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NOTICES

In addition to security requirements which apply to this

document and must be met, each transmittal outside the agencies

of the U. S. Government must have prior approval of the Air

Force Rocket Propulsion Laboratory.

When U. S. Government drawings, specifications, or other

data are used for any purpose other than a definitely related

government procurement operation, the government thereby incurs

no responsibility nor any obligation whatsoever; and the fact

that the government may have formulated, furnished, or in any

way supplied the said drawings, specifications, or other data

is not to be regarded by implication or otherwise, as in any

manner licensing the holder or any other person or corporation,

or conveying any rights or permission to manufacture, use, or

sell any patented invention that may in any way be related

thereto.

Do not return this copy. When not needed, destroy in

accordance with pertinent security regulations.
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FOREWORD

This report presents the results of the 2.75-inch Folding Fin Aircraft

Rocket improvement program conducted for the Air Force Rocket Propulsion

Laboratory by the Aerojet-General Corporation at Sacramento, California, under

Contract F04611-67-C-0114. The program was administered under the direction

of Captain M. P. Konieczny, RPMMA, and Mr. Lee Meyer, RPMMA, Project Officers.

The Aerojet program managers were T. Bawden 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 t.echnical report has been reviewed and approved

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

Laboratory.
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ABSTRACT

Contract F04611-67-C-0114 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. P(-formance, 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 characteristics and an evaluation of aircraft

safety from the standpoint of the possibility of the rocket flight path

intersecting the aircraft; establishment of acceptable behavior in these

areas is tantamount to establishing satisfactory stability characteristics

of the rocket.

In the present volume, Volume I, the basic aerodynamic character-

istics of the vehicle are established together' with the aeroelastic corrections

to these parameters necessary to the determination of the true forces and

moments acting on the vehicle. These data are primarily used as input data

to the dispersion and aircraft safety studies reported in Volume II.

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. These studies are

reported in the appendices, 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 SUMARY

The basic rigid body aerodynamic parameters for the vehicle are

developed and presented. Included in the presentation is a discussion 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 are made with results of previous wind tunnel

tests and the sources of discrepancies are discussed and resolved.

Quasi-steady aeroelastic corrections to the rigid body aerodynamics

are obtained; these corrections, together with the rigid body aerodynamic

parameters, are used as input to work reported in Vol. II. These corrections

include the effects of tail fin elasticity and body bending effects.

Critical flight conditions for body loads and fin loads are deter-

mined and the attendant loads 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 addition to th.. cesults presented for the final configuration,

preliminary work conducted for the purpose of optimizing the tail configuration

citi 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. If.

1. The results of the full scale wind tunnel tests corroborate

the previously available scale model tests except for drag

and body alone centers of pressuie.

2. Drag 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 attributed to more realistic representation of flight

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

3. Body alone centers of pressure based on the latest test data

are about 1.8 calibers forward of those of previous tests.

This is attributed lagely to inaccuracies due to the relative

smallness of the forces to be measured. The new centers of

pressure, when used in conjunction with tail-on centers of

pressure, produce a more reasonable location for the centers

of pressure of lift due to the tail than did previous data.

4. The tail effectiveness in producing lift drops off rapidly

above Mach 1 to around '0% of theoretical at M = 1.5 and does

not return to theoretical levels till around m = 4. This

indicates poor section characteristics due to leading edge

bluntness and section thickness. The tip portions of the

fins are probably ineffective in most of this range.

5. Static aeroelastic effects produce fin lift effectiveness

losses of up to 40% at maximum dynamic pressure. The attendant

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

Page 3
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6. Even with the low fin effectiveness and aeroelastic effects,

the minimum static margin is about 5 calibers which is more

than adequate.

7. For the elastic fin, reduction in the fin panel length by 30%

only slightly reduced the minimum static margin.

8. The maximum body load condition occurred at t = 2.0 sec.
The maximum 3a body bending moment is 187 in-lb. The maximum

fin load occurs at t = .08 see while the rocket is still in

the aircraft flow field. The 3a maximum root bending moment

is, conservatively, 106 in-lb.

9. Motor case external temperatures reach 260 0F maximum due to

aerodynamic heating.

10. Mean temperatures on the leading edge wedge section of the

fins reach a maximum of slightly over 6000F.

11. Aerothermoelastic effects on the fins are negligible.

Page 4
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4.0 ANALYSES AND DISCUSSION OF RESULTS

4.1 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

is made with Section 5.0 in order 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 data given in Section 4.2.

The final configuration analyzed herein is shown in Figure 4.1-1.

The configuration shown (see Vol. II for the basis of selection) is geo-

metrically unchanged from the current 2.75 in. FFAR.

Page 5
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4 .2 AERODYNAMICS

4.2.1 FINAL COMPUTER INPUT DATA

This section presents the final aerodynamic data used in the dispersion

and aircraft safety studies reported in Vol. II.

4.2.2 SYMBOLS AND NOMECLATURE

The following are the symbols and notation which are uLsed in the

presentation of the aerodynamic characteristics of the 2.75 FFAR vehicle.

CD  zero lift drag coefficient

C pitch damping coefficient, per radian

C roll damping coefficient, per radian

C roll driving coefficient, per radian

CN normal force coefficient

CNct normal force coefficient slope, I/radian

CN  normal force coeffi-.ient derivative, per radian

D 6 body diameter, reference length, ft
4w
d-w wind shear, i/sec

h ajtitude, ft

I fin polar moment of inertia, slug-ft2

",w1Kw,Kn interference factors from NACA TR 1307

L missile length, ft

M Mach nuriber

M/4 jet damping derivative, ft-lb/rad/sec

Ma aerodynamic spring constant, ft-lb/rad

mass flow rate slug/sec

torque on tail fins, ft-lb

N normal force, lb

q dynamic pressure lb/ft
2

S body cross-sectional area, reference area, ft
2

Page 7

UNCLASSIFIED



UNCLASSIFIED
Report AFRPL-TR-69-90, Appendix A

t time, sec
T thrust, Ib

u gust velocity, ft/sec

V velocity, ft/sec

w wind velocity, ft/sec

X body station, inches, ft

X
(+i) center of pressure, diameters

of angle of attack, deg, rad

'MSS root-sum-square angle of attack, deg

6F  tail fin misalignment, deg
6T  thrust misalignment, deg

tincremental increase in angle of attack due to airplane

flow field, deg

at time increment for fin opening

)t running load, lb/ft

0 roll posib'ion angle, deg

Wn pitch frequency, rad/sec

W aerodynamic wavelength in pitch, ft

9 tail fin angle, radians

4 tail fin argular acceleration, rad/sec2

Subscripts

B body

BT body-tail

BT-B body-tail minus body

g gust

S hear

w wind

C.U. center of gravity

e rocket ex plane

Page 8
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4.2.3 RIGID BODY AERODYNAMICS

The final aerodynamic characteristics determined for the 2.75 FFAR

vehicle are presented for a rigid or undeflected vehicle. Corrections for

elasticity effects are given in Section 4.3. The configuration for which these

characteristics 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.

4.2.3.1 BASTC AERODYNAMIC CHARACTERISTICS

Figure t.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 5.2, 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 CN' , the normal force coefficient slope, and Xcp/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 4.2-4 presents the tail center of pressure as a function of

Mach number. These data were taken from Appendix 5.1.1.

There are aeroelastic 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

Figure 4.2-5 presents C the tail power derivative as a function

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

data were taken from Appendix 5.1.1. The roll driving coefficient and roll

damping coefficient are presented in Figures 4.2-6 and 4.2-7. These data

were 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 linear range of angles of attack. Figure 4.2-8

Page 9
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presents the pitch damping coefficient, 0m , as a function of Mach number.

These data were appropriated from Appendix 5.1.1. Figure 4.2-9 presents the

jet damping derivative M/4 as a function of time. These values were computed

just as shown in Appendix 5.1.1, but with a burning time of 2.75 seconds. The

previous rocket motor version had a shorter value of burning time (t1 = 2.15 see).

The methods used in determining the force and moment coefficients and

Ili, :de-ivatives are discussed in Sectio., [1.2.5.

LOAPS DFTERKMNATION AND DISTRIBUTL'TON

In order to accurately determine the maximum loads and the distri-

Lut.i:u of the loads, it was necessary to determine the angles of attack. This

was-done as described below.

The angle of attacA computed wa on a la probability basis. Four

" e.'-. ii d I]n this det -rinination. These were; wind, shear and gust,

i,, ,i L.salignment, tail fin misaignineit, and aircraft flow field, These

!,d. idiial. valies were compnted in intervals At -0.1. sec from launch to burnout.

Th., :.esults of theue computationb were root-sun-squared to obtain the angle
' ,. I-od a.cl t.. ," .... , ...-,:re computed using the normal force

1 011 .. i, : :,. li.2.3.1 ind the dynamic pressure from the tra-

j(Oc'Viy, The maximum tait normai force load was determined to occur at t = °08

.;C-,!Id6 a, whioh time th. :i:Lnoilv is still in the airplane flow field and the

vui-cle veioc-Ly is iown toui, Lo generate a sizeable angle of attack duc to

Li .idivIdua] v-,.Iu ot ,neLe (' attack ai'c given below in tabular

t-or t .08 seconds and V4 1.02,

item Magnitude I Source 7
:.; - , ',h : .0 1i ec RHeference (1) .6790

Wind 6t, t u 1 l3.34 ft!eec Peforenze (2) .4610°

Thrt f4i-. Jrrrnt. 6_ .1250 From Project .124a

Office
0 0

'-, aQet - rj35 0  From Project .1091
Office

Airplane Flow Field From 6-d Tra- 2.0000
j-7tory
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The ESS angle of attack for these values is:

RSS -- Y(E'6 7 9)2 + (.124)2 + (.1091)2 + (2)
2

RSS = 2.12 deg (Ia)

The tail 2 ad resulting from this angle of attack was computed to be:

NT = ( a q S = (3)(15.90)(2--27,(I'7)(o0412) = 100o78 lb (3a)

T Na 575'

A similar procedure was followed for the maximum body load0  The

individual angles of attack for the maximum body load is given below.

For t = 2 seconds and M = 3.37

Item Magnitude Source _ _

Wind Shear dW/dh = .016 1/sec Reference (1) ,0273

Wind Gust U = 13.34 ft/sec Reference (2) .20350

'Thrust Misalignment 0 cFin Misalignment T  .12 ° 
0 'om Project .O51 °

OfficeFdn Misalignment 1 ]q Yreloeto65

i ff'ice

Airplane Flow Field iPoq r-d Tra.- 0 °

Jectory

The RSS angle of attack for these values is:

1%§2 )2a = I.=035) + (.054) + (.1665)

a'ES = ,2684 deg (1c)

The body load resulting from this angle of attack was computed to be:

,.2684,
NE = C'a q S = (3)(2.8)(-TK'(I)(.0412) = 26.87 lb (3a)

Both these values arc for a 3C p:cbability level.*

Note that the 3a value given is probably quite conservative since the aircraft
flow field effect, which is the main contributor, should probably not be
trebled at this probability level.

Page 20

UNCLASSIFIED



UNCLASSIFIED
Report AFRPL-TR-69-90, Appendix A

The body load was distributed using the data in Reference 3. The

result is shown in Figure 4.2-10.

The maximum drag load on the tail fins was computed to be Dma x = 26-76 lb

per fin. This occurred at flight time t = 2.10 seconds.

4.2.5 METHOD OF ANALYSIS

Primarily the data were analyzed precisely as discussed in Section

5.1.1. In this appendix the data from the two scale model wind tunnel tests

were used as a beginning point. In this instance, the flight hardware model

data were used. The data and methods are discussed below.

Basically the axial force data are obtained from the wind tunnel test

by correcting for Reynold's number and base pressure power-on. The data of

Reference 4 were used in these corrections and an RMS roughness of.001 inches

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

CFD  = CA  + [ CD , ACD + CD

0 L model body fmodel tails flight body

+ACa + -C S ef
fflight tails

The above corrections were applied to the full scale wind tunnel test data

from Reference 5. These data were for Mach numbers M = 2.50 to 4.0. The

scale model wind tunnel test data of Reference 6 in conjunction with a transonic

computed data point were used to generate the remainder of the curve shown in

Figure 4.2-1.

The normal force coefficient slopes and centers of pressure were

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,

C = K- ' - 1BN6 Kw + K B I T an
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The roll driving and damping derivatives were computed using the data

of References 7 and 8.

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

sented below. q

, q -2 C 2 + (-2 BT-B d

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

the equation below.

M~ I XXCG)

This expression was obtained from Reference 9.

4.2.6 TAIL EFFECTIVENESS AND VARIATION

One of the significant items to come out of the preliminary study is

the relatively low effectiveness of the tail panels. At a Mach number of 1.5,

they operate in the region of 60% of their theoretical computed effectiveness.

This is as the result of a poor profile section and high thickness ratio. The

subsonic and low supersonic lift curve slopes generated by these tails could be

significantly improved by sharpening the leading edge and reducing the thickness

ratio. However, the present tails 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 made to

account for the modified tips on the resulting tail configurations. This re-

sulted in errors of' +15 to 20% in some of the aerodynamic parameters but this

was considered sufficiently accurate for the preliminary phase of the work
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since the tail effectiveness values used could subsequently be related to

fin span in a more accurate manner, i.e., the fin referred to as "70% span"

in Vol. II may more accurately represent a fin of different physical span.

4.2.7 TANSINT EFFECTS

The fin opening times were computed using the differential equation

p,-,,snted below.

I @ + )1erodynamic + ?ropulsive = 0

In the above equation the aerodynamic moment is that generated by

ti c tail fin drag as the air courses about the fin. The propulsive moment

i.; 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

4:;-")Iified equation below is obtained

= -870 sin 9 + 379 cos4 9

]I  u -&:o als volved iteratively and thc results indicate thc time for

thE ! ins to open is At = .0.,4 seconds. These data we:-r, converted into Mach

f:i o, the appropriat. launch condition. This ., a procedure similar

i.; 1hat indicated in the transient analysis in Apperdix 5.1.1.
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4.3 AEROELASTICITY

4.3.1 INTRODUCTION

Preliminary analyses, presented in Section 5.1.2, indicate significant

aeroelastic effects for the 2.75 FFAR. This is particularly true of the fins

which, at maximum dynamic pressure, showed a large loss of lift and an attendant

loss in vehicle static stability margin. A detailed body and fin aeroelastic

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

4.3.2 DISCUSSION

4.3.2.1 GENERAL EFFE'IS OF AEDOELASTICITY

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 misalignments. This, of course, is

due to the reduction of aerodynamic restoring moments caused by body and fin

elasticity. In addition, the elasticity of the fins changes the rolling character-

istics 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 data. These data are obtained

from body and fin aeroelastic analyses for several Mach number and dynamic

pressure combinations along the mission profile. The elasticized data are

then used as input, for example, to the six-degree-of-freedom trajectory program

fLom which the dynamic responses are obtained. 'The aeroelastic corrections

are made on a quasi-,static basis since past experience has shown that coupling

between structural dynamic and rigid body dynamic terms has negligible effect

on the rigid body mode responses for vehicles of this type.

Page 26

UNCLASSIFIED



UNCLASSIFIED
Report AFRPL-TR-69-90, Appendix A

4.3.2.2 METHODS OF ANALYSIS

4.3.2.2.1 Fin Aeroelasticity

The fin aeroelastic characteristics are determined from a 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 aeroelastic analysis includes the

following:

1) Spanwise airload distributions due to angle of attack (i.e.,

aerodynamic influence coefficients).

2) Spanwise distribution of chordwise centers of pressure.

3) Rigid fin angle of attack distribution.

4) Structural influence coefficients describing streamwise twist
variation with applied bending and torsional moments.

4.3.2.2.2 Body Aeroelasticity

The aeroelastic body characteristics were determined by means of

an iterative digital computer solution. The equations programmed and program

usage are completely documented in References 1 and 2.

The analysis programmed considers the vehicle to be a free-free beam

acted on by thrust and distributed aerodynamic drag and normal forces. The

shears, bending moment and axial loads acting along 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, drag and inertial loads

acting in an axial direction on a vehicle which is bent in its pitch (or

resultant) plane.

The body aeroelastic program does not calculate elastic fin character-

istics. These are calculated as described in Section 4.3.2.2.1 and then input to

the body program as an elasticized CN  for the fins.

N

Page 27

UNCLASSIFIED



UNCLASSIFIED

Report AFRPL-TR-69-90, Appendix A

U,. , Kk.UTOL OF THE AXALY

4,3.3.1 GCNERAL APPROACH

The primary purpose of the aeroelastic annlyoio was to generate

trlaotlc:iZed aerodynni- forc- and moment data to be used as input to the six-

degree-of-freedom analysis. The secondary purpoRe was to determine aeroelastic

struotural design loads. Thio is diocuosed in Section 4.3.3.4. Pursuant to

the primary purpose, aeorflactiLu body and fin &nalyces were performed for the

following conditions:

Dynamic

Mach No. Velocity, fps Pressure, psf

1.4 1562 2650

2.4 2678 8100

3.5 3906 18160

The above condition parameters are based upon a preliminary tra-

jectory. Final 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 all 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 elastic force or moment to rigid force or moment ratios vs Mach number

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

the incremental margin vs Mach number is presented. Application of these

ratios (or increments) to the rigid body data yields the desired elasticized

aerodynamic force and moment data required for the six-degree-of-freedom

dynamics analysis.
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4.3.3.2 FIN AEBOELASTIC CHARACTERISTICS

4.3.3.2.1 Fin Structural Influence Coefficients

The static aeroelastic fin analysis described in Section 4.3.2.2.1

r'cquircs structural influence coefficients which describe strearvise twists due

to applied loads and applied streamwise torques. These coefficients may be

determined 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 obtained experimentally at the

Aerojet facility in Sacramento. They describe deflections at several points

along the leading edge and 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. Points 3+ and 7+, 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 data is 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 points. Plotting the data in this fashion allows ready interpolation of

influence coefficients for intermediate points. This procedure was necessary

to failitate the reduction of the data into the form of streamwise twists re-

quired for the aeroelastic analysis.

