipht test vehicle, a controlled method of launch must be pro-
vided. The use of a rocket power sled is the most desirable from the
-standpoint- of precise control, maximum data acquisition, and low cost,
The scope of the Phase II task did not permit a detailed study of the

launcher confifuration; hovwever, studies ufflrleht to outline a fcasible

launcher system nompatLble'"lth the PYE VACKET FIV were cenducted.
Results of these studies, particularly 1erodynaulu aspects, are presented
in the following sections.,

2.6.,1 SLED CONFICHRATION Flrure 2.6.1 presonfs a sade and end
view of the Edwards Air Force Base Hirh Speed Sled. The sled is approxi-
mately 22,9 feet long and li feet high. The dlsuance between ralls is
€0,65 inches or approxima tely 5 fest, The vehicle has a p”ramldal nose -
and has all protrudine surfaces faired with oblique angles. It is an
extremely low drapg configuratien, lPlS sled, weighing S)OO lo at launch

2,188
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and 3900 Tb at burnout, utilizes a liquid rocket motor producing ‘ b
50,000 1% of thrust for 4.5 seconds. An alternate configuration has

four solid rocket motors producire a ttmst of Uh,000 1bta?2 seconds. This

sled operates on a track 20,000 icet long including a 6000 foot braking

area, ' . - .

. . 2,6,2 SUPPORT STRUCTURE The sled presented in the previous

‘ section provides the basic atructure for a suitable launch system for
the flight test vehicle., A suitable support structure must be designed
to adapt the launch mechanism to the present sled.

A proposed sled structure for the forward launch case is presented
in Figure 2.6.1. This arrangement mounts directly on top of the sled.
This locates the flight test vehicle approximately 1l feet above the
‘gronnd level and approximately 12 feet above the track. The structure
consists primarily of two 4-1/2 inch thick walls which slope inward to-
ward the sled longitudinal centerline, - Approximately 8-1/2 feet above
the top of the sled, the walls intersect a horizontal member, become

" parallel and end in a torque box structure. The walls consist of cir-

“cular steel structural members with wedges for the leading and trailing
~edgea. This arranpement is covered by thin aluminum shcet. 0On top of
the torque box structure, two steel cylinders are attached which project
‘horizontally and support the mcdel forward of the torque box, A similar
arrangement is prroposed for the side launch structure and is illustrated
in Figure 2.6.2. The only difference here is in the length and direction

_of the support stings. A preliminary estimate of the weight of the
support structure indicated that the entire assembly, including the
flight test vehicle, will weight approximately 1850 1bs.

. 2,6,3 ESTIMAT=D CCMPOSITE SLED CHARACTERISTICS Estimates of
the weight, thrust, and drag of the sled and support structure com-
bination are contained in Figure 2.6.3. The drag coefficient data
were estimated for incompressible flow using the available dimensions
for the sled and support structure. Their variation with Mach number
was estimated by applying the Frandtl-Qlauert Rule. The reference
area for the drag coefficients s the planform area of the flight-test
vehicle, ‘“he weight and thrust variation were obtained from sled in-
formation and from the weight estimate for the support structure.

2.6y ESTIMAT:D SLED PERFORMANCE = The acceleration, velocity

and displacement-time histcrieswere calculated fram the data fram Section
2.6.3. The results of the computatiocns, performed for a 2000 root
altitude,- are presented in Figure 2.0.L. In this- diagram, acceleration,
velecity, Mach nurber, and range of the sled are presented as a function
‘of time from launch to rocket motor burnout. Also presented ars the -
initial conditions for the launch, For one assumed launch Maci number,

S TR TR
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~ 0.45, the pertihcnt sled cénditions.are;-time = 2,25 seconds, range

= 600 ft, and acceleration = 220 ft/nccz. No distinction was made in
these computations between the forward and side launch cases. The .
accuracy of these estimates is taken to be * 20¥, The result due to o
change in weight or drag of the vehicle, when the launch direction is

" changed, will be within the accuracy of the camputation., The one im-

rrtant distinction between the two cases is the direction of the acceicr-
ation at the instant of launch relative to the vchicle axes, In the
forward launch it is in a lonpitudinal direction and in the side launch,
the acceleration ig lateral, '

