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FOREWORD

This report presents the results c¢f the 2.75-inch Folding Fin Aircraft
Rocket improvement program conducted for the Air Force Rocket Propulsion
Laborétory by the Aerojet-General Corporation at Sacramento, California, under
Contract F04611-67-C~0114, The program wac administered under the direction
of Captain M. P, Konieczny, RPMMA, and Mr. Lee Meyer, RPMMA, Project Officers.

The Aercjet program managérs were T. R:wden and G. Dolgonas. The work

reported herein was conducted from July 1967 through October 1968. This

.report contains no classified information extracted from other classified

documents, except for performance parameters quoted from the contract statement
of work. The Aerojet report number assigned to this. document for local identi-
fication is 3297-01F. This technical report has been reviewed and approved

by C. R. Cooke, Chief, Solid Rocket Division, Air Force Rocket Propulsion

Laboratory.

BEEE

UNCLASSIFIED




L Ry

UNCLASSIFIED

' Report AFRPL-TR-69-90

ABSTRACT

Contract F04611-67-C-01l14 covers the design, development, testing and delivery
of an improved rocket for the flechette warhead. Work included (1) design,
analysis, and component tests; (2) development tests; (3) Preliminary Flight
Rating Tests; and (4) delivery of improved rocket motors. Analyses included
design trade-off studies, aerodynamics analysis, and manufacturing optimization
studies. The improved design was successfully demonstrated through the prelim-
inary flight rating tests and through flight tests, both ground-launched and
aircraft-launched. Pcrformance, reliability, and accuracy are within contract

requirements,

This final report is in two volumes. Volume I contains the program accomplish-

ments and Volume II contains the Appendixes.
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1.0 INTRODUCTION

The Stability and Control Report for the Improved 2.75 in. FFAR
is written in two volumes. The basic purpose of these volumes is to document
and substantiate stability and general aerodynamic characteristics of the
vehicle together with the flight dynamic behavior. Of specific interest are
the burst point dispersiOn:characterietics and an evaluation of aircraft
safety from the standpoint of the possibility of the racket flight path
intersecting the alrcraft; establishment of acceptable behavior in these
areas is tantemount to establishing satisfactory stability characteristics
of the rocket.

In the present volume, Volume I, the basic serodynamic character-
istics of the vehicle are established together with the meroelastic corrections
to these parameters necessary to the determination of the true forces and
moments acting on the vehicle. These dats are primarily used as input date
to the dispersion and aircraft safety studies reported in Volume IT.

Reported herein are not only the results pertinent to the flight
configuration selected (essentially unchanged from the extant 2.75 in. FFAR
configuration), but also the preliminary studies made of various modified
configurations prior to the final design configuration. Theee studies are
reported in the eppendices, Section 5,1,

Because of the diverse nature of the studies presented, each major

subsection carries its own list of symbols and references,

Page 1
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2.0 SUMMARY

The basic rigid body merodynamic parameters for the vehicle are
developed and presented. Included in the presentation is & discuseion and
presentation of the wind tunnel test results obtained from full scale tests
conducted as part of this program in Tunnel A at the Arnold Engineering
Development Center. Comparisons mre made with results of previous wind tunnel

tests and the sources of discrepancies are discussed and resolved.

Quesi-steady seroelastic corrections to the rigid body aerodynamics
are obtained; these corrections, together with the rigid body aerodyﬁamic
parameters, are used as input to work reported ir Vol. II. These corrections
include the effects of tail fin elasticity and body bending effects,

Critlical flight conditions for body loads and fin loads are deter-
mined dnd the attendant loeds are evaluated. Aeroelastic effects are included

in the evaluation where required.

Aerodynamic heating effects are examined and the resultant fin and

motor case temperatures are determined. additionally, the effects of aero-

" thermoelasticity on the fin characteristics are examined.

In eddition to the results presented for the final configuration,
preliminary work conducted for the purpose of optimizing the tail configuration

#ith respect to dispersions is also reported herein.

Page 2
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3.0 CONCLUSIONS

The following conclusions are derived from the work reported in

this volume.

Final conclusions on dispersions and aircraft safety are con-

tained in Vol. II.

ll

The results of the full scale wind tunnel tests corroborate
the previously available scale model tests except for drag

and body alone centers of pressure.

Dreg coefficients based on the new data are on the order of
15% higher than those based on earlier data even when
appropriate roughness corrections are applied to the skin
friction drag of the previous tests. These figures are for
drags corrected to flight Reynold's numbers. The difference
is attributéd to more reglistic representation of flight

hardware (joints, gaps, grooves, etc.) in the latest tests.

Body alone centers of pressure bagsed on the latest test data
are awbout 1.8 calibers forward of those of previous tests.
This is attributed lergely to inaccuracies due to the relative
smallness of the forces to be measured. The new centers of
pressures, when used in conjunction with tail-on centers of
pressure, produce a more regsonable location for the centers

of pressure of 1ift due to the tail than did previous data.

The tall effectiveness in producing 1ift drops off repidly
above Mach 1 to around 50% of theoretical at M = 1.5 and does

not return to theoretical levels till around M = 4. This
indicates poor section cheracteristics due to leading edge
Juntness and section thickness. The tip portions of the

fins are probably ineffective in most of this range.

Static aercelastic effects produce fin lift effectiveness
losses of up to 40% at maximum dynamic pressure, The attendant

loss in stetic margin is about 2 calibers at this condition.

Page 3
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Even with the low fin effectiveness and aeroelastic effects,
the minimum static margin is about 5 calibers which is more
than adequate. .

For the elagtic fin, reduction in the fin panel length by 30%
only slightly reduced the minimum static margin. -

The maximum body load condition occurred at t = 2.0 sec,

The maximum 3¢ body bending moment is 187 in-lb. The maximum
fin load occurs at t = .08 sec while the rocket is still in
the aircraft flow field. The 3¢ maximum root bending moment
is, conservatively, 106 in-1b.

Motor case external temperatures reach 260°F maximum due to
aerodynamic heating.

Mean temperatures on the leading edge wedge section of the

fins reach a maximum of slightly over 600°F.

Aerothermoelastic effects on the fins are negligible.

Page L
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k.0 ANALYSES AND DISCUSSION OF RESULTS

L. GENERAL

In this section, the analyses performed for the final configuration
are presented and discussed. The corresponding preliminary studies performed
to assist in selection of the final configuration (see Vol. II) are presented
in the Appendices, Section 5.0. §Since much of the final work is a repeat
of the preliminary effort with different inputs, considerable cross-referencing
1e made with Section 5.0 in crder to eliminate unnecessarily repetitive
descriptions of the methods employed,

Also, the wind tunnel test results, presented in Section 5.2 are
the basis for the final aerodynamic deta given in Section 4.2,

The final configuration analyzed herein is shown in Figure b4.1-1,
The configuration shown (see Vol. II for the basis of selection) is geo-
metrically unchanged from the current 2.75 in. FFAR.

Pege 5
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AERODYNAMICS

FINAL COMPUTER INPUT DATA

This section presents the final merodynamic date used in the dispersion
end aircraft saflety studies reported in Vol. II.

SYMBOLS AND NOMENCLATURE

The following are the symbols a&and notation which are used in the
presentation of the aerodynamic characteristics of the 2.75 FFAR vehicle.

c
Do
m

9

i

o

Lo ~ 4

J

S~
O

zero 1ift drag coefficient

pitch demping coefficlent, per redian

roll damping coefficlent, per radian

roll driving coefficient, per radian

normel force coefficient

normel force coefficient slope, 1/radian

normal force coefficient derivative, per radian
body diameter, reference length, ft

wind shear, l/sec

altitude, ft

fin polar moment of lnertis, slug-fte
interference factors from NACA TR 130T
missile length, £t

Mach nunber

jet damping derivative, ft-lb/rad/sec
aerodynemic spring constant, ft-1b/rad
mess flow rate slug/sec

torque on tail fins, ft-1b

normal force, 1b

dynamic pressure lb/ft2

body cross-sectional area, reference area, fte
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Fage 7




A,.
R

IR A

."

©: O

Subscripts
B
BT
BT-B

UNGLASSIFIED

Report AFRPL-TR-69-90, Appendix A

time, sec

thrust, 1lb

gust velocity, ft/sec
velocity, ft/sec

wind velocity, ft/sec
body station, inches, ft

center of pressure, diameters

angle of attack, deg, rad
root~sum-square angle of attack, deg
tail fin misalignment, deg

thrust misallgnment, deg

incremental increase in angle of attack due to airplane
flow field, deg

time increment for fin opening

running load, 1b/ft

roll posiﬁion angle, deg

pitch frequency, rad/sec

aerodynamic wavelength in pitch, ft
tail fin angle, radians

teil fin argular acceleration, rad/sec2

body

body-tail

body-tail minus body
gust

3hear

wind

center of gravity
rocket ex?: plane

Page 8
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4.,2.3 RIGID BODY AERODYNAMICS

The final serodynamic characteristics determined for the 2.75 FFAR
vehicle ere presented for a rigid or undeflected vehicle. Corrections for
elasticity effects are given in Section 4.3. The configuration for which these
charscteristics are being presented is in Figure 4.1-1. The aerodynamic
characteristics were primarily determined from the wind tunnel test data as
presented in Appendix 5.2, with theoretical analysis methods for the other

computations such as the rotary derivatives.

4.2,2,1  BASTC AERODYNAMIC CHARACTERISTICS

Figure L4.2-1 presents the zero lift drag coefficient as a function
of Mach number. These data are for the power-on condition. These data were
taken from Appendix'B.E, Wind Tunnel Data. The corrections to obtain this
curve from the wind tunnel data is discussed in Appendix 5.2 and in the Method
of Analysis, 4.2.5. Figures 4.2-2 and 4,2-3 are also from the same source.
These figures present CNQ’ the normal force coefficient slope, and ch/d’ the
body alone, and body-tail, centers of pressure as a function of Mach number.
The data apply to the 2.75 FFAR vehicle over the:vehicle linear range of angle
of attack., Figure Lk.2-4 presents the tail center of pressure as a function of

Mach number. These data were teken from Appendix 5.1.1.

There are seroelastic corrections which are applied to the rigid

body aerodynamics to get aeroelastic data. These are discussed in Section 4.3,

4.2,3.2  FORCE AND ROTARY DERIVATIVES

TFigure 4.2-3 presents CNé

of Mach number. These date are for two tail panels deflected in pitch. The

the tail power derivative as & function

data were taken from Appendix 5.1.1. The roll driving coefficient and roll
demping coefficient are presented in Figures 4,2-6 and 4,2-7, These data

vere computed using the data in References 1 and 2 and are corroborated by
experimental data from Appendix 5.2. These derivatives are presented as a

function of Mach number for the linsar range of angles of attack. Figure L.2-8
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Figure 4.2.6

2.75 FFAR Vehicle
Roll Driving Coefficient as a
Function of Mach Number
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Figure h-.2-é

2.75 FFAR Vehicle

Pitch Damping Coefficient ag a

Function of Mach Number
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presents the pitch damping coefficlent, C, , a8 a function of Mach number,
These data were appropriated from Appendix 5.1,1., Figure L4.2-9 presents the
Jjet damping derivative M/é a8 a function of time. These velues were computed
Jjust as shown in Appendix 5.1.1, but with & burning time of 2.75 seconds. The

previous rocket motor version had a shorter value of burning time (tB = 2,15 sec).

The methods used in determining the force mnd moment coefficients and

the v devivatives are discussed in Section U,2.5.

ANt LOADS DETERMINATION AND DISTRIBINION

In order to accurately determine the maximum loeds and the distri-
Luti:n of the loads, it was necessary to determine the angles of attack. This

was~done as_described below.

The angle of attack computed was on & lg probability basis. Four
v o owere used In this detsrminatlon. These were; wind, shear and gust,
feoust wisalignment, tail {in misalignmeunt, and aircraft flow field. These
irndividnual values were computed in Intervals At 2= 0.1 sec from launch to burnout.
Tire vesults of these computatiuns were root-sum-squared to obtain the angle
Clacke The tody and te ol cowfde vere computed using the normal force
coos ok Lla, e from w7t ian 52031 and the dynamic pressure from the tra-
Juctorve  The maximum tait normal force load was determined to occur at t = .08
sevends al which time the wissile is still in the airplane flow field and the
velieele verocaty is lov wuowdt LO generate a sizeable angle of attack duc to
nde The Individual vilues ob angle of attack are given below in tabular

Fovm,

For t o= .08 seconds and M = 1.02,

em | mesnitwe | Source &
dind Gheer P I™ae o oe 1,/sec Reference (1) .679°
Wind gust w = 13,54 F/sec Refecen-e (2) 1610°
Thract Misalipnmont 8. = Al250 From Project al2h°
L .
Cffice
can Witalizament oo .1950 From Project °10910
I .
Qffice
Airplane Flow Field From £-d4 Tra- £.000°
Jectory
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Figure 4.2-9

2.75 FFAR Vehicle
Jet Demping as a Function of Time
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The RSS angle of attack for these values is:

%Rss

J(.679)2 s (120)° + (.1091)° + (2)?

Uee = 2,12 deg (1)
Tae tail load resuvlting from this angle of attack was computed to be:

2.12

N = cNoz @aqs = (3)(15.90)(677?;(13%7)(ﬂoulz) = 100.78 1b (3@)

A similar procedare was followed for the maximum body load. The
individual angles of atteck for the maximum body load is given below.

For t = 2 seconds and M = 3,37

1
Ttem Magnitude Source : i’
T
Wind Shear dw/dh = ,016 1/sec Reference (1) .0273°
Wind Gust | u=13.36 ft/sec Reference (2) .2035°
Thrust Misalignment I O = .123° From Project .054°
! Office
Fin Misalignment ? .1es® From Project ,1665°
. : uifice
Airplane Flow Field ' mom A-d Tra- 0°
Jectory

The RG5S angle of attack for these values is:

\/(-9035)2 v (L05MYE 4 (L1665)°

Q
]

R
il

0.2684 deg (1o}

The body loed reswlting from this angle of attack was computed to be:

No-c aqs = (3)(2.8)(2E8,

(155 L = e
R G, 57“3,(11,91)(»0 12) = 26.87 1b (30)

Both these values arc for a 3¢ probability level.*

-*

Note that the 3¢ value given is probably quite ccrservative since the aireraft
flow field effect, which is the main contributor, should probebly not be
trebled at this probability level.
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The body loed was distributed using the data in Reference 3. The
result is shown in Figure 4,2-10,

The meximum drag loed on the tail fins was computed to be Dmax = 26.76 1b
per fin. This occurred at flight time t = 2.10 seconds.

h.2,5 METHOD OF ANALYSIS

Primerily the deta were analyzed precisely as discussed in Section
5.1.1. In this appen@ix the date from the two scale model wind tunnel tests
were used as a beginning point. In this instance, the flight hardware model
date were used. The data and methode are discussed below.

Basically the axial force data are obtained from the wind tunnel test
by correscting for Reynold's number and bese pressure power-on. The data of
Reference U4 were used in these corrections and an RMS roughness of.Q0l inches

(painted surfaces) was assumed. ' The equation below shows the correction:

C. =0C, +]| ~AC - AC +4C
D, D, D,
“model body model tails flight body

Ap
+ACD + —CP S

flight tails B “Tef
The above corrections were applied to the full scale wind tunnel test data
from Reference 5. These deta were for Mach numbers M = 2.50 to 4.0. The
scale model wind tunnel test date of Reference 6 in conjunction with & transonic
computed data point were used to generate the remainder of the curve shown in
Figure L.2-1.

The normal force coefficient slopes and centers of pressure wvere
taken directly from the full scale test data and are presented with no correc-

tions.

The tail power derivative C . was obtained by the equation below.

N
¢y = % [CN - Gy, |
g ~ Ko Ry oy g
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Figure 4.2-10

ehicle

AR ¥

2,75

Rody

Funning Toad at M = 1.L, 2.4, 3.5

) Tef, Area 5,94 in2

Ref. Length 2.75 in.

UNCLASSIFIED

Report AFRPL-TR-69-90, Appendix A

.’
B
a
g}
o
L ©
o
Y
[+H]
o)
=
Ly, o
Q
c
(=}
=
3
&
[ IS
FC1 o
&
]
?
>4
m
F
O
—
i
\‘ O
Y o @ 0 =+ ] <
- —~ [} o o [}
ueTpES Jad - pROT JuTuuny S$EITUOISUSW
Tp pRCT T N TuoT a Page 22

UNCLASSIFIED




UNCLASSIFIED

Report AFRPL-TR-69-90, Appendix A

The roll driving and damping derivatives were computed using the data
of References T and 8.

The pitch damping derivative, Cm wvac computed by the equation pre-

sented below. 1

2 X =X\

(-2) P
C = -2C¢C,. + (-2)C
N N,
"q N“B opr-B

The Jjet damping derivative was computed as a function of time using

the equation below.

-Z— = i [X, - Xg)

L

This expression was obtained from Reference 9.

h.2,6 TATL EFFECTIVENESS AND VARTATTON

One of the significant items to come out of the preliminary study is
the relatively low effectiveness of the tail panels. At 2 Mach number of 1.5,
they operate in the reglon of 60% of their theoretical computed effectiveness.
This is as the result of & poor profile section and high thickness ratio. The
subsonic and low supersonic 1ift curve slopes generated by these teils could be
significantly improved by sharpening the leading edge and reducing the thickness
ratio. However, the present téils are operative and an improvement program may

be implemented in the future,

In the dispersion study, some variation in tail span studies were
made. In these instances, the body tail-body data were ratioed according to
the span and then the normal force coefficient slope, the drag coefficients
and the rotary derivatives were modified accordingly. No attempt was mede to
account for the modified tips on the resulting teil configurations. This re-
sulted in errors of +15 to 20% in some of the aerodynamic perameters but this
was considered sufficiently accurate for the preliminary phase of the work

Page 23

UNCLASSIFIED




UNCLASSIFIED

Report AFRPL-TR-69-90, Appendix A

since the tall effectiveness values used could subsequently be related to
fin span in a more accurate menner, i.e,, the fin referred to as "70% span"
in Vol. II may more accurately represent a fin of different physical span.

L,2.7 TRANSIENT EFFECTS

The fin opening times were computed using the differential equation
presented below.

1o+ »gerodynamic * h%ropulsive

In the above equation the aerodynamic moment is that generated by
the tail fin dreg as the air courses sbout the fin. The propulsive moment
is due to the chamber pressure acting on the quarter-inch diameter piston
in the rocket base. This force is transmitted to the fins by an actuator
attached to the piston. Substituting values in the above equation, the
it plified equation below is obtained

© = =870 sin 6 + 379 coslL 8

(=~

1tin - jualion was golved iteratively and the results indicate the time for

the iins to open is At = .0.4% seconds. These date werc converted into Mach

satoor for the appropriat< lsunch condition. This !5 a procedure similar

1 1nat indicated in the transient anslysiz in Apperdix 5.1.1.
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k.3 AEROELASTICITY

L.3.1 INTRODUCTION

Preliminary analyses, presented in Section 5.1.2, indicate significant
geroelastic effects for the 2.75 ¥FAR. This is particularly true of the fins
which, at maximum dynamic pressure, showed & large loss of lift and an attendant
loss in vehlcle static stability mergin. A detailed body end fin aeroelastic

analysis was, therefore, required to accurately predict these effects.

4,3,2 DISCUSSION

4.3.2.1 GENERAL EFFECTS OF AFROELASTICITY

Aeroelastic effects must be considered for the flight dynamics,

dispersion and loads analyses. This is required since aeroelasticity changes

the dynamic response characteristics of the vehicle., For example, the loss

in stability margin increases the vehicle angle of attack response to distur-

bances such as winds and fin and thrust misalignmgnts. This, of course, is

due to the reduction of aerodynamic restoring moments csused by body end fin \
elasticity. In addition, the elasticity of the fins changes the rolling character-

isties of the vehicle due to changes in the damping and driving forces.

The effects of aeroelasticity are incorporated in the aforementioned
analyses by use of elasticized force and moment datas. These data are obtained
from body and fin aeroelastic anelyses for several Mach number and dynamic
pressure combinations along the mission profile. The elasticlized dats sare
then used as input, for example, to the six-degree-of-freedom trajectory program
from which the dynamic responses are obtained. The aeroelmstic corrections
are made on a quasi-statlc basis since past experience hes shown that coupling
between structural dynamic ard rigid body dynamic terms has negligible effect
on the rigid body mode responses for vehicles of this type.
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L,3,2,2 METHODS OF ANALYSIS

4,3,2,2.1 Fin Aeroelasticity

The fin aeroelastic characteristics are determined from & closed
form digital computer solution which is obtained by means of matrix inversion.
The method used is completely documented in Reference 5. The solution is for
the incremental angle of attack arising from fin bending and torsional character-
istics. From this solution the elasticized forces and moments may be obtained,

Input data required for the fin aercelestic analysis includes the
following:
1) Spanwise airload distributions due to angle of attack (l.e.,
aerodynamic influence coefficients).
2) Spanwise distribution of chordwise centers of pressure,
3) Rigid fin angle of ettack distribution.

L) structurel influence cvefficlents describing streamwice twist
variation with applied bending and torsional moments.

L,3.2.2,2 Body Aeroelasticity

The aeroelastic body characteristics were determined by means of
an iterative digital computer solution. The equations programmed and program

usege are completely documented in References 1 and 2,

The anaelysis programmed considers the vehicle to be a free-free beam
acted on by thrust and distributed aerodynemic drag and normal forces. The
shears, bending moment and axisl loads acting elong the vehicle are obtained
by integration of the applied loadings plus the distributed pitch and trans-
lational acceleration inertial reactions to the applied loads. The analysis
also considers the column bending effects of thrust, dreg and inertial loads
acting in an axisl direction on a vehicle which is bent in its pitch (or
resultant) plane.

The body seroelastic program does not celculate elastic fin character-
istics., These are calculated as described in Sectiion 4.3.2.2.1 and then lnput to

the body prograum as &n elasticized CN for the fins.
o
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I RESULIH OF THE ANALYBIU

%,3.3.1 GENERAL APPROACH

‘ ' The primary purpose of the seroelastic aralyols was to generate
elasticized serodynamic force und moment date to he used ag input to the six-

| degree-of-fresdom analyeis. The secondary purpose was to determine aeroelastic

| ] structural design losds. Thic is dincucsed in Section 4.3.3.4, Pursuant to

the primary purpose, aeroslestic body and fin apalyses were performed for the

following conditions:

Dynamic
Maczh No. Velocitz! fge Pressure, Esf
1.4 1562 2650 1
2.4 2678 8100
3.5 3906 18160

The above condition parameters are based upon & preliminary tra-
jectory. Filnal trajectories showed differences in burning characteristics
which would modify the inertial data for the conditions analyzed. However,
it is felt that these differences are small and may be safely neglected.
Since 8ll conditions are at sea level, the Mach number-dynamic pressure

relationships remain the same in either case.

The results obtained from these analyses are presented in the form
of elgstic force or moment to rigid force or moment ratios vs Mach number
(or CNQ
the incrementsl margin vs Mach number is presented. Application of these

q in the case of the fins). In the case of static stability margin

ratios (or increments) to the rigid body data yields the desirad elasticized l\'
aerodynamic force and moment data required for the six-degree-of-freedom ‘

dynamics analysis.
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4.3.3.2 FIN ASROELASTIC CHARACTERISTICS

4.3.3.2.1 Fin Structurel Influence Coefficilents

The static aeroelastic fin analysis described in Section 4.3.2.2.1
requires structural influence coefficlents which describe streamwlse twists due
to applied lomds and applied streamwise torques. These coefficlents may be
delermined theoretically or from structural test data. It was decided to determine
these coefficients from test data for the 2,75 FFAR since the root constraint
for this fin is difficult to describe analytically.

The influence coefficients were obteined experimentally at the
Aerojet facility in Sacramento. They describe deflections at several points
along the leading edge end trailing edge due to applied unit loads. A sketch
of the fin geometry showing the load points considered is presented in Figure
4,3-1., vPoints 3+ and T+, in Figure 4.3-1, have been added to improve the

integration results in the aeroelastic analysis.

Typical plots of the deflections obtained from the tests are pre-
sented in Figure 4.3-2. This dats 1s presented in the form of so-called "carpet"
plots. A "carpet” plot is one in which the distance between the origin of
each deflection curve along the abscissa represents the distance between the
load pointa. Flotting the data in this fashion allows ready interpolation of
intfluence coefficients for intermedlate points. This procedure was necessary
to facilitate the reduction of the data into the form of streamwise twists re-
quired for the aeroslastic analysis.

As stated above, 1t was necessary to reduce the deflection data into
the form of streamwise twists due to loads applied at the elastic axis and due
to applied streamwise tnrgues. The procedure followed to obtain these date

is described in the following peragrapns.

The twists due to unit loads applied at the elestic axis were

oblain:d as follows:

1) The deflections of the L.E. and T.E. due to & 1/2 1b load
applied at the L.E. and T.E, for each point were plotted.
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2) The deflectionsy at the L.E, and 7.E. of & slreamwise chord
through the load point were read off thise curves,

3) The resalting twists were then determined from the following

relationship:
. S - Omp
B 2 e —

e ¢ Jtremmwlse twist, rad
6 =« L,E. or T.E. deflecztion, in.
d = Streamwlse chord length, in.

w“hers;

The twists due *o unit applied .ireamwize torgues were obtalned
e Follows:
1) influence coefficients were determined st the L.E. and T.E.
of streamwice chords through the load polnts. These were
obtained from the "carpet™ plots.

2) The deflections at the L.F. wid T.F. due to 1# up at the L.E.
azd 1# dovr &t the T.E. for each poirt were determined,

3) The resulting twists were then determined from the following

relationship:
§ .~ 8
o = LE - TE
P

Note theat the d° term gives the *wist due to & unit applied
torque.
The two siructursl twist influence coefficlent matrices obtained in
' rsrovr panrer are presented in Tablc. '-.3-1 and L.3-2. These are the matrices

which w&re used in the aeroelsstic computer progrem.

It #hald be notsd here that the 3-ruactural dsflection data obtained
trom the tests gave esrastic results which were in clinse agreement with those
~red using theoretical struztursl acflusnce cgefficierts. During the
proposal effort theoretical irfluence coeffi:iznts ~were u3ed which gave aero-
dynamis 1ift leosses on the fin of approximately 35% &t maximum g. For the final
vl ycis, the influence Zocftficiznts obtaired experime:tally gave 1lift losses of

woprosimately W4 gt madimun a4 {see Figure h,i-b,)
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4,3,3.2.2 Aerodynamic Influence Coefficlents

The meroelastic enalysis requires an aerodynamic influence coefficient
matrix to describe the changes in serodynamic distributions due to fin twists.
In the case of the 2,75 FFAR it was decided that these changes could adeguately
be described by strip theory. Strip theory assumes that the 1ift varies
locally only with locel deflections. Strip theory generally predicts aero-
elastic increments accurately, even in Mach ranges where it gives inedequate
prediction of rigid fin characteristics.

The influence coefficient matrix thus becomes a dlagonal whose terms
represent values of the fin spen loeding at the points of interest. This span
loeding is for the fin alone, not in the presence of the body. The span loadings
used for Mach numbers 1.4, 2.1 and 3.5 ere shown in Figure 4.,3-3, These were

derived from Reference L.

Examination of wind tunnel data showed that the fin span loadings
used (see Figure 4,3-3) over predicted the fin CNd'e at the lower Mach numbers.
This over prediction is due to a higher loading on the outboard panels than
actually exists. The theoretical distributions, however, were the best avail-
able and were used in the analysis. Therefore, the aseroelastic affects at

the lower Mach numbers are conservatively predicted.

It was necessary to perform the aercelastic analysils for several

cases at each Mach number. These were:
1) Due to fin deflection (driving).
2) Damping in roll.
3) Angle of attack in presence of the body.

In each of the above cases, the rigid span loadings were obtained by applying an
appropriate angle of attack distribution to the aerodynamic influence coefficients.
In the case of fin deflection this distribution was uniform. In the case of
damping in roll it wes linearly varying from the centerline of the vehicle. For
the case of angle of attack in presence of the body, the body upwash had to be
taken into account. Thie was done with the following relationship:
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8l

al(y) = alt+"/2)

where:

@' = local <ngle of attack including ugvash correction
s unowrreted angle of stiack

= span distance from centerlire of the vehicle

= body radius

B o€ R

) For all Meh nambers and rigid fin distributions, the chordwice
senters of pressure were mssumed to be at 47% of the local chord. Since
chordwise bending is negligivle for fins of such large strusntural aspect
ratio, thiz aleo holds spproximately true for the elmsticized distributions.

L.3.3.2.% Elasticized Fin Tats

The —esults of the aeroelastic fin anelysis are presented in the
form of elastic to rigid retios for the various types of loadings. These
ratios may be applied to the rigid aerodynamic force and moment data to provide
the desired elasticized data. The ratios are plotted vs CNQ q. Examination
of the aeroelastic equations (Reference 5) shows that the distribution of
the aeroelastic increment varies with the parameter CNa q. A plot of Mach

number is also provided for convenience in date preparation.

The ratics for fin 1ift, CNa’ fre presented in Figure 4.3-4. This
is *0 be used to determine *he elasticized ONa which is input to the body sero-
elastic analysis. The ratics for fin normel force due to fin deflection
{Ariving) CNé’ ere presented i= Figure 4.3-5. The ratios for fin rolling moment
due to fin deflection {driving) Czé, are preserted in Figure L.3-6. The ratios

for dsmping in roll, 3, , ars presented in Figure 4,%-7.
to

Evemingtion of the steady roll equation shows thet the change in
ste=ody roll rete due to =lestic effects is the ratio of driving ratio to the
damping in roll ratio. In case of the 2.77 FFAR there is an increase of 17%

in the steady roll rate at maximam dynamic pressure due to elastic effects.
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4,3.3.,3 BODY AFROELASTIC CHARACTERISTICS

In order to accurately assecs the change in static stability margin
for the 2.75 FFAR it was necessary to account for the eftfects of body elasticity
8s well as fin elasticity. This was done accordirg to the methods discussed
in Section 4.3.,2,2.2. The same Mach number-dynamic pressure combinations were

analyzed as for the fins,

The mess distribution used for the analysis is presented in Figure
4,3-12. The body stiffness distribution (EI) used is shown in Figure L.3-13.
The mass and stiffness data were provided by the Aerojet-Sacramento facility.
The lateral rigid body airloed distribution used for the analysis is presented
in Figure L.3-11, Note that the same distribution applies with good accuracy
tor all Mach numbers of 1nterest.* This distribution represents the body aero-
dynamic influence coefficients. As in the case of the fins they are a diagonel
matrix whose elements are the body airloeding at various stations along the
vehicle, They are used to describe the rigid body airloading and the change
i eirloading due to body bending. The tail loads used with this distribution
do, hovever, vary significantly with Mach number. FElasticized values of tail
CNQ based on the data of Section L.3.3.2.3 were msed with the distributions to

completely define the body aerodynamics.