As stated above, It was necessary to reduce the deflection data into

the form of streanwise twists due to loads applied at the elastic axis and due

to aPplied streaenise torques. The procedure followed to obtain these dat

is described in the following paragraphs.

The twi3ts dud to unit loads applied at the elastic axis were

obtaind as follows:

1) The deflections of the L.E. and T.E. due to a 1/2 lb load
applied at the L.E. and T.E. for each point were plotted.
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2) Tne defle.%ior, d the .k. arnd T.E. of a streamwise chord
through the load point were read off th-:oe c(urvec.

3) The resulting twists were then determined from the following
relationship:

6LE- 6.rE
V d

"h,r. C ; :s.i , txist, cad

6 :: L.E. or T.E. deflec!tion, in.

d = Streamwise chord length, in.

The t-.isti due to unit applied , !eamwicc torques were obtained

1fllows

1) influence coefficients were determined at the L.E. and T.E.
of strearmwise chords through the load points. These were
obtained from the "carpet' plotn.

2) The deflection;s at the L.F. trid T.F. due to l# up at the L.E.
and 1# do-ar at the T.E. for each poirt .,ere determined.

3) The res;ulting twists were then determined from the following
relationship:

6., - 6T

] TE
dk

Note that the d term gives Lhe twict due to a unit applied
torque.

The t%,wo structuia l t-ist inflence coefficient matrices obtained in

r.,ct:c manTP r are, presented in Tabl: '-.3-1 and L.3--. These are the matrices

whic<h , ,e used an the aeroelastic computer program.

It. shld be noted here that the ,tr7-ctural deflection data obtained

tro;t 'he tests gave Ye.e ..ttic reseitc which -ere in alo.ie agreement with those

.d uing theoretical structural ivfluen--e coefficient-. During the

proposal effort theoretical irnfluence co-ffi:i.,nts-, we*.e u.3ed which gave aero-

dynamic lift lc,,ess on the fir. of approximately 35. .,t naximum q. For the final

,en>. as, the anf]uen.:ocftica.:nts obtained experime.tally gave lift losses of
-ciotmately 1 ,' ~ at ma-imum q , see Figure ,

Page 30

UNCLASSIFIED



UNCLASSIFIED
Report AFRPL-TR-69-90, Appendix A

121 ~ C ,-I ,.

40

'-44

P4 A

page 31

UNCLASSIFIED



UNCLASSIFIED
Report AFRL-TR-69-90, Appendix A

o oO 0 Cl m
H U OU t--

I I I I I

11 -

(-. 1.-'. 0 0

S I I

I--,

!-'

"i t:. .. . -,_ H-.

i- Hf-.

I i I I I ,,- . '

.r-.. -

-11



Ii , ft J . SS{ ' ,-'r.,

Figurc 1 .3-1

LOAD PO 1 l' " ED ,O B : EbJL A INF T" , .' lCI T , 

FFAR Fin Aeroelaiticitv

0

Fin G +'om ir, 45 0 3 , c,

00(

2.0

1. 16'r\

\ 
/

ix-2.,) "NI 2 . .

-83

C- V
.45 

-~ 
=

1.8 
.t

3.314 3.79.

4. 1)5 Ai i

U CA-iII UNCLASSIFIED



UNCLASSIFIED
Report AT'RPL-TR-69-90, Appendix A

:: .:14 :, . tO
IT;

1 11 R,

q
11- ::;rj

I M
.. .... . it I ITa m I

- -j -1 v .. ... ....7 ..
IT i 7! 1: 1,;;

a.

t t
J m

itil !I

4
i;if T

4&

wl - L- .. .... 
::j:

I:

.:.T .. m a 
i m:

itil 1"n jil; r1i

..... ... ..
. .... . 1 4 itI a:1;. . ... : :1.1 1

atv ...

ILL
f i

.:ti 7=1:: a l .... ... .... .... ..A ; M! till T
i4 a

I NX,

l

7, T r.77! 7-

5

;mj: J: m

m
:w;:q :m:1T ::F1; I

As

a r,

It 1:
'tj:

-- TT 77.
:J

- z 4 -L;
.... .. . .... z 4

it 
:q

!m m:
a . . ... ...

I I..;: m; it I::

: _ 711 :;t
ij

ig

. ... 

W i . . ....

-7
... .. ...

m . . . ti j P ;

7

qT/uT "XOIWaua(I Page 34



UNCLASSIFIED
Report AFRPL-TR-69-90, Appendix A

4.3.3.2.2 Aerodynamic Influence Coefficients

The aeroelastic analysis requires an aerodynamic influence coefficient

matrix to describe the changes in aerodynamic distributions due to fin twists.

In the case of the 2.75 FFAR it was decided that these changes could adequately

be described by strip theory. Strip theory assumes that the lift varies

locally only with local deflections. Strip theory generally predicts aero-

elastic increments accurately, even in Mach ranges where it gives inadequate

prediction of rigid fin characteristics.

The influence coefficient matrix thus becomes a diagonal whose terms

represent values of the fin span loading at the points of interest. This span

loading is for the fin alone, not in the presence of the body. The span loadings

used for Mach numbers 1.4, 2.4 and 3.5 are shown in Figure 4.3-3. These were

derived from Reference 4.

Examination of wind tunnel data showed that the fin span loadings

used (see Figure 4.3-3) over predicted the fin o 'a 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 aeroelastic affects at

the lower Mach numbers are conservatively predicted.

It was necessary to perform the aeroelastic analysis 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 was 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. This was done with the following relationship:
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a'(y) =al+ J(y .

where :

a' lo: gL le of attack inclding -ircash .orrection

a c r, -r-,ted angle of att&ck

y = span distance from centerline of the vehicle

R = body radiu::

P"o: all Mvap,;h n.nbe::, ad rigd fir di.stributio:s, the chordwise

"enters of pressure were assumed to be at 47% of the local chord. Since

chordwize bending is negligible for fins of sach large struttural aspect

ratio, thin also holdo approx4mtely true for the elat'Cized distributions.

V3...Bt E.lti._ized Fin Data

The results- of the aeroelastic fin analys;is are presented in the

form of elastic to rigid ratios for the variouo- 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 CN C q. Examination

of the aeroelastic equations (Reference 5) shows that the distribution of

the aeroelastic increment varies with the parameter COi q. A plot of Mach

number is also provided for convenience in data preparation.

The ratios for fin lift, 'N, re presented in Figure 4.3-4. This

is to be used to determine the elasticized ON which is input to the body aero-

ela.tic analysis. The ratios, for fin normal force due to fin deflection

(d-iving) -N,, are presernted in Figure 4.3-5. The ratios for fin rolling moment

due to fin deflection (driving) C4 , , are presented in Figure 4.3-6. The ratios

for danping in roll, C a&e presented in Figu:e 4.--7.

Fay.mintion of the s teady roll equation shove, that the change in

st=sady roll rate due to elast~c effects is the ratio of driving ratio to the

damping in roll ratio. In ca e of the 2.7$ FFAB there is an increase of 17%

in the steady roll rate at maximum dynmic pressu/re due to elastic effects.
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4.3.3.3 BODY AFOELASTIC CHABACTERISTICS

Tn order to accurately assess the change in static stability margin

for the 2.75 FFAR it was necessary to account for the effects of body elasticity

as well as fin elasticity. This was done accordirg to the methods discussed

in Section 4.3.2.2.2. The same Mach number-dynamtc pressure combinations were

analyzed as for the fins.

The mass distribution used for the analysis is presented in Figure

4.3-12. The body stiffness distribution (EI) used is shown in Figure 4.3-13.

The mass and stiffness data were provided by the Aerojet-Sacramento facility.

The lateral rigid body airload distributiun used for the analysis is presented

i n ligure 4.3-11. Vote that the same distribution applies with good accuracy

for all Mach numnbers of interest. This distribution represents the body aero-

dynamic influence coefficients. As in the case of the fins they are a diagonal

matrix whose elements are the body airloading at various stations along the

v,-hicle. They are used to describe the rigid body airloading and the change

i: &irloading due to body bending. The tail loads used with this distribution

do, however, vary significantly with Mach number. Elasticized values of tail

Nbaed on the data of Section L.J.3.2.3 were "sed with the distributions to

-omplet.rly define the body aerodynamics.

The elastic to rigid ratios of body plus fin lift are presented vs

Mach number in Figure 4.3-8. The incremental static stability margin due to

elasticity vs Mach number is prcsented in Figure 4.3-9. The elastic to rigid

ratic-, of body plus fin damping in pitcb moments are presented in Figure 4.3-10.

This would not be the case for transonic and subsonic Mach numbers, but the
aeroelastic effects are small there in any case due to the lower dynamic
pre.ssiures involved.
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4.3.3.4 LOADS

4.3.3.4.1 General Discussion

In order to ensure the structural integrity of the 
vehicle, a

flight loads analysis was performed. Much of the hardware under consideration

has already been flight proven. However, the loads producing environment of

this application is sufficiently more severe than previous 
applications to

warrant such an analysis.

The work done for the aeroelastic analysis is directly 
applicable

to the loads analysis. The aeroelastic analysis, for example, provides stability

margin data from which the angle of attack may be determined. It also provides

the elasticized distributions of shear and bending moment 
along the vehicle.

Two design body load conditions were considered. These were the

maximum lateral load condition and the maximum axial load condition. These

loads are discussed in the following sections.

4.3.3.4.2 Maximum Body Load Condition

The maximum lateral body load condition occurs at the time 
when

CN a q is a maximum, where:

C N = Vehicle lift curve slope

a = Angle of attack

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:

Time = 2.0 sec

Mach No. = 3.36

Dynamic Pressure = 16,591 psf

3c Rigid Body Angle of Attack = 0.805 deg.
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The loads calculations must be based on elastic body angLes of

attack. The relationship used to determine the elasticized angle of attack

is:

CN CRai -

where:

C - Rigid body normal force curve slope

CN , Elastic body normal force curve slope

i ' Rigid angle of attack

a ,= Elastic body angle of attack

M Rigid body statio stability margin

hX F  -Elastic body static stability 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 angle of attack (say 1.0 degree). This provides

the elasticized CN, and &XF required to compute the elasticized angle of attack.

The same data is then rerun with the actual value of the elasticized angle of

attack to provide design values of shear and bending moment.

The rigid body angle of attack, as stated before, is 0.805 degrees.

Consideration of elastic effects using the above relationship raises this

value to 1.12 degrees.

The net limit design shears and bending moments for the maximum

lateral load condition are presented in Figures 4.3- 1 4 and 4.3-15. The dis-

tributed inputs used to determine these loads are the same as those used for

the Mach 3.5 condition discussed in the aeroelastic analysis presented in

Section 4.3.3.3.
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4.3,3.4.3 Maximum Axial Load Condition

The maximum axial load conditicin occurs at the time of maximum

axial acceleration for a 200 kt launch. The condition parameters at this

time are:

t = 1.87 zec

Mach number = 2.77

Axial Acceleration = 46.8 g's

Thrust = 915 lb

Drag = -237 lb

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.

4.3.3.4.4 Maximum Fin Loads

The maximum design fin loads are aiscussed 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

aeroelastic effects would move the spanwise center of pressure inboard, thus
reducing the bending moments. The rigid fin loads will be restated here,

however, for completeness. The 3a loads at the base of the fin are:

Fin Load = 50.4 lb

Bending Moment = 105.6 in-lb
Torsion = 15.7 in-lb
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4.4 AERODYNAMIC HEATING

4.4.1 INTRODUCTION

This section of the report covers the aerodynamic heating analysis

that was conducted for the fin and the rocket motor case. Section 4.4.2

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 4.4.4. The

trajectory used in the heating analysis 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 4.4.5.

4.4.2 FIN HEATING

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 4.4-3 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 - q

based on laminar flat plate aerodynamic heat transfer.

The temperatures shown in the aforementioned figures are outside

wall temperatures. However, the temperatures on the centerline of the cross-

section were also determined and found to lag the outside temperatures by

only a few 0F at any time.
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Figure 4i.4-1

2.T5" FFAP

Fin Cross-Section Showing Temperature Points

1.266"
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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 and 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

at a temperature just slightly higher than 6000F and the temperature distri-

bution througn the cross-section was much more equalized.

4.4.3 AEROTHERMOELASTIC ANALYSIS OF THE FINS

Due to thermal gradients existing throughout 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 about the fin elastic

axis, rotation of these stress resultants results in an additional torque.

The net effect is a reduction of the effective torsional rigidity of the fin

which can, in some cases, cause large aeroelastic 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-dimensional stress

equation taken from Reference (1).

E A( E a A)dA xSA(E a AT)dA]

a -Ec CT + E+ -
SA d~ (EA)x 2 d(ZA)J

where:

E is the temperature dependent modules of elasticity

a is the coefficient of thermal expansion

AT is the temperature cnange with time

x is the cross-section axis distance

A is the cross-sectional area.
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The integrals were evaluated by hand for various points along the centerline

of the cross-section. In applying tnis equation, the effect of temperature

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

The resultant effective reduction 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 tnermal stress, GJ0 , is

= 1+ x + z
0 0

The decrease in torsional stiffness was 204 lb-inC. This was a decrease of

only 2.5 percent wnich is completely negligible.

In view of the somewhat approximate nature of tne equations applied,

a brief analysis was carried out to establish the significance of GJ variations

in the present application. This was done employing a simple two-mode

Galerkin's method computation as follows.

Taking e to be torsional rotation about the elastic axis, y the

distance from the root along the elastic axis, and 6 the vertical deflection

of the elastic axis we have

d6 T

2
d6 M

dy

and the incremental aeroelastic angle of attack is

d6
a 6 @cos A - sin A

where A is the sweep angle.

Page 61

UNCLASSIFIED



UNCLASSIFIED
Report AFRPL-TR-69-90, Appendix A

The torque and bending moments are found as

T = I',(u + to~) x dy'
y

and
a nd M = S o, ( , + 6 ) (y -y ) d y l

y

where A is running load per unit angle of attack, oR is the rigid fin angle

of attack, and x is the arm from the elastic axis to tne line of aerodynamic

centers. Using the above equations, it is apparent that e and dmay be
expressed as integral equations (i.e., having e and g also in the integrands).

To apply Galerkin's method, we assume

0 k 1Y

and
d6
a- ; kY

Y k 2 y

i.e., linear twist and parabolic bending. The constants kI and k2 are chosen

to yield the best average values along the span by requiring

S (- k y) dy o
0

and

"d6fr (3y -k 2y) dy = 0.
0

The integral expressions ootained from the moment equations are
substituted for e and L in these equations and tnen the e and L under the

integrals are approximated by k1y and k2y. Carrying out the integrations

results in two simultaneous algebraic equations for kI and k2 ' Setting the

determinant cf these equations equal to zero yields an equation for the

divergence condition (i.e., tne dynamic pressure at which an infinitesimal

rigid angle of attach would produce a finite flexiole angle of attack). The
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resultant expression is

N XT D iv erg e nce SAef co t A 5 x - 1 t a n

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

area S Ref ' 7 and 7 are some average values along the fin.

As expected for this highly swept fin, tne qDivergence 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. FFAB 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.

4.4.4 MOTOR CASE HEATING

The wall temperature was calculated for a point on the motor case

located at Station 35.40. The analysis considered an alumi im wall 0.070

inches thick. An adiabatic surface was assumed at the inside surface of the

wall.

The temperature history for the outside of the motor case is shown

in Figure 4.4-4. The inside temperature followed the outside temperature by

a few degrees at any time.

11.4.5 AERODYNAMIC HEATING AND ABLATION PROGRAM

The program analyzes the thermodynamic, mechanical, and chemical

behavior of high speed body heat protection system followirg a specified tra-

jectory. The energy balance, a non-linear, parabolic, partial differential

equatioi 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 secondary materials of 
the beat protection system as a

function of time. The solution of the aerodynamic equations; 
which descrioe

the ma s and energy balances about the surface of 
tne heat protection system,

gives the surface heat and the mass flux which 
are used as boundary conditions

for the finite difference equations.

4.4.6 REFEREC

1, Bisplinghotf, R.L. "Some Structural and Aeroelastic 
Consider-

ations of High-Speed Flight", JAS, April 1956, 
Vol. 23, No. 4.
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5.0 APPENDICES

*.1 P~flRJIMINARY ANALYSIS

5,1. I AERODYNAM CS

roir We prelim:inary aerodyn-amic data used as inputs to the digital

omputer, the data of' eferenw-z 1 and 2 were used. In the subsequent Para-

graphs of this section, the resuliJng data will be presented and an explanation

of how-these were determined.