2.6.5 INTERFERENCE EFFECTS One major consideration for launching
from a sled is the interference effects arising from the support structure
and the proximity of the ground. For the latter condition, the ground
presents a boundary which prevents the normal downward flow associated -
with the lifting capability of a vehicle in flight, Two actions take
place as a result of this restriction, First, the lift curve slope of
the wing or body is increcased. This has been interpreted as an aspect
ratio increase. In addition, the downwash behind the vehicle decreasges.
For incampressible flow, this effect has been estimated in Reference
5.15 by assuming an "image" wing and computing its interference on the
wing in the proximity of the ground, The rcoults of this determination
are contained in Figure 2.6,5. The wing 1ift curve slope magnification
due to the pround is presented as a function of height above the ground.
Ag the 1ift curve slope ratio approaches one, the effect of the ground
proximity goes to zero., For the configuration of Figure 2.6.1 the

“abscissa value is the order of five, indicatinp that the ground effect

is less than one percent, This particular eslimate is for incompressible
flow. Data from Reference 5.16 were used to estimste the same information
for compressible flow. Apain, the effect is the order of one percent.
Thus, the pround effect on the flight tes@»vg%éqle is neglipible,
. . Cupe e P 47 R !

Another interfercnce effect of comparable importdance is the flow
anpularities induced by the sled and support structure, Using- the flow :
field data from Reference 5.17, and estimating the mean geometric chord
for the sled, the longitudinal flow field in Figure 2,6,6 was prepared,
Several assumptions were necessary in order to make this diagram. The
first assumption was that the flcw field over the sled is similar to
that over a smcoth wing secticn althourh the flow over a wing profile
would be more conservative because the flow is essentially two-dimensional.
The flow over the sled, because of its lower aspect ratio, would tend %o
be thrze-dimensional in nature. As a result, there would be a tendency
to relieve the flow anpularity over the edges. The conditions shown in
Figure 2.6.6 would apply only at the center of the sled, and the angu-
larities would be quickly reduced in the lateral regions of the ‘sled.
From this aspect, the condition assumed (two-dimensional) would be more
critical, However, ground effect sheculd heve a major influence on the

2,190
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flow field about the sled., The data taken from Reference 5,17 is far

a flow field not influenced by the ground boundary. Figure 2,6.6 shows

the proximity of the ground plane to the sled., Using this data and

extrapolating the results of Figure 2.6,5 indicates that the lift curve

slope would be magnified by less than a factor of two, Here the as- - :
sumption is made that the flow field is intimately associated with the .
1ift curve slope. This factor may then be applied to the local angu- : ‘
larities in Figure 2.6,6. On this basis, the position of the flight

test vehicle may be expected to be in a range fran 0 to =2 degrees angle .
of attack in the longitudihal plane, _

Using the same reference, the lateral angularity fields were
estimated for the support struts in the vicinity of the model, The o
same field is shown for the forward-and side-launch case. As indicated ‘
in Figure 2.6.7, no lateral angular f{low fields are expected in either
the forward or side launch case, o

2.,6,6 VIBRATION EFFECTS An additional source of disturbance
during launch is the vibration which will he tranamitted from the rails
and rocket motor through the sled, the tower structure, and sting support
to the flight test vehicle. This vibration will cause the sting support
to deflect and introduce a disturbance at the time of launch. This means
the vehicle will be subjected to dn increment in angle of attack and in
pitch angular velocity as an initial condition at launch, The magnitude
of this disturbance is dependent on the fixity conditons of the sled
and stinpg structure and on the elastic deformatians of .the structural
canpornents, No attempt has been made to determine the magnitude of
these disturbances in this brief study of the launcher problem, however,
careful attention will be given to this problem before the sled/launcher

~ desirn is finalized, ,

2,7 FROSBLEM APEAS

2.7.1 REAR LAUNCH, FGWER ON The effect of the main rocket motor
on the aerodynamic characteristics for sideslip angles between O and
180 degrees was estimated in Section 2.L.S5. However, as pointed out
in that section, only a very rough estimate could be made. The actual
forces and mcments 1nduced on the body are a function of both the rocket
motor ckaracterlsulcs and the body geometry as well as the actual flight
condition, As was previously shown, the induced forces and moments can
‘be larger than the body forces and moments themselves. Due to the large
magnitude of these induced forces, a thorough examination of all aspects
of the rocket motor interference should be made.~

Ths effect of the rocket exhaust on the rear launch aerodynamic
characteristics presents an entirely different prcblem which, due to : -

2.198
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‘the flow éompléxity, has not previouély been estimated. The following
sketch shows the nature of the expected flow field.