The elastlic to rigid ratios of body plus fin 1ift are presented vs
Mach number in Figure 4.3-8. The incremental static stability mergin due to
elasticity ve Mach number is prisented in Figure 4.3-9. The elastic to rigid
ratics of body plus fin damping in pitch moments are presented in Figure 4,3-10,

*
This would not be the case for transonic and subsoniz Mach numbers, but the
seroelastic effects are small there in any case due to the lower dynamic
pressures lnvolved.
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4.3.3.4 LOADS
L.3.3.b.1 Genefal Discussion

In order to ensure the structural integrity of the vehicle, a
flight loads analysis was performed. Much of the hardvere under consideration
has already been flight proven. However, the loeds producing environment of
this aspplication is sufficiently more severe then previous applications to

warrant such an analysis.

The work done for the meroelastic analysis is directly applicable
to the loads analysis. The seroelastic analysis, for example, provides stability
margin data from which the angle of attack'may be determined. Tt also provides
the elasticized distributions of shear and bending moment along the vehicle,

Two design body load conditions were considered., These were the
maximum leteral load condition and the meaximum axial load condition. These

loads are discussed in the following sections.

%,3.3.4.2 Maximum Body Load Condition

The maximum latersl body loed condition occurs at the time when

Cy qis a maximum, where:
Ya

]

c
Na

o

Vehicle 11ft curve siope

Angle of attack

it

Q Dynamic pressure

The determination of the rigid body conditions at the critical time
where this occurs is discussed in Section 4.2. The critical time proved to be
at 2.0 sec. The rigid body condition parameters prevailing at this time are
as follows:

2.0 sec

3.36

Dynamic Presswre = 16,591 psf

3g Rigld Body Angle of Attack = 0.805 deg.

Time
Mach No.

#

I
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The loads calaouwlations must be based on elastic body angles of
attack. The relationship used to determine the elasticized angle of ettack

is:

where:

= Rigid bvody normal force curve slope

R

=7 =

R. Elastic body normal force curve slope
.
F
%  « Rigid angle of attack
o = Elastic bedy angle of attack
AXR = Rigid body static stability margin

,AKF = Flastic body static atability margin

The foregoing relationship is discussed in detail in Reference 3.

To obtain elastic body loads, the aeroelastic computer program is
run first for an arbitrary engle of eattack (say 1.0 degree). This provides
the elasticized CNQ and AXF required to compute the elasticized angle of attack.
The same date is then rerun with the actual value of the elasticized angle of
attack to provide design values of shear and bending moment.

The rigid vody angle of attack, as stated before, is 0.805 degrees.
Consideration of elastic effects using the above relatlonshlp raises this
velue to 1.12 degrees,

The net limit design shears and bending moments for the maximum
lateral load condition are presented in Figures 4,314 and L.3-15. The dis-
tributed inputs used to determine these loads are the same a5 those used for
the Mach 3,5 condition discussed 1n the aeroelastic analysis presented in
Section 4,3.3.3.

Page L7

UNCLASSIFIED




UNCLASSIFIED

Report AFRPL-TR=69-90, Appendix A

4,3.3,4,3 Maximum Axial Load Condition

The maximum axial load condition occurs at the time of maximum
axial acceleration for a 200 kt launch. The condition paremeters at this

time are:
' t = 1,87 sec
Mech number = 2,77
Axisel Acceleration = L46.8 g's
Thrust = 915 1b
Dreg = =237 1b

The mass distribution used for this condition is presented in
Figure 4,3-12, The diag was assumed as a concentrated load acting at the
base of the nose cone. The net limit design distribution of axial load based
on this data is presented in Figure 4,3-16, '

%.3.3.4.% Maximum Fin Loads

The meximum design fin loads are discussed in Section 4.2. They
occur at .08 seconds as the rocket leaves the launcher. No aeroelastic
corrections were made to these loads since the dynamic pressures are quite
low at this time. These rigid fin loads will be conservative in nature since
acroelastic effects would move the spanwise center of pressure inboard, thus
reducing the tending moments. The rigid fin loeds will be restated here,
hovever, for completeness. The 3¢ loads at the base of the fin are:

Fin Load = 50.4 1b
Bending Moment = 105.6 in-1b
Torsion = 15.7 in-1b
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Loy AERODYNAMIC HEATING

L.ha INTRODUCTION

This section of the report covers the aerodynamic heating analysis
that was conducted for the fin and the rocket motor case. Section 4.L4,2
discusses the heating on the fin and the resultant temperature histories.
Section 4.4,3 discusses the analysis of the thermal elastic stress produced
in the fin due to the temperature distribution across the fin span. The
heating of a point on the rocket motor case is covered in Section k.L.4., The
trajectory used in the heating anslysis was the 600 knot launch trajectory
shown in Vol. II. The 600 knot launch was used in all cases. All temperatures
were calculated by means of the "Aerodynamic Heating and Ablation" computer
program which is discussed in the Section h4.kh.5.

4 b2 FIN HFATING

The three points on the fin cross-section for which temperatures
have been calculated are shown in Figure 4.4-1. The cross-section is located
at one-half of the fin span. Figure 4.4-2 shows the temperature histories
for the three points, Figure k,4-3 shows the maximum temperature distribution
through the cross-section at 2.57 seconds after launch. The temperature
distribution between X = .633 and X = 1.266 inches was estimated by the

following approximation in the absence of radiation effects:
1

T~~—-—

ETNE

besed on laminar flat plate aerodynamic heat transfer.

The temperatures shown in the aforementioned figures are outside
vall temperatures. However, the temperatures on the centerline of the cross-
section vwere also determined and found to lag the outside temperatures by

only a few oF at any time.
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Flgure L, L-2

2.75" FFAR
Fin Cross-Section Showing Temperature Points

- 1.266"

Point 2 —

0.16e"
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The aerodynamic heating program that was used to calculate the various
fin temperatures is restricted to one-dimension conduction at any point. However,
due to the relatively high conductivity of aluminum end small fin cross-section
and with convection applied to all sides of the fin, the problem becomes
strongly two-dimensional. Based on previous experience and an approximate
hand calculation the entire front wedge section of the fin was found to be
et a temperature just slightly higher than 600°F and the temperature distri-
bution through the cross-sectlion was much more equalized.

boh.3 AEROTHERMOELASTIC ANALYSIS OF THE FINS

Due to thermal grudients existing tnroughout the cross-section of
the fin, thermoelastic stresses are set up with resultant component forces
along the lengtn of the fin. If a torque is now applied sbout the fin elastic
axis, rotatlon of these stress resultants results in an additional torque.

The net effect is a reductlon of the effective torsional rigidity of the fin
which can, 1n some cases, cause large seroelastic effects. A brief analysis
is carried out below to show that this problem is not significant for the
fins employed here.

The stress in the fin cross-section caused by the temperature dis-
tribution was calculated by means of the iollowing one-dimension&l stress
equation taken from Reference (1).

IA(E o AT)dA XIA(E @ AT)dA

o= -Ex AT + E + =
J a(EA) J x° a(za)

vhere;
E is the temperature dependent modules of elasticity
o 1s the coefficient of thermsl expansion
AT is the temperature cnange with time
x 1is the cross-section axis distance
A 1is the cross-sectional ares.
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The integrals were evaluated by hand for various points along the centerline
of the cfbss-section. In applying this equation, the effect of temperature

on Young's modulus, E, must alsc be accounted for.

The resultant effective reductlon in torsional stiffness due to
thermal stresses was calculated by means of the following equation from
Reference 1. The ratio of effective torsional stiffness, GJ, to torsional

stiffness without thermal stress, GJO, is

GJ 1 2, .2

—— = ——— olx” + 27) dx, dz

GJ.O 1l + &7 I IA ( ) )
D

The decresse in torsional stiffness was 204 1b-in“. This was a decrease of

only 2.9 percent which is completely negligible.

In view of the somewhat approximate nature of tne equations applied,
a brief analysls was carried out to establish the significance of GJ variations
.in the present application. This was dcne employing a simple two-mode
Galerkin's method computation as follows.

Taking 0 to be torsionsl rotation about the elastic axis, y the
distance from the root along the elastic axis, and & the vertical deflection

of the elastic axis we have

e T
dy -~ GJ
% M
;“5' EI
y

and the incremental aeroelastic angle of attack is
aé
M O cos A - I sin A

where A 1s the sweep angle.
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The torque and bending moments are found as

2
T = I L, (QR + M) x dy'
b

and
4
Mo [ gy (o + s0)(y'-y) ay'
y

where Ea is running load per unit angle of attack, aR is the rigid fin angle

of attack, and x is the arm from the elastic axis to the line of aerodynamic
centers. Using the above equations, it is apparent that 0 end g; may be
expressed as integral equations (i.e., having & and %§ also in the integrands).

To apply Galerkin's method, we assume
ard

i.e., linear twist and parabolic bending. The constants kl and k. are chosen

2
t0 yield the best average velues along the span by requiring

2
J (8-kylay=0
(o]

and

The integral expressions obtained from the moment equations are
substituted for © and %§ in these equations and tnen the 9 and %§ under the
integrals are approximated by kly and key. Carrying out the integrations
9 and kg. Setting the
determinant ¢f these equations equal to zero ylelds an eguation for the

results in two simultaneous algebraic equations for k

divergence condition (i.e., tre dynamic pressure at whick en infinitesimal
rigld angle of attack would produce & finite flexiole angle of mttack). The
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resultant expression is

c - 2 BT
R 5 T .1
T Divergence Spesr £ o8 A [Tg =5 X ~ 75 4 tan 4

where q is dynamic pressure and CNQT is the tail 1ift curve slope based on

area S %T and GJ are some average values along the fin,

Ref”’
As expected for this highly swept fin, tne quvergence is negative.
Moreover, the first term in the bracket in tne denominator is less than 1%
of the second in the case of the 2.75 in. FFAR fin, i.e., torsion effects
are negligible compared o bending. Therefore, tne reduction in GJ would
have to be by a factor on the order of 10 in order to significantly affect

the result.
It is concluded that aerothermoelastic effects are negligible for

this fin.

bk MOTOR CASE HEATING

The wall temperature was calculated for a point on the motor cese
located at Station 35,40, The analysis considered an alumi m wall 0.0T70
Iinches thick. An adimsbatic surface was assumed at the inside surface of the

wall.

The temperature history for the outside of the motor case is shown
in Figure L.L-k, The inside temperature followed tne outside temperature by

&8 few degrees at any time.

L5 AERODYNAMIC HEATING AND ABLATION PROGRAM

The program analyzes the thermodynamic, mechanicel, and chemical
tehavior of hign speed body heat protection system following a specified tra-
Jectery. The energy balance, & non-linear, parsbolic, partisl differential
equatioca for heat conduction through a one-dimensional medium, is solved
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using a finite difference approximation. Solution of the finite difference
equations by the explicit method gives the temperature, density, and mass
depolymerization profiles through the primary material, and the temperature
profile through the gsecondary materials of the heat protection system &s &
function of time. The solution cf the aerodynamic equations; wnich descrioe
tne mass and energy balances about the surface of tne heat protection system,
gives the surf{ace heat end tne mass flux which are used as boundary conditions

for the finite difference equations.

4. k.6 REFERENCES
1, Bisplinghotf, R.L. "Some Structural and Aercelestic Consider-
ations of High-Speed Flight!, JAS, April 1956, Vol. 23, No. L,
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FRELIMINARY ANALYSIS

AFRODYNAMI CS

ror Lhe pr

eliminavy smerodynamic deta used as inputs to the digital

computer, the data of Xeferences 1 and 2 were used, In the subsequent para-

graphs of this section, the resulting data will be presented and an explanstion

ol how -these were determined.

5.1.1.1

SYMBOLS AND NOMENCLATURE

Base area, ft2

Axial force coefficient (from References 1 and 2
with zero base drag)

Base drag coefficient

Skin friction drag coefficient

Zero 1lift drmeg coefficient

Roll damping derivative, per radian

Roll driving derivative, per radian

Pitch damping derivative, per radian
Normel force coefficient slope, per radian

Normel force coefficient derivative, per radian
(for deflecting two tail fins in pitch)

Body diameter, reference length, ft (d = .229 ft)
Interference factors from Reference 6

Rody length, ft

Mass flow rate, slug/sec

Mack numter

Jet damping derivative, fi-lb/radian per second

Body cross-sectional area, reference a.rea,ft2 (s f=.01+95 fte)

Re
Cernter of pressure location, ft

Center ~ pressure, diemeters

Center of gravity location, ft

Distance 1o ~ocket motor nozzle, ft

Page 66

UNCLASSIFIED




UNCLASSIFIED

Report AFRPL-TR-69-90, Appendix A

-4 angle of attack, degrees
tail deflection, degrees

o

5.1.1.2 BASIC CHARACTERISTICS

The configuration used in these analysee 1s from References 1 and
2 and it is presented in Figure 4.1-1.

Three items are involved in the basic data for the Improved 2,75 FFAR.,
These are; CDo’ zero 1ift drag coefficient, CNQ’ normal force coefficient slope,
and (ch/d) center of pressure. These dats are presented in Figures 5.1.1-1,
5.1.1-2, and 5.1.1.3 as & function of Mach number.

The dreg cocefficient as a function of Mach number is presented in
Figure 5.1l.1-1. The data are presented for power-on and power-off. Bagicelly,
these data are the axial force coefficient data of References 1 and 2 corrected
for skin friction drag (Reynold's number effect) and base drag. In this
instence it was assumed the model and flight vehicle had aerodynamically smooth
surfaces, and the data of Reference 3 were used to compute the gkin friction
drag correction. The form of the correction is shown below.

AC.. = -mD -MD + MD + MD

fmodel body rmodel tails fflight body fflight tails

Thie correction wae applied to the experimental data in References 1
and 2., Since the axial force data in References 1 and 2 are for zero base
drag, it is necessary to compute the power-off and power-on base drag coefficients
to be added to the experimental data. The form of this computation is

Dp Py Sper
The Cp data in Reference L were used in this application and the base area
variedBfor pover-off and power-on by the area of the four exit nozzles. <The
corrected drag coefficient as presented in Figure 5,1.1-1 vae obtalned using

the expression below.
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Wgnre 7.1.1-0 presents the normal force coefficient slope as & function of
"Lhere dala are preserted for body alone and for body tail and
arce the values as determined from References 1 and 2 with no corrections.
Similarly Figure 5.1.1-3 presents body and body-tail centers of pressure as
a fuiction of Mach number from References 1 and 2 and have no corrections
Figure S.1.1-% presents the tail center of pressure as & function

applied.
These data are to

of Mach numbter as computed from the data in Reference 5.

be used in the fin misaligrment part of the dispersion study.

5,1.1.3  CONTROL POWER AND ROTARY DTR{VATIVES

Figure 5.1,1-5 presents CN&’ the pitch tail power dexrivative, as
The experimental data in conjunction with the
The expression

a function of Mach number.
date in Reference 6 were used to determine this derivative.

Lelow presents the form of the CN expression.
&

k
w
G T —— G - CN
N + K [‘ 1

The roll driving derivative is presented in Figure 5.1.1-6. Pre-
sented is Cl@ as & function of Mach number. This expression was obtained
from the CN derivative by using the expression below,

b

= 2

VA
2 Cy (_)
Nb ad

w £6

The: (%) is & non-dimensioral moment arm which represents the lateral center

oi pressure location from the vehicle axis of symmetry. The value (2) stems
frox the fget that the CNé expression on the previous page 1s for two tail

panels,

Page 68

UNCLASSIFIED




Y

Ly

Lh

UNCLASSIFIED

Report AFRPL-TR-69-90, Appendix A

The roll damping derivative, C, , is presented as a function of Mach
numbter in Figure 5.1.1-T7. This was computed using the expression below.

4 2
C‘e‘p = -2 (2 cné) (E)
In this instance the (f) is also a lateral center of pressure but for a
trienguiar loading on the tail fins,

Figure 5.1,1-8 presents the pitch damping coefficilent as a function

of Mach number, These data were generated using the cNa data from Figure
5.1.1-2, The expressions below were used.

o - e, [T
B

m
Wody
2
C 2 (chT i Xcg)
m =T a
. Lails pr-B
C = C + C

m m
rotal g Uy

The jet damping derivative as a function of time is presented in Figure
5.1.1-9, Thie term was estimated using the equation belaw.

2

o
L]

He

=
ot
1

tad

S

This expression was obtained from Reference 7.

5.1.1.4 OPENING TRANSIENT CHARACTERISTICS

Some indication of the manner in which the fias are extended and
the resultant variation in aerodynamic coefficlents is necessary for a proper
launch simulation. Thie was estimated for the preliminary work. For these
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\

estimates the launch tube was assumed to be body length and the fins remained
closed until the missile completely emerged. The Mach number computed at

this instant ves M = 0,717, Thie assumes the airplane velocity wae 750 ft/sec.
To determine the tige for the fins io tecome fully externded, experimental

data from Reference 8 were used. These dats indicated the fins head completely
extended and locked at a distance of 2 to 3 feet from the launcher. A die-
tance of 2.5 feet was used and the erection time was computed to be t = .0U sec.
This results in a vehicle flight Mach number of M = 0.722 for fins fully
effective. These estimates were used to show the opening transient in the

aerodynamic coefficients.
No transient was determined for the drag coefficient,

Presented in Figure 5.1.1-10 is CNa as a function of Mach number.
The four major events are ignition, full missile emergence from the lsauncher,
50% fin extension (Bpanwise) and full fin exteneion. Each of these events
has been located in terms of Mach number in a nominel trajectory. The
ignition event occurs at M = 0.672 and the vehicle has fully emerged from
the launcher at M = 0.717. At this time the vehicle possesses body alone
aerodynamic characteristics. The fins are fully extended at M = 0.722 and
the vehlcle has the aerodynamic characteristics of the body-tail configuration.
A point wes computed for a 50% extension of the fins and located midway between
the body. and body-tail data. This results in a reasonable representation of

the CN function during the launch phase.
o
Presented in Figures 5.1.1-11 through 5.1.1-15 are the other transient

aerodynamic characteristics including center of pressure, pitch demping
coefficlent, pitch teil power derivative, roll driving coefficient, and other

data. These data are shown in transition as the fins are extended.
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Figure 5.1.1-3

Center of Pressure as &

Function
o - uW°

of Mach Number @ =
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Flgure 5.1.1-4

2.75 FFAR Vehicle
mail Center of Pressure as 8

Function of Mach Number
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Pigure 5.1.1-6

2.75 FFAR Vehicle

Ro}l Driving Coefficient as a
Function of Mach Number
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Figure 5.1.1-7

2.75 FFAR Vehicle

Roll Damping Coefficient as a
Function of Mach Number
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1

-Flgure 571.1-10

2.75 FFAR Vehicle

Y TR A AL T

POpUSIXT 06 SUT

T perXemy ATwd SOTUeA
B
8
B
éh
[ ]
]
Yy
Sl
E!
2
&
g
ey
g
A
? # & R A ®

e}
PeI/1 ‘odoTg JUSTOTIIN00 90204 TWRION p

UNCLASSIFIED

LBTT .682 .687 .692 L697 .702 .T07 .T12 LTAT .722 .T27
Mach Number

672

rage 81




F..ure 5.1.1-11

2.7 FFAR Vehicle
Transient "enter of Pressure as a
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Figure 5.1.1-12
2.75 FFAR Vehicle
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Figure 5.1.1-13
2.75 FFAR Vehicle
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5.1.2 PRELIMINARY AEROELASTICITY

A preliminary aeroelastic analysis was conducted to assess the effects
of span and sweep angle on the vehicle static margin., Analysis performed during
the proposal phase indicated thet aeroelastic effects due to body bending were
quite small., Therefore, for this preliminary analysis, only fin elasticity

was considered.

Two sweep angles were considered in the analysis. These were 30°
and hso. Three spans were considered, These were 100%, 77.T% and 55.3% of
the exposed span. The flight condition considered was at maximum dynamic

pressure where aercelastic effects are a maximum.

The analysis was performed according to the methods presented in
Section 4.3,2,2.1. The structural influence coefficients used were those
discussed in Section 4.3.3.2.1,

The seroelastic fin analysis provided elasticized tail Cy 's. These
o
vere then combined with the rigid body 1ift and center of pressure to determine

the vehicle static stability margin.

The results of this analysis are presented in Figure 5.1.2-1, where
the various stability margins are plotted vs percent exposed span. A com-
parison is shown between elastic and rigid stability margins for various
sweeps. It can be seern that by reducing the span by as much as 30% in the
elastic case that the vehicle static stability margin is only changed slightly.
Alsc the effects of fin sweep seem to have little etfect on the static margin.
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5.2 WIND TUNNEL TEST

5.2.1 SUMMARY

The wind tunnel test of a flight hardware (full scale} model of
the 2.75 FFAR has been performed and the resulting deata reduced and analyzed.
Two iteme were changed in thie test as compared to similar data from scale
model tests, These were the center of pressure of the body alone component,
and the zero lift drag coefficient. The uncorrected zero 1lift drag data was
increased some 15,4% and the body slone center of prespure was moved forward
1.8 body diameters. These values are the changes in comparison to the previous
teste, The remaining force and moment coefficients and their derivatives
vere essentially unchanged from the values obtained from the previous tests.

The triangular creased fin tips tested produced a rolling moment
coefficient comparable to that produced by 1/8 degree fin cant.

5.2.2 INTRODUCTION

The available wind tunnel data at the beginning of the Improved
2,75 FFAR Program consisted of two sgele model tests. It was enticipsted
that the taill design would be changed and 8o the full scale test was
scheduled. Thne results of the program indicated little tail design change
would be required and the present test serves s verification for the scale
model tests.

The objective of the test was to determine the stability and drag
characteristics of the 2.75 FFAR Improved configuration. The following are
& presentation of the test preparation, performance, data reduction and
deta analysis of the full scale test.

5.2.3 SYMBOLS AND NOMFNCLATURE

Model

B - Pody assembly, consisting of the nose (see Figure 5.2.1),
centerbody and adaptor.
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- Tail assembly consisting of four fins (see Figure 5.2.1),

+3

' vhich have m leading edge sweep of 45°, have & modified
double wedge cross-section and have a panel span of
4 .68 inucres, Each of the fins have a differential can®
of 1/2 degree suck as to produce a clockwise rolling
moment.

T, - Tail assembly identical (see Figure 5.2.1) to T, except

tail fin tip is bent 4° in a spanwise plane,

Data

The wind tunnel datea were reduced in both aeroballistic and
body exis systems. In eddition, the axial force data are to be

corrected to zero base drag, i.e., Py = Py

The axis system to be presented in this report (aeroballistic)

is described in the following paragraphs.

Aercoballistic Axis

This axis system is known colloquially as tunnel axes. In
this axis system the X axis (longitudinml axis) is coincident with
the body longitudlnal axis and remains coincident with the body as
angle of attack changes. The Z axis remains normal to the body
longitudinal axis as the angle of attack is changed. The Z axis
remains in the turnel vertical plane regardless of the vehicle roll
position. The Y axis remains orthogonal *o the other two axes and

remains in the tunnel horizontal plane.

In the selected system, the orlgin of the axis sysﬁem is co-
incident with the center of the strain gage balance. i:uill con-
figurations, B, BTl’ and BT2 the center of the btalance will te
located 27.488 inches aft of the nose on the body longitudinal

axis of symmetry.

The following desigriations are associated with the conditions in

the wind tunnel test section and with the aerodynamic inputs.
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axial force, force along X axis, poeitive (+) direction
is aft, 1b

axial force coefficient, (CA = A/qS)
rolling moment coefficient (Cz = RM/q5d)
pitching moment coefficient (Cm = PV/qsd)
yewing moment coefficient (Cn = YM/qSd)
normal force coefficient (CN = N/qS)
sideforce coefficient,*(CY = Y/qS) D
zero 1ift dreg coefficient (CD = E%)
change in rolling moment coeffigient due to differential
deflection of four tail fins, per radian

normal force coefficient slope, per radian

change in normal force coefficient due to defiection of
two tall fina in pitch plare, per radian

base pressure coefficient (Cpb = (pb-p)/q)

body diameter, to be used as the reference length for
data reduction (d = 2.75 in.)

free streem Mach number

normal force, force along the Z axis, positive (+) direction

is up, 1b

free stream static pressure, (lb/ina)
model base pressure, (1b/1n2)

free stream total pressure, (lb/ina)

pitching moment, moment about the y axie, a positive (+)
moment is one tending to raise the model nose, inch-1b

dynamic pressure, (lb/inz) (q = % PME)

rolling moment, moment about the X axis, & positive (+)
moment is clockwise when viewed from the rear, inch-1lb

Reynold's number

body cross-sectionsl area, to be used as the reference
area for data reduction, (S = 5.94 1n2)

velocity component along the x axis (u

velocity component along the y axis (v = O seroballistic

freestream velocity, ft/sec

V cos a), ft/sec

axis)

velocity component along the z eaxis (w = V sin & aerobsllistic

axis), ft/sec
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(x/d) Normel force longitudinal center of pressure location
°Py (dlameters aft of nose)

(x/d)c Side force longitudinel center of pressure location
Y (diameters aft of nose)

/1) =(2£ (fﬁ)
td cpY d cg CY

Y = sideforce, force along y axis, positive (+) direction
is to right, 1b
™ = yawing moment, moment about the Z axis, & moment tending

to rotate the model clockwise when viewed from above is
positive (+), inch-1b

o = angle of attack in the aeroballistic axis system (& = tan™t %).

o is positive (+) when the model nose is above the
horizontal, degrees.

6 = tail fin cant angle, deg.

Xl = tail fin tip bend angle, deg.

Y = ratio of specific heats of fluid

g = roil posiiion angle, it will be designated as the gngle

betweer fin 1 and the tunnel vertical plane, ¢ = O when
fin 1 16 in the vertical plane on top the body. A
positive (+) @ is in the clockwise direction when the
model is viewed from the rear, degrees.

MODEL DESCRIFTION

The wind tunnel model used for this test was fabricated from fiight.
The resulting configuration is shown in Figures 5.2-1 and 5.2-2.
2-1 presents the major dimensions of the basic configuratior and

the two teil panels. Flgure 5.2-2 presents the detail model drawirg used

in fabricating the model. The complete rodel nose wae made of plastic,

consists

of two parts, and is threeded into the main tody assembly. The
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front piece of the nose is & conical section made of a molded plastic and is

held to the rest of the plastic nose by three Allen hesad bolts. The tail

panel used in the Ti tall assembly is identical to thet used in past 2.T5 FFAR

applications. The tell panels in tall assembly T2 are similar except that

the fin tips have been bent 4° in a counterclockwise direction (looking forward).
The wind tunnel model body shell

The nose was made of & plastic

This is shown in Figures 5.2-1 end 5.2-2.

and tell panels were made of an sluminum alloy.
material, The aft tajl nozzle block was fabriceted of 17-7 PH stainless steel.
The flight hardware was not used in this instance because the tail cant angles
were machined into thie item., The projecting parts of the tail attaching
bolts shown in Figure 5.2-2 were removed by machining. This was performed

on both tail assemblies.

A8 can be seen, in Figure 5.2-2, the angular tolerances on the
fabricated wind tunnel vehicle were designated as + 0.1 degrees. The desired
cant angles on both tall assemblies were & = 0.5 + 0.1°. The model tail
assemblien were fabricated to these values. After fabrication, the tail
panels were measured with an indicator and the averages from 24 readings

(6 per tail penel) are given below.

Table I
TAIL ASSEMELY CANT VALUES

Configuration 6Ave. (=
BTl .5882 deg .2391 deg
BT2 5377 deg .2872 deg

A8 can be seen, tha average tail cants are very near the desired
Gc = 0.5 degrees. However, the standard deviations from the mean are approxi-
mately half the cant value, indicating some very large excursions from the

given values.
In addition, the bent tail fins were measured with an indicator.

The average tail fin bend angle was Xl = 3.7250. This was the aversge of
eight readings (2 per tail panel). This was somewhat lower than the L° desired,
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but was considered to be acceptable.
was ¢ = .61360 which was 16% of the mean.

accuracy.

5.2.5

RUN SCHEDULE

UNCLASSIFIED

Report AFRPL-TR-6¢-90,

Appendix A

The standsrd devistion from this value
This indicates a reasonable

The following is a tabuler ltemization of g&ll the runs which were
performed in the wind tunnel test at Tunnel A, AEDC.

Run Group Config. Mach o 1) Date
_____ ~ _Deg. Deg . B
1 1 B 3.49 -4 - +10 0 6 Comp. +
Base Press.