1. 1.1 SYMBOLS AND NOMENCLATUME

A Base area, ft 2

CA Axial force coefficient (from References 1 and 2

with zero base drag)

C Base drag coefficient

B
C D Skin friction drag coefficientf

D Zero lift drag coefficient

C 0 Roll. damping derivative, per radian

C Roll. driving derivative, per radian

Cm Pitch damping derivative, per radian

C q  Normal force coefficient slope, per radianN

C Normal force coefficient derivative, per radian
6  (for deflecting two tail fins in pitch)

d Body diameter, reference length, ft (d .229 ft)

kw,Kw,KP interference factors from Reference 6

I Body length, ft

Mass flow rate, slug/see

1. Mauh number

Jet damping derivative, ft-lb/radian per second

2 f2
Pef Body cross-sectional area, reference area, ft (SpRf"0495 ft

X Center of pressure location, ft
!X
(xcP/d) Cente - pressure, diameters

X Center oF gravity location, ftcg

Xt  Distance to -Locket motor nozzle, ft
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angle of attack, degrees

6 tail deflection, degrees

5.1.1.2 BASIC CHARACTERISTICS

The configuration used in these analyses is from References 1 and

2 and it is presented in Figure 4.1,T.

Three items are involved in the basic data for the Improved 2.75 FFAR.

These are; CDo, zero lift dreg coefficient, CNa, normal force coefficient slope,

and (Xcp/d) center of pressure. These data are presented in Figures 5.1.1-1,

5.1.1-2, and 5.1.1-3 as a function of Mach number.

The drag coefficient as a function of Mach number is presented in

Figure 5.1.1-1. The data are presented for power-on and power-off. Basically,

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

instance it was assumed the model and flight vehicle had aerodynamically smooth

surfaces, and the data of Reference 3 were used to compute the skin friction

drag correction. The form of the correction in shown below.

ACD =-CD D +ACD + AC
fmodel body fmodel tails fflight body fflight tails

This correction was applied to the experimental data in References 1

and 2. Since the axial force data in References 1 and 2 are foT 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

AC M- C S -
CD B CB SRef

The C data in Reference 4 were used in this application and the base area

varied for power-off and power-on by the area of the four exit nozzles. The

corrected drag coefficient as presented in Figure 5.1.1-1 was obtained using

the expression below.
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C = C + AC + ACD

VI :.'c 5,1.I2 presents the normal force coefficient slope as a function of
41aq: nunl[, , Thef data are presented for body alone and for body tall and

axe 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 f nction of Mach number from References 1 and 2 and have no corrections

applied. Figure 5.1.1-4 presents the tail center of pressure as a function

of Mach number as computed from the data in Reference 5. These data are to

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

5. 1.1.3 CONTROL POWE AND ROTARY DLf.VATIVES

Figure 5.1.1-5 presents CN , the pitch tail power derivative, as
6

a ftuction of Mach number. The experimental data in conjunction with the

data in Reference 6 were used to determine this derivative. The expression

below presents the form of the CN expression.

k r
CN w KT

K~+K1 LBT

The roll driving derivative is presented in Figure 5.1.1-6. Pre-

z entund is 0 as a function of Mach number. This expression was obtained

fron ,he C N derivative by using the expression below.

aN6

hei () is a non-dimensional moment arm which represents the lateral center
oP pressure location from the vehicle axis of symmetry. The value (2) stems

ir-no., 'he fact that the "N expression on the previous page is for two tail

Fanels.
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The roll damping derivative, CAV in presented as a function of Mach

number in Figure 5.1.1-T. This was computed using the expression below.

2
C - -2(2 CN

In this instance the ( ) is also a lateral center of pressure but for a

triangular loading on the tail fins.

Figure 5.1.1-8 presents the pitch damping coefficient as a function

of Mach number. These data were generated using the %N data from Figure

5.1.1,2. The expressions below were used.

2

C m .2 -CN[-.-j

%body *B
2

C m q~al 2 CNl (X- CPTd )

m q~tal m q m q

The jet damping derivative as a function of time is presented in Figure

5.1.1-9. This term was estimated using the equation below.

IL = (Xt - Xcg )

This expression was obtained from Reference 7.

5.1.1.4 OPENING TRANSIENT CHARACTERISTICS

Some indication of the manner in which the fi.is are extended and

the resultant variation in aerodynamic coefficients is necessary for a proper

launch simulation. This 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 was M - 0.717. This assumes the airplane velocity van 750 ft/sec.

[o determine the lime for the fins to become fully extended, experimental

data from Refer'ence t were used. These data indicated the fins had completely

extended and locked at a distance of 2 to 3 feet from the launcher. A dis-

tance of 2.5 feet wras used and the erection time was computed to be t a .04 sec.

This results in a vehicle flight Mach number of M 0 0.722 for fins fully

effective. Theme 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 of as a function of Mach number.

The four major events are ignition, full missile emergence from the launcher,

50% fin extension (spanwise) and full fin extension. Each of these events

has been located in terms of Mach number in a nominal 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 vehicle has the aerodynamic characteristics of the body-tail configuration.

A point was 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

thet C function during the launch phare.N0,

Presented in Figures 5.1.1-11 through 5.1.1-15 are the other transient

aerodynamic chaxracteristics including center of pressure, pitch damping

coefficient, pitch tail power derivative, roll driving coefficient, and other

data. These data are shown in transition as the fins are extended.
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5.1.2 PREL MINARY 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 that 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 450 . Three spans were considered. These were 100%, 77.7% and 55.3% of

the exposed span. The flight condition considered was at maximum dynamic

pressure where aeroelastic 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 aeroelastic fin analysis provided elasticized tail CN 'S. These

were then combined with the rigid body lift 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 seen that by reducing the span by as much as 30% in the

elastic case that the vehicle static stability margin is only changed slightly.

Also the effects of fin sweep seem to have little effect on the static margin.
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5.2 WIND TUNNEL TEST

5.2.1 SUVMY

The wind tunnel test of a flight hardware (full scale) model of

the 2.75 FFAR has been performed and the resulting data reduced and analyzed.

Two items were changed in this 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 lift drag data was

increased some 15.4% and the body alone center of pressure was moved forward

1.8 body diameters. These values are the changes in comparison to the previous

tests. The remaining force and moment coefficients and their derivatives

were 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 scale model tests. It was anticipated

that the tail design would be changed and so the full scale test was

scheduled. The results of the program indicated little tail design change

would be required and the present test serves as 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

a presentation of the test preparation, performance, data reduction and

data analysis of the full scale test.

5.2.3 SYMBOLS AND NOMFNCLATUBE

Model

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

which have a leading edge sweep of 450, have a modified

double wedge cross-section and have a panel span of

4.68 ineles. Each of the fins have a differential cant

of 1/'2 degree such as to produce a clockwise rolling

moment.

T - Tail assembly identical (see Figure 5.2.1) to T1 except

tail fin tip is bent 40 in a spanwise plane.

Data

The wind tunnel data were reduced in both aeroballistie and

body axis systems. in addition, the axial. force data are to be

corrected to zero base drag, i.e., Pb = P

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

is described in the following paragraphs.

Aeroballistic Axis

This axis system is known colloquially as tunnel axes. In

this axis system the X axis (longitudinal axis) is coincident with

the body longitudinal 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 tunnel vertical plane regardless of the vehicle roll

position. The Y axis remains orthogonal. to the other two axes and

remains in the tunnel horizontal plane.

In the selected system, the origin of the axis system is co-

incident with the center of the strain gage balance. In all con-

figurations, B, BTI , and BT2 the center of the balance will be

located 27.488 inches aft of the nose on the body longitudinal

axis of symmetry.

The following designations are associated with the conditions in

the wind tunnel test sectio: and with the aerodynamic inputs.
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A = axial force, force along X axis, positive (4) direction
is aft, lb

CA  = axial force coefficient, (CA - A/qS)

= rolling moment coefficient (C = RM/qSd)

Qm  = pitching moment coefficient (Cm = F/qSd)

Cn = yawing moment coefficient (C a YM/qSd)
n n

CN = normal force coefficient (CN = N/qS)

= sideforce coefficient, (Cy - Y/qS) D

CD  = zero lift drag coefficient (CD = q)
0 0

C = change in rolling moment coefficient due to differential
deflection of four tail fins, per radian

Co = normal force coefficient slope, per radian

C - change in normal force coefficient due to deflection of
N 6  two tail fins in pitch plane, per radian

C - base pressure coefficient (C

d - body diameter, to be used as the reference length for

data reduction (d - 2.75 in.)

M = free stream Ylach number

N = normal force, force along the Z axis, positive (+) direction
is up, lb

p = free stream static pressure, (lb/in 
)

2
Pb = model base pressure, (lb/in 2

Pt = free stream total pressure, (lb/in )
PM = pitching moment, moment about the y axis, a positive (+)

moment is one tending to raise the model nose, inch-lb

q dynamic pressure, (lb/in2 ) kq 2

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

RN = Reynold's number

S = body cross-sectional area, to be used as the reference
area for data reduction, (S = 5.94 in2 )

u = velocity component along the x axis (u = V cos C), ft/sec

v = velocity component along the y axis (v = 0 aeroballistic axis)

V = freestream velocity, ft/sec

w = velocity component along the z axis (w = V sin a aeroballistic
axis), ft/sec
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(x/d) Normal force longitudinal center of pressure location
CPN (diameters aft of nose)

( P .. q g C N

(x/d) py Side force longitudinal center of pressure location
(diameters aft of nose)

( c )Y g (k)
Y = sideforce, force along y axis, positive (+) direction

is to right, lb

YM = yawing moment, moment about the Z axis, a moment tending
to rotate the model clockwise when viewed from above is
positive (+), inch-lb

angle of attack in the aeroballistic axis system (a tan- )

a is positive (+) when the model nose is above the U

horizontal, degrees.

6 = tail fin cant angle, deg.

= tail fin tip bend angle, deg.

y = ratio of specific heats of fluid

0 = roll position angle, it will be designated as the angle
between fin 1 and the tunnel vertical plane, 0 = 0 when
fin 1 is in the vertical plane on top the body. A
positive (+) 0 is in the clockwise direction when the
model is viewed from the rear, degrees.

MODEL DFSCPIPTION

The wind tunnel model used for this test was fabricated from flight

hardware. The resulting configuration is shown in Figures 5.2-1 and 5.2-2.

Figure 5.2-1 presents the major dimensions of the basic configuration and

the two tail panels. Figire 5.2-2 presents the detail model drawing used

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

consists of two parts, and is threaded into the main body assembly. The
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front piece of the nose is a conical section made of a molded plastic and is

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

panel used in the T, tail assembly is identical to that used in past 2.75 FFAR

applications. The tail panels in tail assembly T2 are similar except that

the fin tips have been bent 40 in a counterclockwise direction (looking forward).

This is shown in Figures 5.2-1 and 5.2-2. The wind tunnel model body shell

and tail panels were made of an aluminum alloy. The nose was made of a plastic

material. The aft tail nozzle block was fabricated of 17-7 PH stainless steel.

The flight hardware was not used in this instance because the tail cant angles

were machined into this 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.

As 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 tail assemblies were 6 = 0.5 + 0.10. The model tail

assemblies were fabricated to these values. After fabrication, the tail

panels were measured with an indicator and the averages from 24 readings

(6 per tail panel) are given below.

Table I

TAIL ASSELY CANT VALUES

6
Configuration Ave.

BT .5882 deg .2391 deg
1

BT2 .5377 deg .2872 deg

As can be seen, the average tail cants are very near the desired
6c = 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.
0The average tail fin bend angle was M = 3.725 . This was the average of

eight readings (2 per tail panel). This was somewhat lower than the 40 desired,
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but waA considered to be acceptable. The standard deviation from this value

was o. .61360 which was 161% of the mean, This indicates a reasonable

accuracy.

5.2.5 RUN SCHEDULE

The following is a tabular itemization of all the runs which were

performed in the wind tunnel test at Tunnel A, AEDC.

Run Group Config. Mach t Data
Deg. Deg.

1 1 B 3.49 -4-- +10 0 6 Comp. +
Base Press.

1 2 B 3.5

2 3 B 2.5

4 B 2.5

5 B 3.0

6 B 2.25

3 7 BT1  2.5 0

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 5

20 22.5

page 94

UNCLASSIFIED

i/



UNCLASSIFIED
Report AFRFL-TR-69-90, Appendix A

Run Group Config. Mach 0l 1 Data

4_ __ _ 21_ 
__ _ BT__ 

__ Deg.De. _ _ _

21 BT 3.5 -- +10 0 6 comp. +

Base Press.
22 5
23 10

24 15

25 30

26 45
27 22.5

5 28 B2 305 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

39 22.5
4o 30
41 45
42 3.0 0

43 5
44 10

45 15
46 22.5

47 30

48 45

49 2.00 0
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Run Group Config. Mach 0 Data
Deg. Deg.

50 BT2  4.03 -4-- +io 0 6 Comp.
rJ Rae Press.

5q 5

53 15
54 22.5
55 30

56 45

5.2.6 BASIC DATA PRESENTATION

The basic data gathered during the wind tunnel test are presented

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 basic

data in a clear concise graphical form is given in this section. Figure 5.2-3

presents the Reynold's number per inch as a function of Mach number for this

test.

The first group of data plots are presented in Figure 5.2-4. These

data axe for the body alone and the data are presented in polar form. Pre-

sented is C as a function of CA, Q, and 488 for Mach numbers 2.25, 2.50,

3.0, and 3.50. The data behavior is as predicted in References 2 and 3 in

general. One exception is that the center 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 (approximately 1/16 inch)

at the juncture of the conical nose and the remainder (cylindrical) of the

nose. The second item is a 16,; increase in the axial force coefficient. The

remaining data exhibit conventional characteristics. That is, there is a

decrease in drag coefficient with increasing Mach number, there is no signifi-

cant change in normal force coefficient slope with Mach number, and the center

of pressure moves aft with increasing Mach number and increasing sangle of attack.
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The next series of plots, Figures 5.2-5, 5.2-6, and 5.2-7 present

similar data, i.e., CN as a function of CAP a, and Cr,27.488' but with the roll

angle, 0, as a parameter. Each of the plots are for a different Mach number,

in this instance, M = 2.5, 3.0, and 3.5. These data are for a body tail com-

bination, designated as BT1 (Configuration 2 in Reference 1). As car be seen,

there is virtually no difference in the drag coefficient aid 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 0 = 45 .

The least stable when 0 - 00. Tis 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 this is near the expected accuracy of

the data an average center of pressure through these values was used in sub-

sequent computations.

Figures 5.2-8, 5.2 9 and 5.2-10 present the lateral data for the

same configuration as in the previous three plots. Presented are Cf, Cy, and

Cn27.488 as a function of roll position angle 0 with angle of attack as a
parameter. These data are for Configuration BT in Figure 5.2-1. This is

designated as Configuration 2 in Reference I In the rolling moment data,

it may be noted that the rolling moment coefficient is not zero at zero

angle of attack. This is due to the cant angle incorporated into the tail

assembly. In this instance, 6 = 0.58820 (average). The rolling moment at

l = 00 is all due to the cant. Note the small variation in C at a 00.

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

roll position; this is due to the various fins becoming effective and since

their average cant angles are different, the rolling moment changes. Comparirg

the rolling moment coefficient for the three Mach numbers, it is seen that CA

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

sinusoidally with roll position angle 0. The C and C behave similarly to
y m

C except their values are small at ei = 00. They both decrease with in-

creasing Mach number and vary in a sinusoidal fashion with 0.
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Figures 5.2-11, 5.2-12, 5.2-13, and 5.2-14 present the longitudinal

stability and drag data for Configuration 3 (BT2 in Figure 5.2-1). This is

the configuration in which the triangular tail fin tips have been creased to

an angle of 40 relative to the tail chord plane in a plane normal to the

vehicle axial centerline. Data are presented for Mach numbers, M = 2.5, 3,

3.5, and 4. Essentiall-, these data are identicl with the data for

Configuration 2 (BT2, Figure 5.2-1). The bent tips were expected to have

little or no effect on the longitudinal characteristics. The one item

different in this series is that there are data fox M = 4. These data agree

very well with the data from lower Mach numbers.

The lateral coefficients for tile BT2 configuration are presented

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

C as a function of roll position angle 0, with a as a parameter. In these

data the bent tail fin tip does make a difference. At Mach number, M - 2.50,

and zero angle of attack, the rolling moment coefficient for the configuration

with the creased tips is C .128. The comparable value for the unmodified

tips is C1 = .114. Since the cant angles are comparable, (BT2 6 .53770

BT1 6= .58820), the 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 6equivalent = .125 degrees. Essentially, the creased tail fin behaves

like a curved tail fin. That is, 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, C., behave just like the

configuration without the creased tips. The data are sinusoidal in 0 and

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

These figures, 5.2-4 through 5.2-18, constitute the presentation

of the basic data.

5.2.7 ESTIMATED ACCU7RACY

The estimated accuracy of the reduced data was obtained from

References 2 and 3. The resulting values are tabulated below. These are
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considered to be preliminir,, wa the values published in the AEDC wind tunnel

report will be considered to be final.