_
—

The rocket exhaust will flow back over the body alterinpg the
acromamic properties. Essentially, the missile will be flying in
its own exhaust, The exhaust is expected to blanket the body with a
layer of very low velecity gas, znalorous to a very thick boundary
layer. The thickness and velocity distribution of this layer is not
known at this time. However, it is likely that no interference between
the layer and the reaction jet will exist; i.e., the thrust produced
by the reaction jet will be identical to that produced at zero velocity.
It should be noted that althouph the relative velocity between the -
missile and the exhaust ras may be very:low, it is still possible for
forces and moments to exist on the missile., The exhaust flow over
the missile would, in effect, create an entirely new airfoll as seen
by the free stream flow, Differential pres4ures between the top and
bottam of the new airfoil can be produced. These static pressures
would be transmitted essentially unaltered through the exhaust flow
field to the surfaces of the vehicle itself, thereby creating forces
and mements. The flow separation apparent in thc pover-off case will
definitely be altered. Since all the aerodynardic chaxacter1stlcs are
a function of the degree of flow separation, it is apparent that entirely
different aerod;namics will exist, Predictions of the interference
cannot be made with any degree of confidence. Therefore, it is supgested
that experimental evidence be gained pefore rear launch is attempted.
This prorram should be carried ocut in a wind tunnel using actual rocVet
motorg if p0551ble and if not, cold air simulation,

2.7.2 DYNAMIC CONSIDERATICNS An area which warrants investigation
vefore high subsonic speed rear launch is aptempted, is the possible
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o unsteady flow problem caused by the blunt base., This problem, however,
. is confined to the transonic flow regime, and is not expected to be
serious for the contemplated FIV launch conditions. 4s reported in
References 5,18, 5.19, 5.20, and as shown in Section 2.L.6.1, leading
edge separation occurs for the rear launch position for transonic Mach
numbers. At positive angles of attack, the upper surface is in a
separated flow region. As the angle of attack is decreased, the sepa-
rated flow reattaches and the opposite side separates. Reference 5.2l
states that the angle at which reattachment occurs is lower than that
where separation is induced. Therefore, depending on whether the angle
of attack is increasing or decreasing, two different normal force values
may exist for the same angle of attack., In effect, a hysteresis loop
is formed in the normal force and consequently, the pitching moment
curve. This effect is illustrated in the following sketch.

R .
Cv

If the model oscillates with sufficient amplitude to enclose the hysteresis
loop, it is apparent that the traverse of the loop creates an energy ex-
change by virtue of a nonconservative restoring force that can amplify

the motion, Fipure 2.7.1 is takcn'from Reference 5.22 and shows the
qualitative Mach number range at which this motion occured for various -
model shapes. The motion is a function of the model geametry as well

as the free stream conditions, K

Dynamic tests were not run during the PYE WACKET Phase I wind
tunnel tests. However, a violent oscillation was encountered for the
rear launch position. Because of the oscillations, data could not be
obtained at zero anple of attack and 180 degrees of sideslip in a Mach
number range M = 0,75 to 0,95. An increase in angle of attack to three
degrees eliminated the oscillation entirely. Changing the yaw angle
from 180 degrees to 160 degrees lessened the severity of the oscillations,
but did not in all case$ eliminate it, :

Although evidence indicates that such a problem may exist, it should

2,200
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be noted that all diascussion so far was concerned with power-off con- .

ditions. The effect of the main rocket exhaust over the body is at

this time unknown, It is possible that the power on effect might.

alleviate or even eliminate the problem, or that it could amplify the

oscillating motion, It seems necessary, therefore, to more completely

determine the extent of the problem if rear launches at transonic .
speeds are anticipated. B -

2.7.3 DAMPING DERIVATIVES To evaluate the dynamic flight charac-
teristics of the PYE WACKET, it is necessary to know the longitudinal .
stablility damping deriVatives of the missile. These derivatives determine '
the time rate of decay of an oscillating motion of the missile caused
by a flight disturbance, A disturbance from steady-state straight-line
flight conditions induces variations in missile angle of attack, These
changes in anglo of attack give rise to damping maments which are the
result of aerodynamic forces acting at some distance from the center
of gravity. For the wing-like configuration of PYE WACKET, the longi-
tudinal damping dorivatives of major importance are Cmq and Cpgo

- The stability derivative Cy, is the change in pitching moment
cocfficient with varying pitch vglocity. This derivative is important
in longitudinal dynamics, since it is involved in the damping of the
short-period pitching mode. The short period mode is of particular
interest, because the period of oscillation of this mode becomes small -
near sonic valocity and ‘the oscillation is thorefore difficult to control.
A negative value of increases the damping of this mode; consequently,
high negative values o iﬂis derivative are de31rable.