1 2 B 3.5
2 3 B 2.5

I B 2.5

5 B 3.0

6 B 2.25
3 T BT, 2.5 o

8 5

9 10

10 15

11 30

12 30

13 45

14 3.0 0

15 5

16 10

17 15

18 30

19 L5

20 22.5

Page 9L

UNCLASSIFIED




UNCLASSIFIED

Report AFRPL-TR-69-90, Appendix A

‘ Run Group confisg Mach ‘“T o Q - T"‘~¢M#"WM“ -.I_Jl.t& |
_ Deg. Deg.
I 21 BT, 3.5 <k = 410 0 6 Comp. +
: ' Base Press.
22 5
23 10
24 15 |
25 30 |
l 26 45
a7 22,5
5 28 BT, 3.5 0
29 5
30 10
31 15
32 22.5
33 30
34 45
6 35 2.5 0
36 5
37 10 !
38 15 | i
39 22.5
Lo 30
Ly 45
k2 3.0 0
L3 5
Ly 10
45 15
46 22.5
Ly 30
48 Ls
kg 2.00 0
Page 95
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Run ; Group Config. Mach & ¢ Date
{ Deg Deg. o
T 50 BT2 4,03 4 - +10 0 6 Comp.
Rage Pregs.

r\l 5

52 10

23 15

55 30

56 45
I — a—

5.2.6 BASIC DATA PRESENTATTON

The bmsic data gathered during the wind tunnel test are presenied
graphically in this section. The run schedule in Section 5.2.5 indicates that
approximately 50 runs were performed on three configurations at 4 Mach numbers.
These data are presented tabularly in Reference 1. A presentation of the tasic
dats in a clear concise graphical form 1s given in this section. Figure 5.2.3
presents the Reynold's number per inch as a function of Mach number for ihis

test,

The first group of date pilots are presented in Figure 5.2-4. These
data are for the body alone and the daia are presented in polar form. Pre-
sented is CN a8 & function of CA’ @, and Cm27.h88 for Mech numbers 2.25, 2.50,
3.0, and 3.50. The data tehavior is as predicted in References 2 ard 3 in
gereral, One excepiion 1s that the cenier of pressure at low angles of attack
is some 1.8 diameters forward of that predicted in Reference 2 for a scale
model, This difference is attributed to the gap (approximetely 1/16 inch)
at the juncture of the conical rnose and the remairder (cylindrical) of the
nose. The second item is a 16% increase in the axial force coefficient. The
remaining data exhiuit conventional characteristics. That is, there is a
decrease in drag coefficient with increasing Mach number, there is no silgnifi-
cant change in normal force coefficient slope with Mach number, and the center

of pressure moves aft with increasing Mach number and increasing angle of attack.
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The next series of plota, Figures 5.2-5, 5.2-6, and 5.2-7 present
similar data, i.e., CN a5 a function of CA, o, and Cm27.h88' but with the roll
angle, @, as a parameter, Each of the plots are for a different Mach rumber,
in this instence, M = 2.5, 3.0, and 3,5, These data are for a body tail com-
bination, designated as BTl {Configuration 2 in Reference 1). As can be seen,
there is virtually no difference in the drag coefficient and normal force co-
efficient due to roll position angle, There are some differences in pitching
moment coefficient due to roll position angle. As can be seen in Figure 5.2-5,
the most stable (most aft center of pressure) configuration results when ¢ = k5°.
The least stable when ¢ = 0°. This is borne out in the data at higher Mach
numbers also. The difference in center of pressure due to roll position is
of the order of 1/4 diameter. Since thls is near the expected accuracy of
the date an average center of pressure through these values was used in sub-

sequent computations.

Figures 5.2-8, $.2-+9 and 5.2-10 present the lateral data for the
same configuration as in the previous three plots. Presgeated are CE’ Cy, and
es a function of roll position angle @ with angle of attack as &

C
Na7,488
in Flgure S5.2~1. This is

parameter. These data are for Configuration ETl
designated as Configuration 2 in Reference 1 In the rolling moment data,

it may be noted that the rolling moment ccoefficlent ie not zero st zero

angle of attack. Thile i& due to the cant angle Incorporated into the tail
assembly. In this instance, ¢ = 0.5882° (aversge). The rolling moment at

@ = 0° 1s all due to the cant. Note the smell variation in Cz at o = 0°.

At the larger angles of attack, there is a more significant variation with

roll position; this is due to the various fins becomirg effective and since
lheir average cant angles are different, the rolling moment changes. Comparing
the rolling moment coefficient for the three Mach numbers, it is seen that C

L

decreases with increasing Mach number., Also, at constant a, Cz varies

sinusoldally with roll position angle ¢. The Cy and Cbehave similarly to
CE except their values are small at & = o°, They both decrease with in-
creasing Mach number and vary ir a sinusoidal fashion with ¢,
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Figures 5,2-11, 5.2-12, 5.,2-13, and 5.2-1L present the longitudinaml
stability and dreg data for Configuration 3 (BTa in Figure 5.2-1). This is
the configuration in which the triangular tail fin tips have been creased to
an angle of L° relative to the tail chord plane ir a plane normal to the
vehicle axlal centerline., Data are presented for Mach numbers, M = 2.5, 3,
3.5, and 4. ©Espentially, these data are jdentical with the data for
Configuration 2 (BT2, Figure 5.2-1). The bent tipe were expected to have
little or no effect on the longitudinal characteristics. The one item
different in this series is that there are data for M = 4. These data agree
very well with the date from lower Mach numbers.

The lateral coefficients for the BT2 configuration are presented

in Figures 5.2-15, 5.2-16, 5.2-17, and 5.2-18. Presented are Cz, Cy, and

Cn as B function of roll position angle ¢, with o as a parameter. 1In these
data the bent tall fin tlp does make m difference. At Mach numbter, M 2= 2,50,
and zero angle of attack, the rolling moment coefficient for the configuration
with the creased tips is C‘ = ,128. The comparable velue for the unmodified
tips 48 C, = .11k, Since the cant angles are comparable, (BT, & = .5377°,

BT, & = .5882°), tne difference in rolling moment coefficient may be attributed
to the creased tip. As such, the present creased fin is equivalent to a cant

angle of & = .125 degrees. Emsentially, the creased tail fin behaves

equivalent
like a curved tail fin. That 12, a compressive flow field is set up on the
concave surface and an expansive flow field on the convex surface. The differ-
ence in pressure due to these two fields generates the rolling moment co-
efficient. The remainder of the coefficients, Cy, Cn, tehmve just like the
corfiguration without the creased tips. The data are sinusoidal in @ and

increase with a, Also, they decrease with increasing Mach number.

These figures, 5.2-k through $.2-18, constitute the presentation
of the hasic data.

Y
AW
3

ESTIMATED ACCURACY

The estimated accuracy of the reduced detm was obtained from

References 2 and 3. The resulting values are tabulated below., Thege are
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considered to be preliminar;’ and the values published in the AEDC wind tunnel
report will be considered to be final.

ESTIMATED ACCURACY

TEST DATA
item Accuracy
CN + .01
b 4
piteh
Cy + .01
C‘ + .008
Cy + .01
x
(%) t .20
yavw
C + .01
pb -
o + .1°
+ .1°
M + .02

These values are from previous AFDC tests on a scele model of the 2.75 FFAR
and sre accepted as being appropriate for this test aleo.

5.2.8 RESULTS AND DISCUSSIOW

The test was sstisfactorily performed and the results corroborated
the data from tests in References 2 and 3. The two items which are different
in the results of the present test are the dreg coefficlent is higher by
8 to 23%. The average value ig 15.4%. This is attributed to the more
realistic model and an increase in parssite drag was not expected, The
details of the scale model in References 2 and 3 were unavailable, This means
the roughness and parasite drag details may not have been gdequately reproduced.

Page 95

UNCLASSIFIED




UNCLASSIFIED

Report AFRPL-TR-69-90, ippendix A

These drag values are for the raw uncorrected dreg coefficient deta. The
second item ie the center of preesure of the body alone component. The bLody
slone center of pressure in the present test is 1.8 diameters forward of
the location in the previous test., This is gttributed 1o the 1/16 inch gap

between the nose cone and the following ¢ylinder in the flight hardware model.

Another source of some discrepancy is the incorrect moment reference
point used in the data reduction of Reference 2. This amounted to an error of

approximately 1/2 diameter.

In summary, it is believed the present test is completely valid
and these deta should be used in all subsequent performance and stability

computations.

5.2.9 PROCESSED DATA FPRESENTATION AND DISCUSSION

The test data from Reference 1 were processed to obtain dets suitatle

for use in & Space-Ceneral Six-Degree-of-Freedom Digitel Computer Program.

The initial processing was performed on the axial force date to
obtain a new drag coefficient curve as a function of Mach number. The re-
sulting data are presented in Figure 5.2-19. These data are for the power-on
full scale flight between sea level and 5000 ft eltitude. The data in
Filgure 5.2-19 were obtained hy correcting the test data from Reference 1
for Reynold's number with painted surface roughness (date from Reference 7),
correcting for base drag, power on, (again Reference 7), and correcting for
the removel of 18 Aller head screws, 2 body jointe, and the drag due to *the
fin cant. Since the experimenigl date were for the Mach numbers. M = 2.9,
3.0, .5, and L, i% was necessary to obtain appropriate data for the <ransonic
ard subsonic regimes. 1his was o-complished using the data from Keference 1
and applying an incremental correction. In eddition, an independert value
of dreg was computed for this configuration at M = 1 using Reference 7., This
corroborated the incrementally corrected data from Reference 1. It may te
roted that these valueg are & 20% increase in drag over the processed data
from previous tests. This ir d.e to an increase in parasite drag, (full scale

test), and & reduced Reyrold's zumber correction (using curves with roughness
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Reference 7, page 5-1). The roughness used was .00l inches - which is for

painted surfaces.

Flgure 5.2+20 presents the normal force coefficient slope (body

alone and body tail) as a functiorn of Mach number for low angles of'attack.

Theee data from this test are esgentially identical with normal force co-

efficient slope data from References 2 and 3.

Figurs 5.2-21 presents the center of pressure (body alone and
body taeil) ms & function of Mach number for low angles of attack. The
tody-tail center of pressure is identical to that from References 2 and 3.
The body alone center of pressure is approximately 1.8 diameters forward
of the body alone center of pressure from References 2 and 3. This is
attributed to the use of flight hardware in the full scele model of the

latest test, and a 1/2 diameter error in data reduction of Reference 2.

The latest test data are considered to he the most correct and will be used

in any subsequent computations.

Figure 5.2-22 presents the rolling moment coefficient &t zero
angle of attack for both tail configurations tested in Reference 1. As
can be seen, the tail configuration (T2) with the creased tip has a larger
rolling moment, This is sttributed to the crease acting like a curved
tall fin. Using the data in Figure 5.2-22 for configuration BT1 and its
cent angle, & = .58820, the 025 derivative was computed. These date are
shown in Flgure 5.2-23.7 Presented is CL5 as a function of Mach numter for
lov angles of attack. It may be noted that these data substantiate the

estimates made using the breakdown force data from References 2 end 3. The

test data are 15% lower than the values computed using breakdown data.

The date in Figures $.2-22 and 5.2-23 were used to isolate the
rolling moment coefficient due to creased tail fin tips. This wae done in
the following fashion:

ac -
£pin Tips byt ks Tp

UNCLASSIFIED
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The assumption was made that Ct@ wes the same for both tail configurations.

The resulting data are presented in Figure 5.2-24, Presented is the rolling
moment due to tall fin creased tip as a function of Mach number. It may be

noted that this fin tip crease is equivalent to & Tin cant, & = .125 deg

in the supersonic Mach number range.

5.2.10 RECOMMENDATIONS AND CONCLUSIONS

Examinatiorn of the wind tunnel datas resulting from the present
test indicates that the data’are correct and valid and should be used ir
all aerodynamic computatlons.

It i recommended that a test to obtain some full scale transonic

test data be initiated at some future date.
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Figure 5.2¢3
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Test Reynold's Number as a Function of Mach Number
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2.75 FFAR Vehicle
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Figure 5.2-9

2.7> FFAR Vehicle

AEDC Wind Tunnel Test VA 0706
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Flgure 5.2-1%4
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Pgure 5.2-15
2.75 FFAR Vebicle

AEDC dind Tunnel Test VA 0706
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Figure 5.2-18
2.75 FFAR Vehicle
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1.0 INTRODUCTION

The Stability and Control Report for the Improved 2.75 in. FFAR is
written in two volumes. The baslc purpose of these volumes is to document
and substantiste stability and general serodynamic characteristics of the
vehicle together with the flight dynamic behavior. Of specific interest are
the burst point dispersion characteristics and an evaluation of eircraft
safety from the standpoint of the possibility of the rocket flight path inter-
secting the launching eircraft; establishment of ecceptable behavior in these
areas is tantamount to establishing satisfactory stability characteristics

of the rocket,

In the present volume, Volume TI, the dispersion and aircraft safety
studies are described. These studies used as input the basic aerodynamic
characteristics of the vehicle and the seroelastic corrections to these pera-

meters which are reported in Volume I.

Reported herein are not only the results pertinent to the final
flight configuratlon selected (essentially unchanged in exterior geometry from
the extant 2,75 in. FFAR configuration), but also the dispersions whick were
derived for a nurber of veriant configurations prior to the selection of the

final design configuration.
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2.0 SUMMARY

The dispersion characteristics of & number of prcliminary rocket con-
figurations are presented. These configurations are defined as having exposed
fin spans of 40%, 70%, and 100% of the span of the present 2,75 FFAR configuration.
The aerodynamics of the LO% and TO% spans were calculated by approximaie methods,
but the dispersion results are valid for some set of configurations which approxi-
mate the assumed aerodynamic characteristics. These preliminary dicspersion:z
are calculated for a 44O knot launch velocity and include the assumption of

rigid body aerodynamics and & preliminary thrust curve.

On the basis of the results of the preliminary dispersion computations,
it wes determined that the geometry of the present vehicle would adequately
neet the dispersion requirements while necessitating the minimum change in
existing tooling and no change in existing launchers. The only external ,alter-
ations in the configuration which are necessary from the dispersion standpoint
are the addition of & O.llo differential fin cant, to induce roll, and a tighten-

ing of the fin alignment tolerances.

The dispersion characteristics of the final configuration were deter-
mined using the latest wind tunnel-derived aerodynamic data reported in Volume I1
corrected for aeroeclastic effects as noted in that volume. Additionally a
finalized thrust curve was employed@ in the determination. The dispersion was

determined for launch velocities of 200, LL0O, and 600 knots.

The possibility of a rocket meking contact with thke launch aircraft,
due to tke effects of the flow field of the aircraft, was investigated at thLe
three launch velocities cited above with nominal axial performance and at LiaC

knots with & 30 low thrust curve.

Tre 3o variation of the roll history was determined and the final
configuration was checked to determine whether this magnitude of roll rate
varigbility could lead to pitch-roll resonance. The effect on dispersions of

these roll rate variations was evaluated.
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SYMBCLS AND NOMENCLATURE

Note: Symools which are defined in the text of the Appendices
(Section T7.0) are not presented here.

C£6 Aerodynsmic roll driving coefficient slope (l/radians)

CmI Induced aerodynamic pltching moment coefficient (---)

CNI Induced aerodynamic normal force coefficient (---)

CNé Tail normal force coefficient slope (1/radians)

C, Induced aerodyrnamic yawing momernt coefficient (---)

CYi Induced amerodynamic side force coefficzient (~--)

- Certer of gravity station (feet)

c.p. Center of pressure station (feet)

d Aerodynamic reference length (feet)

q Dynamic pressure (lb/fte)

R Radial distance from vehicle spin axis to nozzle throat
centerlire (feet)

s Aerodynamic reference area (fta)

T Thrust (pounds)

o Argle of attack (radians)

¢ Tail incidence angle (radians)

3! Mean differential fin cant (redians)

(O]

Standard deviatior of single rozzle axis alignmernt relative
to nozzle plate (radians)

8 Angular deflectior of & nozzle about R, causing a rolling
torque (radianc)
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Stardard deviation, in one plane, of single nozzle axis
slignment relative to nozzle plate (radians)

Standard deviation (units are those of parameter described)

Standard deviation of single panel fin incidence angle
(radiens)

A dot above & variable indicates the time derivative of
that variable.
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4,0 CONCLUSIONS

Investigation of three candidate configurations which differed in fin
area showed that the optimum configuration for the Improved 2.75 FFAR (from the
standpoint of simultaneously achieving a le¢ dispersion less than 9.5 mils,
minimal probability of pitch-roll resonance, minimum change in existing tooling,
and no alteration of existing launchers) is identical to the present 2.75 TFAR
in external configuration, except for the addition of s 0.11o differential fin

cant.,
The dispersion of the selected configuration, at the le probability

level, varies between 1.35 mils for & 600 knot launch aircraft velocity and
6.85 mils for a 200 knot launch aircraft velocity. The effect of changes irn

launch elevation angle are negligible,

It was found that the maximum excursions, due to the launch aircraft
flow field, of an Improved 2.75 FFAR from the flight line defined by the launcher
axis is on the order of 1 foot prior to the rocket clearing the nose of the
launch aircraft. It was determined that the perturbations which cause a lg
dispersion would cause deflections of the flight path, before the rockets clear
the nose of the launch aircraft, of less than 2 feet. It may be concluded
that, to a high probability level, no contact between the rockets and the air-

craft will occur.

It was found that pitch-roll resonance would not occur, at any launch

veloclty, at least to the 3¢ probability level.
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5.0 ANALYSIS AND DISCUSSION OF RESULTS

Reference 1 sets forth design specifications for the Improved 2.75 in,
FFAR. ©Several of these constitute direct performance requirements in the ares
of flight dynamics, more specifically in the dispersion and mircraft safety

areas. The principsl requirements are as follows:

a. The angular dispersion at the warheed dispersal or burst point,
i.e., the angle whose tangent is the normal dispersion divided
by the flight path length) shall be 9.5 milliradiens or less.
This 1imit is understood to mean the limiting value of the
standard deviatlion of the dispersal point.

b. Pitch-roll resonance shall not occur during the flight of tke
rocket. This is interpreted to mean that there will be at
least & 30 probability that it will not occur. That is, the
probability of occurrence will be less than .0028, assuming a
normal distrivution of all perturbations. The necessity that
the avoidance of pitch-roll resonance be considered on a
probabilistic rather than an absolute tasis is due to the
unavoidable variation of the spin history from its nominal
value due to manufacturing tolerances. Thus, even if the
nominal spin history is cliosen so that it will remain well
separated from the netural frequency throughout the flight,
some small percentage of a large humter of rounds might
theoretically be expected to have spir rates far enough re-
moved from the nominal value to allow resonance.

C. The rocket shell not produce a hazard ito the aircraft in
terms of danger of colliding with the aircraft. The evaluation
of this hazard is to be made using the GFE aircraft-induced
flow field data for a typicsal aircraft,

The aralyses and results presented in this section are directed at
assuring that the above specifications are met. Section 5.2 preserts a pre-
liminary dispersion analysis whereirn various configurations and megns of
achieving spin, etc,, were considered. Included in the dispersion analys:is
is the determination of roll rate variability in response to specificatior %,
above. The purpose of this portion of the study is to permit selection of a

configuration best meeting the performance specifications, a and b, above, and
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to determine whether expected manufacturing tolerances would produce acceptable

results and, if not, where they need to be tightened. It should be mentioned

here that, in aeddition to the performance requirements already stated,
ancillary requirements from Reference 1 that meximum use of extant tooling
be made and that no alterations to the launcher be made must be considered

in the configuration selection.

Section 5.3 presents the results of a final dlspersion analysis
using the configuration selected as a result of the studies reported in
SECtion 5-2.

Section 5.4 presents the evaluation of the aircraft safety problem

(requirement ¢, ebove), again using the configuration selected in Section 5.2.

Section 5.1 presents a discussion of the input data used in both
Sections 5.2 and 5.3 since much of the data are common t¢ both sections.
Included in Section 5.1 s a discussion of the perturbations employed in

the dispersion studies.
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5.1 INPUT DATA

In order to compute the 6-D trajectories, the characteristics of
the vehicle must be completely defined insofar as they affect the motion of
the vehicle., These pertinent characteristics include the serodynamic co-
efficients, the inertial characteristics (weight, center of gravity location,
moments of inertia), the thrust history, geometric asymmetries, and the initial
conditions of the flight (the linear and angular rates, and the orientation
and position relative to a reference point fixed to the ground). In addition,

any external perturbatlons, such as wind, must be represented.

The data presented in this section are used in the analyses dic-
cussed in Sections 5.2 and 5.3 and, where applicable, in Section S.h,
Section 5.1.1 presents the characteristics of the nominal vehicles investigated
and Section 5.1.2 presents the data and discussions pertinent to parameters

causing dispersion of the vehicle and/or variastions in the roll rate histories.

5.1.1 NOMINAL VEHICLE CHARACTERISTICS

-1.1.1  AERODYNAMIC CHARACTZRISTICS

N

For the preliminary dispersion studies, the aerodyramic character-
istics for Configuration T (see Section 5.2) were taken from 5.1.1 of Volume I
of this report. For Configurations IT and III, which differ from Configuration I
by having shorter fins, the aerodynamic characteristics were obtained from
those for Configuration I by correcting for fin span on the basis of strip
theory. Such corrections are not especially accurate, but a configuration wiin
slightly different fin span would produce eguivalent characteristics for
rractical purposes, so the objective of studying fin variations is satisfied
and the egquivalent tail can be found after the desired characteristics are
selected. Rigid vehicle characteristics are employed with aeroelastic

corrections being reserved for the final dispersion analyses.
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For the final dispersion analyses (Section 5.3) the revised mero-
dynamic characteristics obtained from wind tunnel tests conducted as part of
this program were employed. These are presented in Volume I. Also given in
Volume I are ratios of elastic to rigid values of those aerodynamic parameters
affected by seroelasticity. These aeroelastic corrections, based on the dynamic
pressure time history of the nominal trajectory, were incorporated into the

aerodynamic representations of the finael configurations.

S.1.1.2 INERTIAL CHARACTERISTICS

The inertial characteristics employed in the preliminary dispersion
analyses are shown in Figure 1. Since the mass removed in shortening the fins
for configuration variations 1s small, these characteristics were used for

all three configurations.

Figure 2 presents the revised and updated data employed for the
finel configuration analyses.

5.1.1.3 THRUST CURVES

The preliminary and final configuration thrust curves employed are
presented, respactively in Figures 3 and L.

S.1.1.4  INITTAL CONDITIONS

Reference (1.) requires the assessment of the dispersion for all
combinations of three initial flight path angles (15°, 30° and 45° below the
norizontal) and three launch aircraft velocities (200, kL0, and 600 knots).
Preliminary investigations and experience with other vehicles, however,
indicated the effect of flight peth angles on dispersions to be negligible
within the range specificd. Therefore, all subsequent preliminary studies
were confined to the 300 depression and the dispersion results will apply
to all depression angles. The depression angle used for the final dispersion

studies was altered to 20° to avoid impacting the ground without altering
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to0 many input initiel conditions. The preliminary dispersion studles were
also confined primarily to the LU0 kn launch velocity with some check runs

at 200 kn.

The G-D trajeclories are started at ihe time the trailing ends of
the folded fins leave the launch tube. Thus, the initial velocity of the
rocket 1s somewhat greater than the launch airplene speed. The acceleration
of the rocket inside the launcher was integrated numerically to provide toth
an initial velocity and an initial time for the beginning of the 6-D tra-
Jectories. The aerodynamic drsg on the vehicle as it is cmerging from the
launcher tube is not accurately known. However, for ihe purposes of calcu-
lating the initiel conditions, it was assumed that the drag would ke egqual
to the free flight drag at the same Mach Number. An average value of this
drag vas assumed to act on the vehicle between ignition and full emergence
from the tube. For the -30° flight path angle and the 440 knot aircraft
velocity, a rocket velocity of 862 feet/second was calculated at tube emergence,
which occurred 0.081 seconds after ignition. It was assumed that ignition
occurred at an altitude of 3000 feet and an initial altitude of 2770 feet
(at 0.081 seconds after ignition) was input to the €-D program.

In consequence of the change in the thrust curve from the preliminary
form, it wvas necessary to recompute the flight conditions at launcher exit
for the final configuration. When it became apparent that the new thrust
curve was golng to produce a longer flight path between ignition and payload
deployrent than did the preliminary thrust curve, the flight path angle at
launch was changed from -300 to -“00, to insure that peyload deployment
occurred before ground impact. This allowed the ignition al:titude to be
kept at its previous valua of 3000 feet, so that the speed of sound at
launcher exit remained unchanged. By the time the necessity for changing
either the launch altitude or the flight path angle became known, consider-
able work had been done on tailoring the aerodynemic coefficients to the fin
opening characteristics. Since the coefficients are funciions of ach Humber
ir tre €-D program, considerable additional effort would have teen recessary

if the speed of sound during the fin opering sequernce had beern changed.
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A new launcher exit time was computed for the final configuration,
using the seme method as in the case of the preliminary trajectories. The
launcher exit time was calculated to be Q,102 seconds after ignition. Three
launcher exit velocities were calzulated to correspond to the three launch

alrcraft velocities., These are:

Alrplene Velocity Rocket Speed at Launcher Exit
{knots) (feet /second)
200 L28
4ho 8ho
600 1102

5+1.1.5  FIN OPENING TRANSIENTS

Since the aerodynamic characteristics vary considerably with fin

position, it is necessary to simulete the fin opening transient, at least
roughly, in the flight dynamic computations.

Two different fin opening times were used in computing the preliminary
trejectories. In Cases 1001 through 11kl (all of the 440 knot launch tra-
jectories), an opening lime (from launcher exit to fully open fins) of 0.029
seconds was used. This was based on an assumed mean opening distance of
3 feet for the rocket configurations reported in Reference 8, and ithe use of
the 88 ft/second muzzle velocity reported there to evaluate the acreleration
in the neighborhood of launcher exit. When a new opening time had been evaluated
base2d on the actuzl rorces on the fins, ard including the use of the thrust
curve in Figwre 3, it was input Lo the program. This new time was calculated
to be 0.043 seconds.

For the final configuration, the chamber pressure at launcher exit
iz lower than it was for the preliminary thrust curve and, since the fins are
operned by mears of a piston driven by the chamber pressure, the time for the ENE
fins ‘o open is Increased, Volume I shows the fin opening time for the final

conTiguration Lo bo 2.05L seconds.
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5.1.1.6  WARHEAD DISPERSAL POINTS

For the preliminary configuratlon the payloed deployme:l and burnout
were taken to be simultaneous at 2.17 seconds. The payload deployuent of the
final configuration occurs during tailef! at 2.37 ccconds while ihie movor

continues burning until 2.7% ceconds, wiil come tailof!” Lhrust after this

time.

S.1.2 PERTURBATION INPUT PARAMETERS

In this section, the paramcters tending to affect the [light path
of the rocket are preseated. In accordance with our defirition of dispersion
(sec the first paragraph of Sectlon 5.2), we exclude tho:sc perturbations whick
atfect cach rocket in a voliey in the same way and therefore do rnot aftcect

the scatter pattern of the bLurst points, Also included i this secilion are

H

the parameters causing variability in the roll ratc hictories.

Fote that in general, manufacturiig alignment tolerances are treated
as Zg values, or more preccisely, the standard deviations were taken to be one-
half the prescribed manufacturing tolerances. The act.al relatioxnchip of
stiandard deviations to manufacturing tolersuces ic ot known due to lack of
dats and of krowledge of the probability dencity IJunctioms: and, in any zase

provably variecs considerably depending on the iterm ceing manufactured.

5.1.2,1 THRUST MISALIGIMENTS CAUSING PITILIHG MOMENTH

The pltching moments due to ithrust umicall: ma, e resolved into
two componenls:  Those due o angulér —ozzle ndcaliaw:nt wid thoou duc 1o
latersl offcet of the reswltant thrust vecior {rom Lthe vehilele centerline
(spin axin). Thesc two misaligmmentis mr ascumed o atlstically indepondent

alel v Ureated separately.

There are four statislicelly indepondent cources ol angzular tirust

misaligrment., Thesc sources, together with the des Lolurances (assumed Zo

protebility level) are:
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Tolerance (deg)

1) Alignment of nozzle plate to motor centerline + .132
2) Normallty of nozzle holes in nozzle plate + Lot
3) Nozzle shell outside diameter parallelism with

nozzle hole in nozzle plate + 567
4)  Nozzle shell outside diameter parallelism with

expansion section + 175

The last three of the above misalignments are statlistically independent betw§§h
nozzles. For any one nozzle, the RSS value of the misalignment angle due to ’
thes= three misalignments is 0.7200. Combining the contribtution of 4 indepenhently
misallgned nozzles yield an effective misalignment of the total (L nczzles) thrust
vector of 0.360o due to the three misalignments thus far considered. This anglé
may be combined with the first item, the misalignment of the nozzle plate, as

a root-sum-square, since the two are statistically independent. The resultant
misaiignment angle is 0.3830. Since the design tolerances are ccnsidered to

represent the 2¢ probability level, the 1lg angular thrust misalignment is 0.1920,

There are four stetistically independent sources of lateral thrust
vector offset. These sources and the aésociated design tolerances (limits of

lateral offset from nominel position) are:

Tolerance (in.)

1) Concentricity of nozzle plate with motor
centerline .0065

2) Location of nozzle holes ir nozzle plate .0025

2)  Nozzle shell outside diameter concentricity
with nozzle hole 0050

L)  Nozzle shell outside diameter concentricitvy
with expansion section .Q025

The last three items are statistically independent between nozzles
so that the resultant lateral offset of any one nozzle is the BSS of these
three offsets, or .Q06l inches. The effective lateral offset of the total
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Lhrust vector due to these three offsets is then .00305 inches. The tolal lateral
thrust offset tolerance is the RSS of this offset and Lhe concentricity tvolerance
between the nozzle plate and the motor centerline. Thic gives a total tolerance
of the lateral thrust offset of .0072 inches or, a* the lg probabiliiy level,
.C036 inches. The pitching/yawing moment, at launcher exit, due to Lhils misalisn-

ment is equal to the moment due to a 0.00875o angular thrust misalignment.

5.1.2.2 THRUST MISALIGNMENT CAUSING ROLLING MOMENTS

If one of the four nozzles, each of which is nominally at a distance
n from the vehicle spin axis, and parallel with this axis, is rotated about R
throught a small angle 8, (i.e., a tangential deflection) it will cause a torque
aboul the spin axis of %E 6, where T is the total vehicle thrust. Considering
en 10 be the standard deviation of the alignmgn; gf the rozzle at 6, the
variance of the torque due to the nozzle is R T © r./16, and the variance of
Tour of these nozzles would be R2T262n/L. Thus, the standard deviation of the
torque would be R T en/e, which is the torque due to setting eachk of tre four
nozzles at en/zn If the standard deviation of the lotal misalignment angle
of" the nozzle axis is Si, and the distribution is circular rormal (equal mic-
alignment distritutions in the radial and tangential directions), then en
will be egual to ®i//2.

Since the nozzle plate alignment does not affect the roll torque the
appropriate value of Si is O.36o (see Section 5.1.2.1). Thus, the effective lg

G5 Ticrontial nozzle cant is 0,1270°

5.1.2.3 FIN MISALIGHMENT CAUSING PITCEING MOMERTS

There are three sources of fin misalignment which combire to cause ar
Looradynamic pitching or yawirg moment abt zero angle of attack. One source,
misalignment of the nozzle plate, to which The fins are attached, will cause
& rotation of all four of the vehicle fins. Within ihe limits of accuracy of

lirncar aerodyrnamics, the aerodynamic morent due to unit deflection of *the tail
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assembly is isotropic with the roll orientation of the axis of the rotation.