ESTIMATED ACCURACY
TET DATA

Item Accuracy

CN 4 .01

a)lh t .10

CA 4.01

C 1 .008

C .01
y

yaw C+ .20

C+ .01

+ .1

M + .02

These values are from previous AEDC tests on a scale model of the 2.75 FFAR
and are accepted as being appropriate for this test also.

5.2.8 RESULTS AND DISCUSSION

The test was satisfactorily 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 tst are the drag coefficient is higher by

8 to 23%. The average value is 15 .4%. This is attributed to the more

realistic model and an increase in parasite 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 adequately reproduced.
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These drag values are for the raw uncorrected drag coefficient data. The

second item is the center of pressure of the body alone component. The body

alone center of pressure in the present test is 1.8 diameters forward of

the location in the previous teat. This is attributed .o the 1/16 inch gap

between the nose cone and the following cylinder 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 data should be used in all subsequent performance and stability

computations.

5.2.9 PROCESSED DATA PRESENTATION AD DISCUSSION

The test data from Reference 1 were processed to obtain data suitable

for use in a Space-Ceneral Six-Degree-of-Freedom Digital Computer Program..

The initial processing was performed on the axial force data to

obtain a new drag coefficient curve as a function of Mach number. The re-

su.lting data are presented in Figure 5.2-19. These data are for the power-on

full scale flight between sea level and 5000 ft altitude. The data in

Figure 5.2-19 were obtained by correcting the test data from Reference 1

for Reynold's number with painted surface roughness (data from Reference 7),

correcting for base drag, power on, (again Reference 7), and correcting for

the removal of 18 Allen head screws, 2 body joints, and the drag due to the

fin cant. Since the experimental data were for the Mach numbers. M 2.5,

3.0, .5, and 4, it was necessary to obtain appropriate data for the transonic

and subsonic regimes. This was a5complished using the data from Reference 1

and applying an incremental correction. In addition, an independent value

of drag was computed for this configuration at M! = 1 using Reference 7. Th is

corroborated the incrementally corrected data from Reference 1. It may be

noted that these values are L 204 increase in drag over the processed data

fro. previous tests. This i, de to an increase in parasite drag, (nul scale

test), and a reduced Reynold's number correction (using curves with roughness
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Reference 7, page 5-1). The roughness used was .001 inches - which is for

painted surfaces.

Figure 5.2.20 presents the normal force coefficient slope (body

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

These data from this test are essentially identical with normal force co-

efficient slope data from References 2 and 3.

Figure 5.2.21 presents the center of pressure (body alone and

body tail) as a function of Mach number for low angles of attack. The

body-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 scale 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 at 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 attributed to the crease acting like a curved

tail fin. Using the data in Figure 5.2-22 for configuration BT1 and its

cant angle, 6 = .58820, the Cj, derivative was computed. These data are

shown in Figure 5.2-23. Presented is C,6 as a function of Mach number for

low angles of attack. It may benoted that these data substantiate the

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

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

The data in Figures 5.2-22 and 5.2-23 were used to isolate the

rolling moment coefficient due to creased tail fin tips. This was done in

the following fashion:

-c CAcFin Tips " 2 C 6 6T2
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The assumption was made that C4 was the same for both tail configurations.

The resulting data are presented in Figure 5.2-24. Presented is the rolling

moment due to tail fin creased tip as a function of Mach number. It may be

noted that this fin tip crease is equivalent to a fin cant, 6 = .125 deg

in the supersonic Mach number range.

5.2.10 RECOMMENDATIONS AND CONCLUSIONS

Examinatior. of the wind tunnel data resulting from the present
p

test indicates that the data are correct and valid and should be used in

all aerodynamic computations.

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

test data be initiated at some future date.
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ngure 5.2-3
2-75 FFAR Vehicle

AZDC Wind Tunnel Test VA 0706
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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 characteristics and an evaluation of aircraft

safety from the standpoint of the possibility of the rocket flight path inter-

secting the launching aircraft; establishment of acceptable behavior in these

areas is tantamount to establishing satisfactory stability characteristics

of the rocket.

In the present volume, Volume II, the dispersion and aircraft safety

studies are described. These studies used as input the basic aerodynamic

characteristics of the vehicle and the aeroelastic corrdctions to these para-

meters which are reported in Volume I.

Reported herein are not only the results pertinent to the final

flight configuration selected (essentially unchanged in exterior geometry from

the extant 2.75 in. FFAR configuration), but also the dispersions which were

derived for a number of variant configurations prior to the selection of the

final design configuration.
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2.0 SUMMARY

The dispersion characteristics of a number of preliminary 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 40% and 70% spans were calculated by approximate methods,

but the dispersion results are valid for some set of configurations which approxi-

mate the assumed aerodynamic characteristics. These preliminary dispersions

are calculated for a 440 knot launch velocity and include the assumption of

rigid body aerodynamics and a preliminary thrust curve.

On the basis of the results of the preliminary dispersion computations,

it was determined that the geometry of the present vehicle would adequately

meet 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 a 0.110 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 II

corrected for aeroelastic 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, U0, and 6OO knots.

The possibility of a rocket making contact with the launch aircraft,

due to the effects of the flow field of the aircraft, was investigated at the

three launch velocities cited above with nominal axial performance and at 440

knots with a 3a low thrust curve.

The 3a variation of the roll history was determined and the final

configuration was checked to determine whether this magnitude of roll rate

variability could lead to pitch-roll resonance. The effect on dispersions of

these roll rate variations was evaluated.
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3.0 SYMBOLS AND NOMNCLATURE

Note: Symbols which are defined in the text of the Appendices

(Section 7.0) are not presented here.

C Aerodynamic roll driving coefficient slope (1/radians)
16

C Induced aerodynamic pitching moment coefficient (---)WI

CNI Induced aerodynamic normal force coefficient (---)

CN 6 Tail normal force coefficient slope (1/radians)

Induced aerodynamic yawing moment coefficient (---)nI
-I

Induced aerodynamic side force coefficient (---)

e.g. Center of gravity station (feet)

c.p. Center of pressure station (feet)

d Aerodynamic reference length (feet)

Q Dynamic pressure (lb/ft
2

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

S Aerodynamic reference area (ft
2

T Thrust (pounds)

a Angle of attack (radians)

6 Tail incidence angle (radians)

6' Mean differential fin cant (radians)

6. Standard deviation of single nozzle axis alignment relative
to nozzle plate (radians)

e Angular deflection of a nozzle about R, causing a rolling
torque (radians)
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en  Standard deviation, in one plane, of single nozzle axis
alignment relative to nozzle plate (radians)

a Standard deviation (units are those of parameter described)

aF  Standard deviation of single panel fin incidence angle
(radians)

N A dot above a variable indicates the time derivative or
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 P-TAR (from the

standpoint of simultaneously achieving a la 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 FFAR

in external configuration, except for the addition of a 0.11 differential fin

cant.

The dispersion of the selected configuration, at the la probability

level,varies between 1.35 mils for a 600 knot launch aircraft velocity and

6.85 mils for a 200 knot launch aircraft velocity. The effect of changes in

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 la

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, +i 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

velocity, at least to the 3a 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 area

of flight dynamics, more specifically in the dispersion and aircraft safety

areas. The principal requirements are as follows:

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

b. Pitch-roll resonance shall not occur during the flight of the
rocket. This is interpreted to mean that there will be at
least a 3a probability that it will not occur. That is, the
probability of occurrence will be less than .0028, assuming a
normal distribution of all perturbations. The necessity that
the avoidance of pitch-roll resonance be considered on a
probabilistic rather than an absolute basis 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 chosen so that it will remain well
separated from the natural frequency throughout the flight,
some small percentage of a large humber of rounds might
theoretically be expected to have spin rates far enough re-
moved from the nominal value to allow resonance.

c. The rocket shall not produce a hazard to 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 typical aircraft.

The analyses and results presented in this section are directed at

assuring that the above specifications are met. Section 5.2 presents a pre-

liminary dispersion analysis wherein various configurations and means of

achieving spin, etc., were considered. Included in the dispersion analysis

is the determination of roll rate variability in response to specificatioh i,

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 addition to the performance requirements already stated,

ancillary requirements from Reference 1 that maximum 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 dispersion 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 c, above), 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 to both sections.

Included in Section 5.1 s a discussion of the perturbations employed in

the dispersion studies.

Page 7
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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 aerodynamic 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 perturbations, such as wind, must be represented.

The data presented in this section are used in the analyses dis-

cussed in Sections 5.2 and 5.3 and, where applicable, in Section 5. 4.

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 variations in the roll rate histories.

5.1.1 NOMINAL VEHICLE CHARACTERISTICS

5olol,1 AERODYNAUC CHARACTERISTICS

For the preliminary dispersion studies, the aerodynamic character-

istics for Configuration I (see Section 5.2) were taken from 5.1l 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 with

slightly different fin span would produce equivalent characteristics for

practical purposes, so the objective of studying fin variations is satisfied

and the equivalent 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.

Page 8
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For the final dispersion analyses (Section 5.3) the revised aero-

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 aeroelasticity. These aeroelastic corrections, based on the dynamic

pressure time history of the nominal trajectory, were incorporated into the

aerodynamic representations of the final configurations.

5.1.1.2 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 is small, these characteristics were used for

all three configurations.

Figure 2 presents the revised and updated data employed for the

final configuration analyses.

5.1.1.3 THRUST COmVFS

The preliminary and final configuration thrust curves employed are

presented, respectively in Figures 3 and 4.

5.1.1.4 INITIAL CONDITIONS

Reference (1) requires the assessment of the dispersion for all

combinations of three initial flight path angles (15', 30' and 40 below the

horizontal) and three launch aircraft velocities (200, 44o, and 600 knots).

Preliminary investigations and experience with other vehicles, however,

indicated the effect of flight path angles on dispersions to be negligible

within the range specified. 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 200 to avoid impacting the ground without altering

Page 9
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too many input initial conditions. The preliminary dispersion studies were

also confined primarily to the 440 kn launch velocity with some check runs

at 200 kn.

The 6-D trajectories are started at the timu the trailing ends of'

the folded fins leave the launch tube. Thus, the initial velocity of the

rocket is somewhat greater than the launch airplane speed. The acceleration

of the rocket inside the launcher was integrated numerically to provide both

an initial velocity and an initial time for the beginning of the 6-D tra-

Jectories. The aerodynamic drag on the vehicle as it is emerging from the

launcher tube is not accurately known. However, for the purposes of calcu-

lating the initial conditions, it was assumed that the drag would be equal

to the free flight drag at the same Mach Number. An average value of this

drag was 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 6-D program.

In consequence of the change in the thrust curve from the preliminary

form, it was necessary to recompute the flight conditions at launcher exit

for the final configuration. When it became apparent that the new thrust

curve was going to produce a longer flight path between ignition and payload

deployment than did the preliminary thrust curve, the flight path angle at

launch was charged from -30 to -20 , to inzure that payload deployment

occurred before ground impact. This allowed the ignition altitude to be

kept at its previous value 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 aerodynamic coefficients to the fin

opening characteristics. Since the coefficients are functions of !'Ach Number

in the 6-D program, considerable additional effort wov.ld have been necessary

if the speed of sound during the fin opening sequence had been changed.

ae 10
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A new launcher exit time was computed for the final configuration,

using the same method as in the case of the preliminary trajectories. The

launcher exit time was calculated to be 0.102 seconds after ignition. Three

launcher exit velocities were calculated to correspond to the three launch

aircraft velocities. These are:

Airplane Velocity Rocket Speed at Launcher Exit
(knots) (feet/second)

200 428

44o 84o

60o 1102

5.1.1.5 FPN OPENING TRANSIEntS

Since the aerodynamic characteristics vary considerably with fin

position, it is necessary to simulate the fin opening transient, at least

roughly, in the flight dynamic computations.

Two different fin opening times were used in computing the preliminary

trajectories. In Cases 1001 through 1141 (all of the 440 knot launch tra-

jectories), an opening time (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 the use of

the 88 ft/second muzzle velocity reported there to evaluate the acceleration

in the neighborhood of launcher exit. When a new opening time had been evaluated

based on the actual forces on the fins, and including the use of the thrust

curve in Figu're 3, it was input to the program. This new time was calculated

to be 0.043 seconds.

For the final configuration, the chamber pressure at launcher exit

in lower than it was for the preliminary thrust curve and, since the fins are

opened by means of a pi ton driven by the chamber pressure, the time for the

fins to open is incr'eased. Volume I shows the fin opening time for the final

configu1ation to be 0 .05 L seconds.
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5.1.1.6 WARHIEAD DISPiTSAL PO1NM

For the preliminary configurationi tle payload deploymen.t atd burnout

Fwere taken to be simultaneous at 2.1', seconds. The payload deployiient of the

final configuration occurs during tailof U at- :(_ conds wh-ile h moitor

continues burning until 2.71 T5 econds, Wit 1OII &.mLailofi' t~rust, after this

time.

5 1.2 PM.1TUEBATION INPPJT PAflAI'TTS

In this section, thuc paraneters tending to affect the flight, path

of the rocket are presenteJ. In accordance with our, definition of dispersion.

(see' the first paragraph of Section 5.2), we exclude thosec perturbations which

affect each rocket in a volicoy in the same way arid therefor-e do not affctJ

the scat.ter Pattern of the burst points. Al1so included i.. this s3ection. are

the parameters causing variability in the roil rate his_-tories.

NL ote that in general, tnanufact!uri:sg alitgnnti.' tolerances areo trat ed

as -ca values, or more precisely, the standard deviat ions were taken to be one-

half the prescribed manufacturing tolerances, The aet,-.al relationship of

sta ndard deviations to mranufactur-ing toleratresn is ' known due t.o lack of

data and of krnowledge of the probability dessiv untions and, in anyea.

pr-obably varies considerably depending on thew item seneianut .actu-red,

5.1.2.1 T2FIJST IvflSALIG T~s CAgJSTIG lc:1

'The pitching moments duze to thrs d n-iaii< :ae' be resolved lute

1k-o u _:Q.olponutnLe. Those due so angiLla 1-oizI !~aitntu: hose" due-I t0

late(ral offset of the resuzltant thr!_r!t vector [ro ti lleesui.ln

(siaxLni). These two 'iainnnsae sue tt.ti,:ally in.dent) ndent

,itd :c. ated separately,

Theie are four statistically i ndej n.rdcnt Ot.: Q'.Sit faglt1u

misalignment. These- sources, together with the deigotl Srancs (assumned --a

rro.ability level) are:

Pag~e 12
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Tolerance (deg)

1) Alignment of nozzle plate to motor centerline + .132

2) Normality of nozzle holes in nozzle plate + .407

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 statistically independent betwegn •

nozzles. For any one nozzle, the RSS value of the misalignment angle due to

these three misalignments is 0.720° . Combining the contribution of 4 indepenhently

misaligned nozzles yield an effective misalignment of the total (4 nozzles) thru'st

vector of 0.3600 due to the three misalignments thus far considered. This angl'

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
0

misalignment angle is 0.383 . Since the design tolerances are considered to
0

represent the 2a probability level, the ia angular thrust misalignment is 0.192

There are four statistically independent sources of lateral thrust

vector offset. These sources and the associated design tolerances (limits of

lateral offset from nominal position) are;

Tolerance (in.)

1) Concentricity of nozzle plate with motor
centerline .0065

2) Location of nozzle holes in nozzle plate .0025

3) Nozzle shell outside diameter concentricity
with nozzle hole .0050

4) Nozzle shell outside diameter concentricity
with expansion section .0025

The last three items are statistically independent between nozzles

so that the resultant lateral offset of any one nozzle is the ESS of these

three offsets, or .0061 inches. The effective lateral offset of the total
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thrust vector due to these three offsets is then .00305 inches. The total lateral

thrust offset tolerance is the RSS of this offset and the concentricity tolerance

between the nozzle plate and the motor centerline. This gives a total tolerance

of the lateral thrust offset of .0072 inches or, at the la probability level,

-0036 inches. The pitching/yawing moment, at launcher exit, due to this misalign-

ment is equal to the moment due to a 0.008750 angular thrust misalignment.

5.1.2.2 THRUST 1IESALIGNMENl CAUSING ROLLING MOMfli IS

If one of the four nozzles, each of which is nominally at a distance

from the vehicle spin axis, and parallel with this axis, is rotated about R

tLrough a small angle e, (i.e., a tangential deflection) it will cause a torque
PT

about the spin axis of r e, where T is the total vehicle thrust. Considering

0 to be the standard deviation of the alignment of the nozzle at e, then2

variance of the torque due to the nozzle is RBT2ePn/16, and the variance of

four of these nozzles would be R2T2 2 n/4. Thus, the standard deviation of the

torque would be R T 6 /2, which is the torque due to setting each of the four

nozzles at 6 /2. If the standard deviation of the Lotal misalignment angle
n

of' the nozzle axis is , and the distribution is circular normal (equal mis-

alignment distributions in the radial and tangential directions), then 6
n

will bu equal to i

Since the nozzle plate aligpment does not affect the roll torque the

appropriate value ,of Si is 0.360 (see Section 5.1.2.1). Thus, the effective la

ci.iL:cstial nozzle cant is 0.1270.