The stability damping derivative Cp. 1s the change in pitching
mament coefficient with variation in rat@ of change of angle of attack,
This rate of chanpe of angle of attack results from a change in vertical
sinking velocity (Z-axis) while the forward velocity (X-axis) remains
constant, Like the derivative Cm affects the damping of the short-
period pitching moc e. It is expected ; and are of the same
magnitude for a missile of the PYE WACKET configuration. -Hence, both
should be casidered for design studies.

2.8 PROTOTYPE CONSIDERATIONS

The primary investigation of the Phase II studj was directed : e
toward the FTV configuration and its expected flight conditions,
Emphasis was rlaced on the determination of aerodynamic characteristlcs
for subsonic omnidirectional launch at sea level altitude. Although
the prototype configuration differs slightly and the flight cenditions
differ greatly, data were obtained which are applicable to the 21 per
cent thick prototype and its flight regime. - ‘Scme data apply directly
and scme will have to be modified slightly for prototype applications.

2.2
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Application of current data is more difficult to apply to the 1L per
cent thick prototype confipuration. Good estimates may be made at .
supersonic speeds for the normal force, pitching mcment, and drag for
the forward launch. However, the aerodynamic characteristics at large
sideslip angles cannot be predicted with the same degree of accuracy.
The subsonic aerodynamic characteristics also cannot be entirely gained

‘from present data, Flow separation, which is evident in many cases for

the F1V confipuration, is a strong function of model geometry. Therefore,
the 1L per cent thick prototype configuration may have a different degree
of separation rendering accurate aerodynamic predicticns impessible.

The PYE WACKET concept digplays its greatest effectiveness at
high altitudes and velocities, The .incorporation of reactinn jet controls
allows PYE WACKET t. cpcra'c at altitudes whrere aercdynamic conurcls are
ineffective, The Feas Liiit, Test Vehicles, on the other hand, are to
be tésted under conditions which are mos% stringent, The proposed
flights from a rocket sled encompass flirht conditions necar sea level
with a maximum velocity in the vicinity of M = 2,0, It was pointed

out that these flirht conditions werc dictated by the use of off-the-

- shelf components in the fabrication of the FIV vehicles. Although high
‘Yach numbers cannot be reached with the propesed FTV rocket motors, the

low altitude restriction imposes extremely hirh forces and mcments on
the missile. Using the very conservative assumption that the aercdynamic
coefficients are constant with Mach number, the forces and moments become

a direct function of the dynamic pressure, Figure 2.8.1 shows the vari-

ation of dynamic pressure with Mach number and altitude, Exardnzticn
of this plot shows thzt a Mach number of 2 at sea level is equivalent .
to Mach nurbers of 3.7, 7.5 and 15.Lh at 39,000, £0,000, and $0,000 feet

~ altitude, respectively, :

 Fipure 2,8.2 presents the launch Mach number ranie of Fipure 2.8.1
exranded to a larper scale. From this plot, the severity of the launch
conditions is clearly shown., A sca level launch at a Mach number of 0.6
produces forces and moments approximately equivalent to launching at
¥ach numbers of 1.1, 2.2, and .5 at 30,000, 60,000, and $0,000 feet:
altitude, respectively. It is eviden® from these plots that the anti-
cipated launch cenditens for the FTV confiruration simulate much Righer
lavnch Mach numbers at altitudes where the PYE WACKET protetype is ex-
rected to be operaticnal. In fact, ‘the FTV lannchings will impose

" hirher forces and merments than the operational PYE WACKET will likelx

axperience,

Rear launch from current bomber aircraft may prove to be a problen
as rointed out in Secticn 2.7.2. The anticipated launch Mach rusder
of 0.8 may be critical rram a dynamic instability standpoint, :

-

rrocf of dynamic instacility does not exdist, indications are
JI ii dees prove tec be a serious probd ’ ~ two correc
methods may be anpleved. The effesct of the main rocwel exhau