The other two sources of misalignment may be expected to be mutually statistically
independent and independent of the nozzle plate misalignment, as well as randomly
distributed between the fins. These two misalignment sources are errors in
aligning the fins to the nozzle plate, and twist, waviness, or other surface
irregularities of the fins themselves. The alignment of the fins to the nozzle
plate has been specified to have & design tolerance of + .1250. Interpreting

this design tolerance as the 2¢ value, the standard deviastion of the alignment

of any one fin is + .063°. It is estimated that fin irregularities will have

the effect of about doubling the effective misalignment. Thus, the l¢ mis-
alignment of a single fin relative to the nozzle plate 1s estimated to be + ,1250,
Fach fin has a normal force coefficient of CN 6/2, where CN6 is the fin normal
force coefficient slope for two panels, and & is the incidence angle of the

panel. Letting the mean value of 8 be zero and the standard deviation of &

e the standard deviation of the fin alignment, o

F
the normal force coefficient of two panels is CNB OF//E' There are two orthogonal

, the standard deviatiorn of

sets of two panels, each with the same standard deviation of the normal force
coefficient. Thus, the standard deviation of the normal force coefficient for
all four fins is CNé Tpps and the effective lg fin misalignment, due to fin to
nozzle plate alignment tolerances and fin irregularities, is equal to the single
fir. standard deviation, or for the present case, 0.1250. The total lg fin mis-
alignment is the RSS of this angle with the nozzle plate to motor lg¢ misalignment
wnich is shown in Sectior 5.1.2.1 to be 0.066°. The total lo fin misalignment

is therefore O.lhl?.

5.1.2.5  FIN MISALIGNMENTS CAUSING ROLLING MOMENTS

The roll driving torque due to the fins is Czéé'qsd, where 8'is the
mean differential fin cant. The standard deviation of the torgue due to one
fin is Czé O§QSd/h, vhere = is the standard deviation of the angle of cant
(i.e., the standard deviation of the rotation of the fin about an axis in the

plare of the fin end normal to the spin axis). For four fins, the standard
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deviation of the roll torque is the square root of four times the varilance
of the torque due to one fin, or Cfy op @Sd/2. Thus, the standard deviation
of the torque is equal to the torque due to setting all four fins at one-half

of the standard deviation of the differential cant.

Since the nozzle plate alignment does not affect the roll torgue, the
appropriate standard deviation for a single fin (see Section 5.1.2.4) is 0.1250

and the lg differential fin cant is 0.0630.

9.1.2.5 LAUNCHER TUBE ALIGNMENT

Reference 2 gives the results of alignment measurements made on

the tubes of two XM-159 Launcher Pods. For each tuve, the misaligumerts in
elevation and azimuth relative to the centerline of the pods were presented.
Thus, there are a total of 75 tube angular misalignment components presented.
It was assumed that this was a representative sampling. The standard deviation
of the sample was found to be 0.L475 mils. This represents a rotation abtout one
of the two orthogonal axes (azimuth and elevation) and, assuming a circular
normal distribution of misaelignment, the total lg misalignmwent of a tube was

calculated to be 0.673 mils.

5.1.2.6  TIPOFF

The tipoff rate is defined as the angular rate of the vehicle, about
an axis normal to the spin axis, at the time the vehicle leaves the constraint
of the launcher and becomes a free body. The angle which the spin axis of the
rocket makes with the axis of the launcher tube at this same time is termed <the
tipoff angle., Some part of both the tipoff rate and the tipoff angle must be
considered nominal since all rockets will exhibit the same magritude of each
of these parameters for launch at a given launch aircraft speed and flight path
declination. These nominal rates and angles may be compensated during tke
calibration of the aiming system. Another part of both the tipoff rate and
angle will reswlt in arn equal periurbation of all the flight paths of a salvo
or ripple fire string and, slthough they change all of tke flight patks i{:rom
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their nominal velue, do not contribute to the dispersion. Finally, there will
be some portions of the tipoff rate and angle which vary randomly from vehicle

to vehicle. These perturbations will cause dispersion.

It is difficult to assess the magnltude of the portions of the tipoff
rate and angle which contribute to the dispersion. This is due to the fact that
the rocket is constrained, with small clearances, to remain within the geometric
confines of the launcher tube. The vehicle may be expected to bounce around
the inside of the tube with various points on the rocket helng the point of
impact at different times. These collisions may be expected to be neither
wholly elastic nor wholly inelastic., Additionally, the folded cruciform fins
fit inside the tube like the proverbial square peg in a round hole so that the

clearance between the rocket and the tube 1s not roll symmetrical. Additionally, a

change in the mean tipoff rate and angle affecting all the rockets will cause
a variastion in the independent portion of the tipoff of each round by changing
tlLe rocket/launcher tube impact history. It is apparent that the best which
may be done is the evaluation of a tipoff which appears to be & conservative

limit value.

A reasonable approach to the evaluation of a conservative value of
the lo tipoff rate is to assume that, from the time the front bourolette leaves
the launcher tube, the vehicle is rotated, about -its center of gravity, by the
moment due to a lg thrust misalignment. This approach is conservative since
it is probable that some point on the vehicle, such as the fin tips or the aft
bourolette will contact the tube so that rotation would be constrailned to bte
about comc point far removed from the center of gravity. The ratio of the dis-
turbing moment {due to the thrust misalignment) to the moment of inertia about
this point would be considerably lower than for motions about the center of
gravity. Thus, the angular acceleration ard the tipoff rate and angle would

be lower than those computed.

The distance between the bourolettes is approximately 33 inches and
the clearance between the bourolettes and the launcher tube wall (based on the

measured tute diameter in Reference 3) is .035 inches diametral difference.
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The limiting angular displacement while both bourolettes are in the tube is
thus 0.0610. For the thrust curve employed with the preliminary configuration,
the moment due to angular thrust misalignment is 31.2 ft-lb/degree. Section
5.1,2.1 shows the lg angular thrust misalignment to be 0.1920. The front
bourolette clears the launcher tube at 0.043 seconds and between ‘his time and
the time the tips of the fins leave the tube (.08l seconds), the le thrust
misalignment moment could accelerate the rocket to an angular rate of l3.7°/sec
and an angular displacement of 0.260. This displacement angle may be added

to the 0.061° deflection which the vehicle may attain prior to 0.043 seconds

to give a lo magnitude of the dispersion component of the tipoff angle of

0.32°,

5.1.2.7 TURBULENT WINDS

The wind perturbations of interest here are only those'portions of
the winds which tend to affect different rounds in the same volley in a
different manner. It is customary in such cases to separate the total wind
povwer spectrum into so-called steady and turtulent wind spectra. The steady
wind spectrum is composed primarily of rather long wavelength winds and is
relatively invariant with respect to temporal and horizontal spatial displace-
mentc of sizeable magnitudes, i,e., if a wind profile were measured at two
different times not differing by greater than a specified increment, the
Fourier transforms of these profiles obtained for these discrete times would
be expected to be nearly the same for the longer wavelengths. The remainder
of the spectrum, called the turbulent wind spectrum, ther represenis that
portion of the winds (shorter wavelengths) expected to appear random ir the
temporally or spatially separated measurements. It should be apparent that
the portion of the total spectrum assignable to the turbulent category is
deperdant on the separation of the measurements and tends to decrease as the

separation interval is decreased and vanishes completely for coinciden+t
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measurements. Available correlations of this type, such a5 those of Reference b
using wind profiles measured above Cape Kennedy, are applicable to intervals

of meny minutes. On the other hand, the maximum temporal separation of the
rockets in a single volley i1s on the order of tenths of seconds, so the data
would appear to be highly unspplicable. The maximum spatial separation of

the individual trajectories of the various rockets is on the order of 100 ft
indicating that wind components with wevelengths over 4OO ft or so would
certainly not contribute significantly to dispersion. The turbulent spectrum
taken from Reference L, and shown in Figure 5, however, peaks at around a

600 ft wavelength. This indicates that the spectrum shown contains much longer
wavelengths than really should be considered varieble here, but, on the other
hand, the spectrum is not so inapplicable as purely temporal considerations
=suld indicate; this 1s primarily due to migration of the launching aircraft
during the firing of the volley.

In any case, it 1s clear that the spectrum in Figure 5 will yield
a highly conservative estimate of dispersion due to winds. As will be shown
in Section 5.2 and 5.3, thls portion of the dispersion is not large, so this
situation can be tolerated. Also, it will be permissible to use an approximate

thoc 7 cemputing the effects of winds.

Pege 19

UNCLASSIFIED




UNCLASSIFIED

Report AFRPL-TR-6%-90, Appendix A

5.2 FRELIMINARY DISPERSION ANALYSIS AND CONFIGURATION SELECTION

The purpose of the dispersion studies presented herein is the deter-
mination of the lg radius of the scatter pattern of the burst points of the
rockets fired in a ripple fire volley from a single rocket pod. Whenever the
term "dispersion" is used herein it refers to this scatter-pattern dispersion.
The dispersions treated do not include any effects which merely change the
midpoint of this pattern, i.e., that affect all rockets in a single volley in
a similar manner. Therefore such effects as steady winds, aiming errors, etc.,

re not considered. Lateral displacements only are considered and no pertur-
batiors in burning range are included, Also it should be noted that the launch-
ing alrcraft is assumed to travel at a constant velocity in a perfectly straight
line with no angular rates. Effects of aerodynemic or mechanical interference

between the various rockets irn a volley have teen excluded from considerstion.

The dispersion characteristics of the Improved 2.75 FFAR were evaluated
through the use of a 6-Degree-of-Freedom trajectory simulation program. The
program is described in Reference 5. This program was run on an IEM 7094 digital
computer. The program, which was developed by the Aerojet-General Corporation,
¢llows the complete simulation of the trajectory and attitude history of an
unguided vehicle relative to a spherical rotating earth. A 1962 U.S. Starndard
Atrosphere (Reference 6) is empleoyed by this program. The program allows the
inflight initiation of trajectories, and, for the present study, all trajectories
commenced at the point where the aft end ofthe vehicle (the tips of the folded

fins) leaves the launcher tube.

In order to determire the dispersion due to various perturtations,
such ac wirds, fin misalignment, and thrust misalignment, trajectories were
computed with each of these perturbations and in the absence of any perturtations
(i-e., nomiral trajectories). Comparisor. of the perturbed trajectories with o
the noriral cases allowed the determination of the displacement (dispersion) of

the point of warhead dispersal due to each of the perturbations. (For the pre-

lirinary configurations, dispersal was assumed coincidernt with thrust termination.)
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The specific purpose of the preliminary dispersion siudies discussed
in this section was to investigate the effects of configuration changes (more
specifically modifications in the tail configurations) on dispersion, and to
investigate various means of reduclng the dispersions to meet or exceed the
specifications given in Section 5.0. Primerily, the dispersion reducing metkods
investigated for fixed configurations were various means of achieving spin and
variations in the amount of spin induced, the use of configurations producing
spin prior to exit from the launcher tube, and tightening tolerances producing
dispersion perturbations. The end result is a specification of vehicle configur-
ation, spin program (and means to produce it), and allowable tolerances to be
used in the final configuration analysis and as vehicle manufacturing specifi-

cations,

Due to the large number of six-degree-of-freedom trajectories run
and the attendant large mass of data to be presented, it is inconvenient to
presert these data in the order actually occurring in the study, discuss each
step, ard enumerate the conclusions leading to the next group of runs, Instead,
we will present first a brief description of the actual course of the study in
order to provide some understanding of why the various individual component in-
vestigations were conducted. Then the over-all results are presented in a more
irtegrated fore in order to derive the greatest understanding of the results
ard the phenomena involved. Lastly, the significance of the over-all resul:is

are discussed.

Previous dispersion investigations, performed for artillery rockets
and sounding rockets, support the assumptions that the normal dispersions of the
Improved 2.75 FFAR measured at burnout, are rotationally isotropic and linearly
proportional to the megnitudes of the perturbations, and may, for a fixed spin
program, be combined by lirear superposition. Therefore, in order to determine
tke 1o dispersion, i.e., the standard deviation of the position of the poirt ol
warhead dispersal of a giver configurations, the lg value of each of the dis-
persion sources is estimated and the dispersions due to each of these are combined

as a root-sum-square. The dispersion due to each of the perturbations will differ
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as the launch velocity and the configuration of the nominal vehicle are altered
and the dispersions due to the tody fixed perturbations will change with the
spin program. For all practical values of spin rate, the gyroscopic moments on
the Improved 2.79 FFAR are negligible in comparison to the asrodynamic moments.
Thus, the nominal trajectories and the dispersions due to perturtetions which
are not fixed to the vehicle are independenti of spin history. This was bLorne

out by several comparison trajectories.

As willl be seen, the dispersions are a function of thke spin program
employed. ©Since the spin progran itself is subject to statistical variationc
due to fin ard rozzle carnt variations, the over-all dispersion must take these
statistics into account. Thls will be done for the final configuration dispersion
anelysis (Section 3.3). For these preliminary studies, We merely prescent dis-

persions for various fixed spin prograns.

5.2.1 OUTLINE OF THE PRELIMINARY DISPERSION STUDY

Based primarily on experience with previous vehicles (mostly ground
launched) and on rather sparse results obtaired during the proposal effort,
it was initiaelly expected that inducirg epin by canting tre znozzles was protacly
rore effective in reducing dispersion than the use of fir cant. This is duze to
the more rapid spin-up obtaired with canted nozzles as well zs possitle spirning

rr the lazunch tubte though this latier is not certain to occur due Lo the flow-

1

straighterning effect of the folded firs when in ike tute.

Therefore the initial effori was concentrated on examining the eoffects
of nozzle cant on vehicles with various amounts of 1a2il span., The spans exemined
weore egual to or smaller than the extant fin cpans since it was known thal ihe
stability margins with ihe curreat tails were considerably larger than reguired

for good stability and dispersion characteristics.

The studies of the canted nozzle configurations were well along when
independent studies of manufacturing procedures indicatzed canting rnozzles 1o be

urdesirable in comparison to cantirg ~he fins. Atteniion was thereiore redirecied
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to examine the dispersions obtained with spin induced by fin cant rather than
nozzle cant. It was found that, for these aircraft launches, spin-up with fin
cant was sufficiently rapid that canted nozzles offered no particular advantege
over this method. Also, due to the sizeable initial dynamlc pressures for air-
craft launches, investigation of the effects of spinning in the tube (accomplished
by skewing the fin tips, see Vol. I) showed that initiel spin was not particularly

effective and therefore unnecessary.

During the preliminary investigations of dispersions, it was noted that
rather small values of fin and/or nozzle cants were required to producc sizcakble
burnout roll rates. Therefore it became evident that variations in the roll rate
histories due to esccidental fin and nozzle misalignments presented a problem in
terms of both avoiding roll-pitch coupling and keeping & low probability of having
low roll rates and the attendant high dispersions. TIn particuler, it was found
that the skort (L0% span) tails, which did provide adequate stability, did not
produce sufficient demping in roll to permit meiateining the roll ratc below thre
pitch freauency curve (i.e., avoiding roll-pitch resonance). Some studies werc
made of the possibility of rolling gbove the rasonant conditions, but rot enoughk
spread was aveilable between the pitch frequency curve and roll rate limits on
the motor grain (20 or 25 rev/sec)., Therefore the 40% fins were eliminated from

further consideration.

For the longer (70% and 100% span) fins, damping in roll was found %o
be adeguate to handle nozzle cant tolerances, but it was fourd that lhe toleraaces
on fin alignment had to be tightened to maintain the roll rates within a reasonable
range. These were tightered o produce (see Section 5.1.2.4) an effective lg rin
cant variation of 0.063O thus allowing the fins to be set nominally to aveid roll-
pitch resonance at the 3¢ level arnd still meintain dispersions at an accepiacle
level. It might be noted here that the extant fins, due primarily to free-play

. N . . o
in the mountings have misaligrments on the order of 17.

With the tightencd fin aligrment tolerances, either the 70% or the

100 spar fins produced acceptable dispersions, The shorter fins would present
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somevhat less risk of the fins of one rocket striking another rocket as they spin
up in & volley. However, it was decided that the small advantage of the shorter

fins did not warrant shortening the fine from their present length due to the
electrical interface problems introduced by the constraiut to maintain the present

launch tube unmodified and due to the desire to use current tooling. i

5.2.2 METHOD OF ANALYSIS

The preliminary phase of this investigation encompasced the determin-
ation of the dispersions of each of three rocket configurations, with a number
of different spln programs, and the selection of & final configuration to be
analyzed in detall in the second phase of the study. The three aerodynamic

configurations considered in this preliminary phase are referred to as:

Configuration I: Identical to the present operational vehicle.

Configuration IT: Identical to Configuration I except that the fins
are shortened to T0% of the present exposed semi-span.

Configuration ITI: TIdenticel to Configuration I except that the fins arc
shortened to 40% of the present exposed semi-span.
Table I presents a summary of all of the €-D trajectories run during
this Tmproved 2.75 FFAR program. Cases 100l through 1155 were run for this pre-
lirinary phase of the study and represent flights of Configurations 1, II, ard
IIT.

To assess the dispersion due to a given perturbation, a trajectory is
computed which includes this perturbation, end the position of the payload deploy-
ment point is compared with the position of the nominal payload deployment point
obtained from s nominel trajectory. The e¢ffect of spin on the nominal trajectory
iz negligible, so that non-spinning nominal trajectories were used for comparison
with all the perturbed trajectories with the various spin histnries. Cases 1001,
100z, and 1003 are the nominal trajectories for Configurations I, JI, and IiI
respectively, with a 440 knot launch velocity. The accuracy of the outpur of thre
trajectory program is on the order of + 1 ft, or akout l/h mil at ihe payload

deployment point. This is the accuracy with which the program revorts the
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position of the vehicle as calculated from the input data, and not the accuracy
with which the data represents the actual vehicle! To check the assumption that

the nominal trajectory was independent of the spin history, Case 1007 was calcu-

lated. This case includes a 2° differentiel nozzle cant and is otherwise identical

to Case 1002, the non-spinning nominal tra,.:ctory for Configuration II. Comparison

of these two trajectories showed the positions of the payload deployment points |
to be identical within 0.18 mils, wkich is within the accuracy limits of the

trajectory program.

Most of the preliminary trajectories were calculated for the LLO kot
launch velocity. FHowever, Cases 1142 through 115k were computed using Configur= :

a2tion I with a 200 knot leunch velocity to check the degradation of dispersion

e - e o .

performance with decreasing launch velocity.

The dispersion of a particular trajectory is a function of the magnitude

and type of perturbation, the vehicle configuration, the launch velocity, and in
some cases the spin prograr. The dispersion sources which are included in the
present study are angular thrust misalignment, lateral thrust offset, fin mis-
aligrmern:t, atmospheric turbulence, tipoff rate, tipoff angle, and launcher tube
misaligmnment. The dispersions due to each of these perturbations may te calcu-
lated by determiring, from trajectories, the dispersions due to unit magnitude
perturbations of the following types: angular thrust misalignment, fin misalign-
ment, initiasl pitch rate, initial angle of attack, and a ballistic (constart
velocity) crosswind. Only the body fixed misalignments (angular thrust misalign- ;
rent, leteral thrust offset, and fir misalignment) cause dispersions which vary
3 the spin program is varied. Thus, only the angular thrust misalignment and

in misalignment trajectories rad 1o be computed tor a variety of spin programs.

W

The spin history of any of the configurations will vary from the tominal
due to fin and nozzle misalignments which cause rolling rmoments. This variation
of the spin hiztory from the nominal will cause ar alteration in the magritudes -
of the dispersions due to the body-fixed misalignments. Additionally, it is re-

guired ithat the vehicle not enter roll-pitch resonance anywhere in the flight.
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This requirement has beern interpreted here as meaning that resonance will not
occur at least to the 3¢ probability level. Since a number of different spin
programs were tested in the course of determining the appropriaste program for

the final design, sufficient data was generated during the preliminary phase of
tke study to define these roll variability effects to the extent needed to choose

the final vehicle configuration.

The following section presents the dispersions calculated for each of
the perturvations defined in Section 5.1.2., These dispersions are presented for
each of the configurations considered and, where applicable, as a function of
the roll program. For purposes of clarity, the dispersions due to the vehicle
component misalignments are presented as 1f the misalignment magnitudes were
knovn g.priori. In actuality, the alignment tolerances were selected during the
course of the preliminary dispersion calculations and in light of tkem. Since
the chosen tolerances are considered practical minimums for large scale productior,
there is at least not complete arbitrariness in the selection of the perturbation

magnitudes or in the calculated dispersion megnitudes.

The dispersions due to = fixed magnitude fin or thrust missalignment
will vary with the roll history selected. Thus, in order to define the firal
corfiguration, it is necessary to determine the dispersion due to these pertur-
tations with a variety of roll histories, and to choose the roll histery and
vehicle configuration whick yield acceptgble dispersion magnitude while best
satisfying the other design objectives: minimum cost, minimum change in existing
tooling, no required chkanges in the launcher, and no pitch-roll resonance o at
least a 3¢ probability level. It will ke showr in Section 5.2.3.3 that Configur-
ation IITI does not satisfy this last requirement. W¥hen this became apparent,
the configuration was dropped from further consideratior and the dispersion of

this configuration is conseguently rather incompletely detined.
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5.2.3 RESULTS

In this section, the results of the 6.D trajectory determination of the
dispersion due to each individual perturbation is reported first. Next, the spin
history variability due to fin a.ad nozzle misalignments is discussed; then tlre
dispersion due to the combined perturbations is assessed; and finally, sources of

variation of the dispersion megnitude are indiceted.

5.2.3.1 DISPERSICON DUE TO ROLL INSENSITIVE PERTUREATIONS

Figure 5 presents a lo turbulent wind power spectrum which was calculated

from a number of wind spectrum measurements made above Cape Kennedy by NASA,
George C. Marshall Space Flight Center. These measurements are reported in
Eeference 4, Additionally, shown in Reference 7 is the normalized dispersion
response of & small artillery rocket to cyclical winds. This response is the
scuare of the dispersion distance per unit wind amplitude for sinusoidal winds
of a given Wave Number (inversely proporticnal to wavelength). The burning
distance of the small artillery rocket for which the curve was calculated is
similar to the burning distance of the 2.75 FFAR. Although this similarity does
rot imply eguality, the dispersior calculated here will be conservative in any
case and the extensive work required to calculate the exact response would be
unwarrarted., Therefore it was assumed that the available curve could te used

as a reference to construct a similar curve for the present vehicle. The
dispersion response magnitude in the reference is somewhat oscillatory with in-
creasing Wave Number. However, these oscillations represent characteristics

of the particular velricle, and a smoothed curve fitted through thie mean of these
oscillations was considered to te a better generalization of the data., TFiguwre C
shows this fitted curve. It may be seen that the dispersion response hac seen
normalized so that, at any Wave Number, the parameter presented is the ratio of
the dispersion response at that Wave Number to the dispersion response at zero

Wave Number {a Ballistic Wind).

no
-3
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Refererce 7 shows that, if the product of the dispersion response
(dispersione/unit amplitude windg) at a given Wave Number and the turtulent wind
spectral density (velocity2/Wave Number) is integrated over Wave Number, the
resultant value is the square of the dispersion due to wind variability at the
probability level associated with the turbulent wind spectrum. Since the spectrum
shown in Figure 5 1s the lg spectrum, the square root of the resultant of the inte-
gratior is the lg dispersion due to atmospheric turbulence. If the normalized
dispersion response replaces the dispersion response in the integration, then
the square root of the integrsl become the lg dispersion per unit response to a
unit tallistic wind. The integration was performed, using the normalized wird
response, and it was found that the turbulent wind spectrum would cause a 1.2 mil

dispersion per mil dispersion per ft/second ballistic wind.

The dispersion due to wind turbulence calculated by the above method
may be quite conservative since the temporal and spatial separation of the
rockets in a ripple fire sequence is extremely small. Although turtulence is
sometimes defined as instantaneous wird deviations from some mean value, the
use of the term "instantaneous" is relative, and in the portion of tre turvulent
spectrum where there is any significant energy, the implied "instant" is on the
order of seconds or minutes (for a fixed point in space) rather than the 20

rilliseconds separating the rocket firings in the ripple fire mode.

A trajectory was calculated, for each of the three preliminary configur-
ations, with a 10 ft/second crosswind, and a LLO knot launch velocity. The
following table summarizes the results of these cases and of the subsequent

dispersion calculations:

Configuration Dispersion due to lo Dispersion due to
10 ft/sec ballistic atmospheric turbulence
crosswind (mils) {mils)

I 6.70 0.80

I1 6,54 0.380

111 ' 6.30 0. 76
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It is interesting to note that despite the large variation in {in areas
between configurations, all three are so aerodynamically steble as to produce
negligible differences in the dispersions due to winds.

Section 5.1.2.5 gives the lg launcher tube misalignment as 0.573 mils.
The dispersion due to this misalignment mey be calculated using the 6-D trajectory
dats which gives the dispersion per unit initial angle of attack. However, the
launcher misalignment is not numerically equal to the initiel angle of attack
since the velocity increment developed during the launch portion of the trajectory
(i.e., from ignition to tube exit) is parallel to the misaligned tube axis rather
than to the nominal aiming direction.  Thus, the following form must be used to

relate the two:

The sketch shows a misalignment of a launcher tute of 6. V0 is the

airplane velocity, AV is the velocity increment during launch, and VL ~z Vo + AV,

axi®
Tuoe a

_— - - -
vV fﬁ § Nominal Launch Path

If the vehicle launched from the tube followed a point mass trajectory, it would

have a dispersion of *o’ where:

¥

o = &V sin e/vL (5.2-1)
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However, for the actual case, the vehicle will have an additional dispersion
due to the angle of attack ab, vhere:
= - = - .2-2
a = 8-y =8( - /) (5 )
The dispersion due to & is o (d¢/da), where d¢/de is the dispersion per unit

initiel angle of attack calculated from the 6-D trajectoriss. Combining the two

dispersion contributions yields the dispersion due to tube misalignment, AWT:
By = @ {(ay/ae) (1 ~ av/vy) + aV/v ] (5.2-3)

where the small angle approximation 8 = sin © has been used. The following table
summerizes the results of the application of this equation to the preliminary
configurations. It may be seen that, in all cases, the dispersions are negligible

compared to those from other sources.

dy/de Av/vL Dispersion due to 0.673 mil
Configuration (mils/mil) (--- lo launcher tube misalign-
o ment (wils)
I .Ok2h 0.13 0.112
II .Oh2h 0.13 0.112
I1I 0315 0.13 0.106

The dispersion due to tube misaligrment is independent of the spin history.

Section 5.1.2.6 shows that a conservative estimate of the lg dispersion
due to tipoff ray be made using the maximum possible tipoff rate and angle aue to
a lo thrust misalignment. These have been calculated to be, respectively,
13,T°/second and 0.320. Trajectories with a LLO knot launch velocity have been
corputed, for each of the three preliminary cases, which included either s 1°
iritial angle of attack, or a lOo/second initial pitch rate. Multiplying the

dispersions per unit pitch rate and unit angle of attack, respectively, Lty %he lo
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tipoff pltch rate and tipoff angle and summing the results yields the lo dispersion
due to tipoff. The following table swmarizes the results of both the trajectories
and the tipoff dispersion computations:

0 /e . o , 1o Tipoff
10" /Second Initial Rate 1 Initial Angle of Attack Dispersion
Configuresion  Case No. Dispersion(Mils) Case No. Dispersion(Mils) . (Mils)
I 1031 0.36 1025 0.55 0.67
11 1029 0.55 1015 0.74 0.99
I1I 1030 0,7k 1020 0.7k 1.25

5.2.3.2 ROLL DEPENDENT DISPERSIONS

There are two thrust misalignments which may cause a pitchirg/yawing
moment; these are the angular thrust misalignment and the lateral thrust offset,
It has been found, in previous dispersion studies, that the dispersions due to
each of these are in the same ratio as the moments due to each at launcher exit.
It was shown in Section 5.1.2 that the lo angular thrust misalignment is 0.1920
while the lg lateral offset yields a moment at launcher exit which is equivalent
to a 0.008750 anguler tlrrust misaligrment, These two misalignments are statistically
independent and thus may be combined as an RSS to yield the total leg thrust misalign-
rent. The lateral offset contributes negligibly to tke dispersion and the effective

lg thrust misalignment is 0.1920.

A& number of trajectories were computed with a 0.1250 angular thrust
risaligrment and various differential nozzle cants between 0° and 2°. Cases were
comprrted both with zero spin rate at launcher exit and with a spin rate st <hat
point which would result if the thrust torque were fully effective during the
launch phase, All three preliminary configurations were investigated. TFigure T

+

shows the results of these trajectories with the dispersions scaled up linearly to

the expected values with a G.192° effective argular thrust misalignment. It may

be seen that for any spin rate at launcher exit between zero and the value calculated
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from the thrust torque, there is little variation in the dispersion. Comparing
the dispersions shown for zero differentisl cant, it is seen that, as expected,
tke dispersion increases as the fin ares, and hence the aerodyramic restoring
norent, 1s reduced. This variatior is not as apparent at the higher differertial
rozzle cants, but it should be borne in mind (see Figure 8) that the roll rate
per unit differential nozzle cant increases rapidly with decreasirg span. Thus,
the maximum roll rate of Configuration III is 19 times as high as the maximum

roll rate of Configuration I with the same differential nozzle cart.

For both Configuration I and Configuration II, a number of thrust mis-
alignment cases have been computed with various combinations of differential fin
cart and roll rate at launcher exit. The trajectories were computed with a
0.1250 thkrust misalignment, but the resultant dispersions have veen scaled up !

to a 0.1920 misalignment, end the resultant lg dispersions plotted as Figures 9

and 10, Comparing these two figures shows that Configuration II is much more
sersitive to an initial spin rate than Configuration I. This lack of sensitivity

of Configuration I is particularly apparert when it is noted that, for a fixed
direction of the initial spin rate, positive and negative fin cants yield
essentially the same dispersion. On the other hand, the dispersion of Configuration
i1 is sigrificantly lower when the sense of the differential fin cant is such as

Lo cause spin ;n the same direction as the initial spin., This difference tecomes
more merked as the initial spin rate is increased. It is interesting to note

that, for zero differential cant, the dispersion does rot always decrease as the . |

initial spin rate is increased. . |

A number of trajectories were computed, for all three configurations,
whickh included a l/l'r0 fin misalignment and various differential nozzle cants,
These trajectories all included a spin rate at launcher exit whick was the value
vhat would exist if the torque due to the differential nozzle cant were fully '
effective. Section 5.1.2.3 shows that the l¢ fin misalignment is O.lhlo. “he
dispersiors calculated from the computed cases were ratioced to yield the dispersion
due to tke lo fin misalignment and the resultant lg dispersions are showr in

Figure 11 as a function of differertial rozzle cant. It may Te seen, by comparirg
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the zero spin rate dispersions, that the dispersion due to fin misalignment varies
1little between configurations. This is due to the fact that reducing the fin
ares reduces the upsetting moment due to a glven misasligrment angle, as well as

the restoring moment.