5-1 i.23 F~I WUSALTG-TrTT CAUSING PITOFING NOI.2T7'

There are three sources of fin misalignment which combire to cause ar

w1 Ioynamic pitching or yawing moment at zcro angle of attack. One sourc-,

miz'aLignment of the nozzle plate, to which the fins are attached, will cause

a r-oatior. of all four of the vehicle fins. Within the limits of accuracy of

lincar aerodynamics, the aerodynamic moment 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 a design tolerance of + .1250. Interpreting

this design tolerance as the 2e value, the standard deviation of the alignment

of any one fin is + .0630. It is estimated that fin irregularities will have

the effect of about doubling the effective misalignment. Thus, the la mis-

alignment of a single fin relative to the nozzle plate is estimated to be + .1250,

Each fin has a normal force coefficient of C 6/2, where C is the fin normal
CN6 6N 6

force coefficient slope for two panels, and 6 is the incidence angle of the

panel. Letting the mean value of 6 be zero and the standard deviation of 6

be the standard deviation of the fin alignment, aF, the standard deviation of

the normal force coefficient of two panels is CN8 aF//2. There are two orthogonal

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 CN6 aF, and the effective l fin misalignment, due to fin to

nozzle plate alignment tolerances and fin irregularities, is equal to the single

fin standard deviation, or for the present case, 0.1250. The total la fin mis-

alignment is the RSS of this angle with the nozzle plate to motor la misalignment

which is shown in Section 5.1.2.1 to be 0.0660. The total lc fin misalignment

is therefore 0.141,.

5•..2.4 FIN ISALIGNMIS CAUSING ROLLING MOMNTS

The roll driving torque due to the fins is C 66'qSd, where 6'is the

mean differential fin cant. The standard deviation of the torque due to one

fin is C16 a.QSd/4, where a. 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

plane of the fin and 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 variancu

of the torque due to one fin, or C 6 aF QSd/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 torque, the

appropriate standard deviation for a single fin (see Section 5.1.2.4) is 0.1250
0and the la differential fin cant is 0.063

5.1.2.5 LAUNCHER TUBE ALIGNMET

Reference 2 gives the results of alignment measurements made on

the tubes of two XM-159 Launcher Pods. For each tube, the misalignments in

elevation and azimuth relative to the centerline of the pods were presented.

Thus, there are a total of 76 tube angular misalignment components presented.

It was assumed that this was a representative sampling. The standard deviation

of the sample was found to be 0.475 mils. This represents a rotation about one

of the two orthogonal axes (azimuth and elevation) and, assuming a circular

normal distribution of misalignment, the total la misalignment of a tube was

calculated to be 0.673 mils.

5l.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 magnitude 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 the

calibration of the aiming system. Another part of both the tipoff rate and

angle will result in an equal perturbation of all the flight paths of a salvo

or ripple fire string and, although they change all of the flight paths fl oM
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their nominal value, 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 magnitude 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 being 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 is not roll symmetrical. Additionally, a

change in the mean tipoff rate and angle affecting all the rockets will cause

a variation in the independent portion of the tipoff of each round by changing

the 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 a conservative

limit value.

A reasonable approach to the evaluation of a conservative value of

the la 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 la 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 constrained to be

about core 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 and 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

neas'ured tube 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 0.061 °. 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 lo angular thrust misalignment to be 0.1920. The front

bourolette clears the launcher tube at 0.043 seconds and between this time and

the time the tips of the fins leave the tube (.081 seconds), the la thrust

misalignment moment could accelerate the rocket to an angular rate of 13.70 /sec

00
and an angular displacement of 0.26 °. This displacement angle may be added

to the 0.0610 deflection which the vehicle may attain prior to 0.043 seconds

to give a la magnitude of the dispersion component of the tipoff angle of
00o32

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

power spectrum into so-called steady and turbulent 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-

ments 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, then represents that

portion of the winds (shorter wavelengths) expected to appear random in the

temporally or spatially separated measurements. It should be apparent that

the portion of the total spectrum assignable to the turbulent category is

dependant on the separation of the measurements and tends to decrease as the

separation interval is decreased and vanishes completely for coincident
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measurements. Available correlations of this type, such as those of Reference

using wind profiles measured above Cape Kennedy, are applicable to intervals

of many minutes. On the other hand, the maximum temporal separation of the

rockets in a single volley is on the order of tenths of seconds, so the data

would appear to be highly unapplicable. The maximum spatial separation of

the individual trajectories of the various rockets is on the order of 100 ft

indicating that wind components with wavelengths over 400 ft or so would

certainly not contribute significantly to dispersion. The turbulent spectrum

taken from Reference 4, 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 variable here, but, on the other

hand, the spectrum is not so inapplicable as purely temporal considerations

-iuld indicate; this is primarily due to migration of the launching aircraft

during the firing of the volley.

In any case, it is 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, this portion of the dispersion is not large, so this

situation can be tolerated. Also, it will be permissible to use an approximate

thoc computing the effects of winds.
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5.2 PRELIMINARY DISPEICION ANALYSIS AND CONFIGURATION SELECTION

The purpose of the dispersion studies presented herein is the deter-

mination of the la 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.,

are not considered. Lateral displacements only are considered and no pertur-

bations in burning range are included. Also it should be noted that the launch-

ing aircraft is assumed to travel at a constant velocity in a perfectly straight

line with no angular rates. Effects of aerodynamic or mechanical interference

between the various rockets in a volley have been excluded from consideration.

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 IBM 7094 digital

computer. The program, which was developed by the Aerojet-General Corporation,

allows the complete simulation of the trajectory and attitude history of an

unguided vehicle relative to a spherical rotating earth. A 1962 U.S. Standard

Atmosphere (Reference 6) is employed by this program. The program allows the

inflight initiation of trajectories, and, for the present study, all trajectories

comrienced at the point where the aft end ofthe vehicle (the tips of the folded

fins) leaves the launcher tube.

In order to determine the dispersion due to various perturbations,

such as winds, fin misalignment, and thrust misalignment, trajectories were

computed with each of these perturbations and in the absence of any perturbations

(ice., nominal trajectories). Comparison of the perturbed trajectories with

the nominal cases allowed the determination of the displacement (dispersion) of
the point of warhead dispersal due to each of the perturbations. (r the pre-

liminary configurations, dispersal was assumed coincident with thrust termination.)
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The specific purpose of the preliminary dispersion euudies 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 reducing the dispersions to meet or exceed the

specifications given in Section 5.0. Primarily, the dispersion reducing methods

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

present these data in the order actually occurring in the study, discuss each

step, and 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

integrated form in order to derive the greatest understanding of the results

and the phenomena involved. Lastly, the significance of the over-all resulbs

are discussed.

Previous dispersion investigations, performed for artillery rockets

and soundirg rockets, support the assumptions that the normal dispersions of the

Improved 2.75 ?FAR measured at burnout, are rotationally isotropic and linearly

proportional to the magnitudes of the perturbations, and may, for a fixed spin

program, be combined by linear superposition. Therefore, in order to determine

the la dispersion, i.e., the standard deviation of the position of the point of

warhead dispersal of' a given configurations, the la value of each of the dis-

persion sources is estimated and the dispersions due to each of these are combined

as a root-sum-scuare. T.e 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 body fixed perturbations will change with the

spin program. For all practical values of spin rate, the gyroscopic moments on

the Improved 2.75 FFA? are negligible in comparison to the aerodynamic moments.

Thus, the nominal trajectories and the dispersions due to perturbations which

are not fixed to the vehicle are independent of spin history. This was borne

out by several comparison trajectories.

As will be seen, the dispersions are a function of the spin program

employed. Since the spin program, itself is subject to statistical variations

due to fin and nozzle cant variations, the over-all dispersion must take these

statistics into account. This will be done for the final configuration dispersion

analysis (Section 5.3). For these preliminary studies, we merely present dis-

persions for various fixed spin programs.

5.2.1 OUTLINE 07 THE PRELIMINARY DISPERSION STUDY

Based primarily on experience with previous vehicles (mostly ground

launched) and on rather sparse results obtained during the proposal effort,

it was initially expected that inducing spin by canting the nozzles was probably

store effective in reducing dispersion than the use of fin cant. This is due to

the more rapid spin-up obtained with canted nozzles as well as possible spinning

in the launch tube though this latter is not certain to occur due to the flow-

straightening effect of the folded fins when in the tube.

Therefore the initial effort was concentrated on examining the effects

of nozzle cant on vehicles with various amounts of tail span. The spans examined

were equal to or smaller than the extant fin spans since it was known tha the

stability margins with the current tails were considerably larger than required

for good stability and dispersion characteristics.

The studies of the canted nozzle configurations were well along when

indenendent studies of manufacturing procedures indicated canting nozzles to be

undesirable in comparison to canting The fins. Attention was therelore redirected
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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 advantage

over this method. Also, due to the sizeable initial dynamic 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 initial 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 produce sizeable

burnout roll rates. Therefore it became evident that variations in the roll rate

histories due to accidental fin and nozzle misalignments presented a problem in

terms of both avoiding roll-pitch coupling and keeping a low probability of having

low roll rates and the attendant high dispersions. In particular, it was found

that the short (40% span) tails, which did provide adequate stability, did not

produce sufficient damping in roll to permit maintaining the roll rate below the

pitch frequency curve (i.e., avoiding roll-pitch resonance). Some studies were

made of the possibility of rolling above the resonant conditions, but not enough

spread was available between the pitch frequency curve and roll rate limits on

the motor grain (20 or 25 rev/see). Therefore the 40% fins were eliminated iron

further consideration.

For the longer (70% and 100% span) fins, damping in roll was found to

be adequate to handle nozzle cant tolerances, but it was found that the tolerances

on fin alignment had to be tightened to maintain the roll rates within a reasonable

rang,. These were tightened to produce (see Section 5.1.2.4) an effective 1 r fin

cant variation of 0.063° thus allowing the fins to be set nominally to avoid roll-

pitch resonance at the 3c level and still maintain dispersions at an acc-ptacit-

level. It might be noted here that the extant fins, due primarily to free-play

in the moutings have nisalignents on the ordex of 10.

bith the tightened fin alignment toleranccs, either" the 70 or the

100S span fins produced acceptable dispersions. The shorter fins would present

Page 23

UNCLASSIFIED



UNCLASSIFIED
Report AFRPL-TR-69-90, Appendix A

somewhat less risk of the fins of one rocket striking another rocket as they spin

up in P. volley. However, it was decided that the small advantage of the shorter

fins did not warrant shortening the fins from their present length due to the

electrical interface problems introduced by the constraint to muintain the prebent

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

5.2.2 METHOD OF ANALYSIS

The preliminary phase of this investigation encompassed the determin-

ation of the dispersions of each of three rocket configurations, with a number

of different spin programs, and the selection of a final configuration to be

analyzed in detail 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 II: Identical to Configuration I except that the fins
are shortened to 70% of the present exposed semi-span.

Configuration III: Identical to Configuration I except that the fins are
shortened to 40% of the present exposed semi-span.

Table I presents a summary of all of the 6-D trajectories run during

this Improved 2.75 FFA3 program. Cases 1001 through 1155 were run for this pre-

liminary phase of the study and represent flights of Configurations I, II, and

III.

To assess the dispersion due to a given perturbation, a trajectory is

computed which includes this perturbation, and the position of the payload deploy-

ment point is compared with the position of the nominal payload deployment point

obtained from a nominal trajectory. The effect of spin on the nominal trajectory

is negligible, so that non-spinning nominal trajectories were used for comparison
with all the perturbed trajectories with the various spin histories. Cases 1001,

1002, and 1003 are the nominal trajectories for Configurations I, II. and HI

respectively, with a 440 knot launch velocity. The accurany of the output of the

crajectory program is on the order of + 1 ft, or about 1/4 mil at the payload

deployment point, This is the accuracy with which the program renorts 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 20 differential nozzle cant and is otherwise identical

to Case 1002, the non-spinning nominal trajectory for Configuration II. Comparison

of these two trajectories showed the positions of the payload deployment points

to be identical within 0.18 sils, which is within the accuracy limits of the

trajectory program.

Most of the preliminary trajectories were calculated for the 440 knot

launch velocity. However, Cases 1142 through 1154 were computed using Configur-

ation I with a 200 knot launch velocity to check the degradation of dispersion

performance wi-h 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 prograa. The dispersion sources which are included in the

present study are angular thrust misalignment, lateral thrust offset, fin mis-

alignment, atmospheric turbulence, tipoff rate, tipoff angle, and launcher tube

misalignment. The dispersions due to each of these perturbations may be calcu-

lated by determining, from trajectories, the dispersions due to unit magnitude

perturbations of the following types: angular thrust misalignment, fin misalign-

ment, initial pitch rate, initial angle of attack, and a ballistic (constant

velocity) crosswind. Only the body fixed misalignments (angular thrust misalign-

ment, lateral thrust offset, and fin misalignment) cause dispersions which vary

as the spin program is varied. Thus, only the angular thrust misalignment and

fin misalignment trajectories had to be computed for a variety of spin programs.,

The spin history of any of the configurations will vary from th- :-.ominal

due to fin and nozzle misalignments which cause rolling coments. This variation

of tle spin history from the nominal will cause an alteration in the magnitudes -

of the dispersions due to the body-fixed misalignments. Additionally, it is re-

quired that the vehicle not enter roll-pitch resonance an3here in the flight.
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This requirement has been interpreted here as meaning that resonance will not

occur at least to the 3a probability level. Since a number of different spin

programs were tested in the course of determining the appropriate program for

the final design, sufficient data was generated during the preliminary phase of

the 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 perturbations 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 if the misalignment magnitudes were

known a.prioi.o In actuality, the alignment tolerances were selected during the

course of the preliminary dispersion calculations and in light of them. Since

the chosen tolerances are considered practical minimums for large scale production,

there is at least not complete arbitrariness in the selection of the perturbation

magnitudes or in the calculated dispersion magnitudes.

The dispersions due to a fixed magnitude fin or thrust misalignment

will vary with the roll history selected. Thus, in order to define the final

configuration, it is necessary to determine the dispersion due to these pertur-

bations with a variety of roll histories, and to choose the roll history and

vehicle configuration which yield acceptable dispersion magnitude while best

satisfying the other design objectives: minimum cost, minimum change in existing

tooling, no required changes in the launcher, and no pitch-roll resonance to at

least a 3a probability level. It will be shown in Section 5.2.3.3 that Configur-

ation III does not satisfy this last requirement. When this became apparent,

the configuration was dropped from further consideration and the dispersion of

this configuration is consequently rather incompletely defined.
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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 and nozzle misalignments is discussed; then the

dispersion due to the combined perturbations is assessed; and finally, sources of

variation of the dispersion magnitude are indicated.

5.2.3.1 DISPERSION DUE TO ROLL INSENSITIVE PERTURBATIONS

Figure 5 presents a la 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

Reference 4. Additionally, shown in Reference 7 is the normalized dispersion

response of a small artillery rocket to cyclical winds. This response is the

square of the dispersion distance per unit wind amplitude for sinusoidal winds

of a given Wave Number (inversely proportional 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

not imply equality, the dispersion calculated here will be conservative in any

case and the extensive work required to calculate the exact response would be

unarranted. Therefore it was assumed that the available curve could be used

as a reference to construct a siilar 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 vehicle, and a smoothed curve fitted through the mean of these

oscillations was considered to be a better generalization of the data. Fig=e 6

shows this fitted curve. It may be seen that the dispersion response has JcQkn

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 N1mber (a Ballistic Wind).
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Reference 7 shows that, if the product of the dispersion response

(dispersion2/unit amplitude wind 2 ) at a given Wave Number and the turbulent wind

spectral density (velocity2 /Wave Number) is integrated over Wave Number, the

resultant value is he 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 is the la spectrum, the square root of the resultant of the inte-

gration is the 10 dispersion due to atmospheric turbulence. If the normalized

dispersion response replaces the dispersion response in the integration, then

the square root of the integral become the la dispersion per unit response to a

unit ballistic wind. The integration was performed, using the normalized wind

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 turbulence is

sometimes defined as instantaneous wind deviations from some mean value, the

use of the term "instantaneous" is relative, and in the portion of the turbulent

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

milliseconds 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 440 knot launch velocity. he

following table summarizes the results of these cases and of the subsequent

dfsnersion calculations:

Configuration Dispersion due to la Dispersion due to
10 ft/sec ballistic atmospheric turbulence
crosswind (mils) (milS)

T 6.6T 0.80
[I 6. Sh 0, 80

111 6.30 076
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It is interesting to note that despite the large variation in fin areas

between configurations, all three are so aerodynamically stable as to produce

negligible differences in the dispersions due to winds.

Section 5.1.2.5 gives the la launcher tube misalignment as 0.673 mils.

The dispersion due to this misalignment may be calculated using the 6-D trajectory

date which gives the dispersion per unit initial angle of attack. However, the

launcher misalignment is not numerically equal to the initial 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 tube of 8. V is the
0

airplane velocity, AV is the velocity increment during launch, and VL V ° + AV.