2,203




SECRET

body aerodynamic characteristics could minimize or even eliminate the
problem, If this can be proved, a power-on launching method may be
devised similar to conventicnal air-to-air missiles. It may be recalled
that a power-off launch was proposed in Phase I, If a power-on launch
is not possible, another method of eliminating the dynamic problem shows
promise. As pointed out in Section 2.7.2, the cause of the dynamic '
stability is asymmetric flow separation., If the flow remains attached,
no serious problems should exist. A method of- preventing flow separation

can be accomplished by using guide vanes as illustrated in the following
sketch,

SEPARATED F'Lowi , ATTACH‘ED FLOW

o 27 G o — (r— - :
llh—w,) ) — = ==

Q\PVQ"/WV

\Guod: VANES

WITHOUT GUIDE VANES “WITH GUIDE VANES

Refercnce 5.23 shows that application o1 ruide vanes greatly redices the
drag of a blunt boedy by reducing separation. As a point of interest,

the gmide vanes also reduce the base drag in forward flight, chever,
this drap reduction may be lost because of the induced drag of the vanes,
The major advantare to be rained by the use of guide vanes on the FYE
WACKET confijuration chould be eliminaticn of the dymomic instability
problem through prevention of flow separation inthe rear launch attitude.
The guide vanes cculd also eliminate the nepative normal force and pitching
roment ihat occurs at low anrles of attack. An experimental investigation
would have te »r cenducted to completely evalnate the effects of the

- puide vanes, R ‘

: Launﬁhxnp frem a ,upo*runlc ‘bember nl‘nt cause u1° sare dJnaﬁlc
instability since tha ﬂisule must still pass through the transonic flow
regime. H%Pm*, the main rockets will be firinp at this condition and
may eliminate <he problem, If this is not the case, a method such as
the previously '“nsaip@deVﬂmS*m/bﬂ°Wlde

Lamchine from an aircraft presants a somewhat different ccnditiqn
tran from a mcket slad, For the Fz!_sled\launch, the missile will ba
nmounted well ancve “he sled to minimize the ind ”Led flow anqua_-u*es
from the sled, This will not be poss _sle.fcr an aircraft launch., The
missile must fly throupgh tbn induced fl ¢ field %o clear ths launch
airecraft, 7Tris condision cannot.bs thorcuchly dinvestipated until the
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type of launchlng axrcraft is selected, Reference may be made to a
" general description of the problem presented in the Phase I Feasibility
Study, Reference S }

Inherent in many of the possible prototype puidance systems is the
necessity of adding a radome or IR seeker to the basic configuration.
To assess the aerodynamic effect of such an alteration, a protuberance
of the size and shape shown below was attached to a wind-tunnel model
for tests as the two supersonic Mach numbers, 1.5 and 3.0.

4
D
..{.

The results of thp test show that the norma’ force and pitch maoment
at zero sideslip anrle are not sipnificantly changed from the basic values
shown previously. At M = 1,5, the seeker produces a small posi: dve normal
- force at all angles of attack. The pitching moment contribution, however,
is sliphtly nepative at low angles of attack and positive at high anrles
of attack, At'M = 3.0, tne seeker produces no normal force and a very
small nepative pitching mament. The overall effect is an approximate
five per cent reduction of the baasic pitching mement.

The effect of the sceker on the axdial drapg is more siynificant than
that on the normal force and pitching mament, At zero sideslip angle,
the seeker increases the axial drag by approximately five and ten per
cent at Mach 1.5 and 3, 0, respectively. This increase 1s approximately
constant for angles of attack up to 15 deprees,,the maximum tested,’

The most predominant effect of the secker on the a@rodynamlc character-
istics occurs in the yawing moment. At M = 1.5, the basic yawing momeni
aroit the c. e located at the mluCﬂOTd remains svabllelnp, but is re-
luced by approximately cne half at anples of sideslip up to 15 degrees,

At M o= 3.0, the configuration with the geeker is unstable about the mid-
chord c.pg, This instability is of the same order of magnitude as the
votdhilitj of uho cenfipuration ﬂkuhﬁuq the seeker, However, this de-

1r11111n~ effect about the 0.5 C center-of-pravity location is not a
sipnificant preblem beczuse il 1s 1low in magnitude and tecause it is
ccu‘ternd by the stabilizing effect TaShlul“ frcm the 0,43 C center-
of-rravity lccatlon for- the FIV.
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- was nat pocsible.

Section 3.0
COUCLI'SICNS

During the course of. the YYE WACKET Fhase II study, a large amount
of data was obtained pertaining to omnlulrectlonallaunch Data appli- .
cahle to forward flight up to a Mach number of 5 were also obtained.
Reaction jet magnification factors were determined for the same condi-
tions, From these data, no major aerodynamic problems were apparent
which would imreril a forward launch from a rocket sled. Assuming a
clean sepﬂratlon of the missile from the sled, the critical Mach num-
ber from the stendpoint of the control system is 1.2, At this Mach
number, 2.1 derrees angle of attack can be centrolled with S00 pound
thrust reaction jets, assuming no jet marnification. However, the
maximm positive jJet magni fication occurs at thp sane Mach number
and may alleviate the crilical area. Since no other problems are
apparent, it can be concluded fram an aerodynanic otnndp01nu that
forwvard la unr‘es frem a rocket sled can_be accormplished.