Figures 12 and 13 skow tre lo dispersions of, respectively, Configuration I

and Configuration II due to fir misalignment, as a function of differential fin
cant and initisl spin rate (at launcher exit). These figures were prepared from
date gathered from a number of traejectories computed with & 1/&o fin misalighment.
Compariszon of the figures shows that, with no initial spin rate, there is little
difference in the dispersion of the two configurations. As in the cesc of the
thrust misalignmert, the magnltude of the initiesl spir rate in general has litile
offect on Lhe dispersion of Configuration I, but does effect Configuration IT.

It mway be seern that, for Configuration II, initial spin in the same direction

as the spin produced by the canted Tins reduces dispersion while counter-rotation
increcces it. Shown on Figure 13 as & broken line is the dispersion calculated
uaing the later aerodynamic rolling moment coefficients (the rigid body coefficients
caloulated for the final configuration but reduced, using strip theory, to apply

to Configuration I1). It may be seen that, except for the case of counter-
rotation, the dispersion 1is reduced from the velues calculated with the earlier

roll derodynemics. This ipdicates that, for practical configurations, the

previously calculated resulls ere conservative.

3.3 ROLL HISTORY VARIABILITY

was spown that the magnitudes of the

ct

in the previous sections, 1
dispersions due to {in and thrust misaligrmwent could be varied greatly oy Lhe
poloyrent of various spin progrars. pdditionelly, it was showr that the dlo-
{ons due to all sources could be varied by changes in vehicle configuration.
Tr. “ki: investigation these configuration varistions were limited to fin span

ome though the implication is, ol course, that other configuration veriations

might voneeivably te used to supply thre aerodyramic propertics of the celected

S0

(O8]
w
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configuration. On the other hand, the reguirement that maximum use ve made of
existing tooling probably does make span variatlon the most suitatle means of

varying the configuration.

“he dispersions so far computed have beer prescrted in terms of ;
different combinations of configuration and spin history, but the efficacy of
the different combinations from viewpoints other than dispersion coantrol has
w0t vet been discussed. The most significaent of these other points iz the
selection of a design which minimizes the possibility of pitch-roll rcsonance.
*igure 1L presents the history ol the aerodyraric natursel frequency of each
o7 tre threc preliminary configurations. These histories are for a LL0 kno:
izaach velocity and include the preliminary rigid tody aerodyramics. In
Figure 3, the spin rate due to & 1° differertial thrust cani is showa as a
finetion of time for the same three configurations and & LLO knot launch velocity.
The stardard deviation of the differential rozzle cant is given in Section 3.1.2.2
sz 0.127° . Thus, the 3¢ variability of the differential nozzle cart is r0.3510.
Using tune data of Tigure 8, the spin rate of Configuration III, due to the 3¢
differential nozzle cant is found to be +8.78 cps at 2.0 seconds after ignition.

The rigid body natural frequency ai this time (from Figure 14} is only 3.5 eps.

Trhus, for any design spin rate telow the ratural frequency, resonance will occur
Lelow the 3o protability level, and this configuration is unsuitatle for use.

Le nigh 2pin rates reguired <o stay above the natural freguency at a 3z level

zre rot considered compatitle with the propellant envirormenial requirementis.

7+ #hould be mentiored that <he stated nozzle aligrment tolerances, as well as
the fin clignment tolerances, are considered minimums for a practical design, so
tre elimirvation of Configuration ITI is not arbitrary.

)egldes the spin variebility due to nozzle misalignm

o
)
e
,
.
C
1y
13
=
]
o
4]

3ls0 & comporent dus to fin misalignments whicl. give an cffective dift

fir cant. Tigure 15 shows the spin history of Jonfiguration I and II for

&

o . . . . : o s - .
1 differential fin cant azd a LLO krot launch velocity. Seciion 5.1.2.L gives

i : : . .0 . -
o standard deviation of the differential fin cant of 0.063 , so Lhai ithe 3g

Pase 3.
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variability of this cant is 0.1890. The spin rate, at any point slong & given
trajectory, due to differential fin cant is directly proportional to the
magnitude of the cant, so the data of Figure 15 may be used to determine the

3o variability of the spin histories due to differential fin cant variazility.

The 3¢ spin historlies du. to differential nozzle cant variability and
differential fin cant variahility may be combined by the RSS method to yield
the total 3¢ spin history variability. This computation has veer performed and
the results are presented in Figure 1¢ for Configurations I and II. The vari-
ability is greater for Jonfiguration IT, while the aserodynamic natural frequency
(Figure 1%) is lower, thus showing this to re the more critical configuration in
regard to piich-roll resonance., Fowever, some margin is present for Lotk configur-
ations, although it might be expected that, using elasticized aerodynamic co-
efficients, Configuration II may become quite critical. Thke consequence of
having to avoid pitch-roll resonance in a vehicle which may have a spin hisiory
which is cuite a bit different from tke nomingl is that the allowable spin
histories whick may be built into the vekicle are muchk more limited than they
would be if it were only necessary to avoid resonrance teiween the aerodynamic
natural Irequency and the nominal spin rate. Figure 17 shows the allowable spin
hictory envelove for Configurations I ard II. These envelopes are tased on rigid
tody asrodyramics and may be expected to be consideraltly smaller for the aero-
olastic vehicle. Comparing this Ffigure with Rigure 8, it may be seen that
Configuration IL is limited to differential nozzle canis tclow about lo, 1o avoid
resonunee, while cants up to about 5° could ve used with Configuration I. Relerrin
Lo Slierw 15, JU may Le scoen thai differential fin cant is limited wo aboutl C)ijo
with Clonfiguraziion I, while only about a O.l’(‘0 cant would be possible with

Configuraiion 1i. Tt will be seen in Section 9.3 ithat the allowable cants are,

wuch more limited for the aerowlastic vehicle.

in fact,

As mentioned earlier, revised rigid btody roll serodynemics were employed

ot

ting with Case 1139. ¥igure 12 shows a cormparisor of the roll histories of

(]

orfiguration II witi both the earlier and the later roll acrodyramics. Tt may

ConTen thac tne wwo difffer rau little,
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5.2,3.4  DISPERSION DUE TO COMBINED PERTUREATIONS

The dispersion cources being considered are statistically indepcndernt.
Therefore, the dispersion due to the combined effects ol all the periurbations
may be determined, at ithe lo protawvility level, as ihe square root of the zum of
the squares (RSS) of the le¢ component dispersions. The dispersions may be
conveniently concidered in two parts (which may be combined by the RSS method):

the roll insensitive dispersions and the roll dependent dispersions.

There arc three dispersion sources which are independent of the roll
history: atmospheric turbulence, launcher tube misaliprmert, and tipoff,
Seetion 5.2.3.1 reports the component dispersions for all tlhree preliminary
configurations, and a launch velocity of 4l:0 krotz. The following table sumearizes

the combined dispersion due to these perturtations:

lo Dispersion due to Roll-

Configuration Insensitive Perturiations (Milc)
I 1.0%
11 1.28
111 1.47

The roll dependent dispersions include fin misaligarert and thrust mis-
aligrment, with the latter being a combination of the angular thrust misaligrrent

and the lateral thrust offset., Figure 19 shows the roll dependent dicspersions

as a function of differcrnticl nozzle cant, while Figure 20 shows then as a function

of voth initiel roll rate and differential fin cani. Toth of thresc figures show

tre resulvs for Configurations I and IT and a L4O knot lsunch velocity.

The total dispersion, at the lg level, of the CJonfiguratlions T and TI
vehicles, when launched from an airevaft travelling at LkC knots, is depicted in
Tigures 21 and 22 for a variety of spir programs. The most significant point
apparent from these results is that both configurations yield smaller dispersions
than ave required for the desigr for all spin histories investigated, including

the non-spinning cases.
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In comparing the resulis for the two configurations, it mey te seen
thet, if they are not to te spun, Configuration I will produce only 78% of the
dispersicn of Configuration II. If the vehicles are spun bty means of canted
nozzles, ther Configuration I will produce a lower dispersion up to about a
O.TO differential nozzle cant while Configuration I is superiof above this cant.
If the vekic?: is to be spun by means of differentially canted fins, thex
Configuration I will provide lower dispersion with ini:ial‘spin rates telow
about 2 cpe while Configuration II will provide tre lower dispersiorn {or higher

initial spin rates.

5.2.3.5  VARIATTION OF DISPZRSION WITH LAUNCE =LOCITY

In order to assess the degradation of dispersion with decreased launch
velocity, & number of trajectories were computed with & launch aircraft velocity
of 200 knots, the minimum velocity for which the vehicle is to te designed.
Trajectories were computed both with and without differential fin cant and with
and without initial spin. Only Configuration I was investigated and the pertur-
bations considered were limited to fin misalignment and thrust misaligrment.
Figure 23 displays the dispersion due %o the individual contributions while Figure 2L
shovs the combired effect, i.e., the lg dispersion due to the roll dependert pertur-
bations. Since these dispersion data have been calculated using the preliminary
rigld tody aerodynamics, it must be expected that an actual aeroelastic vehicle
of otherwise similar configuration would display evern higrer dispersion, as, of
Configuration II would. It may ve concluded that, since the lo dispersion

2
nfiguration I due to the roll éependert perturbations is 8.25 mils for no initial

C

spin and ro differential firn cant, neither vehicle configuration would be satisz-
factory as & ron-spinning vehicle. Tt ray te ceer. from the zerc initial spin
curve of Figure 2L that = 0.15° fie cent reduced the dispersion by only L35

from the non-spinning cass, in compariscn to the approximately 80% reduction
possible with a LLC knot launch velocity (Figure 20). The indication of this

iz trat <he vehicle will probabdly recuire as high a spin rate as possible within

tre pitch-roll resorance restriciions.
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5.2.3.6 DISPERSION CONTRIBUTIOX OF ROLL HISTORY VARIAEILITY .

The spin rate variability affects the dispersion of the vehicle in two
ways, cach of whick has been mentiored earlier., First, it reduces the range
within which a nominal spir history may be chosen; and second it causes a l¢
dispersior which will be different from that computed from the l¢ dispersion-
causing perturbatiore and the nominal spin kistory. This is due to the fact
that the actual spir histories will be distributed ““out a rean (thé rominal spin
history) so that the l¢ dispersion will te some irntie ratcd function of thke lg
dispersions at all the spin histories which may occur. Sirce, for both-differ- .
ertial fir cart and differential nozzle can®, the lg dispersion as a furction of
cert is concave upward with decreasing cent, it may be expected that the dispersion
caleulated with the spin history variability included will exceed that calculated
for the nomirel spir history. It is apparent that this integration ol the dis-
persion distritution rust be carried out to assess the actual dispersion magnitude
for the vehicle. Section 7.1 develops the necessary matheratics to perforr this

integration and it is applied in the evaluation of the dispersion of the final

configuretion.
S.2.4 INTERPRETATION O RESULIS
T+ was shown in the preceding analysis that Configuration III was un-

suitable for use due to the extreme roll rate variabilitly inherent in ihe short
fir desigrn. DRoth Configurations I and II produce lg dispersions well within the

reguired limits, with or without spin, with & 40 knot launch. Kowever, wiilkh =

230 knot launck velocity, the dispersion of Configuration I was shown 1o be
I

excessive without snin, and the dispersion of CZonfiguratioa II may te expecied

to te even rore So.

The necessity for avoiding pitch-roll resonance plus the large vari-

zility of the roll hisiory from its nominal value limils ihe range of nominal

193]

n
&

n histories which may te employed. This limitation Is rore severe In the

[ars

“

ase of Jonfigura<ion IZ, It is apparent that the limits onx tke allowable roll
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history will become ever more stiringent in tie case of the aciual meroelastic
vehicle, and very little margin for design may te lefi in tle case of Zonfigur-

ation I1,

soth differential fin cant and differential rnozzle can. are «ffective

in reducing dispersion, tut an initial spin rate mekces litile convribution,

It may e seer thatl a suitable configuratior could protatly i< found
alrost anywhere “n the range between T0% (Configuration II) and 100¢ {Lonfigur-
ation I) of Lhe present vehicle's spar, Also, spin may Le provided cliticr by
difierenticl fin cant or differential nozzle cant, within Lthe reguired dispersiorn
Llimit and without the occurrence of pitch-roll resorance. Thus, it is necessary
to choose a final configuration &< least partly on the basis of comnsiderations

other than dispersior magnitude and resonance sensitivity.

The ripple Tire launching intervel is short enough what the rockers
will te overlapped at launch. Since the spacing of tre launcher Lutes ic zmall
coripared to the fin sparn, it is possible that there will tc some contacty beluweco
rockeis irmediately following launch., It may be presured that if the rockeuvs arc

spirning al launch, this cortact could lead to more erratvic veliavior of ihe rockeis

thar if there were ro spir. Since initial spin co: dutes little 1o reducliiy

in any case, there seems to be no valid argumert agalns: dicponsing

Az mentlioned wbove, either differential fin cant or differeniial
cant may ito¢ used to wrovide the spin necessary o satisfy Llhe dispersion reguire-

menls.  However, 1t iz the opinion of the vehicle designers ik

cant woald be more cosily to implement. In any casc, the rozalo cand

and would Tesn dezient 1

rote early jn Y

of winimizing th effects of contact telween T

diately following launch. Thus, il wmay te concluded tismt

Zu uhe most catisfactory measnt of achleving

ooz s nt o Lhe lowest launch velowit
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Cornfiguration II would be severcly limited due to spin variebility, Configuration I
becomes the preferred candidate for the final configuration. This choice allovs
the greatest use of existing tooling ard no modification of the launcher and is

thus most suitable from all aspects.

It should be pointed out that although the chosen configuration appesals
identical to the present design in externel configuration, there are seversl
significant differences: The motor performance has been increased to jmprove
range and velocity capability. This normelly would lead to increased dispersior..
fowever, reducing fin alignment tolerances to the practical minimum, ard ir-
corporating differerntiel fin cant will result in a vehicle with excellert dis-
persion characteristics and an extremely low probability of experiencing pitch-

roll resonance.
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FINAL CONFIGURATIOK

1
(S}

In Section 5.2 the performances of several configurations were evaluated
and a final configuration chosen. The preliminary configuretions were studled
ucing rigid body aerodynamice and & prelimirary thrust curve. In the present
section, the dispersion of the selected configuration will ve evaluated using
the latest wind tunnel values of the vehicle's aerodynamics with aeroelastic
corrections applied (toth the wind tunnel data and the aeroelastic corrections
are reported in Volume I), and the finalized thrust curve. Additionally, Llhe
efiect of roll history variacility on dispersion will be numerically evalualted in

the Appendix (Secti = 7.1) and the results presented here.

It has beern found from numerous studies that the dispersion, measured
rormal to the nomiral flight path, of a rocke: of high acceleration and shorti
flight path length is independent of flight path elevation angle at launch.

Thus, the dispersions given here are appropriate to all initial elevation anglec.

5.3.1 M2THOD OF ANALYSIS

As in the case of the preliminary configurations discussed in Section
5.2, the dispersior. characteristics of the final configuretion were evaluated
through the use of 6-T trajectories. 3oth nominal trajiectories and trajectories
shick ircluded the various perturbations which will cause dispersion were

Livas 1L

computed. 3y comparing the calculated payload deployment points of the perturted

F

rajectories with those computed for the nominal trajectories, the dispersion

due to each of the perturbations was evalugted. Tn addition to the perzurtations
which cause dispersion directly, there are two perturbations whkich, while they

do rot cause dispersion of themselves, will change the magnitude of the dispersions
caused vy other perturbations. The two perturbations wkick have this irdirect
effcct are fin and rozzle misalignments which induce variations in the spin history
fror itc nominal value. A number of itrajectories were computed whichk ircluded

cach 0f these effects in combiration with eack of the perturbaiions which cause

dispersions that vary witk the roll history. These trajectories provided data

Fage -1
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deseriting: the variation of the dispersion of the venicle with variations in the
apin history. Using the assumption that the spin histories would be normally
distributed atout a mearn represented by the design spin history, the method

developed in 3ection 7.1 was used to deterrmine the aclual lg dispersion of

the vehicle with roll history variasbility included.
563.2 TUPUT PARAMETERS

The finel configuration which was choser ic geomeiri~cally identical
to Conliguratior I of the preliminary phase of this study. However, the aero-
dyrnamic characteristics end the thrust curve boih differ from Cornfiguretion I.
Juc to the change in the thrust curve, there are alterations woth in the initial

nditions st launcher exit and ir the fin opening time (see Section 5.1.1).

.38, VZEICLE CEARACTERISTICS

2

1

lgure + shows the Tiralized thrust characteristics of the rocket wotor

¥%)

cveloped for the Improved 2,75 TFAR. This thrust curve is consideracly different

from the curve assumed for the preliminary configurations (Figure 3).

Yolume I gives the Tfinel rigid body aerodyramic coefficients as deter-
mined from wind turnel tests. Also presented in Yolume I are the ratios of ttre

acroclastiic aevodynamic coefficients to their rigid vody egquivalents, and the

.\)

voelastic ckange in center of pressure, These aervoelastic corrections were
sprlied o the rigid body data, and the resultant aeroelastic coefficients inpus

AN
to the C-T Program.

Cnce the aeroelastic coefficients were known, it was possitle to make
ar. cstimave of the natural freguency at payload deployment ard of ithe spin
tate per unlt differential fin carnt at this same tipe. Although the burrouti

volority (for the same launck velocity) proved to be lower for the final con-

. 3

fifuretion than for the prelimirary configurations, the ratio of spin rate per

. differential fin cant to the acrodynamic nutursl frequency was litsle

+G, 3ince the roll rate variability, ai payload deployment, duie 'O mis-

was ¢ssentially egual to tre varialility due tc differential fin
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cant variability alone, sufficient deta were avallable to allow the determinatio:
of the maximum allowable nominal differentiael fin cant which would preclude
pitch-roll resonance telow the 3¢ probavility level. This differentiul fin cart
was calculated to te O.ll0 ard since the preliminery work had shown tlat it

would probably be rnecessary to use Bs nmuci. cant as rossible, this valuec was chosen

for the finel configuratior.

5.3.2.2  PERTURBATIONS TO ILIGHT

Section 5.1.2 presents the magnitudes of the various periuribations
wkich may cause dispersior and describes the derivations of these values. These
deta were used, uncharged, in the calculation of the dispersion of the final
configuratior. Additionslly, the effect on dispersion of the roll perturtatlons
discussed in Section 5,2,3.3 was numerically evaluated. These roll perturbations
are, at the lg proctaebility level, a differential nozzle cant variability of 0.1270,
and a differential fin cart variability of 0.0630. Section 7.1 discusses the

technique by which these secondary effects are incorporated in the dispersion

1

aralysis.

14

54343 TRAJECTORY COMPJUTATTIOWS AND RESULTS

Takle T summarizes the trajectories computed for this study. C(ases
1154 through 1197 were computed for the final coafiguration. Cases 1155 through
1173 wvere used to evaluate the dispersion, at the three launch velocities, when
the »0ll history was that due to the rominal differeniial fin cant. The talance

LIe

of the trajectories include either a variaetion in differentisl fin cant or &

differerntial nozzle cart, as well as the various dispersion inducirg perzurtalions.

S.2.3.1 TNOMIKAL TRAJECTORIES ALD ROLL HISTORY
Cases 1155, 1157 and 1153 veproduce the nominal trajectories of tlhe
firgl configuration with launch aireraft velocities of 200, LLO, ard 600 krots,

respectively, Figures 25, 26, ard 27 show the aerodynamic natural freguerncy,

Pege L3
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nominal roll rate, and 3¢ high roll rate for each of the three launch gircraft
velocities, It may be seen that the varietion in aerodyramics, the reduced
velocity at payload deployment, and the incorporation of aerocelasticity have all
contributed to a major reduction in aerpdyramic natural frequency. Comparing
Figures 14 and 25, tTotl computed for a LhO kiobt launch alrcrafl velocdty, it

mayr Le seen that the natural freguency of preliminary Counfiguration I was calcu-
lated to be 1.6 times as high ac the frequency computed for itre final configuratlion.
Correver, Pigures 25 through 27 chow thet the aerodynamic ratural irequency remairns
Sligntly above the 3¢ nigh roll rate, proving the selected differential fin cant

<~ 4.0 . . s .
of C.117 tc be suitable Trom the standpoirt of avoiding resorance. Also, it

N .
way be seen from T4
Way oo oCeen fon®

g' re 27 that this is as high a cant as could ve used, Thus,
l fin vary was Juctified,

Gee el FISPERSIONS DUE ZC IHDIVIDUAL COWTRIZUTIONS

The dispersions presenied here are evaluatcd from the £-D irajectory
resulir, and represent 1o protability level magnitudes. ixcept for the dis-
percions due to fin misaligrrent and the thrust argulsy rmisalignmentis and offzer,
the wagnitudes of the dispercions are indeperdent of the roll history usead.

to wind vari-

Tt ic shown in Secction 5.2.3,1 that <lie dicporsion due
aviilty may be conservalively caloulated as the digpersion due to ke total
turbulent wind spectrum., It 1s also shown trat this dispersion is directily

oo tional to thie dispersion due to a wnit ballistic crosswind and inat the

sooctnitt of proportionality is 1.2 mils of dispersiorn per mil dispersion per

Ttooecond ballistice wird, The following tatle surmarizes tre dispersion of
e Tirgl configuration due to etmospheric turbulence, as calculated from the

it of 4-D trajectorics which included a 10 fi/sccord crosswind:
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Launch Aircraft Dispersion per fi/sec lo Dispersion duv to
Velocity Ballistic Wind Atmospheric Turbulcence
(knots) (mils) (rils)
200 1..2 1.71
440 0.63 0.7C
€00 C.h2 0.58

Section 5.2.3.1 preseats thke method ty which thre dispersion duc to
Jaurcher tute misalignment is' celculated. The dispersions of ithe three pre-
lirirary configurations are calculated there and showr to te negligitlc compared
to the dispersions due to other perturbations. The following tatle cumsrizes
the results of applying Igr. 5.2-3 from Section 5.2.3.1 to the firal configuration,

ard includes the significant Lerms used in that egquation.

Lirplare Velocity dy/de AV/VL Dispersion due ‘o
v (knots) (-mnn) (=ems) 0.673 mil lo launcher
° - - tute misalignment (mils)
200 0.110 0.210 0.20
450 0.0517 0.107 0.10
500 0.0343 0.0813 0.08

It is shown in Section 5.1.2.5 that a conservative estimate of ‘hc lg
dispersion due to tipoff may be made using L1he maximum possitle tipoff rate and
ancle duc to a lo thrust wmisaligrmert {combired angular misalignment and laicral
thrust offset). The tipolf rate celculated there for this condition is lj,!ofs;u
whilc the tipoff angle is 0.320. For this worst cese conditiorn, the dispersions
duc to the tipoff rate and angle are assumed to bte in the same direction »o tiat
the comporent dispersiors are additive. Trajectories were computed for all threc
launch velocities both with a lOO/second iritiel piich rate and a 19 iritial
angle of atiack. The dispersions due to tipoff were calculated from the results
of lrese trajectories. The following table sumerizes the component and total

diapersions dae to tipoff,
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le Dispe:rslon Duu

lowaaiel Alreraft Jispersion Cue to Digpersion e
3 to Tipofl (milc)

Jclocily 13.79/5 :cond Tipoff ,300 Tipoft
(k1.ote) Rate  (mils) (miic)

— —
R 2.0 Q.60 RS
108 = ]
102 [N 0.43 Yol

There are two dispersion components sttritulatle lo thrusi wmicallsu-

st “hat duc to the angular thrust misalignmerl and that duc to a laternl

offs-% of the thrust vector., rHowever, it is shown in Jeetion $.1.2 tuat the

lelior is co small in comparicon to the former as to v completcly negligitle,
o dispersion due to thrust misalignment may theretore be comprted ae tle
divpuraion due to a 0.1920 angular thrust misaligrasent. It was show: i the
hooontisntion of the preliminary corfigurations that the diqporsion de toa
Yo pagcsitude thrust wicalignment varies sigrificantly with chuagies oo tle
311 program.  Since the roll history ot the Improved -7 .TAR will vary

ENEEE ] o

A T {rom the nominal, it iz neccosary to intwont:s 1

vt .oroll Bistory distribvution to detoimine a o atistically correci vala on
~ . _reoclon. Sucetion 7.1 dewelops i e tiodolog, o Lt Tl rectiel ol
e nurerical evaluaiion of the dicp ruion. 1 oocde:r to mrotide cin
s gafn for that cvaluation, 1t ¥ao rnecessar, 10 comDuEle a o o -

. cworics vhick included not only @ thrust misaligurment ard cach ol tiu
il velocities, but @lso a variciy ot roll progranc.  Lhwso ull

i.2luded, in esddition to the romaeal (die 19 a .11 At Lrtal
i, noditTerential fin cant of O.O;O, nov-apirning cacoy, and toirn posic i

il ler (?.12? Y differential nonole cart. v ocoptliation with ik

GiowcUfmrential {in cant.  Figure 23 chows Lhie dispersion due o thirust

ns oo furction of differential U'n

Cioyorrion an oa funcllon of differciiisl nozzle can® with Lice romirel i
rolloving tatle swrmarizes i dispersion due wo the 1g thmat

Cowoiocanent when the 1oll kistory is uobt allowed 1o vary from its nomidal
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Launch Aircraft Dispersion Due to 1g Thrust Misalignment (mils)
Velocity (Roll History Held to Nominal Value)
(krots)
200 5.L0
LLo 0.92
600 0.32

As irn the case of the thrust misaligrment, the megritude of the dic-
persion due to a given magritude of fin wmiselignment will vary greatly with
changes in the roll program. Thus it 1s necessary to evaluate the l¢ digpersion
due Lo Tin misaligement in terms of a distribulion of roll histories abtoul the
nomingl. Ar array of €-D trajectories, paralleling those compuied for the thrust
misalignment case, wera determined to allow the computavion of the correcl lg
dispersion due to fin misalignment. This computation is performed in Scection T.1.
The {ollowing table summarizes the dispersion due to the lo fin misalignment
(2.141°) witk the roll history held to its nominal value.

Luunch Aircraft Dispersion Due o lg Fin Miseligument (mils)
Vrlocity (Roll Fistory leld to ‘lominal Value)
(knots)
230 0.93
Lo 0.43
€50 0.50

Figure 30 shows the dispersion due to fin misalignment as a furciion uf
differential fin cant while Figure 31 shows it as a funciion of differential

nozzlc cant in comtination with the rominal fin cant.

.3 DISPEZR3ION OUZ TO CCMRINED PERTURBATIONS
The dicpersion sources Which have been considered here are statlstically
independent.  In addition, these dispersiors are small enough that the dispeorsion

maguitudes may be considered to e linearly proportionsl to the pert:utation
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magnitudes. Thus, the total dispersion at a le level may be calculated as the
square root of tle sum of the squares of the component l¢ dispersione. The roll
rate varlability adds some non-linearity to the solutior iun that the dispersions
duc +o Tir and thrust misalignments do not vary llnearly with varialious in
ditferential fin or nozzle cant. 1However, despite this, the disperslons duc to
these misallgnments are still linearly proportional to the magnitude of the
miselignments for eny fixed spin history. The effective lg dispersions due

1o fin and thrust misallgnment are calculated in Section T.l, includirg the

¢ ffees of roll history varimsbility. The followlng table summarizes thg lo
dispersion of the Improved 2.75 FFAR both with and without the inclusion of

1he voll variability effect.

Launch Aircraft Dispersion Due to leo
Velocity Perturbations (mils) lo Dispersion
(knots) (Roll vVariability Effect (mils)
not Included)
200 €.56 ¢.85
Lo 1.49 1.37
6C0 1.05 1.35

UNGLASSIFIED




UNCLASSIFIED

Report AFRPL-TR-69-90, Appendix A

5.4 ATRCRAFT SAFETY

A paramount considzration in the design of a rocket to be launched
from a menned ajircraft is to assure that the rocket cannot make physical
contact with the aircraft after launch. This is effected here by determining
that aneither the perturbations which cause dispersion nor the aircraft flow

field will deflect the rocket enough to cause contact.

In order to determine whether any of the perturbations whick contritute
to misalignment could cause a safety hazard, the flight paths computed Ly the 6-D
trajectory progrem for the cases of the final configuration which included these
perturbations were compared withh the nominal trajectories over the first 0.G
seconds of the flight. This time corresponds to a separation distance between
the rocket and the aircraft of almost 10C feet. ZExcept for the case of an
initial pitch rate of lOO/second, the perturbations used in the irajectories
were several times as large as the calculated lg perturbations. Despite tlhis,
the separations of the perturbed trajectories from the nominels were always
well within 2 feet, and -usually substantially less. Thus, it was apparent that
these perturbations presented no problem of launch aircrafi safety. ItL should
be mentioned that the trajectory with a lOo/second iritial piich rate remained
within about 1/2 foot of thke nominal, so that an initial rate several Liﬁes as
large as the conzervative l3.7°/second estimated for the leg tipoff would rot

present a hazard.

The more detailed portior of the aircraft safety evaluation involved
the calculation of the trajectory of the rocket in thre preserce of the flow
field ol the launch aircraft. The eguations of motion defining this Lrajuvctory
are developed 1n Section T.Z. These equations were numerically integrated for
all three launch velocities (200, 440, 600 knots) and followed the rocket 10 &
point about 5C feet zhead of the znose of the launch aircraft. lesides ihe Lixce
norinal trajectories, one trajectory was computed with a 3¢ low thrust (about 757

of norinsl thrust) and a LLO knot launck velocity.
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5.h,1 INPUT PARAMETERS

The required input to allow the integration of the equations of motion
defirirg the aircraft safetly trajectories may be divided into two parts: thoce
parapetlers defining the rocket itself, and those defining the flow field of the

launch aircraft.

$.k,1,1 ROCKET CHARACTERISTICS

The axial velocity history of the rocket is takern directly from ihe
=D nominal trajectories and the vehicle.is assumed not to roll. Thus, orly
the side and normal forces and the pitching and yawing moments on the rocket
nced be defined. The aerodynamic terms which are necessary to define these
are the normal force coefficient, the pitch damping coefficient and the center
of pressure. All ol these are functions of Mach Number and were taken directly
Trom the {-D trajectory input. The inertisl and georetric description of the
vehicle is also identical to the &€-D input. These data include the diameter,

reference ares, weight, pitch moment of inertia, and center of gravity locatior.