'V~be 8$

, ,....,,i - :1 •
Nominal Launch Path

0 *0

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

have a dispersion of to, where:

% = AV z'in e/VL (52-1)
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However, for the actual case, the vehicle will have an additional dispersion

due to the angle of attack o, where:

6 M e- * = e (1 - AV/VL) (5.2-2)

o 0

initial angle of attack calculated from the 6-D trajectories. Combining the two

dispersion contributions yields the dispersion due to tube misalignment, A*:

AT=0((dt /aa)(l - 6VV)+ I /L (5.2-3)

where the small angle approximation e = sin e has been used. The following table

sua narizes 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.

d*/da AV/V Dispersion due to 0.673 nil

Configuration (mils/mil) ( _ LAjla launcher tube misalign-
ment (mils)

I .o424 0.13 0.112
II .o424 0.13 0.112
III .0315 0.13 O.106

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

Section 5.1.2.6 shows that a conservative estimate of the la dispersion

due to tipoff may be made using the maximum possible tipoff rate and angle (lue to

a l thrust misalignment. These hare been calculated to be, respectively,

13.7 0 /second and 0.320. Trajectories with a 440 knot launch velocity have been

computed, for each of the three preliminary cases, which included either a 10

initial angle of attack, or a 100 /second initial pitch rate. Multiplying the

dispersions per unit pitch rate and unit angle of attack, respectively, by the ic
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tipoff pitch rate and tipoff angle and summing the results yields the Ia dispersion

due to tipoff. The following table sumarizes the results of both the trajectories

and the tipoff dispersion computations:

lO/Second Initial Rate 10 Initial Angle of Attack lo Tipoff
Dispersion

Configurction Case No. Dispersion(Mils) Case No. Dispersion(Mils) : (mils)

I 1031 0.36 1025 0.55 o.67

II 1029 0.55 1015 0.74 0.99

11 1030 0.7L 1020 0.74 1.25

5.2.3.2 ROLL DEPEND= 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 la angular thrust misalignment is 0.1920

while the la lateral offset yields a moment at launcher exit which is equivalent

to a 0.008750 angular thrust misaligrnent. These two misalignments are statistically

independent and thus may be combined as an RSS to yield the total lo thrust misalign-

ment. The lateral offset contributes negligibly to the dispersion and the effective

la thrust misalignment is 0.192

A number of trajectories were computed with a 0.125 angular thrust

nisalignment and various differential nozzle cants between 00 and 20. Cases were

computed both with zero spin rate at launcher exit and with a spin rate et that

point which would result if the thrust torque were fully effective during the

launch phase. All three preliminary configurations were investigated. Figure 7

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

the expected values with a 0.1920 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 differential cant, it is seen that, as expected,

the dispersion increases as the fin area, and hence the aerodynamic restoring

moment, is reduced. This variation is not as apparent at the higher differential

nozzle cants, but it should be borne in mind (see Figure 8) that the roll rate

per unit differential nozzle cant increases rapidly with decreasing 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 cant.

For both Configuration I and Configuration II, a number of thrust mis-

alignment cases have been computed with various combinations of differential fin

cant and roll rate at launcher exit. The trajectories were computed with a
00.125 thrust misalignment, but the resultant dispersions have been scaled up

0Yto a 0.192 misalignment, and the resultant la dispersions plotted as Figures 9

and 10. Comparing these two figures shows that Configuration II is much more

sensitive to an initial spin rate than Configuration I. This lack of sensitivity

of Configuration I is particularly apparent 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

iI is significantly lower when the sense of the differential fin cant is such as

to cause spin in the same direction as the initial spin. This difference becomes

more merked as the initial spin rate is increased. It is interesting to note

that, for zero differential cant, the dispersion does not always decrease as the

initial spin rate is increased.

A number of trajectories were computed, foi all thrvee configurations,

whilch included a 1/40 fin misalignment and various differential nozzle cants.

These trajectories all included a spin rate at launcher exit which was the value

that would exist if the torque due to the differential nozzle cant were fully
0effective. Section 5.1.2.3 shows that the la fin misalignment is 0.141 °
. The

dispersions calculated from the computed cases were ratioed to yield the dispersion

due to the la fin misalignment and the resultant l dispersions are shown in

Figure 11 as a function of differential nozzle cant. It may be seen, by comparing
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the zero spin rate dispersions, that the dispersion 
due to fin misalignment varies

little between configurations. This is due to the fact that reducing the fin

area reduces the upsetting moment due to a given misalignment 
angle, as well as

the restoring moment.

Figures 12 and 13 show the la dispersions of, respectively, Configuration 1

and Configuration II due to fin misalignment, as a function of differential fin

cant and initial spin rate (at launcher exit). These figures were prepared from

data gathered from a number of trajectories computed 
with a 1/40 fin misalignment.

Comparison of the figures shows that, with no initial 
spin rate, there is little

difference in the dispersion of the two configurations. 
As in the case of the

thrust misalignment, the magnitude of the initial spin rate in general has 
little

effect on the dispersion of Configuration I, but does 
effect Configuration I.

It may he seen that, for Configuration II, initial spin 
in the same direction

as the spin croduced by the canted fins reduces dispersion 
while counter-rotation

increases it. Shown on Figure 13 as a broken line is the dispersion calculated

using the later aerodynamic rolling moment coefficients (the rigid body coefficients

calculated for the final configuration but reduced, using 
strip theory, to apply

to Configuration I). It may be seen that, except for the case of counter-

rotation, the dispersion is reduced from the values calculated 
with the earlier

roll agerodynamics. This i,-dicates that, for practical configurations, the

previously calculated results are conservative.

523.3 ROLL hISTORY VAF!/!LITY

In the previous sections, it was shown that the magnitudes of the

dispersions due to fin and thrust misalignment could be varied greatly by the

en§.oylrent of various scin programs. Additionally, it was shown that th % di,-

rersions due to all sources could be varied by charges in vehicle configuration.

n 1- investigation these configuration variations were limited to fin span

variatIon though the JMQi;1 ation ir, of corse, tha. other configuration variations

cg-t conceivably be used o supply the aerodynamic properties of the selected
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configuration. On the other hand, the requirement that maximum use be made of

existing tooling probably does make span variation the most suitable means of

vt uying the configuration.

The dispersions so far computed have been presented in terms of

different combinations of configuration and spin history, but the efficacy of

the different combinations from viewpoints other than dispersion control has

ot yet been discussed. The most significan- of these other pointl is the
eleC2tion of a design which minimizes the possibility of pitch-roll resonance.

Figure 14 presents the history of the aerodynamic natural frequency of each

of the three preliminary configurations. These histories are for a 140 knot

i-inch velocity and include the preliminary rigid body aerodynamics. in

Figure 3, the spin rate due to a 1 differential thrust cant is shown as a
-unction of time for the same three configurations and a 440 knot launch velocity.

T1e standard deviation of the differential nozzle cant is given in Section 5.1.2.2

0,127° . Thus, the 3 variability of the differential nozzle cant is 10.381° .

Using the data of Figure 8, the spin rate of Configuration III, due to the 3C
ccffer.nt.ial nozzle cant is found to be +8.78 eps at 2.0 seconds after ignition.

h risid body natural frequency at this time (from Figure 14) is only 8.5 cps,

Thus, for any design spin rate below the natural frequency, resonance will occur
telos the ja probability level, and this configuration is unsuitable for use.

_he high spin rates required to stay above the natural frequency at a 3a level

tie not considered compatible with the propellant environmental requirements.

sho:ld be mentioned that the stated nozzle alignment tolerances, as well as

the fin al.ignment tolerances, are considered minimums for a prac-ical design:, so

the elirination of Configuration Ili is not arbitrary.

I :esides the spin variability due to nozzle misalignmentz, there is

also a component due to fin misalignir.nts which give an Pfective differential

fin cant. Figure 15 shows the spin history of Configuration I and Ii for a
,0 differential fin cant and a 440 knot launch velocity. Section 5.l.2.L gives

a standard deviation of the differential fin cant of 0.0630, so that the Ba
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variability of this cant is 0.189 °
. The spin rate, at any point along a 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

3a variability of the spin histories due to differential fin cant variability,

The 3a spin histories dut to differential nozzle cant variability and

differential fin cant variability may be combined by the RSS method to yield

the total 3 spin history variability. This computation has been performed and

the results are presented in Figure 16 for Configurations I and II. The vari-

ability is greater for Configuration II, while the aerodynamic natural frequency

(Figure 1!4) is lower, thus showing this to be the more critical configuration in

regard to pitch-roll resonance. Powever, some margin is present for both configur-

ations, although it might be expected that, using elasticized aerodynamic co-
efficients, Configuration II may become quite critical. Te consequence of

having to avoid pitch-roll resonance in a vehicle which may have a spin history

which is cuite a bit different from the nominal is that the allowable spin

histories which may be built into the vehicle are much more limited than they

would be if it were orly necessary to avoid resonance between the aerodynamic

natural fre uency and the nominal spin rate. Figure 17 shows the allowable spin

history envelope for Configurations I and I. These envelopes are based on rigid

body aerodynamics and may be expected to be considerably smaller for the aero-
vehicle. Comparing this figure with Figure 8, it may be seen thz +

Con-figura-ion II is limited to differential nozzle cants below about 10, 1o avoid

rsoni:nce, while cants us to about 6° could be used with Configuration I. Refe-ring
t.II -t any - etn that differential fin cant is linited to about C j,0

with: w iguraio :, chil, on ly about a O.17 O cant would be possible with

o.fi:s io n. i U will be seen in Section 5.3 that the allowable cant: arc,

in a~ct, uch mort limited for the aeroelastic vehicle.

As mentioned earlier, revised rigid body roll aerodynamics were employed

starting with Case 1139. igure 13 shows a comparison of the roll histories of

Cficuration ii ~witL both the earlier and the later roll aerodynamics. It may
I c :-,. a the o dfPfer- tar ltle,
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5.2°3.4 DISPERSION DUE TO COMEINED PERRBATIONS

The dispersion sources being considered are statistically independent.

Therefore, the dispersion due to the combined effects of' all the pexturbaLiuue

may be determined, at the la probability level, as the square root of the sum of

the squares (ESS) of the la component dispersions. The dispersions may be

conveniently considerea in two parts (which may be combined by the KBS method):

the roll insensitive dispersions and the roll dependent dispersions.

There are three dispersion sources which are independent of the roll

history: atmospheric turbulence, launcher tube misalignment, and tipoff.

Secetion 5.2.3.1 reports the component dispersions for all three preliminasy

configurations, and a launch velocity of W0 knots. The following table summarizes

thu combined dispersion due to these perturbations:

la Dispersion due to Roll-
Configuration Insensitive Perturbations (Mls)

1 1.05
II 1.28

III 1.47

The roll dependent dispersions include fin misalignment and thrust mis-

alignment, with the latter being a combination of the angular thrust misalignment

and the lateral thrust offset. Figure 19 shows the roll dependent dispersions

as a function of differential nozzle cant, while Figure 20 sho ws ther: as a function

of both initial roll rate and differential fin cant. Both of these figures show

the results for Configu.rations I and IT and a 440 knot launch velocity.

--'he total dispersion, at the la levei, of the Configurations I and II

vehicles, when launched from. an aircraft travelling at 440 knots, is depicted in

Figures 21 and 22 for a variety of spin programs. The most significant point

apparent from these results is that both configurations yield smaller dispersions
Than aret required for the design for all spin histories investigated, including

the -on-spinning cases.
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In comparing the results for the two configurations, it may be seen

that, if they are not to be spun, Configuration I will produce only 78% of the

dispersion of Configuration II. If the vehicles are spun by means of canted

nozzles, then Configuration II will produce a lower dispersion up to about a

0.7° differential nozzle cant while Configuration i is superior above this cant.

If the vehic? is to be spun by means of differentially canted fins, then

Configuration I will provide lower dispersion with initial spin rates below

about 2 cps while Configuration II will provide the lower dispersion for higher

initial spin rates.

5.2.3.5 VARIATION OF DISPERSION WITH LAUNCH 21OCT7f

In order to assess the degradation of dispersion with decreased launch

velocity, a number of trajectories were computed with a launch aircraft velocity

of 200 knot,, the minimum velocity for which the vehicle is to be 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 misalignment.

Figure 23 displays the dispersion due to the individual contributions while Figure 24

shows the combined effect, i.e., the la dispersion due to the roll dependent pertur-

bations. Since these dispersion data have been calculated using the preliminary

rigid body aerodynanics, it must be expected that an actual aeroelastic vehicle

of otherwise similar configuration would display even higher dispersion, as, of

course, Configuration TI would. It may be concluded that, since the la dispersion

of Configuration I due to the roll dependent perturbations is 8.25m ils for no iritial

snin and no differential fin cant, neither vehicle configuration would be satis-

factory as a non-spinning vehicle. It may ce seen from the zero initial s:pin

curve of Figure 24 that a 0.1:0 fin cant reduced the dispersion by only 

from the non-spinning case, in comparison to the approximately 80% reduction

nossible with a 440 knot launch velocity (Figure 20). The indication of this

iC that the vehicle will probably require as high a spin rate as possible within

the nitch-roll resonance restrictions.
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5.2.3.6 DISPERSION CONTRIBUTION OF ROLL HISTORY VARIAILITY

The spin rate variability affects the dispersion of the vehicle in two

ways, each of which has been entioned earlier. First, it reduces the range

within which a nominal spin history nay be chosen; and second it causes a 10

dispersion which will be different from that computed from the l dispersion-

causing perturbations and the nominal spin history. This is due to the fact

that the actual spin histories will be distributed about a mean (the nominal spin

history) so that the la dispersion will be some integrated function of the la

dispersions at all the spin histories which may occur. nince, for botht iffer-

cntial fin cant and differential nozzle cant, the l dispersion as a function of

cant is concave upward with decreasing cant, it may be expected that the dispersion

calculated with the spin history variability included will exceed that calculated

fnr the nominal spin history. it is apparent that this integration of the dis-

persion distribution must be carried out to assess the actual dispersion magnitude

for the vehicle. Section 7.1 develops the necessary mathematics to perform this

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

configuration.

4.2 TTERPRETATION OF RESULTS

t was shown in the preceding analysis that Configuration III was un-

suitable for use due to the extreme roll rate variability inherent in the short

fin design. Both Configurations i and II produce 2. dispersions well within the

required linits, with or w¢ithout spin, with a 4140 knot launch. however, with a

230 knot launch velocity, the dispersion of Configuration L was shown to ue

excessive without spin, and the dispersion of Configuration I may be expected

to be even more so.

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

ability of the roll history from its nominal value limits the range of nominal

scan histories which may be employed. T-his limitation is more severe 'n the

case of Configuration !. It is apparent that the limits on the allowable roll
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history will become even more stringent in tue case of the acmtal aeroelastic

vehicle, and very little margin for design may be left in the case of .onfigur-

ation I].

-oth differential fin cant and differential nozzle can: are Vtlective

in reducing dispersion, but an initial spin rate makes little conri'ior

It may he seen that a suitable configuration could protably be found

almost anywhere 'n the range between 705 (Configuration !I) and 100, (ofigu-

t~i r) of the present vehicle's spar;. Also, spin may Vs povidod .i'

differential fin cant or differential nozzle cant, within the tecuired dipersion

limit and without the occurrence of pitch-roll resonance. Thus, it is necessary

to choose a final configuration at least partly on the basis of considerations

othor than dispersion magnitude and resonance sensitivity.

The ripple fire launching interval iL short enough that the roets

will be overlapped at launch. Since the spacing of the launcher tacos ic small

compared to the fin span, it is possible that there will to some contact octrecc:

rockaiss immediately following launch. It may he presumed that if the rocke, c,

spinnin rg a lanch, this contact could lead to more erratic behavior ol' Vhs c

than if there were no spin. Since initial spin contributes little to .,educi

dil-pers ion- in a ny case, t-ere seems to be no valid arguimelr agains din:".'

:- v entioned ato-, either differential fin cart or difflrertiai ',:-

cant, . , s ed to urovide the spin necessary to satisfy th( diep

, O,,ever, i is the opinion of the vehicle desi;cners tha.t d "

lieLl c -,ao-ald - more costly To implement. In any case, the .oz < - -

ci. p si c'ate ,urlys i- the flif ht and would ths 3,-.

o:i oandon of minimizi the ad,.erss effects of co:.-ac -

ro a-.._sea± etcly following laanc. -- rh, may to concdt d i - 111

fcant most eat isfactory mea-s of achievig .)e I'le ' a'' o 1

has b-een stat d earlier that, iL orer to meet e :,he . -

: -t -,. te lowest launch velmi y (.}0 knot-.) a high .pin -. w

" "-)' -.. \ -sy. Since it is nrouable that the ailowa..l p:r ic
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Configuration II would be severely limited due to spin variability, Configuration

becomes the preferred candidate for the final configuration. This choice allows

the greatest use of existing tooling and no modification of the launcher and is

thus most suitable from all aspects.

It should be pointed out that although the chosen configuration appears

identical to the present design in external configuration, there are several

significant differences: The motor performance has been increased to improve

range and velocity capability. This normally would lead to increased dispersior.

However, reducing fin alignment tolerances to the practical minimum, and in-

corporating differential fin cant will result in a vehicle with excellent dis-

persion characteristics and an extremely low probability of experiencing pitch-

roll resonance.
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5 3 FINAL CONFIGURATIOK

In Section 5.2 the performances of several configurations were evaluated

and a final configuration chosen. The preliminary configurations were studied

using rigid body aerodynamics and a preliminary thrust curve. In the present

section, the dispersion of the selected configuration will be evaluated using

the latest wind tunnel values of the vehicle's aerodynamics with aeroelastic

corrections applied (both the wind tunnel data and the aeroelastic corrections

are reported in Volume I), and the finalized thrust curve. Additionally, the

effect of roll history variability on dispersion will be numerically evaluated in

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

it has been found from numerous studies that the dispersion, measured

normal to the nominal flight path, of a rocket of high acceleration and short

flight path length is independent of flight path elevation angle at launch.