Cross-wind and rear lannches are unicue concepts and as a result
require a More extensive study prorram than is normally required.
Althouprh a comprehensive study prorran was capleted in the Pkase II
pruiect, a canplete analysis of all aspects of the launching problens
A few unknovms, such as the exact effect of the
main rocket motors on the aerod:mamie characteristics and the stabi-
lity damping derivatives, require additienal analysis prior to cross-
wind and aft rocket-sled launches to ingure the yreatest probability
of success,

La
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. ) _ ,"Section 0
RECOMMINDATIONS

- All aspectes related to a rocket sled launch could not be analyzed
in this stndy phase, However, all eritical areas were examined to the
extent of available data, The follmwing recommcndations, therefore
are based on the assumption that all foreseeable aspects of the rocket
sled launch will be analyzed before a launch is scheduled.

1. Six-compenent force data shonld be ob tained with the main
©_rocket noter, and ritv} and yaw rcactlon.*P 3 simulzted, A

fairly complieated wind tunnel model would bv required in
which Jnternvt;ons belween the Wiph pressure air lines and

* - the force balance would be eliminated, Tre desired Mach
numbier rarFe is between 0 and 1. ° Prirary emphasis would be
placed on’ the rear and side lannch medel attitudes, If
posaible, this test should include transient effects caused
hy thn rulnntinr rerction jets. :

2. I¢ th xomor on vawing moment from the above tc t is foGnd to
, be hifher than ~xpected, methods for reducing the moment
. : ' may be -investirated, A3z shown in Section 2,4.%5.2, the power-
cn yawing mement is a functicn of the buse reomotrv, Aeel,
the slet in the base, The base peonetrv can ba altered to
prodnce any desired vawing moment CanluLent with the varying:
cordxtxon of liynt,

3. A dyra~ic LeSt should te cendncted to determine the stability
damping derivatives., Forward launch should be studied at
 Mack numbers up to 2.  Crlr subscnic speeds need be tes *ﬂd

cress-wind and rear lannch, Emphasis would be placed cn the
rear launch pesiticn to determine at what Mach number, if any,
. dmaric instanility occurs. '

by If dymamic instability is appa
vanes C"r"’d Ba i AT A




SECRET

5l

5.2
5¢3

5.4
5.5

- 5.6

508

549

'5.10

Section 5.0
- BIBLIOGRAPHY

PPYE WAGKFT Lenticular Rocket Feasibility Study”, APGC-
TR-£0-25, May 1960, Secret,

Linnell, R. D., "Two Dimensional Airfoils in Hyperso-~ic Flows,®
Journal of Aeronautical Scisnces, Volume 16, No. 1 (January

19L9) pp. 22-30.

Dorrance, W. H., "Two Dimensional Airfoils at Moderats Hypersonic
Velocitiss,” Journal of Asronautical Scioncos) Volume 19, No. 9
(September 1952) pp. 5'34

Shapiro, A. H., "The Dynamics and Thermodynamics of Compressibls
Fluid Flow", The Ronald Press Compmy,' New York, l95h

Cisse, D. J., Convair-Pomona ™ 33L-L50, "PYE WACKET wind 'mmol
Test Mo, III - PWT Pre-Test Report®, July 1960.

Giesn, D. J.x, Convair—Pomona - 33h L5L, "PYE WACKET Wind Tunnel
Test No. IV, Pre-Test Report, Type A Wind Tumnel", July 1960,

Jones, R. D., and Feuthorstono, H. A., Convair-Pomona ™-334-L51,
—"E stimated Omnidirectional Launch Aerodynanmics for PYE HM FTV
Configuration?, July 1960.

Cleary, Joseph W., NASA ™ X-370, "The Bffects of Nose Bluntness
on The Flow Separation and Longitudinal Charactaristics of
Ellipsoidal - Nosad Cylindar - Flare Models at Transonic Spooda"
Auguat 1960. .

Polhamus, Edward C., NA.CA E'i L S'{F‘ZS, "Effcct of Noss Shaps on
Subsonic Asrodynamic Charactaristics of a Body of Ravolution
Having a Fineness Ratlo of 10.9L", August 1957.