©.M.1.2 LAUNCH ATRCRAYT FLOW FIELD

Reterence 9 gives the estimeted induced aerodynamic coefficients
acting on a typical anti-tark rocket due to tke flow fisld of an F-W{/D wircraft,
The reference indicates that these data are considered applicatle to the present
“tudye. The alrplane diegram included with the reference glves the carrying pocition
of the rocket c.g. as:

Fuselage Station 205 inches (vositive aft of station C.0, where

the aircraft nose tip is 7.8, -27.1)

Water Line -2¢ inches to -35 inches, where the underside of
the fuselsge is W.L.O.
Lateral Position: 81.5 inckes outboard of the centerlire.

A mean W.L, of -30.3 was assumed for the trajectories. The rockel free-fligit

was assured to commence whern the tips of the fins cleared the launcher, i.e.,

EAN

: 1t ked travelled its ow: length.
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The induced amerodynamic coefficients taken from the reference and
employed in the range safety trajectories were the normal force (CNT)’ pitching
moment (CmI), side force (CYI) and yawing moment (CnI) coefficlents. These
coefficients are presented in the reference as a function of distence shead of
the rocket carryirg position for aircraft Mach Numbers of C.G, 0.9, and 0.9C.

A second order fit, of each of the coefficients, was made with Mach Number to

provide data at the three launch velocities considered.

5.4.2 RESULTS

It was found that for none of the cases considered did the rocket
deviste Trom the flight line al launch by more than a foot before it had
passed the nose of the aircfaft. At 811 launch velocities, and with botik the
noriral and the 3¢ low thrust, the rocket dropped away from the aireraft in
the veritical plane. The lateral motion was outboerd ior the 200 krnol iaunch and
irboard for the others. Figures 32 through 3k depict the translational position
of the vehicle as a function of distance forward of the aircraft Fuselage
Stetion C.0. Comparing the lateral tracks at the different lauach veclocities,
it is apparent that the aiming point of the rocket will vary appreciably with

launch velocity.

Pigures 35 through 37 present tre anguler orientations calculated for
the four cases. It may be seer that the greatest angular defleciions are ex-
hibited by the cuse with a 200 knot launck velocity. The rocket in thic irstarnce

. - o . - .
showed a meximum piteh up angle of 2.7 and a maximum outboard yaw angle of
o

(9]

2

PERS

Although the rocket launched at 200 knots showed the greatest Ilight
patn perturbations due to the esircraft flow field, the 44O knot launch casc was
considered the most critical of the nominal cases sirce it exhibited the largest
intoard deflection. Thus, this launch velocity was chosen to test ilhe effect of
a 3g low thrust curve, The {light peth witk the low thrust is compared with the

fligkt path with the nominal thrust on Figure 33. The angular displacements arc
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compared on Figure 36. It may be seen that the chaenge in flight path due to the
approximately 25% low thrust is minimsl, with the lateral deflection of the rocket
toward the launch aircraft only increasing by about 0.1 feet up to ithe time when
the 1ocket passes ahead of the nose of the launch aircraft.

It may be concluded that there is no possibility of the Improved 2.75
ITAR contacting the launch aircraft after launch due to the combined effect of
the launch aircraft flow field and realizable vehicle anomelies (discussed in
otion 5.4).  This, of course, presumes that the flow field of any launch aircraf:

used is substantially similar to the flow field of the ¥LC aircraft, as given in

Reference 9,
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7.0 APPENDICES

The following appendices contain the mathematical development
necessary to eveluate the effects of 1oll program variability on dispersion
(Section 7.1) and the development of the equations of motion for the aircraft
safety analysis (Section T7.2). These analyses are separated from the Analysis
and Discussion of Results (Section 5.0) to avoid unnecessarily cluttering
that section with deteiled mathemetical derivations.
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Tel THE EFFECT OF ROLL PROGRAM DISPERSION ON THE BURST POINT DISPERSTONS

T7.1.1 DERIVATION OF EQUATIONS

Denoting the various dispersion producing perturbations (thrusi mis-
alignments, fin misalignments, winds, aiming errors, etc.) by Yop =1, 2 ae-,
and the dispersions due to individual unit valvues of the yn's by 8., WG assume
the dispersion, x, tobe & linear function of the perturbations and write

N

x = n§l &, ¥, 7.1l

In the normal dispersion problem, the yn's are all taken to be linearly in-
dependent and the an's are constants. Then the variance of x is found simpiy

as

$ .22
= a, .
QX n=l n Oyn

In the present instance, however, two of the an's (those pertaining to dlspersion
due to thrust and fin misalignments) are dependent on two additional statistical
variables, the random portions of the roll-producing parts of the nozzle and

fin misalignments. Selecting a, and a, to be the at'iected coefficients and the

1
additional variables denoted w and z, we have
) X
X = 8y (w, z) v, + ag(w, z) Yot L &y, T.1-2

and .
2 2 2 2 2 : 2
o =<a (n 2) vy v ey, 2) vyt 4 A

n
<

wvhere the notation ¢y indicates an ensemble average over many vehicles.

Letting p, y (@, 8) be the joint probability density function of & and y ,
n,¥n n n
then
~ o0 @«
ayis= I T (a, B) do dB T.1-L
n n _‘cjn -‘c'ln a )y_ ?
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Now is the Jjoint density function as affected by all variations.

pan’yn

Let py o v, 2 (a, B|Y,{) ve the corresponding conditional density functior,
n’n )

i.e., the joint probability density function which would refult if w and 2

were held fixed at the values vy and {, respcctively. Then,

Lac -}

yloey= [ [ o oy (ilvoe, (Y, (€ dvag  7.1-5
) n nl n 2

P

n

where P, and p, are the density functions tor w and 2 and where we have assumed
w and 2 to be statistically independent. Furthermore, with w and 2 fixed,
an(w, z) 1s not ranfom at all but has & specific value., Therefore

D (%Sl Y:C) = pa |w, 2 (Q’l Y,€) Py |w z(el ¥ C)
n n "’

an’yn| W, 2

=6 (fn(Y)C)‘a) PJ Z(Bl Y 6) T:1ab

Jw,
where & is the Dirac delta function and we have used fn(Y,C) to denote &
cveluated at w = yand z = {. Inserting (7.1-6) into (7.1-5) and the result
into (7.1-4) yields

2 2 [--] -] 2 2 i @™ [- -] .

AR E _;[ _£ o 8% - _;[ _:,J: 62(¢n(\',c)-a)pyn| v,z Bl 0e (VIp, (0)avag

T.1-7
Carrying out the intlegration over «,
2 2 2 2 > -
<a, ¥, >= [ &as [n (May [£5(v0p, |, (8l v, 0p,(0)ag
- - 0 n ?
[--] -] 2

= i p,(v)dy .,f, £ “(v,¢) Yy (v,€)p,(€)ag 1
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where Vy (v,{) is the veriance that y, would have if w and z were fixed at y
and {. n

Substituting (7.1-8) into (7.1-3)

o = [ mMeY a0 [£00) 1 (60
+ 2260 v, (HO] &
Y2
N
+ L & 2 o 2
n=3 " Yy
or
® ® N
2 2 2 .1-
o = [nMey [p,(0) v(nidae + T e oy 719

q

where Vx(Y,C) is the variance that would result in x due to y, ard y, if the

roll program were fixed by setting w = yand z = {. Egn. (7.1-9) shows that

we may compute dispersions in the usual way for different values of nozzle

and fin cant and then combine the results by integrating over the protakilities
of having those values. Vx(y,c) is evaluated by means of six-degree-of-freedom

computer runs.,

This does not, however, provide a completely satisfactory solution
to our problem since a prohibitive numcer of runs would be required to evaluate
VX(Y,Q) over even the area of appreciable dispersion. Also, the infinite
limits on the integrals in Equation (7.1-9) could leave considerable cuestion
atcut the utility of normal nurerical integration schemes. Tn the next section
we therefore seek an analytical form for Vx to seek to circumvent some of these

problerms.

UNCLASSIFIED




|

UNCLASSIFIED

Report AFRPL-TR-69-90, Appendix A

T.1.2 DETFRMINATION OF vx( v,C)

In order to utilize computer runs Jor the determination of Vx(y,C),
it is necessary to assume some functional form to permit evaluation of the
integrals in Egn.(7.1-9). I order to simplify the problem of choosing an
appropriate function, we first restrict attention to the single variable case,
VX(O,C). To begin with, it is known from past experience and from the results
of preliminary analyses under this study, that vx(o,g) is symmetrical with
respect to { = 0, is monotonic decreasing with increacing !gl, end is asymptotic
to zero for large | {|. Therefore it is naturel ‘o attempt to fit VX(O,C)

with exponential functions such as

2
(a+og) e
or 2
a o° C
1+b ¢
> (% + e ¢H
e

All these forms were tried, but the results were deemed ursatisfactory due
to resultant negative values at high { or to divergently large results at

large {. A more suitable form was found to be

2 o 2
0 (0,0) v ——Tmm 7.1-10
(1 +x,¢7]
1
or ko
a_ (0 g ,1-11
,(0,0) - 7
1+ x,5%]
1
where ko, kl and n are determized to match the data.
T ,
Tt should be noted here that no "bump" in the / (0,{) curve was found wher
roll-yaw resonance was encountered late in the "flight. There may be such
a bump for roll-yaw resorance very early in the flight, but this is at such
& low probability level that results would not be significarntly affected.
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At each of the launch velocities of interest, computer runs were made
to evaluste an(O,C) at { = 0, 0.05, 0.11 (where { here represents differential
E . fin cent in degrees). The results are shown for the case of dispersion due 1
i to & 1° thrust misalignment in Table 7.1-1, below. Also shown are the results
i . Tor combinations of { = 0.1l and v = + 0.127 (v 1s differential nozzle cant ‘
| in degrees). The function (7.1-11) was fitted to these data as follows. 1

k) = an(o,o) 7.1-12
| 5 n was determined by trisl and error from
1/n 1/n i
L2 (an(0,0) e (an(o,o) L IPE- 113 1
2 ‘5 (0,¢)) 1 'a_(0,¢,) o "oy : |

where Cl and CE are any two values for which data are available. n is given
| to a good approximation(for 1/n large) by

¢
2 (3=)

1
S L1-1h
! n a ( )E2) T
1

AL

O O

n
n (an\ p) )
and this was used for an initiel guess. Finally, kl is found as
) [an(o,o)- l/n
-1
anZO,E5J

K = = 7.1-15
¢

for any (.

Using Eqns. (7.1-12) through (7.1-15) and the data of Table 7.1-1,
the results shown in Table 7.1-2, below, were obtained.
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Table 7.1-1

DISPERSION DUE TO 1° THRUST MISAL1GNMENT

Launch Differential Differential
Velocity Fin Cant Nozzle Cant
(1) (deg) (deg)

]

200 ) 0 0
0.05 0
C.11 0
0.11 0.127
0.11 -0.127

4o 0 ) 0
0.05 0
0.11 0
8.11 0.127
C.11 -0.127

=00 0 0
0.05 0
0.11 0
0.11 0.127
0.11 -0.127

UNCLASSIFIED

Dispersion

(mils)

52.4L
31.34
28.00
ok, 22
32,02

27.34
6.68
L. 7L
L.38

5.48

2k, 9k
L.L2

v}
-
n
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Table T7.1-2

RESULTS OF CURVE FITS

Launch
Velocity

Skn!

200

LLo

€00

200
440
600

k
3 (O,C) R — 5
* [1+ k670"
k0
(mils/deg)
5244
27.34
24,94

L.51 . lO5
2.60 - 10
6.11 - 10

Applying the same techniques to the fin misalignment case; see
Table T.1l-3, yields the results shown in Table T.l-k.

Table T.1-3

DISPERSION DUE TO 1° FIN MISALIGNMENT

Differential

Fin Cant
de,

0000
OO
FEES

[eNoNoRe]

leYo¥o¥o)
HRHOO PHMHOO
=R " SRS

Differential

Nozzle
de

]
[oNe]

[oXe]
HEHOOO HHOOO FKFOOO

[}
-

o e
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Cant

Ry

LA

N N
-3

Dispersion

smilsz

30.73
10.17
6.75
5.20
9.51

s s« ® o »

w
WD FO hhw
F W OO W WD 4T
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Teble T.1l-k

RESULTS OF CURVE FITS

kO
a,(0,8) »~ ————m—
{1+ klc ]
Launch Velocity ko kl_2 'n
(kn) (mils/deg) (deg™ ") (--
200 30,73 3.16 ~-10L 0.252
hho 29,75 5.2L ¢ 10h 0.336
600 30.59 7.12 - 10 0.351

Returning to the problem of fitting curves to the two-variable
functions an(y,C), it is immediately apparent that tc make a truly genersl

fit to the functions, it would be necessary to assume a form such ac
k _(v)

i1+ (0 {e-o (I

an‘f‘(’c) ]

where ko' kl, Co’ and n are all function: of Y. Each of these parameters
would then have to be curve-fitted as functions of y. It is apparent that a
protibitive amount of work is involved including a large matrix of six-degree-
of-freedom runs. Even after this effort. the assumed furctional forms might
ve found unsatisfactory. Also, use of such results in kqa. (7.1-9) would
certainly present an almost insurmountable protlem in properly evaluating the

required improper integrals.

Therefore, instead of attacking this general pfoblem, we attempt a
more restricted extension of Egn. (7.1-11) ané seek checks or the adequacy of
the ascumed form. Noting that in most dispercion problems of this type, the

important parameter is reducible to tnc rurbe:r of turns about the roll axis
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in some initial period of time or initial portion of flight peth length,

1t seems reasonable to inguire whether or not there exists some equivalence

between thrust cant and nozzle cant angles. It 1s immediately clear that this
would rigorously be the case if both means of inducling spin produced spin
histories of the same shape. Since this is not the case, we make the assumption

that there is an equivalence and that we may therefore write

K
a (Y¢) 2 7.1-16
R N

where k 1s some equivelence factor to be determined. ko, kl and n are to

remain the same as shown in Tables T7.1-2 and T.l-k.

Tt is clear that Eqn. (7.1-16) is valid for small ky's relative to
C's so that, for Q, sufficiently small the assumption is adequate. We must,
however, check the adequacy of this form in other cases. The equivalence
factors, k, will, of course vary with flight veldcity due to variations in
the relative effectiveness of thrust and fin cant. Also, it is to be expected
that the k's will differ for response due to thrust misalignment and response
due to fin misalignment since the temporel build-up of these responses are
different and therefore changes in the initial rate of spin-up affect them
differently.

The procedure employed here to arrive at satisfactory values of k

is to compute, using the data of Tables T.l-1 and T.l-3, k's satisfying the
trejectory data for a (+0.127, 0.11) and an(-o.127, 0.11), i.e., for
one-sigma thrust cant variations about the nominal fin cant condition. 1t a
single value of k can be found to satisfy the results for both Yy = 0.127 and
-C.12T, within reasonable accuracy, then the fit is considered satisfactory.

| ; Tebles T.1l-5 and T7.1-6 present the results of such computations. Shown here

are the k's obtained and comparisons of the values computed from Egn. T7.l-16

using these k's with the actual values from Tables 7.1-1 and T7.1-3.
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Table T.1-5
RESULTS OF EQUIVALENCE COEFFICIENT FITS

k
0

(1~ k(g + kv 1"

t 4

a,(.127, .11)

a, (-.127, .11,

Velocity k {mils, deg) (mils/deg)

~ {kn) (--) Takle 7.l1-1 Computed ¢ Error Table T.1-1  Compu‘ed rror
200 1.324 2L,22 o ko 0.7k 32.02 31.58 -1.37
LLo 2125 TS L, AL -0.92 5,438 5.38 -1 8
500 0.149 2.k2 2.7 -k.96 3.12 297 -€.L.¢

Table T7.1-6

RESJLTE OF BQUIVALEYCHE COEFFICLINT FITS
k0
af_‘,(YrC) = n
Lo kLo k)

Lounch a,.0.107, .11) a.(-.127, .11)

Velocity _ “(mils/d g) “(mils/deg)

_tkrp) f--) Table 7.1-3 Computed < Frror Table T.1-3  Computed 7. Ervor
SAG 0.595 5,20 Sy L b 9.51 10.92 1.8
Lho 0.2355 2.9L 2.90 -1.3C L.32 Lok 35
S50 00953 ’3-: 32 D~?9 3.0? ?,LB 3~ '?6 3‘0
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From Teble T.1-5, it is noted that good fits (less than 6.5%
errors) are obtained to the dispersion due to thrust misalignment for all
cases. Furthermore, these errors are largest at the higher launch velocities
where dispersions due to thrust misalignments are less important. It should
also be noted that a good fit was obtained even for the 200 kn case where the
thrust cant effect is so large as to effectively reverse the direction of
the roll rate for y = -.127°, i.e., { -.127 k <O.

Examination of Table 7.1-6 reveals that the assumed form (Eqn. 7.l-16)
is less successful in dealing with the dispersion due to fin misalignments

since an error of 14.8% is obtained at v = -.127°, ¢ = .11° for a 200 kn. launch.

For other cases, the fit was agaln quite good. For the 200 kn. launch velocity
where the fit 1s worst, the dispersions due to thrust misslignment is con-
siderably larger than that due to fin misalignment. Therefore, when tlese
components are root-sum-squared; the errors in the fit to the fin misalign-
ment portion will not be particularly important. It is therefore concluded
thet the fits obtained are adequate for our purpose.
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T.1.3 - EVALUATION OF DISPERLIONS
[»]
Returning to Eqn. 7.1-9 and using Eqn. 7.1-1C for V_ = anCGY , We
rnuct evaluate

" , @ ® . (v)p, (§) dvdg
<ah2yn&> = koacy ¢ I j - . 2. Cn (Sl
n -®-o [, k, (¢ + ky)7]

e 0. . 24-2n
i.e., Wwe must obtain the mean velue of the furction ko oy 1+ kl(c + ky)7) <h
I

civen the probability density functlions pw(v) and pZ(C)e It was elected to
evaluate this integral by rontc Carlo methods rather than direct numerical inte-

gratior. Regardlecs of ihe technique employed, hovever, it is first necessary to

select fusnctional form for pw{Y) ard pZ(C)u

Inasmuch as the integral in Zgn. 7.1-17 will nol be evaluated analyticelly,
there i ro longer any particular edvartage to choosing normal distributiorns.
Inctead we choose distributious which should give more reasonable probaviiitien
for the larger excursions. FRecalling (c.f., Section 3.0) that we have consisterntl;
ard reeasonably chosen lg levels as being one-half of the maximum allowable randa-
tactwrirg tolerance, we tclocl picbability dencity Uincellons Lo contora to <ui

assunp’ion. T¢ cheoose a cimple functicanal form, cet

7

Pla=x) = ¢, = °p T, | a i ‘o

and requirve that the integral from -2g 1o g be wiity, 1.¢., rTegulre tiat

-~

-Lg S S Egalvays. We alsc raguire that (e varilange e

84 .
o = M ople) < ax

lhese two -crditions are sufficient to evaluale tne conctant. o) and ¢, and

-

we outain

[}
i)
N
(AN
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-
(V) = U%E; [7 - 2 (-g-) ] 7.1-18
W
and
- w2
p,(C) = g&': (7-2 () 7.1-19
2

where we have selected W, the mean effective nozzle cant angle to be zero.
E, of course represents the nominal fin cant. As a matter of interest, the above
density functions have values at the 2¢ limits of 0.348 times the values at
nominal, which agaein appears reasoneble and, perhaps, somewhat conservative. 1In
order to apply Monte Carlo techniques, it is necessary to obtain the cumulative
frequency functions,

P(x) = j} p(x) dx

-2

and then invert this function to obtain x in terms of P. Integrating Fgn. 7.1-18

gives
3
21 2
(V) = = (;,Y;+ 2) - 557 [(;{J—) + 8)

This expression was inverted approximately by means of the curve fit

X ou(p - L5
0, ~ 1,1(19W ,5)+b2(Pw .3)7,

which has the proper syrmetry conditions. bl vwas selected to match the slope
in the large linear central region around Yy = O and , was selected Lo attain

Y=+ 2q& for Rw =0, 1. The result is

%—@ 3.05 (B - .5) + 3.80 (B - .5)° 7.1-20
W
Likewise
&% L 3.05 (p, - .5) +3.80 (P, - .5)3 7.1-21
GW
Page &7
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The function, Equ. 7.1-17, was cvaluated Ly raudomly celecting (wo
rumkers, Pw and P7, on flat distributions between O and 1, obteining ¥ end (-2
from ¥grs, T7.1-20 and 7.1-21, and computing

AR
kO OyJ]

(1 + K (¢ + k21

uring these values., The aversge valuc obtained after s cufficlent number of
i:dce is the desired value of the integral, ign. 7.1-17. Uting the ko, kl and
k valuecs from Section 7.1l.2 and the qy values appropriale to thrust miczalign-
mert snd Tin miselignments (for v = 1 fnd 2, respectively) as 0.192° and 0.141°

(v 8cection 5.1), the followiig lable is obiained.

Table T.1-7

RESULTAITL Lo DISPERSIONS DUE 0
THRUST AlD FIII MISALIGHMENTS

faunch Velonjity j(aliyl“> al o, f_ae Yoy > B C.
i) rom v1
ke

- sl _(mils) _Lmilsl_ {(ril-) imils)

200 5,49 5.39 2.4y 0.95
AN 1.2 0.9l 0.39 Q.58
{00 Q.70 0.730 RN 0 %0

he grove table vas vompdied uwhing a elatively small numier of samplen
(27Y i, ddrce it s only the average values of the integrsl thatl ave of interest
vrotlior than the variance of the integral, cote.), the results chould te culfleiently

seeursts for present purposes.,  Thic is particalAarly true of the first entry, the

dicpo:cfon due to thrust misailgarent for tine 200 kn launch, due to the relatively
tlow wirizlion of dicpersion with 1011 raie (cee Tabtle T.1-1). This is {ortunatoe

“aien Lo result ds oreally the ouly oune <hdenis at all sritieal with reapect to
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meeting the dispersion requirements. The accuracy of the computations of other

values in the table is likely to be worse; but they are not so significant.

——ﬂlsé shown in Table 7.1-T are the dispersions which would have re-
sulted if no nozzle or fin cant variation were allowed. For the dispersion due
to thrust misalignment for the 200 kn launch, it is noted that the value is the
same with or without nozzle and fin cant veriations. This again is ressonsble

due to the relative insensitivity to roll rate in this case.

For the remeining cases, the peak dispersion (obtained for comcinations
of nozzle and fin cant resulting in near-zero roll rates early in the trajectory)
is much higher thar the nominal. Therefore the low dispersion contributicns
resulting from rolling faster than the rominal case do not compensate the averages
rearly so well as for flatter distributions., Tor these cases, thke ratio of
actual dispersion to nominal dispersion varies from 1.k to 2.6. Tris again appears

reasonable as do the trends of the values in Tatle T.1-7.
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7.2 BQUATIONS OF MOTION FOR AIRCRAFT SAFETY ANALYSIS

We will define a right-handed coordinate system, x', y', z' which
is fixed to the launch aircraft so that x' is forward, y' is to the right,
ard z' is down. The unit vectors in this system will be denoted i', j', k'.
A second right-handed system, %, y, z will be fixed to the body of the rocket

and will have unit vectors i, j, k. The two systems will be related by:

. sy . . _
i1 =1" cos al + J' cos b1 + k' cos cl T.2-1
. s . ' _
j=41" cos a2 + J' cos b2 + k' cos c2 T.2-2
k=3i'cosa, + j  cos b, +k’ cos ¢ o=
* 3" d 3 o8¢5 7.2-3

The angular rate of the rocket is defined by:
{=1dp + jg + kr 7.2-4
in the %, y, z system, and

T.2-5

Dl
n
s
£
+
[
&
t
=
]
3

intke x, y, 2° system. The x', y', z' system has been assumed irrotational,
. the launck aircraft flies a ctraight path and does rnot roll. The velocity

of the rocket, relative to the ground, may ve written as

V= du+ jv + kv 7.2-¢
“he liunch aireraft has a velocity in the x' direction of iVaa Thus, the
veloeity of the rocket in the x°, y', 2z' system will be .
A A T.2-7
Acouming that the pitch and yaw moments of inertia of the rocket (1y and IZ)
~:181, the arzgulsr morentum of the rocket is:
Page TO
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H=11I_p+I(Jg+kr) 7.2-8
where I = Iy = IZ°
The equsations of motion of the rocket are:
F av 2 o
- = o— 4 X 7 2"
- = V+axvy 9
and, -
= — = x -
M i H+Q H 7.2-10
differentiating yields;
V = 18+ jv + ko 7.2-11
and,
& . . . - °
H o= 11 D+ T(j§ + k) + i p I+ 1(jq + kr) 7.2-12

Combining Eqns. T.2-%, 7.2-6, 7.2-9 and 7.2-11 yields:

i

= ia + Jv + kv + i(qw -~ vr) + j(ru - pw) + k(pv - qu) 7.2-13

Combining zqns. 7.2-Lk, 7.2-8, 7.2-10 and T.2-12 yields:
M = iTp - 1(58+kr) + ipix + I{jg+kr) + ij(IX-I) + kpq(I-Ix) 7,2-1h

Tt was determined, from 6-D trajectories, that the nominal flight path of the
Improved 2,75 FFAR was not significantly affected by roll rates of the maegnitude
which will occur in the selected configuration. Thus, a non-rclling vehicle
may be assumed. For the non-rolling vehicle, p = p = 0, which allows simplifi-
cation of Egns. 7.2-13 and T.2-1k:

ﬁ = i(d + qw ~ vr) + (¥ + ru) + k(¥ - qu) 7.2-15
and
# o= 3{1§ + 1q) + k(IF + Ir) 7.2-16
Page T1
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Eqns. T.2-6 and T7.2-T7 may be combined, using the relationship of Fqne. T7.2-1,
7.2-2, T.2-3, to yield

o | -— - e O™

x' = ucos a + V cos a, + W cos a3 Va T.2=-17 |
oy . . _ !
y' = u cos bl + Vv cos b, + W cos b3 7.2-18

Z' = u cos 2 + V. cos ¢, + W cos c3 T.2-19

Similarly, Egqns. 7.2<4 and 7.2-5 may be combined to yield, for p = O,

w, = g cos &, + I COoS a3 T.2-20

a
w, = g cos b2 + r cos b3 T,2-21
w3 = q cos c2 + r cos c3 . T.2-22

For the smell deflections of the x-axis of the body from the nominal flight path
(i.e., small values of al) which might be expected from any rocket adjudged

satisfactory, the preceding six equations may be considerably simplified to:

X' = u - v, 7.2-23 ?
y' = u cos b1 * Vv T.0-24 o
2' = u cos ¢y + v T.2.25%
w = 0 T.2-26
i
(1)2 =4q T,2-27
wy =T 7.2-28
Page T2
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The variation with time of the variables cos bl, cos c; may be
determined from:

-'. t = ] 1 X! 1 = -

f-('x1) = ( w, +k w3) (-k' cos Ay +1' cos cl) wy co5 8,
7.2-29

Bl = -wy cos al/81n bl = -r COS a1/51n o, 7.2-30
d . .

= (cos bl) = -b; sin b, =1 cos & T.2-31
-‘. ? . = ' 1 of 3 — = Iy-<d
Qe.xxi) = (J w, + k w3) (§ cos a; ~ 1 cos bl) w, cos a,  T.2-32
& = w, cos al/sin ¢, =g cos al/sin ¢ 7.2-33
d . )
I (cos Cl) = -& sin ) = -g cos &y 7.2+3

The assumption of small values of a, allow the simplification of

1
Eons. T.2-31 and T.2-34% to
d
T (cos bl) =T 7.2-39
2 (cos ¢,) = - T.2-36
at 1/ = ¢ °

Since the rocket will be considered non-rolling, the i-component of the
driving moment is unnecessary. Additionally, u is availeble as a function of
time from the nominsl 6-D trajectories, so the i-component of the driving force
need not be considered. The remaining forces and moments are all serodynamic
in origin, with the exception of a gravity force in the +z direction. TInspecticn
of the input data to the 6-D showed that the jet damping moments were insignifi-
cant in comparison to the aerodynamic damping moments. Since these jet damping
moments conventionally include the iq and ir terms of Fgn. T.2-16, it is

consistent to rewrite that equation as:

¥ = jI§ + k If 7.2-37

Page T3
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The induced aerodynamic force and moment coefficients given in
Reference 9 are given in the airplane coordineste system, but since a non-
rolling rocket will be assumed, they may be inserted directly in the x, y, 2
system. The force eguation, including the induced forces due to aircraft flow

field is:
F = aslilc, - ¢, v/u) -k(c, + C, w/u)] +kmg cos @ 7.2-38
y N N N
o I (=4
M = as {jlc_ a+c (%d.)d -Cy, (w/u)(c.p.-c.g.)] + k[C_ QA
n& nh u ka nI
T.2-39
+ C (Eg)d + C, (v/u)(ec.p.~c.g.)]}
m_‘2u Na *
The dynamic pressure §, may be evaluated as
2 T.2-Lo

& &:% u

The translational equations of motion, represented by ign. 7.2-15, may be
sicplified, since the i-comporent of the motion is defined by the 6-D output,

tos

= J(V + ru) + k(¥ - qu) T.2-k1

=3 AT}

Ir summary, Eqns. 7.2-37 and T7.2-L1 represent the basic equations of
motion. Zqns. T.2-38, 7.2-39, 7.2-40 are the forcing functions, the position
of the rocket relative to the aircraft is defined by integrating X', ¥, 24,
which are defired in Egns. 7.2-23, T7.2-2k, 7.2.25, and the angular orientation
is determined by integrating w,, and w3 which are identically q and r, respectively.