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

5.3.1 NTHOD OF ANALYSIS

As in the case of the preliminary configurations discussed in Section

5.2, the dispersion characteristics of the final configuration were evaluated

through the use of 6-D trajectories. Both nominal trajectories and trajectories

which included the various perturbations which will cause dispersion were

computed. By comparing the calculated payload deployment points of the perturbed

trajectories with those computed for the nominal trajectories, the dispersion

due to each of the perturbationb was evaluated. In addition to the perturbations

which cause dispersion directly, there are two perturbations which, while they

do not cause dispersion of themselves, will charge the magnitude of the dispersions

caused by other perturbations. The two perturbations which have this indirect

effect are fin and nozzle misalignments which induce variations in the spin history

from its nominal value. A number of trajectories were computed which included

cash of these effects in cobination with each of the perturbations which cause

dispersions that vary with the roll history. These trajectories provided data
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dc~criti: the variation of the dispersion of the vehicle with variations in the

spin history. Using the assumption that the spin histories would be normally

distributed about a mean represented by the design spin history, the method

duvelopod in Section 7.1 was used to determine the aucual la dispersion of

tue vhicle with roll history variability included.

5.3.2 !UPUT PAAS I S

The final configuration which was chosen is geometrically identical

to Configuration I of the preliminary phase of this study. However, the euro-

dynamic characteristics and the thrust curve both differ from Configuration I.

D-e to the change in the thrust curve, there are alterations both in the initial

conditions at launcher exit and in the fin opening time (see Section 5.1.1).

.V2*1 VIPL_ CARACTERSTICS

Figure 4 shows the finalized thrust characteristics of the rocket motor

dcx cloned for the Improved 2.75 FFAR. This thrust curve is considerably different

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

.lue I gives the final rigid body aerodynamic coefficients as deter-

mined from wind tunnel tests. Also presented in Volume I are the ratios of the

aeroclastic aerodynamic coefficients to their rigid body equivalents, and the

aeroelastic chanGe in center of pressure. These aeroelastic corrections were

applied o the rigid body data, and the resultant aeroelastic coefficients input

to the t-. Progran.

Once the aeroelastic coefficients were known, it was possi.le to make

an. s timatc of the natural frecuency at payload deployment and of the spin

ace per unit differential fin cant at this same tiLnf. Although the burnout

sclt.ity (for the same launch velocity) proved to be lower for the final con-

fiLra~ion than for the preliminary configuratlons, the ratio of spin rate per

unit differential fin cant to the aerodynamic natural frequency was little

-~D dS. Since the roll rate variability, at payload deployment, due to tie-

.... z . .was ssentially equal to the variahility due to differential fin
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cant variability alone, sufficient data were available to allow the determinatio:i

of the maximum allowable nominal differential fin cant which would preclude

pitch-roll resonance below the 3a probability level. This differential fin cant

was calculated to be 0.11 and since the preliminary work had shown. that it

would probably be necessary to use as ouch cant as possible, this value was chosen

for the final configuration.

5.3.2.2 PZRTIUJATI O1'S TO -LIGHT

Section 5.1,2 presents the magnitudes of the various perturbations

which may cause dispersion and describes the derivations of these values. These

data were used, unchanged, in the calculation of the dispersion of the final

configuration. Additionally, the effect on dispersion of the roll perturbations

discussed in Section 5.2.3.3 was numerically evaluated. These roll perturbations

are, at the la probability level, a differential nozzle cant variability of 0.1270,
0

and a differential fin cant variability of 0.063 . Section 7.1 discusses the

technique by which these secondary effects are incorporated in the dispersion

analysis.

5.3.3 TRAJECTORY CO.1IFUTAT ONS AND RESULTS

Table I summarizes the trajectories computed for this study, Cases

ii/)1 t hrough 1197 we'-e computed for the final conifiguration. Cases 1156 through

1173 were used to evaluate the dispersion, at the three launch velocities, when

the roll history was that due to the nominal differential fin cant. The balance

of the trajectories include either a variation in differential fin cant or a

differential nozzle cant, as well as the various dispersion inducir pereurbations,

5.3.1 NOMISAl, TBAJFCTORIES AID ROLL HISTORY

Cases 1156, 1157 and 1158 reproduce the nominal trajectories of the

final co figuLration with launch aircraft velocities o f' 200, 440 and 600 knots,

respectively. Figures 25, 26, and 27 show the aerodynamic natural frequency,
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no'nalrai rate, and 3qa ngb roll. rate foi each o1 th~u t~U'eO launch aircaft

veloitis It may be seen that the variation in. aerodynamics, the reduced

velocity at Payload deploynser-t, and the incorporation ofaeoatityhval

totrbtdto a mrajor, reducti*on in aerodynam ic nabeal freqkency. omiparing

s 13 and 26, lzeth! computed for a ),40 ia:,ot la, u.cn' hui--feLi velocilty, it

cc: 'e seen that the nat.ural frequency of p1relinary Con.figuration I wan calcu-

lated to be 1.( times aic high', ac t he frequency compted for -he final con firurateonu,..

*neeFigures 25 through 27 s how thet the aerodynamic n-atural frequIency re mainry

7l'ntl aovv the S a iUh roll rate, proving] the seliected differential fin- cane
0

ot .111 to be suitable from the standpoint. of avoiding resonanice. Al so, i

-a:c bocen. from F igure 27 that this is as higEh a can~t as couild be used. Thu,:s,
nosc of a010 fin cant, was jueti tied.

e§P3~I0NSDUE 20LDIVIDUAL '01D11sr10ML

The dispersions pr-esented here are evaluated fian th.e 6-uW trajectory,

-o. ul _, and renresent, Icy prob-abilityr level magnitudes. ! xcept for the dis-

: ::'o'_- dlc to fin niainetand the thrust aglrmis alignments; and offset_,

tin~~ccsof the disrernions are in-dependent_ of the oll hnistor': used.

is shown in., Section 3.2.1 that thie dispersi on due to vind vami-

ma_'e conservatively calculated as the dispersion due to the otal

- ~,buentwid sectum.Itis also shown that this dispersion is directly

.rct -aa o -,he dispersion due to a -.nit ballistic crosswind and tbhat etc

o' An~pronortionalit7y is 1.2 mils of dispersion per- nil dispersio pe

ft. cu:d alitc id.Te followin.g table su-,marizes the dispersion of t

a l. confi-urati on due to atmospheri c utulr-,ence, as calculJated lies: the

tA. Of I-U trajectorie- wlic m nlaed a 10) f /cond cr-osswind:

'D
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Launch Aircraft Dispersion per ft/sec lo Dispersion duv to
Velocity Ballistic Wind Atmospheric Turbulen:c
(knots) (Mils) (mils)

200 1.i.71

440 0.65 o. 7

6o 0.42 0.50

Section 5.2.3.1 presents the method by which the dispersion due to

launcher tube misalignment is calculated. The dispersions of the three pre-

liminary configurations are calculated there and shown to be negligible compared

to the dispersions due to other perturbations. The following table uszrarizes

the results of applying Eqn. 5.2-3 from Section 5.2.3.1 to the final configuration,

and includes the significant terms used in that equation.

Airplane Velocity d*/do Av/vL Dispersion due to
V (knots) 0.6'3 nil la launnce

knots)(.) (...tube misalignment (ails)

200 0.110 0.210 0,20

440 o.o417 0.107 0.10

000 .0343 0.0815 0.08

It is shown in Section 5.1.2.6 that a conservative estimate of the lo

d-spes ion due to tipoff may be made using the traximun possible tipoff rate and

auglc due to a lo thrust misalignment (combined angular misalignment and laicral

thru- offset). The tipoff rate calculated there for this condition is 1 ,s. :

Ahiic the tinoff angle is 0.320. For this worst case condition, the dispersions

due to the tipoff rate and angle are assumed to be in the same direction en tc:at

the component dispersiors are additive. Trajectories were computed for all three

launh velocities both with a 10 0 /second initial pitch rate and a 10 initial

angle of attack. The disnersions due to tinoff were calculated from the results

of these trajectories. The following table sunmarizes the component and total

d' nsrsions doe to tipoff.
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1.:UnK1 Aircraft Dispersion DLue to Dispc -sott Du o lr ])ispession Diu
Vlocity 13.7 0 /S3cond --iPofi 0-32P '-tpofi f'o 'pl (zilc)

(kl te) Rate (male) (Milo) ________

002 5 . (1 2 o

to (&J 0.2 -Li'

NO 0.85 0.21 0

There are two dispersion cocponents attrilu~at)utlu rs aain

".- hat dun to the angular thrust misalignment a-nd h,'at due -to a late;-nl

alrs- t of the thrust vector. ihowever, it is shown in. Fict-tion 5.1.2 1 -nat t'-.

I,- ic o small in compariLson to the former as to sou compltetly negjikgicle.

V AlGosersioz due to thrust misalignmetnt may tlherefore 1';z computeud zl 1 I.

0> mciondue to a 0.192 0angular. thrustIiaigiAt It vas sLow, i.,. Lit-

*'t'::tio'n of the. p-relimidnar-y conf igurations- thnt the. diirs . t o

- I 24 udcthrust mis-alignment vaies significan-tly, w::1.tor .

p.l ogioa m. Since the roll history 01 theu Improved ?( P)will '.'a.'

i* o the nomninal, it. is- !1o.' stt 1 .S'M''2 1 C [L.L '> -

mi I ictory diatribntion. to det.;-mfine2 a -utticl'.:ic vi

c:onwtreicaL evaluatiot of ;N dKT :: ' t ,d: a o i

dn : Or that sinti i :-; n rnC -

WLO *-S which. included not. only a th-t- t .. alia'e- v a' d e-ac:h a'

-velocities, bUt. aloava-e l roll pigms i

:. nde,&d, in addition lto the to:> ;' (&, d: 1- -1 1 : alit

n t ferent ial f in cant of ;0: (Th ai0' op1' t 0 vt:

1f!(') 2o dif ferent ial nmo. 1 mA na........ation---------

. ii iai fin cant. F igure '-'! s-hows the: disnpersiun. due -,otlrs

Pas a. function of differerti-al Iscn tl 'izue 29q pi~

on'0-. as' a functi"0.on 0' differT. sial nozzle cant. w:,- t..iu :Q)otinEal i

i'ollo,,ving tacesunarizes "n dipperuo:; doe to the la tiv'

i11;±ts~t te r'oll hi-stoy is saL allowed to vat-v nvor its nm~ial
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Launch Aircraft Dispersion Due to lo Thrust Misalignment (ails)
Velocity (Roll History Held to Nominal Value)
(knots) _______________________

200 40

44o 0.92

C00 0.5O

As in the case of the thrust misalignment, the magi:itude of' she di:-

persion due to a given magnitude of fin misalignment will var'y greatly wit h

Thanges in the roll program. Thus it is necessary to evaluate the la diupursion

due to fin misalignment in terms of a distribution of roll histories about the

nom4nal. An array of 6-D trajectories, paralleling those computed for thu thrust

misalignment case, were determined to allow the computation of the correct l,

dispersion due to fin misalignment. This computation is performed in, Section 7.1

The following table suzm.narizes the dispersion due to the la fin misalignment

(0.1410) with the roll history held to its nominal value.

Luunch Aircraft Dispersion Due to la Fin Misalignment (mils)
Vlocity (roll History Held to :ominal Value)
(knots) __________________ _____

CC 0.95

41,o 0.48

Figure 30 shows the dispersion due to fin misalignment as a function of

differential fin cant while Figure 31 shows it as a function of differential

nozzle cant in cormbination with the nominal fin cant.

5. j. S.3 D IPJ ON DUE TO COINED PER-DA'IONS

-he disner-sion sources which have been considered here are statistically

indepcndent. In addition, these dispersions are small enoUh that the dispersion

magritud.<: may he eonside-ed to be linearly proportional to the pertutat ion
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magnitudes. Thus, the total dispersion at a la level may be calculated as the

square root of ti e sum of the squares of the component l1 dispersions. The roll

rate variability adds some non-linearity to the solution in that the dispersions

due to fi'n and thrust misalignments do not vary linearly with variaUw:s iin

dilffTrential fin or nozzle cant. However, despite this, the dispersionL; due to

th.ese misalignments are still linearly proportional to the magnitude of the

nialignments for any fixed spin history. The effective la di,persions due

Io fin a nd thrust misalignment are calculated in Section 7.1, including the

frcc; of roll history variability. The following table summarizes the lar

di .spersion of the Improved 2.75 FFAR both with and without the inclusion of

the roll variability effect.

,aunch Aircraft Dispersion Due to la
Velocity Perturbations (mils) la Dispersion
(knots) (Roll Variability Effect (mils)

not Included)

200 6.56 6 .8

440 1.49 1.87

6oO 1.05 1.33
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5.4 AIRCRAFT SAFETY

A paramount consideration in the design of a rocket to be launched

from a manned aircraft is to assure that the rocket cannot make physical

contact with the aircraft after launch. This is effected here by determining

that neither 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 which contribute

to misalignment could cause a safety hazard, the flight paths computed by the 6-D

trajectory program for the cases of the final configuration which included these

perturbations were compared with the nominal trajectories over the first 06

seconds of the flight. This time corresponds to a separation distance between

the rocket and the aircraft of almost 100 feet. Excent for the case of an

initial pitch rate of 100/second, the perturbations used in the trajectories

were several times as large as the calculated la perturbations. Despite this,

the separations of the perturbed trajectories from the nominals were always

well within 2 feet, and usually substantially less. Thus, it was apparent that

these perturbations presented no problem of launch aircraft safety. It should

be mentioned hat the trajectory with a 100 /second initial pitch rate remained

within about 1/2 foot of the nominal, so that an initial rate several times as

large as the conservative 13.7 0 /second estimated for the la tipoff would not

present a hazard.

The more detailed portion of the aircraft safety evaluation involved

the calculation of the trajectory of the rocket in the presence of the flow

field of the launca aircraft. The equations of motion definins this trajtctory

ar e develoned in Section 7.2. These equations were nimerically integrated for

all three launch velocities (200o, 440, 600 knots) and followed the rocket to a

point about 50 feet ahead of the nose of the launch aircraft. b esides -.he tint

nominul trajectories, one trajectory was computed with a 3a low thrust (about 75

of nominal thrust) and a LLo knot launch velocity.
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5.4.1 INPUT PARAMETERS

The required input to allow the integration of the equations of motion

definir the aircraft safety trajectories may be divided into two parts: those

parameat:s defining the rocket itself, and those defining the flow field of the

launch aircraft.

5 ... 1 ROCKET CHARACTERISTICS

The axial velocity history of the rocket is taker, directly from the

- nominal trajectories and the vehicle is assumed not to roll. Thus, only

the side and normal forces and the pitching and yawing moments on the rocket

need be defined. The aerodynamic terms which are necessary to define these

are the normal force coefficient, the pitch damping coefficient and the centto-

of pressure. Jl of these are functions of Mach Number and were taken directly

fr.em the 6-D trajectory inpnt. The inertial and geometric description of the

v.i:hicle is also identical to the 6-D input. These data include the diameter,

efrence area, weight, pitch moment of inertia, and center of gravity location.

-I." LAUNCH AIRUC'TK FLOW FELD

Reference 9 gives the estimated induced aerodynamic coefficients

t1in7 on a typical anti-tank rocket due to the flow field of an i-4C/D aircr-aft,

The reference indicates that these data are considered applicable to the present

md;0  The airplane diagram, included with the reference gives the carrying position

of the rocket c.g. as:

Fuselage Station 2t 5 inches (positive aft of Station 0o0, wl:c-
the aircraft nose tip is F.S. -27.1)

W..ater Line -26 inches to -35 inches, where the underside of
the fuselage is W.L.O.

Lateral Position: 81.5 inches outboard of the centerline.

A mean ILL, of -30.5 was assumed for the trajectories. The rocket free-flight

wlas assumed to commence when the tips of the fins cleared the laurch-er, i.e,,

S. t: -Lad travelled its own length.
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The induced aerodynamic coefficients taken from the reference and

employed in the range safety trajectories were the normal force (CNI), pitching

moment (% ), side force (Cyl) and yawing moment (Cnl) coefficients. These

coefficients are presented in the reference as a function of distance ahead of

the rocket carrying position for aircraft Mach Numbers of 0.6, 0.9, and 0.96.