"iarodynanic Forco Charamerietics of Delta Wingzs at Supersonic

*Soeods," Jat Propulsion Laoor‘awry, "asader*a, Califorrua, Rzport

No. 20-82, September 1951,

Van Driast, E, D., MAQAL-%B ATyrbulent Boundary Layer for
Comprassibla Flulds on an Insulatad Flat Plata,”North Ararican

iviation, Inc., 15 September 191;9.

5.1




CSERET.

5.12

L1t

£.19

5.20

5021

Loving; Donald L., and Katsoff, S., NASA MEMO 3-17-59L, "The
Fluorescent-0il Film Method and QOther Technloues for Boundary .

" Layer Flow Visualization", March 1959,

Dewey, Paul E,, NACA TN 3hh2, “A‘P*eliminary Investigation of
Aerodynamic Characteristics of Small Inclined Air Outlets at
Transonic Mach Numbers", Hay 1955.

Anick, JamBS'L.,_and Hays; Paul B, WADD TR 60~329, "Interaction
Effects of Side Jets Issuing From Flat Plates and Cylinders
Alinsd with a Supersonic Stream" The University of Michigan,
June 1960. .

Etkin, Bernard "Dynamics of Flight," New Yor?, N. Y., John
Wiley and Sons Inc., 1959.

Wu, T. Y., Navord Report 6L20, "Ground Interference on Podies
Moving Through a Comﬁrefsihle Fluid and Their Applications to
Snort Sled Deaigns,” U. 8. Naval Crdnance Test Statlon, China
Lake, California, Jul, 1958,

Alforu, William J., Jr., Silvers, H. uormal and King, Thomas
Jo, Jréy NACA Wi LSLJ20, "Preliminary Low—upeed Wind Tunnel
Investiypation of Some Aspects of the Aerodynamic Problems
Associsted with Missiles Carried Externally in Positions lNear
Airplane Wings," Dacember 195k.

Seiff,"Alvin, ani Whiting, Ellis, NASA T X-377, "The Effect of
the Fow Shock Wave on the Stability of Plunt-licsed Slender Bodies”,
Scptember 1960, :

Fishvr, Lawis R., and DiCamillo, Joseph R., MNASA MEMO 1-21-55L,
"Investigation of Several Blunt Bodles to Determire Transonic
Aerodynanic Characteristics Including Effects of Spinping and of
Extendible’ Aftarbody Flaps and Sone le**vrenente 01 Unsteady Base
Pressures", January 1$5%. :

Wiley, N'rleth G., ¥Xilgore, Robert A., and Hillje, Emest R.,

MASA T4 X-337 " Dynamic Directional Stability Characteristics for
a Group of Rlunt Reentry Todies at Transonic Specds™, October 150,

Cleary, Jos“ph ﬁ., NASA T X-370, ™ The Effects of Nose 5luntness
on the &low Separation and Lonéltuu;nal Cnaractcrlctlcs of
Ellipsoidal-Nosad Cylinder - Flare Hodels st lransonic qo& s',
Aucust 1960,

Evernart, Philip B. and Lind
"Crcervations on tre Flows Past Blunt F
Junes 1560. '

RN 13 enpd T YA P 4o o
r*r‘ T, 03 r:z.d; Sey ‘ DLl - LVmarnic

TR ST A T T TR TR B




SECRET

Secticn 6.0
ATTENDIX

6. 0 SURFACE FRESSURE l“'h(P VIICH METHCD A numerical integra-
ticn technigue for use on digital computers was developed to obtain
the aerodinamic force and noment coefficients acting on the missile
as & result of the surface pressures, These surface pressures were ob-
taired frem wind tunnel tests. The basis for the method of integra-
tion cencarns averaging the pressures over a piven arca and adding
the incremental force and mements found from the averarc rressures,
Althouph otlier tecknimes were considered, they were discerded be-
cause cf the time and/or cost factore. The avor.gp pxeo“uxe method
was fairly easy te propram.on a dl{ital computer, and lent Itself

“well to the tunnel data handling systens,

In the alruluflnn of the aerodynanic roelficients, it is
csary to obtain the average pressure acking over a fl\Pn arez,

¢ arca secticns arce debermined by dividing the rissiile planfornm
ares, S, into triznrular sectcrs with pressure jorts at the three
vortices of -each zrea, The averare prnssu:c over cach trinnrle is
taken equ2l to cne third of the sum of the three vertex pressures.