The terms cos b, and cos c, are determined from integration of Egni. T.2-35

1
and 7.2-36,
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1. LNTRODUCTON

This report covers the structural analysia of the 2,7% inch diameter
Folding Fin Aircraft Rooket (FFAR), hereinafter referred to as the 2.75 inch
rocket motor, This motor is being developed and produced for the Air Force
by the Aerojet-General Corporation under t'ontract FO 4611«67-C=0114
(Reference 1). Whereas the structural #'alysis covers the complete motor
assembly it should be emphasized that the actual motor case or chamber is
supplied to Aerojet as govermment-furnished equipment,

Conventional methods of structursl analyais are used throughout this
report and, unless defined in the text, all notation conforms to that used
in MIL-HDBK-5 (Reference 2),

In order to best handle “he specialized structural problems associated
with solid rocket motors exieis?ve use hLas bee.: made of the digital computer
programs which have been developed by Aercjet-General. Brief descriptions
of these programs are contained within this report and additional infermation

covering the formulation is available upon request.
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11, STRUCTURAL DESCRIPTION
The 2.75 inch rocket motor consists of a deep drawn aluminum chamber
with a threaded forward skirt for warhead attachments. An aft closure assembly

containing four nozzles is attached to the cylindrical chamber by means of a

steel lockwire. In addition to the four nozzles the aft closure assembly
prgvides support for four aerodynamic fins. These fins are folded within the
2.75 inch envelope diameter prior to launch, and arc actuated by a small gas
operated piston in the center of the aft closure. Upon motor firing the tins
are forced open to a 45 degrec angle with respect to the motor centerline.
In addition to providing aerodynamic stebility, the fins are designed with a

small cant angle whica imparts a rotation about the missile center line.

The propellant grain is cylindrical in cross section and designed to
burn only on the inside surface.
A sketch showing the overall structural arrangement is conteined in

Figure 1.
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ITI. STRUCTURAL DESIGN CRITERIA

A,  GENERAL REQUIREMENTS
In accordance with the revised technical requirements of

Reference (1), a safaty factor of 1.5, based upon the ultimezte strength
of the material, shall be used for the structural analysis of all metal
parts, In addition, Part III-B-l-f of the same document states that:
"The motor shall be capable »f successful operation over a temperature
range of =65 to +150°F."

B. SPECIFIC DESIGN CONDITIONS

Based upon an evaluation of available data and known requirements

the following specific design conditions were selected for detail structural

analysis.

1. Hydrotest

In this condition the chamber assembly is fitted with a

test plug and subjected to an internal pressure of 2000 psi. The resultant

stresses for this condition were compared to the minimum yield strength of

the chamber material.

2. Low Temperature Storage

In this condition the loaded motor was considered exposed

to the lowest environmental temperature of -65°F. This condition produces

the maximur tensile stress in the propellant to liner bond system and these

stresses were checked against the measured strength of the bond system.

3. High Temperature Flight

In tnis condition the motor was considered subjected to the

maximum expected operating pressure (MEOP) in combination with flight loads.

-l -
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Based on ballistic salculations plus development firing data the MEOP for a
motor conditioned to 150°F is 1990 psi. This value includes an estimated
three standard deviaticns from the mean to account for statistical variations.
Tre only flight loade of significance in the structural design are the
aercdynamin loads on the fins., Aerodynamic studies plus tests at the Arncld
Engineering Development Center in Tullahoma, Tennessee, have established the
maximum 1ift and drag load per fin to be 50.50 and 26.76 1b, respectively.{
These loads are considersd to act at the center of pressure of the fin which
is 2.09 in. from the hinge pin and 0.LS in., from the leading edge.

L. Low Temperature Firing

In this condition consideration was given to firing a
motor conditioned to =-65°F., This condition produces the maximum strain in
the propellant grain and the maximum shear stress in the propellant to liner
bond.
C. MATERIALS AND ALLOWABLES
Details concerning the specific composition and allowable strength
of each component is contained in the structural analysis section of this
report. For convenience, however, some of the more important information is
listed below.
1. Motor Case
The 2,75 inch diameter motor case is government furnished
equipment, and is made from 2C1lL T6 aluminum with specified tensile strengths

of 56,000 psi yield and 66,000 psi ultimate.
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2. Nozzle Assembly

The materials of primary interest in the nozzle assembly
are the Carbitex~700 used for .he four throat inserts ana the :XC-313
carbon fiber molding compound wnienh supports the Curbitex inserts.

Unfortunately, neither of these materials has been completely characterizea

over the full operating temperature range. Sonme .aboratory test values are

available, however, and these were used as a basis to estimate U e necessary

properties to perform a structural analyvsis. The actua. values used in the

analysis are as indicatea below:
a.  MXC-313
This material was considered t. be homogzeneoas and
isotropic, but its oronerties were considered to be quite temperature

dependent. Plots of estimated modulus, coefficient of trermal expansion

and Poisson's Ratio as functions of terperature are shown on rigsure 2.
b. Carbitex-700
This mater:ial is a £fibrous jrapnite having hizghly

directional properties. Based on dynamic modulus :.easurements over a limited

terperature range 1t was assumed that tie moc.lus would be corstant over the
entire opersting tenperature ranse and have a vasue of 1,800,000 psi ir tne
plane of the laminates ard 900,000 psi across tie lanminates,

Poisson's itatio was also assumed cornstant at ),1°t0
and considered to rave tie sare value in al. directions. The ccerficient

of urerral ex:ansion was considered L. vary with te "erature in accordarnce

ith tie plots shown in rijure 3,
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3. Propellant Grain

The 2.75=-in, motor utilizes ANB=32Ll-2 propellant., & fairly
complete mechanical property characterization of this nropellant was conducted
in conjunction with the cumulative damage program, and the results of this
work which are required for the structural analysis are reproduced here for
conveniencs,

a. Coefficient of Thermal Expansion

The volume coefficient of thermal expansion was determined
by means of measurements of propellant density at various temveratures over the
range <00 to 80°F, fThe slope of a dens.ty-temperature plot provides the desired
value. The linear coefficient is taken to be one-third of the volumetric. 'The
averaze linsar value for ANlB-32Ll-2 determined from tests of specimens fron
three batches is 6.1 x 10'5°F'1. While this is somewhat hizher than the value
of .l used in the initvial stress analysis a chanse in the analysis is not
considered warranted. This is primarily due to the close correlation between
the reasured strains on the full-scale cycling motors and the initial calculation
using ~ = 5.4 x lO-SOF'l. The average measured strain on five motors'was 12.3%
versus the calculated value of 12.7%.

b,  Modulus

Stress relaxation tests were performed with end-bonded
uniaxial specimens at =75, =40, O, L0, 77, 110 and 150°. Strains of 0.5 - 1.0%
were applied at a rate of 0.25 min~t and held for 10 min while the decay in
stress was measured. The data obtained were plotted in the form of relaxatvion

modulus versus time for each test temmerature. Superposition of trhe data was

accomplished by correcting the modulus by the ratio, Ts/T. (Ts = reference

-9 -
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temperature = 298% (77°F), T = test temperuture in “K) and manually shiftini
the curves along the time axis until they supurimpnsed at the reference
terperature. The resulting "master curve," shown in Vigure L, provides the
modulus data needed for the thermal stress analysis. 1The shift factors reqiired
to suverpose the data are sntown in Fijure S,

Modulus values pertinent to tne analysis »f hiith rate
loeding conditions such as handling, acceleration and firing are obtained fron
a plot of modulus versus reduced strain rate (; aT) as shown in Figure 6 for a
rererence temuerature of 77°F. Ioduli for other temperatures car be sirply
determined Ifrom t:is plot by rultiplying the strain rate of interest by the
appropri;te &, £rom Figure 5 and entering the gurve of F.gure 6 at that point,

€+ Allowable Stresses and Strains

The methods used to estimate the allowable surains and
stresses for ti:e vpropellant and bonds are hased on simulating ir. tie laboratocry,
by means of careful specimen desizn and environrertal cortrol, the critical
motor conditions and treating tne resultiryg daia to accouw.. for the expected
variability in propert.es. The basic relation used in caitc.rating the alliucwables

is given below: .

X, =% [1-(3+a)v] (1)
wnere: xa = allowable stress or strain

X = mean reasured priperty obtainea uncer apcropriate
test cond.tions

K = stress concentration or multiaxilaliuy cor:rwction
factor

a = statistical parameter wnich deperds upnorn number
of sarples tested ard level ol confiderce required

V = coeificient of variation ror grorerty being
neas..red
- 10 =
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(1) Strain Allowables
-nuuse of the complicat¥ons presented by such

128 as strain-temperature-time path denendency the evaluation of thermal
c-cling capability cannot be handled simply using uniaxial or bhiaxial tests.
The best approach has been the use of analogus motors, with gy.indrical bores
of various sizes, thermally cycled to failure. In the case of the 2.75-in.
motor the small size makes it convenient to test the full=scale article., &
total of 31 motors are sched.led for cycling. To date, one set of five full-
scale movors and four short-length motors from Batch 66-L6 have been cycled

between 150 and -6S°F. The results to date are sumnarized below.

Measured Strain Cycles

Motor No. at -65°F,% Completed Remarks

2601(1) 12,k 10 Cracked on lith cycle

2602 12.3 20 Test continuing

2603 12.h 20 Test cortinuing

260L 12.1 16 Cracked on 17th cycle

2614 12.1 19 Test cortinuing

68-h6-l(2) 13.6 c Cracked or 6th cvecle
Void at base of crack

60-16-2 13.9 18 Cracked on 19th cycle

68=1L6-3 13.h 12 Cracked on 12th cycle

60=-16=3 1k 6 Cracked on 7th cycle

(1) Ful_.-scale motors

(2) Short length motors (ll-in. long)

These data for one nropellant bauch indicate a

substantial safety margin for the specification requirement of three cycles.

Similar tests will be performed on additional b-iches to establish variabiliuy.

The allowable inner bore hoop strain for firing at

-65°F was estimated from the results of high rate tensile tests of prestrained

- 11 -
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specimens. The tests were conducted in a high pressure (1000 nsig) environment
to sinulate the condit ons at the inner bore during motor ignition. The
prestrain on the specimens was about 12% corresponding 1o the expected maxirmur
therral strain at the inner bore at -65°F, The res .lts, calcuiated usineg
kaquation (1), are stown in Figure 7, a K value of 0.43 was used to correct
the uniaxial values to equivalent biaxial elongations.
(2) Bond Stress Allowables

A preliminary evaluatvion of the hond capabiiity
for storape was r:ade from the results of constant rate tension tests of
noker -chip sandwich snecimens preparsd from AilB=3201.-2 prorellant and sangwich
shecinens prepared from ALBR-32L1l-2 propellant and iRS-10Y-lX irsalation., lests
were conducted at crusshead rates of 0,02, C.2 and 2,9 in. per minute ard
teuperatures of 55 and 15.7F, Tne resulus plotted in the form of stress
versus rec.c .d tirme to faiiure for a reference tu-perat.re of -65°: are
presented in Fisure 8 . 'lhe estimated allowable stress was obtaired fron
these data by use of Bquation (1) with : taken tc be l.L. In addition, e

tine values were corrected by a factor 4 = 0,1, to account for une fuct Lot

during the coiistant rate test the :aximum stress is not applied 1o tiie snecime:n

for the full duravion of e test.

Based on observed banavicr of o number of ctiner sirilar
propellant systens tie allowable long time lond si.ear allicwable is estira.ec
to he 80% of the bond tensile value.

Poker=-chip: hond specirens tested in shear at several
rates, and with sinerimposed wress . re, provide the data necdec for cale ..utler
o tie airlowable bond shear stresses for motor firing, azain zo.atlon (L)
wWas .ised witiv a ;. fagtor of 1.é. ine results for firing te.peratures of -3

and 150°F are siown i:. rigure 9 .

- 12 =
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IV, THERL.AL ANALYS IS OF RNOZzLES

The thermal analysis of a rocket nozzle consists of predicting the
transient terperature distribution in the various nozzle corponents, lowever,
when an ablative surface material is used. the ablation depth and char depth
are also significant factors. The analytical prediction of these quantities
reguires tle evaluation of tie surface heat flux, whic : subsecuently is used
to evaluate the boundary conditions necessary for solution of the transient
condigiion equation,

The surface heat flux due to convection is igoverned by the relation:

Q, = hc(Taw - TW), (2)
where : Qc = convective heat flux, Btu/sq ft sec,
hc = convective heat transfer coeffieient, Btu/sq ft sec’R,
T, = adiabatic wall temperature, OR, and
T, = wall temperature, °R

During this tliermal analysis, the Colburn equation, originally
developed for fully developed flow in circular ducts, was used to evaluate
the convective heat transfer coefficient of kauation 2. Althoush the flow
in nogzles does not correspond to the flow in constant area circular ducts,
nrevious experience with numerous motors has shown that accurate results are
obtained usirg tne Colburn equation to evaluate tl.e convective heat transfer
coefficient, The dirensionless form of the Colburn eguation correspording tc

Reynold's analoiy is:

h
(51’—8_) Pr2/3 = 0.023 (9_32)’1/5 (3
p
g
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local propellant .as density, lb/cu tt,

where i P

local free stream velocity, ft/sec,

C. = specific heat at constant pressure, Btu/lboh

T
]

Prandtl nunmber,
I, = local nozzle diameter, ft, and
p = absolute viscosity, lb/ft sec

The mass flux, pU, in fquation 3, at tre throat of a nozzle is

Ziven by
(pU)y = C B, (L)
where ? Cw = provellant rmass flow coefficient, sec-l, and
P, = chamber pressure, 1b/sq ft abs.

Utilizing the equation of continuity, the local mass flux becormes
A\"c
ol = (pU), () (5)

where 3 4 = local nozzle area, sq ft, and

throat area, sq ft

x
n

Equation 5 can be substituted in fZquation 3 ard simplified to

obtain the relationship:

0.023 CWPcCP A, 0.9
= () (6)
C P D1/5 r

(LF  p3

hC

Analytical ana experimental studies of motors similar to the rotor of
1..1s study have indicated that particle impingement and radiation made
regligzible contributions to thie surface heat flux compared with the
convective contribution., Based on this firding, Eauavion 2 cap be used to

'

apuroximate the toval heat flux.

- 20 -
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The adiabatic wall temperature, Tav’ contained in kquacion 2 is giver
by the relationship:

_T_ax 2+R( v =1 Mz (7)
T =
o 2e(y-1)M
wheres R = recovery factor,
vy = isentropic coefficient,
M = local Mach. number, and

To = total temperature, op

The recovery factor, R, for a turbulent boundary layer is obtained

from the Seban equation

R = Pr1/3 (8)

The heat flux to the nozzle wall is then obtained by substituting
Equations 6 and 7 in Equation 2,

Using the heat input rates as noted above, the resulting temperature
profiles in the nozzle structure are caloulated by a General Thermal Analysis
program written for the IBM 360/65. This computer program is capable of solving
the general transient conduction equation which for a nozzle considering axial

heat flow is given by:

3T 3 (2L, , k3T 3 3T
% 5% =57 U5p) * x5 () (9)

The computer solution utilizes a modification of the Dusinberre explicit
finite difference equations for heat flow in multi-layer solids. The difference
equations incorporates variable thermal properties as defined by the above
conduction equation.

In the case of the 2,75 inch motor the above equation was solved in one
dimensional form with results as indicated in Figure 10a. These results were'

then extrapclated to obtain the isotherms in the Carbitex insert as indicated

in Figure 10b.
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V. STRUCTURAL ANALYSIS

For convenience, the structural analysis of the 2.7% inch rocket

motor has been separated into three major assemblies, i.e., motor case,

aft closure assembly and propellant grain, Where riecessary, tbese items
have been furtherbroken down into component parts for the purpose of
detailed stress calculations. |
A, MOTOR CASE

The analysis contained in this section is primarily concerned
with the 201LT6 éluminum chamber, as defined by Bureau of laval Weapons
Dwg 1569403, and the steel lockwire (Reference DBuWeps Dwg L57822)., For
ccmpleteness, however, consideration is also given to the rmating flange

of the aft closure plate (Reference auC Dwg 11L6335).

In order to evaluate the bending siresses due to geometrical
discontinuities the analysis made use of a computer program developed by
herojet-deneral for thin shell analysis. This program is entitled:

"Elastic Axisymmetric Pressure Vessel AnalySis Program."” Details of this
program are contained in Section 1Le21 of Reference (3) and a brief abstract
qf the program is presented herewith:

The program is used fof the analysis and design of motor case
configurations with particular application to rerions where a change fronm
one type of shell geometry to ancther occurs and causes localized discontinuity

b3
stresses.

The structural analysis is accompliéhed by dividing the
configuration into a series of small shell elements. The computer input
data includes a complete description of the geometry, pressure plus other
applied loads, material properties, and temperature for each of the basic

elements. The computer program makes a complete numerical elastic stress
-23 -
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analysis of the integral configuration by writing equations to relate the
deflections and rotations to the moments and shears at the edge of the basioe

elements, This solution is based upon the same analytical methods used in a

routine hand solution, but the ability of the computer to handle a large
nunber of equations allows for a more comprehensive coverage of the problem, i

The computer output date consist of: radial deflection, the
angular rotation, the discontinuity moment and shear, and the hoop and
meridional stresses for each location considered.

The pressure vessel analyses presented herein utiilize the deflected

geometry of the loaded shell in order to ensure the greatest possible accuracy

of solution. The final deflected geometry of the shell is determined by an
iterative process, This same refinement can be accomplished by the direct
application of the equations of M, lietenyi which have the advantage of a
closed form solution, but which are not readily applicable to the complex
elemental shapes and plastic deformation of the 2.75-in, motor.

The plastic analysis of the pressure vessel stiructure at both the
design limit and design ultimate loading conditions was formulated by first
assuming full elastic action in all areas. Wherever the elastic stresses were
found to exceed the yield allowable of the material the critical axial stress
was subtracted from the allowable stress and the permissible amoun; of bending
moment was programmed to exist within a sufficient region of the shell such
that the final plastic analysis contained no stresses above yield. This
technique resulted in fictitious step differences in shell rotations between

the forward and aft sides of several of the structural analysis points. The

shape of the stress-strain curve beyohd yield was assumed to be flat., The
magnitude of the nermanent set at each location was determined by a judicious
spreading of the calculated rotational disparity over the area of the shell

where the yield tensile allowable had been exceeded.

- 2L -
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Detailed sketches of the actual geometry used in the analysis
along with the location of the "cuts" employed in the computer solution.are
contained in Figures 1l and 12.

Solutions were obtained for both the limit (1990 psi internal
pressure) and ultimate (298¢ psi internal pressure) loading conditions. Results
of these solutions are contained in Tables L throush L. A review of these
tables indicates that the chamber as desizned does not meet the 1.5 safety
factor requirement for the ultinate load condition. Tre critica; section
occurs at the bottom of the lockwire grocve and is based upon a minimum
thickness of 0.032 in. In order to meet the l.> requirement this thickress
woul€ rave to be increased to 0,037 in. minimum, 7

Certain detail evaluationé which were not covered in the overall
chamber solution are as follows:

1. Forward Closure

The forward closure consists of the structure between joints
28 and 27 as shown ir. Figure 1l.

As snhown in Figure 11 the minimum dome thickness is 0.23C in.
On the same figure the draft angle of the dome 1s shown <o be 50 maximum, In
this analysis the entire dome was conservatively taken to be the minimum
thickness of 0,220 in.

Yor the design ultimate loading condiiicn the maximum edge
stress is:

v, e(s18)

Gﬁ_max = t2 mt? = £2,000 psi

- 25 -
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The stress at the dome centerline is determined through the
use of the stress formulas of Cases 1 and 12 on pages 19L and 196 of
Reference (L), The maximum design ultimate dome centerline stress is:

2 6,y
2

AR
o = M+1) -
U~nax 8mt2

2
- 2‘2285“1.1?! 59-30) - 62’000

8(2.77)(0.230)2
= 28,000 psi
The ultimate allowable tension stress for the maximum
environmental temperature of 150°F is 97% of the 66,000 psi room temperature
allowable. The resulting minimum margin of safety including a 1.5 modulus of

rupture improvement factor is

7(66,000)(1.%

¢ O (A
HS.y = __2_§5:§ﬁ5.____.l -1 = +0.55

For the design yield loading condition the maximum edge stress

is:

My,  6(368)

= -4

05,
T-max £ (0.230)2

= 11,800 psi

The design yield stress at the dome centerline is

Y-max " PR? (3m+1) -EEELZL
8mt? 12

3(1990)(1.13)°
= O l 11 (9030) - Ll,BOO
8(2.77)(0.230)2

18,200 psi

The yield allowable tension stress for the maximum environmenﬂal
temperature of 150°F is 97% of the 56,000 psi room temperature allowable. The
resulting minimum margin of safety including a 1.2 modulus of rupture
improvement factor is
_ 0.97(58,000)(1.2) _

MSey = =11 %00

UNCLASSIFIED
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2. Central Cylirndrical Section

The central cylindrical secticn is critical for simple hoap
tensile stress. The minimum barrel thickness as shown in Figure 11 is 0,065 in.

For the design ultimate loading condition the maximum stress is:

PR _ 2985(3,336)
Temex © T © T 0.085 " 61,366 psi

The ultimate allowable stress for the maximum environmental

temperature of 150°F is 97% of the 66,000 psi room temperature allowable.

The resulting minimum margin of safety is:

allowable stress .
applied siress

= 2:27466,200) _1 - +0.043

For the design yield loading condition the maximum stress is:

O max = Dy = 2LI) o 10,909 psi

The yield allowable siress for the same maximum envirormental

bl'S.U =

temperature of 150°F is 97% of 58,000 psi room temperature allowable, The

resulting minimum margin of safety is:

- Allowable stress _
Y Applied stress

M.S.

.97(58,000)

=0 > -
= 0,909 "'l +0-3—’5
This analysis conservatively neglects the effect of biaxial

zain which could improve the membrane burst stress by as much as 15 percent.

3. lockwire Assenmbly

The aft joint lockwire provides the structural connection
between the aluminum shell and the steel aft closure. The lockwire to chamber
assembly is shown in Figure 13. The lockwire is completely detaileé in the
Bureau of Kaval Weapons Dwg L57822. The minimum mechanical properties for the

1006 low carbon steel alternate material are:

UNCLASSIFIED
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F,, = 3,000 psi Fgy = 16,l00 psi
Fty = 2[,000 psi Fou ™ 70,000 pei
Foy * 24,000 psi Fby = 5,000 pai
Fgy = 30,000 psi

At the inltial applicationof internal pressure the aluminum |
shell and the closure interface with the lockwire through line contast. As
the pressure increases, the lockwire rotates and all three parts yield in
bearing. At all times during the initial pressure loading, the bearing stress
of the low carbon steel lockwire approaches the ultimate bearing strength of

the material. The width of the contact surfaces shown in Figure 13 were

i a -

determined by the above criterion. The application of the aft closure

ejection load on the sloped surface of the rotated lookwire results in a
differential ridial deflection of the aluminum shell and the aft closure

which in turn results in greater rotation of the lockwire. If the joint were
unstable, this strapping effect would continue until enocugh differential
radial deflection was obtained to permit the lockwire to rotate 90° and become
completely ineffective. The lockwire joint herein analyzed was found to be
stable by an iterative technique. The f{inal differential radial deflection

of the shell and the resulting lockwire rotation were assumed. The application
of the sjection load resulted in the assumed radial deflections thereby verifying
the structural assumption. '

It is obvious that the above bearing stress condition does not lend
itself meaningfully to the conventional type margin of safety calculations. In the
most basic sense, however, the margin of safety should express the degree of
structural stability. Following this reasoning it can be said that even
considering the most adverse tolerances permitted the lockwire joint was found

to be stable for the uluimate pressure loading condition.

- 35 -
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The lockwire must also resist the direct shear load across the

Joint tending to ejest the aft closure. The shear stresses and margins of

safety are calculated below:

Design Ultimate Pressure

PR _ 2945(1,
shear ult, " T " '%ré%ayf% = 20,600 psi

Allowable stress 0,000 -
ult. " Zpplled stress— - * gﬁfEUﬁ -l = 0,16

Design Yisld Pressure

I‘i.s L]

Onear yields Aléowuble stress _ 16,L00 _

Applied stress ~ ~: " IT,800 -1 = +0.19

B,  AFT CLOSURE ASSEMBLY

The aft closure assembly contains the closure plate, the nozzle

assembly, the folding fin assembly, the igniter and the piston and crosshead

assembly. All of these items are covered in considerable detall in t!

of the report.

- 36 -
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1, Wozzle Thermal Analysis

The initial design of the 2,75-in. rocke+* nozzle utilized
an ATJ graphite th oat insert supported by a carbon fiber molding compound
(Fibrite Corporation's }XC-313). During development rirings a number of
instances of graphite crackin: were observed as well as some cases of insert
ejection. At that time an extensive analytical and experimental program was
undertaken to determine the cause of the problém and to effect a solution.

| The analytical effort included extensive two-dimensicnal
heat transfer studies and two-dirensional thermal stress analyses which
were reported in Reference (9). While this analytical work was nct
conclusive in explaining all of the observed cracks it did indicate very
high compressive stresses on the inside surface and moderately high tensile
stresses on the outer surface of the graphite. These results, combined with
the good performance of Carbitex 70C inserts in test firings were considered
Justification for a charge to the Carbitex inserts.

Uncertainty of material properties for Carbitex over the
operational temperature range make it difficult to perform a reliable thermal
stress analysis of the insert area anda the integrity of the part is considered
substantiated mainly on the basis of the 5 successful firings which have tezn
conducted as of this date. In order to obtain an irdication of the stress
distribution in the Carbitex, however, a two-dimensional solution of the
problen was attempted. Tﬁis was accomplished by means of Aerojet's computer
progranm E-11L05. This is a finite element program for axisymmetric solids
which permits consideraticn of crthotropic material proverties. In summary,

this program considers the continuous structure to be replaced with a system

- 37 -
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of quadrilateral rings (elements)., Displacement compatibility between
elements is maintained by forcing the condition that within each element
the displacement must vary linearly; i.e., constant strain within each
elenent. Formulation of the equilibrium equations results in a set of
linear equations which are solved for the unknown nodal displacements.
Utilizing the nodal displacements, stresses and strains are then computed
for each element,

Utilizing the temperature distribution from l'igure 10, and
the néygrial properties Irom Sectiun III-C, solutions were obtained for two
assumed boundary condit.ons on the Carbitex insert. Two conditions were
evaluated because of the sensitivity of back side stresses to the conditions
assumed and the uncertainty of the actual conditions which actually do exist.
The important concern on these boundary conditions is the shear transfer or
lack of it that exists at the Carbitex-plastic interface. The assumed
boundary conditions for the two cases considered were as follows:

Case I

Carbitex irsert was assumed ic nave no radial or
shear restraint from the iiXC-313 molding compound.

Case II

P " The Lerbitex insert was assured to remain bonded to
the NXC-313 molding cermpound throughout the 1ul: 2.5 sec firing duratien,
The results of the Case I solution are contained in rigures
1lka and 1lb. These indicate the usuel hizh elistic compressive stresses on
the inner surface of the Carbitex; but it can be rationalized tnat these
stresses, which exist only on a thin layer, are relieved by plasticity and
surface ablation, The longitudinal tensile stress on the tack side is alsc

high, lhowever, as indicated on ligure 1llb.

- 38 -
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Since the 1500 psi tensile stress is an order of mamitude
higher than the estimated tensile allowable across plies, and since sectioned
nozzles show no crackingz, it must be assumed trat the boundary cordition
assumed for Case I was not applicable.

Results of the Case II solution (Carbitex bonded to plastic)
are contained in Figures 15a and 15b. Azain the inside surface shows very
high compression tut the tension on the outer surface hLas been completely
removed due to the shear transfer between the Carbitex and the plastic.

Since nozzles sectioned after firing show no evidence of
separation at the interface it seems logical to assume that the bond between
the materials is sufficient to withstand the snear stresses shown on Figure 1Eb
even at the maximum overating temperature. This may be due to an actual
migration of the plastic inte the Carbitex at the high nolding pressure
utilized in the fabrication process.

In summary, while the analysis resented here cannot be
considered as complete substantiation of the design, it can be reszarded
as indicating a rational explanation of the successful performance of the

experimental program.

-39 -
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Forward Edge of Insert at Axial
Station 1,36 In.

L | ] L ]

—-12

1.4 1.5 1.6 1.7 1.8
Axial Distance, in.

. Figure 1Ba .
Compressive Strésses at Inside Surface of

Carbitex Insert at t = 2,5 Sec - Case II

- L2 - UNCLASSIFIED
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Insert Axial Stress, ksi
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Forward Edge of Insert at Axial
Station 1.38 In.

-t O
—Ja
| ] 1 1 1 ]
1.4 1.5 1.6 1.7 1.8 1.9
Axial Distance (Inches)
Figure 15b

Shear Stress Distribution at Carbitex -

Flastic Iﬂﬁ&m-htn- 2.5 Sec - Case II

ksi

Insert-to-Plastic Bond Shear Stress.
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2. Blade, Fin Drawing No. 1146210

Geometry and Loads

| _

e,

—

/- \_‘
-—— 2.09" “"“——*"‘ Fin 1146210

. S 2-94"

P
Nozzle Plate
%E;;;;;;;g”_1146335 ‘

Center of Gravity

,lt

e
U [
— -~ |

N \

Pin
1146056 (press Fit)
enter of Pressure

Piston Cross Head

Material: 2014 Té Aluminum or Equivalent

[}

Foy 40000 psi

(]

Fou 62000 psi

b4~
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Operating Conditions

The following data was obtained from studies performed

by Aerojet's Space Divisionm. Load values are per fin.

Aerodynamic Lift: (PL) 50.4 1b @ center of pressure

Aerodynamic Drag: (PD) 26.76 1b @ center of pressure
Flight Acceleration Loads:

Transverse: 5.64 g

Axial: 43,35 g @ t = 1.89 sec.
Spin: 10 rps
Flight Loads

In addition to the lift (PL) and drag (PD) loads above
there are also acceleration and centrifugal loads, which are assumed to
act at the center of gravity of the fin. Lab personnel at Space General

measured the weight of a fin and located the C.G. (see sketch on previous

page)
Weight: 52.4 grams or about 0.116 1bs.
Transverse G Load: Ft = 5,64 x .116 = 0.65 1bs
Axial G Load: FA = 43,35 x .116 = 5.03 1bs
wv2
Centrifugal Force: F = —
c gr
2
Where: g = 32,2 ft/sec
— 45—
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11
r = 3%%#— - 0.245 ft

V = 2nrN where N = 10 rp=

V = 2m x .245 x 10 = 15,4 fps

L116(15.4) %

c = 32.2 % .245 3.5 1bs

Stresses - Lug for Pin

Axial and Centrifugal Loading

poy &

e 2.09" ]

e 2,94 ——————

(ZM_ = 0] a = 0.60"

26.76 x 2.09 + 5.03 x 2,94 - 3.5 x .42 = R_ x .60; R

1

[EF_ = 0] R = 115+ 3.5 = 118.5 1bs
X ox

[tF, = 0] R = 26,76 + 5.03 = 31.79 1bs.
y oy

Resultant Load R_ = -\/QIIS.S)Z + (31.79)% = 123 1bs.

46—
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Transverse and Centrifugal Loading

e 2,04" e

! P
R e — L
N - [ ' F

W _ . T .
~HN ==

246
| FT

Assume pin reactions on lug are taken out as point loads as

indicated. (assumed acting @ 1/3 points)

[EMN = 0] (50.4 x 2.09) + (.65 x 2,94) - (3.5 x ,123) = ,246 B

B = 431 lbs

[ZFx = 0] BV = 431 + 3.5 = 434,5 lbs

Total Load on Lug To

Assume that BN above acts uniformly acrose lug and is directly

additive to resultant reaction load Rt on previous page.
Then total load on lug is:

= +
To Rt BN

3
1

123.0 + 434.5

To = 227.5 1bs

-47-
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Analysis of lug and pin assembly will be made in

accordance with the method outlined in Reference 6.

Dimensions:

o|m

{
N
ol

1.0 = 2.0

ol

2

Abr = Dt = ,06Y4 in

P

bru

D
t

A

Sketch shows equivalent lug.

a .187"

min

.188"

o
]

.375"

=
L}

.369"

(ad
L]

e - (W-D)t = (.375 - ,188).369 = ,0694 in

~ Ultimate Load ~ Shear Bearing Faillure

From Figure 13 of Reference 6: For

(=]

Kbr = 0,84

Pbru = Kbr Abr Ftux

From Drawing No. 1146053 F = 62000 lbs/in2

Then Pbru =

tu
X

B4 x 0694 x 62000 = 3610 1bs

—48-
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Ptu Ultimate Load v Tension Failure

From Figure 12 of Reference 6: For ¥o. 2.0

D
Kt = .93
P = K A F
tu t t tu
P = ,93 x .0694 x 62000
tu
P = 4000 1lbs
tu P
P_ Yield Load f
D A
D ‘ = =
Pbru < L. ,_(Pu) Pbru 3610 1bs
min
Clnin 3610 - .83
Ab x F .0694 x 62000 ‘
r tu H
X i
From Figure 15 of Reference $: C = 1.1
Ftyx
P = C ?——_(Pu)
y tu min
X
From Drawing No. 1146053 Fty = 40000
X
_ 40000 _ .
Py = 1.1 62000 3610 = 256Q ibs

-49-
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Margin of Ssfety

Maximum lug load Tc = 557.5 1bs

Minimum Allowable Load Pbru = 3610 1lbs
P
_ bru
M.S., = oF % T 1
o
M.S. 3610 1 - 3,19 -

v = T1.5x557.5 22

Bending of Blade Due to Lift and Transverse Loads

B Mpp =
. P
1.4" L
> MBB = 7B.38 in-1lbs
4 |
Ft Approx. I
I 5 A
Y I = 107 [.75(2.15)° + .25(1.3)°]
e .13" yy 12 ' : : '
257 QR
S I, = 7.5% 1074 in®
75" NN
) N M x C
¢ o _BB _ 78.38 x .107
. i3] _4
_..{_Y_{.* 215 b I 2.5 % 10

Section B-B

fb = 11200 lbsgin2

Ftu
M5 = BFx g !

-50-
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3., Pin, Straight, Drawing Wo. 1146056

Pin is a press fit in fin and slip fit in lugs on
nozzle plate. From Page 45, the total pin reaction due to loads PD’
FA and FC was RT = 123 1bs. The reaction due to PL, FT and FC is

calculated below.

Pin 1146056

- 2.09"—————————-—4

S Fin
=  /
F

L
.31" ~ !
.62" B _ I’j
t
b 2.94" ————————.4

t

1 [zM = 0] (50.4 x 2.09) + (.65 x 2.94) - (3.5 % .31) = 5 x .€2
El (o]
{ S = 171.5 Ibs
[ZFx = 0] S. = 171.5 + 3.5 = 175.0 1bs
} Assume this load directly additive to the 123 1b load where they act in the

same direction. The 123 1b load is reacted by both sides of pin or:

| Load/side = 2 - 62.5 1
Net pin load = 175 + 62.5 = 237.5 1lbs = N
~51~
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Assume pin cantilevered as shown:

L12m ' Pin is modified from MS16556-643

237,54

NN

=
i

7d>  w(1.875 x 1071)

hardness of 36 to 42

237.5 x .12 = 28,5 in-1bs

1 3

32 32

28.5

wni=

4

For minimum hardness of 36 Rockwell "C"

£, % 160,000 lbs/in®

-52-

UNCLASSIFIED

6.48 x 10

+44000 lbs/in?

160000

1.5 x 44000 ~

1

3/16" dia cres steel pin with a Rockwell

648 x 1073 103

1,42 ~—o
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4. Closure Assembly (Ref. Drawing No. 1146639)

- £ Motor
o~ - (k
Al Y
\r__ ) )
- //l__L\\‘l 2 (gig%ek Places)
7 | 1y

\¥% %
1 Sleeve 1146365

2

Molding Compound

MXC~313
Carbitex 700 (1146659-19)

Throat Insert

Nozzle Plate (11463135).
1117 Steel or 7075-T-73 Aluminum

From the above sketch it can be seen that the molding
compound is retained in the nozzle plate by mechanical interference as
well as bond shear. In the event of a bond failure howevér, the full
ejection load on the insert would have to be carried in tension by the
molding compount at Section 1-1. This section will now be checked for

that load.

-53-
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Calculation of Ejection Load

d 1146659 d
dS ] /P- d* E
i - | £ Nozzle
N

The ejection load on a rocket nozzle can be computed

from the following expression:

P 7P
- 2 2, My 02 2 @, 2 2
Fej = Pj Aj 1+ YMj ) Py Ap (1 + Mg ) + 1’ (dS - dj ) + 7 (dE - ds )
From Drawings dS = ,675" d52 = 455
2
d, = .350" d = 122
3 h|
d* = .271"
- "
dg = .796
Pj = 1990 psi
PE = Pa = 14.7 psi
Various Equatioun Terms:
Aj = L7854 (.35)% = .0963 in®
A = .7854 (.675)% = .358 in’

mn
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2

A = 785 (.796)2 = 498 in

A = 7854 (.271)% = .0576 in°

From compressible flow tables for vy = 1.2:

A
1 . 0963 _ -
For A% 0576 1.670 Mj 38
A
E _  .498  _ -
For = = 0576 ° 8.650 ME 3.18
Ejection Load Becomes: e

1990 (,0963)[1 + 1.2(.38)2] ~ 14,7 (.498)[1 + 1.2(3.18)2]

Fej =
] =2, -2 —2
+ .7854 x 1990 (.675° - .350°) + .7854 x 14.7 (.796" - .9087)
F = 224 - 96 + 520 - 2
e]
F = 646 1lbs
ej P =
£, = - bt — = 2300 psi
z(.908 -~ .6757)

Manufacturer's data (Fiberite Corp.), indicate a room
temperature tensile strength for MXC-313 of 7200 psi. Based on silica reinforced

phenclics, and temperatures indicated on Figure 10a, it is estimated that the

minimum strength might be reduced 50%, i.e., Ftu = 0.5 x 7200 = 3600 psi
3600 _
M.S 5300 -1 = 0.57 =
~55=
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Check Sleeve (Drawing No. 1146365)

This part will be conservatively checked for the maximum internal

pressure in the exit cone.
r = 0.45"
At Section 2-2 (Reference Page 53) t = ,007" minimum

Mat. = MT-1010 - MT-1020 Steel
d = 0.430 in

2
Fty 30,000
Ay T30 ) 52
A 5572 '
,271

Py
o 0.084 (Reference Comp. Flow Tables y = 1,2)

t

P, = .084 x 1991 = 167 psi

_ 167 x .45
ft = 507 = 10,700 psi
30,000
= 222 1 =
M.S. 10,700 1 1,80 ——

5. Igniter Assembly (1146673)

Q /f//

A check will be made to insure that the polystyrene plug will

shear out before the aluminum tube will rupture.

UNGLASSIFIED
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Pressure to Eject Plug

Plug is of polystyrene and is bonded to the chamber.
strength of adhesive is estimated to be 3000 psi. Shear strength of

polystyrene is 40-90 psi per mfg. data.
J.Plug will fail in shear in polystyrene.
Area in shear, As = mx .58 x .38 = ,691 in2

Maximum load to eject plug = .,691 x 90 = 62.2 1bs

Pressure required to eject plug:

2
pmax(.7854)(.58) = 62.2

Prax 236 psi maximum

Stress in 1146095 Chamber @ Prax

t = .007" min
= BRI
£ t
236 x .313 2
ft = 007 10500 1bs/in

Tube is 6061: Assume condition "0" ~ conservative

F = 14000 1bs/in?
tu
min

«s Plug will eject before bursting chamber.

-57~
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6. Piston and Cross-Head Assembly

— Fin 1146210 (nested)

|
|
7

§ N/

&L
\\

\_ Cross Head

Piston BUREPS Drawing 456909 i
9220797 :

v/

Closure Plate .146335

Piston Load Pp

Piston is actuated by chamber pressure and applies a load on the fins
through the cross-head.

P, = 1990 psi

Pp = .7854(.252)2 1990 = 99.3 lbs

A detail piston drawing is not available, however, from mating parts and
other information the followiﬁg dimensions were estimated:
0.D. = ,215"

I.D. = .060"

-58-
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Ares in Compression = A = 783 (2157 - (0e)F1 = .0336 in?

f = 9.3 . 2960 1bs./1n2 M.§5. = High

Cross Head=Fins FoldedvBending Load

From previous page the load on the central part of the cross head

13 99.3 1bs.
per BUREPS Drawing No. 456909, piston is proof tested with a central
load of 500 1lbs.

500 L
WS, = TEaess L ¢ BXE T

Cross Head-Fins Extended Vv Compression Load

With the fins in the extended position, an axial load exists on the

legs of the cross head. This load was calculated to be 118.5 lbs on

Page 45.

Per Drawing No. 456909, the legs are subjected to a proof load of

1000 1bs.

1000 )
L 15y 118.5 High -

«59~
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7.  Nozzle Plate, Drawing No. 1146335-1

A
/— ————————— ~
| !
|
I
: \ ——
]
M e e - — o — _7\ |
_/ '
k\ﬂx RS \
D Material ]
7075 T73  AISI 1117
Aluminum Steel
Feu T
at 150°F 58,900 69,000 I
Fty 1
at 150°F 49,400 58,000 -/
A

[::>At the present time both aluminum and steel are under consideration for the
nozzle plate material, This analysis deals specifically with the aluminum
design. Based on a comparison of material properties and margins of safety,
however, the alternate steel design is also considered to be substantiated.

The structural analysis of the nozzle plate presented herein does not include
substantistion of the enclosed lockwire attachment flange. This has been more
conveniently evaluated as part of the motor case assembly.

-60-
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M
X el At e S X
//// \\\ N
// NG
N M
/7 l \\\
/?/ A = X \\
\\
!// / WA
1‘ |
] T
A = }
,ﬂsf“ﬁLL
|
Section A-A

The perforated plate (Section A~A), which acts as ar end

closure, will be analyzed by '"yield line" theory. The failure mechanism due

to the normal pressure loading will be assumed to be general yielding along the

critical 1-2-3 planes indicated above. Just prior to general yilelding the pie

shaped sector 1-2-3 must support the total applied loads by a reaction along

ARC 1 plus the edge moments indicated as Ml’ MZ’ and M3. Total moments for

this sector will be summed about the X-X axis and the total applied moment will

be compared to the total reactive moment when full yielding is reached at ali

points around the 1-2-3 sector.

-61~
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The total applied moment about the X-X axis consists

entirely of the pressure loading.

Assume pressure acts uniformly on sector with radius

= 1,129 inches, applied load (limit)

2 2
Rﬂ: . 1990 z (1.129) « 2000 lbs

moment arm

« R-F = R- 2R sin(n/4)
3(n/4)

-62-
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2(1.129)(.707)
= 1.129 - 3(n/4)

= 1,129 - .680 = .449

Applied Moment (limit)

Mapplied vield = 2000(.449) = 898 in-lbe

Applied Moment (Ultimate) ’

Mopplied yield (1.5)(898) = 1350 in-1lbs

The reactive moment about the X-X axis consists of the

effects of the edge loads plus the edge moments as calculated below:

Edge Reaction

f£dge Reaction Load (Limit)

t W - BR . 1990 (L120)

= 1125 1bs/in

~63~
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Moment about X-X Axis

n/d

Myx = 215 WR2(1 - Cos¢) d¢
)

/4

- 2 wR? (o - sing)"/

- .156 WR®

My X (1imit) .156(1125) (1.129)2

= 224 - in lbs

My-X(ult.) 1.5(224)

= 336 = in lbs

Edge Moment (Ml)

2 2
v . Folow & (123 . F 10w (+248)7(1.5)
1 6 6
= L0149 F .

Moment about X-X Axis

MX—X = 2M, R Cos (7w/4)
= 2(.0149)Fa11°w(1.129)(-707)

= .0238 Fallow

-64-
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My gmiey - 0238(49400)
- 1180 - in Ibs
My geaiey ° 0238(58900)

= 1400 = in lbs

Edge Moment (Mz)

-~ 504 |
132 Be?
IY _"{ ninll My = Mo = Fayiow (277
.185 {_T
{ r :060¢.500° | 185(,132)%,
( "f—— allow 4 4
.060
- F,,,, (-00382 + .00081)
= .00463 F_ )

My x(uimit) - 2 Moo Cos(n/4)

= 2(.00463)(49400) (.707)

= 324 - in lbs
My X (ult) 2(.00463) (58900) (.707)

= 387 - in lbs

—-65-
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Edge Moment (M,)

Moment &bout X=X Axis

2
Fallow b t° (1.5)

Mpx = 6

2
- Fa11°w (.152)(.504)7(1.5)
6

= ,00965 Fallow

My x(limiey = 00965 (49400)

= 477 - in 1bs

My x(uie) = -00965 (58900)

= 570 - in lbs

Margins of Safety

Reactive Moment

M'S'(limit) ® Applied Moment -1

224 + 1180 + 324 + 477 _

" 898 1= 3146
M.S - Reactive Moment
YT (ult) Applied Morent
336 + 1400 + 387 + 570
1350 -lo= $0.99
-66-
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Lugs for Fins

1146335

R

N
]
=

i

t§§Q§ b 2 D = .191" \
§\§ t = ,18"

a W22

D = 15, - 'V

W. o .30

= TTor = 197

D 191

T " gg = 1.06

« Dt = .191 x .18 = .0344 in’
Apy

A = (W-D)t = (.30 - ,191).18 = ,0196 in

t
N = 237.5 1b (from anal. for pin)

Pbru Ultimate Load ~ Shear Bearing Failure

From Reference 6 Kb = 1,04
r
Poru © Kor Abr Ftux

For 7075-T73 From Reference [2]

F, ~ 52000 lbs/in’ F = 61000 lbs/in?
yx tux
min min

Pb = 1,04 x ,0344 x 61000 = 2180 1bs
ru

UNCLASSIFIED
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= ,15" (dimension @ min., leg)
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(conservative)

(annealed
values)




WHCLASSIFIED

Report AFRPL~TR~69-90, Appendix B

Ptu Ultimate Load, Tension Failure

From Reference 6

Kt - .97

Ptu - Kt At Ftu = ,97 x .0196 x 61000 = 1160 lbs

P Yield Load
.

—————————————

P < P P - P = 1160
tu hru u min tu

P lnin | 1160

Abr X Ftux .0344 x 61000

= l552

c = 1,1

F
<
x 52000
(Pu)mln 1.1 61000 1160 = 1090 1lbs

P = C
y Ftu
x

Margin of Safety

Maximum lug load = 237.5 lbs (from Page 11)

Minimum allowable load: Ptu = 116C 1lbs

tu

DF x N -1

1160 _
1.5 x 237.5 ——

-68-
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Cs  PROPELLANT Al

An important consideration for all solid rocket motors is the
thermel environment in which the motor is required to operate. This is
primarily due to the differential coefficient of thermal expansion between
solid provellants and conventional rocket case materials. In many designs
this difference is nearly an order of magnitude and the 2.75-in. rocket is
no exception., In addition, the extreme temperature and strain rate dependence
of solid »ropellant mecharical properties usually requires that both ends of
the environmental range be carefully investigated.

The actual modes of failure which are usually observed in case
bonded rockets are: (a) failure of the bond due to excessive tensile and/or
shear stresses at the low operating temperature, (b) failure of the bond cue
to shear stresses during firing at either the hign or low temperature, and
(¢) cracking of the inner bore of the grain due to either long time low
storage or temperature c¢ycling between the high and low termperature reguirements.
After reviewings the design requirements of the 2.75-in. rocket as specified in -
Reference 1, the following specific conditions were selected for detailed
structural evaluation.

(1)

(2) Firing at -65°F

ong time Storage at -65°F

t—l

(3) Firing at 150°F

(L) Thermal Cycling Between 150°F and -65°F
(three cycles)

The stresses and strains due to these thermal anc pressure loads
were calculated and, wuere applicable,th: results have been ccmparsd with

approoriate laboratory test data.

- 69 -
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1. Method of Analysis

The structural analysis was performed using Computer Program
1099, "Stress Analysis of General Axisymmetric Bodies." This program is a
finite difference solution of Southwell's stress function theory for axi-
symmetric solids of revolution. Southwell's governing equations afe differential
equations in two stress functions. These equations satisfy both equilibrium
and compatibility conditions of the grain. The grain is assumed to be a
homogeneous, isotroplec, elastic material subjected to axisymmetric loads.

The finite difference technique is employed since the general
solution of the differential equations is not known. A suitable grid is
established on the longitudinal section of the grain and discreté values
of both stress functions are identified at each intersection point. The
particular boundary conditions are established using, in general, normal
and shear stresses on the free boundaries and matching strains on the
constrained boundaries. The governing and boundary equations are written
in finite difference form yielding "n" linear simultaneous equations in
"n" unknowns. The discrete stress function values are obtained from this
system of equations by the Gaissian elimination process on an IBM 360/6S
computer., The stress function values are substituted back into the finite
difference equations for evaluation of the stresses and strains at all grid
points. £

2. Results |

A summary of the maximum stresses and strains obtaired for
the various design conditions is contained in Table 5. In all cases the
allowable values are equal to or zZreater than the requirements and the

grain is considered to be structurally adequate for all its design conditions.
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In addition to the conventional structural analysis
coritained herein a "cumulative damage" analysis was also conducted on
the 2.75-in. rocket motor. Recent work at Aerojet has shown that this
apuroach can be used to make theoretical predictions of the actual number
of cycles which a grain can withstand between vurious temperature limits.
Details of this cumulative damage analysis, which considers the interaction
of transient heat conduction and thermoviscoelastic propellant behavior,
are contained elsewhere in the "Design Disclosure" documentation, desults
of this work do, however, further confirm the ability of the 2.75 grain to

withstand the required three cycles between 150 and -GSOF.
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WEIGHTS AND BALANCE

The calculated Improved 2.75-1in. motor weights and ¢.g. data are shown

in Figures 1 and 2.
weights.

Figure 3 is a summary of the most recent available actual
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Line ltem

1 Motor Tube

2

3 1Internal Insulation
4 Fwd Insulator

5 Aft Insulator

6 Cap, Insulator

7 Liner

8 Release Agent

9

10 Closure Assembly

11 Plate

12 Sleeves
13 Inserts and Seals
14 Washers

15 Molding Compound
ig Fin Assembly

18 Fin Blades

19 Pins

20 Piston

21 Crosshead and Nuts
22 Retainer

23

24 Igniter Assembly

25

26 Lockwire and O-Ring
27

28 TOTAL INERTS

29

30 Propellant

31 Chamber

32 Igniter

33

34 TOTAL MOTOR

Pre-Fire Condition

Post-Fire Condition

Weight, Arm* Moment, Weight, Arm, Moment,
1b in, in.-1b 1b in.* in.-1b
{(2,36) (13.80) (32.57) (2.36) (13.80) (32.57)
(0.48) (17.08) (8.20) (0.40) (16.95) (6.78)
0.06 3.00 0.18 0.06 3.00 0.18
0.08 29,90 2.39 0.08 29.90 2.39
0.03 30.55 0.92 0.02 30.60 0.61
0.30 15.60 4,68 0.23 15.50 3.57
0.01 3.10 0.03 0.01 3.10 0.03
(1.15) (31.71) (36.47) (1.04) (31.75) (33.02)
0.85 31.80 27.03 0.85 31.80 27.03
0.02 32.75 0.66 0.02 32,75 0.66
0.05 32,00 1.60 0.03 32.00 0.96
0.01 31.70 0.32 - - -
0.22 31.20 6.86 0.14 31.20 4,37
(0.60) (34.95) (20.97) (0.59) (34.32) (20.25)
0.48 35.45 17.02 0.48 34,65 16.63
0.02 32,55 0.65 0.02 32,55 0.65
0.02 32,15 0.64 .02 32.75 0.66
0.07 32,40 2.27 0.07 33.00 2.31
0.01 39.20 n 39 - - -
(0.02) (30.20) (0.60) - - -
(0.03) (31.20) (0.94) (0.03) (31.20) (0.94)
(4.64) (21.51) (99.75) (4.62) (21.17) (93.56)
(8.05) (16.63) (133.88) - - -
8.03 16.60 133.30 - - -
0.02 28.80 0.58 - - -
(12.69) (18.41) (233.63) (4.42) (21.17) (93.36)

Measured from forward edge of motor tube (Motor Station 0.00)

Improved 2,75-in. FFAR Weight and Balance Status

Figure 1

Page 2

UNCLASSIFIED




L R et e

© e

UNCLASSIFIED ,

{ 7 - Report AFRPL-TR-69~90, Appendix C

Line Item Part Number Revision Weight, 1b
1 Motor Tube 1569403 GFM (2.36)
2
3 Internal Insulation (0.48)
4 Fwd Insulator 1146033-1 N/C 0.06
5 Aft Insulator 1146637-1 B 0.08
6 Cap, Insulator 1146370-1 C 0.03
7 Liner IBS 105-3 0.30
8 Release Agent RIV 587 0.01
9

10 Closure Assembly 1146639-4 A (1.15)
11 Plate 1146335-1 N/C 0.85
12 Sleeves 1146365=1 N/C 0.02
13 Inserts and Seals 114665919, 1146913-1 B, N/C 0.05
14 Washers 1146613~1 N/C 0.01
15 Molding Compound MXC 313 0.22
16

17 Fin Assembly (0.60)
18 Fin Blades 1146210-1 A 0.48
19 Pins 1146056-1 N/C 0.02
20 Piston 9220783 GFM 0.02
21 Crosshead and Nuts 456909, MS 20365-~1032 GFM 0.07
22 Retainer 1253131 GFM 0.01
23

24 Igniter Assembly 1146693-1 A (0.02)
25 .

26 Lockwire and O-Ring 457822, 1146924 GFM (0.03)
27

28 TOTAL INERTS (4.64)
29 .

30 Propellant (8.05)
31 Chamber ANB-3241-2 8.03
32 Igniter BPN 0.02
33

34 TOTAL MOTOR 1146668-1 A (12.69)

Improved 2.75-in. FFAR Detail Weight Statement

Figure 2
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Pre-fire Condition Post-fire Condition
Total Total Inerts
Lot Number Inert Prop. Motor** Motor™** Exp.
lot 6 Weight 4.12 8.00 12.12 3.88 0.24
Range 0.09 0.09 0.02 0.08 0.09
Lot 7 Weight 4.06 8.06 12.12 *kk dedok
Range *kk 0.11 vekak *kk ek
Calculated 4.15 8.03 12.18 3.92 0.23

* All weights expressed in 1b.
*% All weightd are less fin blades, pins and retainer (0.51 1b).
*%% No data avatilable at this time.

Improved 2.75-in. FFAR Actual Weight Data®

Figure 3 ..
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1.0 GENERAL

1.1 Purpose of Tests: The purpose of the test program was to
' subject 20 FFAR rocket motors to tempera-
ture cycling, humidity, vibration and alti-
tude cycling, in accordance with the
specification listed below.

1.2 Manufacturer: . Aerojet~General Corporation
Propulsion Division
Sacramento, California

1.3 Manufacturer's Designation: 2.75-in. FFAR PFRT Rocket Motor,
Part Number 1146668

1.4 Specification Reference: Aerojet Test Specification TDS-00091,
MIL-C-450862.

1.5 Government Contract: F 04-611-67~C~0114

1,6 Security Classification: Unclassified

1.7 Quantity of Items Tested: 40

1.8 Testing Completed: 15 August 1968

1.9 Testing Conducted by: Ogden Technology Laboratories, Inc.
Remote Test Facility

Beaumont, California

1,10 Disposition cof Specimens: Returned to Aerojet-General Corporation
Sacramento, California

1.11 Abstract: Forty FFAR rocket motors were subjected to
humidity testing. Twenty FFAR rocket motors

were subjected to temperature cycling, vibra-
i tion and alticude cycling.
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2.0 TEST DATA
2.1 Ambient Conditions

Unless otherwise stated in the body of this report, all tests were
conducted at an ambient temperature of 70 + 20°F, a relative humidity of less
than 90% and a barometric pressure of 30 + "2 in. of mercury (Hg).

2.2 Tolerances on Test Conditioans and Instrumentation

During the tests as described in this report, all tolerances on test
conditions and instrumentation did not exceed the following parameters:

Temperature + 5°F
Relative hamidity + 5%
Vibration (g) + 5%
Frequency + 10% or 1 cycle, whichever
is greatest
Pressure + 5% *
Time + 1% or 10 sec
2.3 Test Equipment

All test equipment used in the performance of the tests described in
this report were calibrated in accordance with the standard calibration prac-
tices of Ogden Technology Laboratories, Inc. Calibration is conducted at
intervals sufficient to assure continued accuracy and repeatability of recorded
measurements, Calibration standards are trzceable to the National Bureau of
Standards and certification and calibratior records are maintained on file for
study by authorized personnel upon request.

All vibration and shock equipment is calibrated immediately before
each successive use, as a complete system, in addition to the regularly sched~
uled test calibrations.

2.4 Axis Designation
Longitudinal: Parallel with the longitudinal axis of the specimen.
Transverse: Perpendicular to the longitudinal axis.

2.5 Visual Examination.

Prior to and following each test the FFAR mgtors underwent a visual
examination in which the samples were checked for corr051on, rust or pitting,
and any degradation caused by testing.

2.6 Test Setup . '

Typical test setups are shown on Figures [l through 5.
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3.0 DISCUSSION OF TESTS

3.1 Temperature Cycle

3.1.1 Requirements

Twenty FFAR rocket motors were subjected to the temperature cycling
test in accordance with Paragraph 13.3 of the Specification TDS-00091.

3.1.2 Procedure

Prior to start of the temperature cycling test, each of the 20 FFAR
rocket motors were visually inspected. These motors were then placed in a pre-
condictioned temperature chamber at 150°F and maintained at this temperature
for a minimum of 4 hr. Within 5 minutes the motors were transferred to a cham-
ber that was preconditioned at -65°F and maintained for a minimum period of 4
hr, This procedure was continued until all motors\had undergone three complete
hot and cold cycles. '

3.1.3 Results

Following the three temperature cycles a visual examination was per-
formed on all motors. None of the motors showed any visual evidence of external
damage or deformation as a result of the temperature cycle test. All motors
were X-rayed and the original films were forwarded to Aerojet-General Corporation.

3.2 Humidity Test

3.2.1 Requirement

Forty FFAR rocket motors were subjected to the humidity test as speci-
fied in Paragraph 13.6 of Specification TDS-00091.

3.2.2 Procedure

Prior to the start of the humidity test 20 FFAR rocket motors were
subjected to a visual inspection. The 20 motors were installed in a humidity
chamber and the chamber temperature was increased to 120°F at a relative
humidicy of 95%. This condition was maintained for a minimum period of 360 hr.

3.2.3 Results

The test was stopped on the first 20 motors submitted, by authority
of Aerojet-General Corporation. Serial numbers of these motors and the hours
of test are tabulated as follows:

Units, Serial Number Hours
2710, 2718, 2716, 2742, 2726 233
2727; 3109, 3101, 3110, 3106 195

3111, 3117, 3143, 3145, 0902

143
0904, 0905, 0908, 0909, 0911
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An additional 20 samples were submitted and completed the humidity
test.

During the post-humidity test visual inspection, the following condi-
tions were found: corrosion on nozzles, pitted paint, oxidation on fins, and
corrosion on fin hinge points.

3.3 Vibration

3.3.1 Requirements

Twenty FFAR rocket motors were subjected to the temperature and vibra-
tion test as specified in Paragraph 13.4 of the Specification TDS-00091.

Group A at +70°F
Group B at -65°F
Group C at -65°F
Group D at +150°F
Group E at +150°F

The units were grouped as follows:

Group A Group B Group C Group D Group E
SN 11-31 10-12 10-85 10-88 10-44
11-38 10-77 10-07 10-92 10-48
10-03 11-06 11-11 10-09 10-51
! - 10-33 11-37 11-30 v 11-21 11-35
3.3.2 Procedure

Prior to the start of the vibration test 20 FFAR rocket motors were
subjected to a visual inspection. These motors were then mounted in a vibration
fixture, four motors at a time, and subjected to the vibration test.

3.3.3  Results

Folluwing the vibration test none of the 20 motors showed any visible

evidence of external damage or deformation as a result of the vibration test.

Following the visual inspection, Groups A, B, C, and D were X-rayéd
and the original films were submitted to Aerojet—Gemeral Corporation.

Group E was shipped to Aercjet-General Corporation prior to X-ray.

3.4 Altitude Cycling
i

3.4.1 ﬁeguirements

Twenty FFAR rocket motors were subjected to the altitude cycling in
accordance with Paragraph 13.5 of the Specification TDS-00091 at the tempera-
tures lised in Table I, '
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3.4.2 Procedure

Prior to the start of the altitude cycling test, each of the 20 motors
was subjected to a visual inspection, These motors were then placed in a
temperature chamber and conditioned to the temperatures as tabulated below.
Within a 10-minute period the motors were transferred to a preconditioned tem-
perature altitude chamber and subjected to five cycles of test site ambient
pressure and 2,1 in. Hg. The time period at each extreme was 30 minutes., The
actual pressure change time was a maximum of 5 minutes.

Test Temperature, °F Group
+70 A
-65 B, C
+150 D, E

3.4.3 Results

Following the five altitude cycles all motors were subjected to a
visual inspection., None of the motcrs showed any visible evidence of external
damage or deformation as a result of the altitude cycling test.
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Figure 4
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Figure 5
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