It can be seen that the contriduticn of cach neanurcd jressure to the
tatal ferce cn the missile is equal to the wressure multiplied oy one
third of the area of the irianrle. If a pressure pert ic at the vertex
of a muher of trianrular areas, the totel cuntribution of the pressure
to the losd is lhe .ressure multiplieﬁ by one third e¢f the swun of the
areas of the adjacent triangles.. In order to find the moments on the
missile, the pressures are multiplied uy cne third of the swa of the
products cf the arer of each triansle tizmes i.3 mement arm from the

center of prezswre for the area to a reference axis. For the example

shown belaor, the follewing formulae apply to the pressure at the center

rers, ' ' A - ’ '
5.1
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 REFERENCE AXIS

PRESSURE PORTS
a ‘ ,

RESULTING VALUES FROM PRESSURE PORT A

(PRESSURE ) (S, + S, + 3,)
3

D FORCE =

(PRESSURE)(S, + S0, +54,)

3

A MOMENT =

WHERE : S = AREA OF TRIANGU!LAR SECTOR
| U= MOMENT ARM FROM CENTER OF
. PRESSURE TO REFERENCE AXIS
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Surmation of the incremental forces and moments obtained in the
aheve manner for each pressure port yields the total values affecting
the missile. The préssure rultiplication factors are constants and’
vere calenlated for each pressure port, These constants were used in
a digital computer for the numerical integration of the pressure data.

6.2 ECUATICN FOR LEVEL FLT-HT TRAJECTCRIFS  The derivation of
the closed form equatiéns of velocity as a function of time are presented
in this section., The derivation of the equaticns are given for both the
boost phase and coast phase of fllpht A sketch of the forces acting

on the missjle is as follows:

Sumration of forces aleny the lonpitndinal axis are,

1 i
ranges Prom 3 odeprees at Moo= 0. l to le°° ‘“an O 1 GCFTC>

g = ',ﬁ'“, '-"'LJ“J }.2€ The (F4 sure Q,F,Cﬂ t launch _
1]
areve, Thalave: trim anple of au“urk will ve 30
L a2grac or lecgs Con equpntl" the deceleoraticn term of ¥ 3in o« is ‘
r

nerlected,

quution 1) then hprc“os,
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vhere W = weirht at any tire, t,

Wz%—‘(\/\/c;b\/e)f
- |

W, = full weight, 1b, ' B

'v\'e = empty weipht at end of hoost, 1lb,

t-

- = burning tire, secends, and - -

A"%pVZC;;S

D=4 ViG= alrb = aligrig) v

~ - then axial dripe in the linearized form beconmes,

[V

A=pSa (+l5) + pS6

where a ard oo oare the slepe and intercept, respectively, of the
Tumetion A/pS verous velecity, “Substituling the expregeions for
Sraeoand weisht onte Eeurtien (7)) ths cquatieon beccemes

L

7= [pSa(y»u5) +rS8)= ?f‘—é—(i/@ié‘ﬁ’)z‘ zy

.,

{¢.2.3)

interratine Zquetion (2), the “otel veleocity

v
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Coast Phase ‘ ‘ B

The expr'essioh for the velocity during the ccdast phasé“is obtained
by Equation (2) with the thrust term equal to zero., The eauation be-
cormes, : S

g Ly . K g
A=5 G¢ o0 F =~

Substituting the linear expression for axial drag ,yields the form

7% 9ok .
PSal + PSS A

(COQOI‘)
where te 2 tire fram tumout and

W. = Welrht at any time, t., or

L;é = Lﬁ;b - (LY} - “ qu {e)

g

n = nurber of jets c¢perating,

Wy = T3 = rate of fuel corsumption per centrol

'L - B
jét) 1‘5/59(7 ’
T; = thrust per control det - 1h and

S.I. = Specific impulse - 1b/1b/sec

‘ratinge Foustien (L) and substituting initial conditions results

An the velocity at any time during coast of

: _,oS‘aZ‘c )
Hy— /I ', __é_ L\(!,’o;(l’\/i’,,"ﬂw
V= ‘!\‘/5/0 Ta) £ -7 ) (£.2.5)




Since the weipht of the reaction centrol iet frel is small in relatien

to the burnout weirht of the missile, a clese arproximatinn of the
velocity may be obtained by averaring the.veight'(wc) over the coast
phase of flifght. Eauation () then beceres,

.:ﬁ‘?_{‘

V= (%a " Ef_) e Wave (6.2.¢)
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