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

deviate from the flight line at launch by more than a foot before it had

passed the nose of the airciaft. At all launch velocities, and with both the

nominal and the 3a low thrust, the rocket dropped away from the aircraft in

the vertical plane. The lateral motion was outboard or the 200 knot launch and

inboard for the others. Figures 32 through 34 depict the translational position

of the vehicle as a function of distance forward of the aircraft Fuselage

Station 0.0. Comparing the lateral tracks at the different launch velocities,

it is apparent that the aiming point of the rocket will vary appreciably with

launch velocity.

igures 35 through 37 present the angular orientations calculated for

thle four cases. It may be seen that the greatest angular deflections are ex-

hibited by the case with a 200 knot launch velocity. The rocket in this instance

showcd a maximum pitch up angle of 2.70 and a maximum outboard yaw angle of

Although the rocket launched at 200 knots showed the greatest flight

path perturbations due to the aircraft flow field, the 440 knot launch case was

considered the most critical of the nominal cases since it exhibited the largest

inboard deflection. Thus, this launch velocity was chosen to test the effect of

a a low thrust curve. The flight path w-!ith the low thrust is compared with the

flight path with the nominal thrust on Figure 33. The angular displacements are
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compared on Figure 36. It may be seen that the change in flight path due to the

approximately 25% low thrust is minimal, with the lateral deflection of the rocket

toward the launch aircraft only increasing by about 0.1 feet up to the time when

the rocket passes ahead of the nose of the launch aircraft.

It may be concluded that there is no possibility of the Improved 2.75

FY.AR contacting the launch aircraft after launch due to the combined effect of

the launch aircraft flow field and realizable vehicle anomalies (discussed in

',>2tion 5.4). This, of courue, presumes that the flow field of any launch aircraft

used is substantially similar to the flow field of the T4C aircraft, as given in

Reference 9.
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7.0 APPEDICES

The following appendices contain the mathematical development

necessary to evaluate the effects of roll program variability on dispersion

(Section 7.1) aad the development of the equations of motion for the aircraft
safety analysis (Section 7.2). These analyses are separated from the Analysis

and Discussion of Results (Section 5.0) to avoid unnecessarily cluttering

that section with detailed mathematical derivations.

Page 54~

UNCLASSIFIED



UNCLASSIFIED
Report AFRPL-TR-69-90, Appendix A

7.1 THE EFFECT OF BOLL PROGRAM DISPERSION ON THE BURST POINT DISPEMSONS

7.1.1 DERIVATION OF EUATIONS

Denoting the various dispersion producing perturbations (thrust mis-

alignments, fin misalignments, winds, aiming errors, etc.) by y , n = 1, 2,-

and the dispersions due to individual unit values of the y n's by an, we assume

the dispersion,x, tobea linear, function of the perturbations and write

N
x= SaY. 1-1

n=l n

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

as

2 N 2
= a t o~

n=l n n

In the present instance, however, two of the a n's (those pertaining to dispersion

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. Selectirg a and a2 to be the affected coefficients and the

additional variables denoted w and z, we have

N

x = a, (w, z) yl + a2, z) y2 + S a y71-2
n=3 n 1l

andTnd 2 2 a2 0

= <a1 (w, z) y1  + a. (w, Z) Y > + S L n n
n3 n=

where the notation <> indicates an ensemble average over many vehicles.
Letting p (a, ) be the joint probability density function of a, and y,

then 
n 

n'n

a n 2 > 2 a ay (a, 0) do, d-
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Now PanY n is the Joint density function as affected by all variations.

Let Panynl w, z (2, I Y, C) be the corresponding conditional density function,

i.e., the joint probability density function which would result if w and z

were held fixed at the values y and C, respectively. Then,

Pa,)y(, ) =. S" Soa,y w,z (OI Y') () () Vdy dc 7.1-5

where Pw and pz are the density functiors ror w and z and where we have assumed

w and z to be statistically independent. Furthermore, with w and z fixed,

an(W , z) is not random at all but has a specific value. Therefore

Pan, YnIWi z ( Y, pa)  I PnW , z (oil -Y', 0 P ynI , z (01 Y,)

6 (f (YC)-O,) Po n' w ' ( 1 Y'C ) ~

where 6 is the Dirac delta function and we have used fn(y,C) to denote an

evaluated at w = y and z = C. Inserting (7.1-6) into (7.1-5) and the result

into (7.1-4) yields

<a' 2 n 2 p > S CO0 2S D6 ~(ny ) -p'j ('I y,C)pw(v)p(C)dydC

7.1-7

Carrying out the integration over a,

<an 2yn 2 = af2dB S pw (y)dy (f V IW, N Y Op(C)dr

S pw(y)dy S f n2(-Y'0 V y (Y'cVpz(C)dC 7~-= Vn 7o i-8

Pagz3F
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where V (y,C) is the variance that y would have if w and z were fixed at y

and n.

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

2S=_ y w~)dy _5 pj.() [r2 (y,C) V (v,C)

+ f2
2 (y,") V (Y,C)) dC

y2

p 2 2

+ Z a a
n=3 n yn

or

2 N
ax - rP-(y)dy .Pz(C) Vx(y, C)dC + Z a ay2 7.1-9

where VxY(') is the variance that would result in x due to y1 and y2 it' the

roll program were fixed by setting w = y and z = C. Eqn. (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 probabilities

of having those values. V (y,C) is evaluated by means of six-degree-of-freedomx

computer runs.

This does not, however, provide a completely satisfactory solution

to our problem since a prohibitive number of runs would be required to evaluate

Vx(y,C) over even the area of appreciable disbersion, Also, the infinite

limits on the integrals in Equation (7.1-9) could leave considerable cuestion

about the utility of normal numerical integration schemes. in the next section

we therefore seek an analytical form for V to seek to circumvent some of thesex

problems.
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7.1.2 DETMIMNATION OF V

In order to utilize computer runs [or the determination of Vx(Y,0)

it is necessary to assume some functional form to permit evaluation of the

integrals in Eqn. (7.1-9). In order to simplify the problem of choosing an

appropriate function, we first restrict attention to the single variable case,

V(0,C). To begin with, it is known from past experience and from the results

of preliminary analyses under this study, that V (O,C) is symmetrical with

respect to C = 0, is monotonic decreasing wfth increasing !Ci, and is asymptotic

to zero for large i d. Therefore it is natural to attempt to fit VX(O-C)

with exponential functions such as

-c 2

(a + b C) e
or

a -c ¢
l+bce

or2
-(2 + c € )

a e

All these forms were tried, but the results were deemed unsatisfactory due

to resultant negative values at high C or to divergently large results at
large C. A more suitable form was found to be

2 2

(0 [1 kl a2 2n  
7.1-10

or k

an(0,C) o 7,1-11
(1 + kI 2 ]n

where k, k and n are determined to match the data.

It should be noted here that no "bump" in the ' (0,C) curve was found when

roll-yaw resonance was encountered late in the flight. There may be such
a bump for roll-yaw resonance very early in the flight, but this is at such
a latw orobability level that results would not be significantly affected.
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At each of the launch velocities of interest, computer runs were made

to evaluate an(O,) at C = 0, 0.05, 0.11 (where C here represents differential

fin cant in degrees). The results are shown for the case of dispersion due

to a 10 thrust misalignment in Table 7.1-1, below. Also shown are the results

for combinations of = 0.11 and y = + 0.127 (y is differential nozzle cant

in degrees). The function (7.1-11) was fitted to these data as follows.

k a (O,O) 7.1-12
0n

n was determined by trial and error from

1/n 1/n
2 a (o) 2 n 72
(r ) (O,0) 7.1-13

where and C are any two values for which data are available. n is given

to a good approximation(for 1/n large) by

2 i
1 2 7.1-14
n n (an('

and this was used for an initial guess. Finally, k1 is found as

a n(0,0) /n

n1 2.-15

for any C.

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

DlSPhRS1ON DUE TO 10 THRUST MISAL INNE$T

Launch Differential Differential Dispersion
Velocity Fin Cant Nozzle Cant

(deg) (deg) (mils)

200 0 0 52.44

0.05 0 31o34

0.11 0 28,06

0.11 0.127 2L.22

0.11 -0.127 32.02

44o 0 0 27°34

0.05 0 6.68

0.11 0 1.7L

-.11 0.127 '33

0.11 -0.127 5,48

0 0 24.94

0105 0 L o2

0.11 0 2,53

0.11 0.127 2 h 2

0.11 -0.127 3.12
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Table 7.1-2

RESULTS OF CURVE FITS

k0

(0' (1 + k ]

Launch Veiocity ko k n
(kn) (mils/deg) (dg' L -) i

200 52.44 4.51 • 105 0.0731

44o 27.34 2.6o • lo5 0.217

600 24.94 6.11 lo 0.344

Applying the same techniques to the fin misalignment case, see

Table 7.1-3, yields the results shown in Table 7.1-4.

Table 7.1-3

DISPERSION DUE TO 1 ° FIN MISALIGNMENT

Launch Differential Differential Dispersion
Velocity Fin Cant Nozzle Cant

(kn) (deg) (deg) (mils)

200 0 0 30.73
O.05 0 10.17
O.11 0 6.75
0.11 0.127 5.20
0.11 -0.127 9.51

44o 0 0 29.75
0.05 0 5.77
0.11 0 3.41
0.11 0.127 2.94
0.11 -0.127 4.32

600 0 0 30.59
0.05 0 4.91
0.11 0 2.84
0.11 0.127 2.32
0.11 -0.127 3.48
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Table 7.1-4

RESULTS OF CURVE FITS

k
0

[i+ kl ]

Launch Velocity k kl ,

(kn) (irils/deg) 2L

200 30.73 3.16 "10 0,252

44o 29.75 5.2L 104 0,336

600 30-59 7.12 10 4 0.351

Returning to the problem of fitting curves to the two-variable

functions a n(Y,O, it is immediately apparent that to make a triuly general

fit to the functions, it would be necessary to assume a form such as

a k0 ( v)n i'l1 -t- kl(Y) ,C-Co('Y) I2] n (- Y )

v-re k , kl, co and n are all function: of y, Each of these parameteis

would then have to be curve-fitted as functions of y. It is apparent that a

prohibitive amount of work is involved including a large matrix of six-degree-

of-freedom runs. Even after this effort. the assumed functional forms might

,e found unsatisfactory. Also, use of such results in Lq. (7.1-9) would

certainly present an almost insurmountable problem in properly evaluating the

required improper integral,.

Therefore, instead of attacking this general problem, we attempt a

more restricted extension of Eqn. (7.1-11) and seek l-hecks or. the adequacy of

the assumed form. Noting that in most disperslion problems of this type, the

important parameter is reducible to thc nu.ber of t-_rns about the roll axis
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in some initial period of time or initial portion of flight path length,

it seems reasonable to inquire whether or not there exists some equivalence

between thrust cant and nozzle cant angles. It is immediately clear that this

would rigorously be the case if both means of inducing 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

ank( 1, () c-) 3  7.1-16

where k is some equivalence factor to be determined. k0 , k and n are to

remain the same as shown in Tables 7.1-2 and 7.1-4.

It is clear that Eqn. (7.1-16) is valid for small ky's relative to

C's so that, for 7w sufficiently small the assumption is adequate. We must,

however, check the adequacy of this forr in other cases. The equivalenf-

factors, k, will, of course vary with flight velocity 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 temporal 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 7.1-1 and 7.1-3, k's satisfying the

trajectory data for an (+0.127, 0.11) and a n(-0.127, 0.11), i.e., for

one-sigma thrust cant variations about the nominal fin cant condition. if a

single value of k can be found to satisfy the results for both y = 0.127 and

-0.127, within reasonable accuracy, then the fit is considered satisfactory.

Tables 7.1-5 and 7.1-6 present the results of such computations. Shown here

are the k's obtained and comparisons of the values computed from Eqn. 7.1-16

using these k's with the actual values from Tables 7.1-1 and 7.1-3.
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Table 7.1-5

RESULTS OF B.UIVALENCE COEFFICIMET FITS

k

Li ky)J

launch ak ,i 7, .li) a (-.127, ,iI)

Velocity k 'mils,deg) (mils/deg)
(kn) Table 7,1-1 Computed /o Trror Table 7.1-1 Computed "rr or

200 1.324 2h.22 24,LO 0,7L 32,02 31,58 -1. 37

'.1.0 .2125 4,38 4o 3 L -0 92 5.h8 5.38 -182
)00 0,o.1+9 2.42 Po30 -4,96 3.12 6,-9cLO

Table 7.-6

RESJLTS OF B UIVALEIiCVE COEFFIC! iT FITS

k
-0

k y,,- =o

I, .P7, K.1) a-(-,127, .11)10(- ] ty mils/d g } c (mils/deg)
Table 7.1-3 Com5uted Er £ror Table 7.1-3 Computed 7. -r or

A, 0.525 520 -. LoL 9.51 10.92- 11.

0,2335 2,9). 2.90 -13C L,32
',, 0o253 332 2.39 "3 02 3,,8 3.56 2.30

U age 6!;
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From Table 7.1-5, 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

thzust cant effect is so large as to effectively reverse the direction of

the roll rate for y = -.127° , i.e., C -.127 k < O

Examination of Table 7.1-6 reveals that the assumed form (Eqn. 7.1-16)

is less successful in dealing with the dispersion due to fin misalignments

since an error of 14.8% is obtained at '; = -.127° , C = .110 for a 200 kn. launch.

For other cases, the fit was again quite good. For the 200 kn. launch velocity

where the fit is worst, the dispersions due to thrust misalignment is con-

siderably larger than that due to fin misalignment. Therefore, when these

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

that the fits obtained are adequate for our purpose.
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T-1-3 EVALUIATION OF DISPMiCJO1NS

Returning to Eqn. 7.1-9 arid using Eqrj. 7.1-IC for Vx a ri0ln2W

riur t evaluate

2 2 2 p -YPC d),dr
<a ny!> = k o2' .. I

n (~- 1 - kj + ky)i

i.e., we must obtain the mean value of the function k c [1 + k + k-)2 3 n

g.iven the probability density functionsn p' (V) and p (C). It -as elected t~

evaluate this integral by 'Kontc Carlo rnethod-, rathe.r t!-a;: dilect numnericaRl inte-

gration.. RBngardieosE of the tech-niiqut employed, ho,.rvcr, .1 j farL t nece~r.ry.,j to

,;e2lct functional form for p ky) an~dp

Tnasmuch as the initegral in Eqn, 7.l-1T will not be evaluated analytically,

there a-, no longer any particulair advantage to choos~ing normal distributiorcr.

Instead we choose distributio.-i vhich should Cive wore reaoonable probabilitier

for tire larger excursionis. Pcc91ling (Sf. ection. 7',) that we have 2onsis tertl,

and !'ear-onably chose- la levfrtr av bc irig-. ace-half of the maximum allowable ratio-

Vacti'<'.g toicranckc, 'rc dc .pinbaLblty dc,:.itv : iictior.-. to confor. to -

:np' ior. To ohooEse a ,:inplc. Fun:ctionalfrn e

'c-d cijzin'. that the irnteg'i-l fi7T."I -2a to 2 he1.it, ,' eq.' tat

-a : . 20 alway"S. Ve, alsc !-aoi.Jre that *thc 'ia~ ie-n- c

2 2 2

na t..:o onditiori; a!,( sufficih'nt to e'ial.ate thne co-ictarnt- c, and c,, -3md

1.e( obtain

"age C
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2

Pw() [7 - ' (') 1 7.1-18

and
2

p T - 5 L:Z 7,1-19

where we have selected ;, the mean effective nozzle cant angle to be zero.

z, of course represents the nominal fin cant. As a matter of interest, the above

density functions have values at the 2a limits of 0.348 times the values at

nominal, which again appears reasonable and, perhaps, somewhat conservative. In

order to apply Monte Carlo techniques, it is necessary to obtain the cumulative

frequency functions,
x

P~x) = , p(x) dx
-2a

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

gives

y) -[( ) +8)

This expression was inverted approximately by means of the curve fit

b (P + ( - 5) + b2(3

which has the proper synmetry conditions. bI was selected to match the slope

in the large linear central region around y C and bo was selected to attain

y = + 2 . for w = , l. The result is

3.05 (P -. 5) + 3.80 -5 71-20

Likewise

LE 3.05 (Pz .5) + 3.80 (Pz - .5)3 7,1-21

awzz

Page 67

UNCLASSIFIED



UNCLASSIFIED
Report AI'RPL-TR-69-90, Appendix A

The function, Eqs. 7.1-17, was evaluate-d by ra:tdoinly stelectirg two

rumberie, P. and r ,' on flat diotributionc betweten 0 and 1, obtaining y and C-7

from Eqrns. 7.1-20 and 7.1-21, and corruputint.

k0

(l + k1 ( + ky) 2 3 2

usinig these values . The av( raE,' value obtained after, a sufficient' rouit of

t i ' io the desiired valace of' 2i integral, i'n. 7,1. l-( Uiling the ko, kI and

kt values fr'om Section 7,1.2 and the a1 values appropiate to thirustmilin

wonit and fin- ris alignment,; (for n = I. Und 2, i-espectively) as 0.192 and Gi1LI 0

(C .ction 5.1), the folloviwi table is obtained,

Table 7.1-7

PL'SULTAN lc DISPE:RSIONS DIJE 1.0
IU'hJ /U10 Il! MI, ALTMNNTTS

2an yc~rt > a1  o

700 50'9 5-39 2 . 5 vy9

1. -2 0.91 0,390L.

(00,70 3'-'0 1 30 0 tO

.1,1abov tastet bra 7- 'or.cpszed ~.ring a :elatavuly srall n,-ucite of sample'-

*. It r' 1i only the averliage valucs of t-he i.rI*e, ra1 that' areC of into.res-t

--bhc tan the vr,iance of the integre., etc.), the .-eLltz; should beIc cinl

navursat We: prenont purposes. This is. particulaQ.rly truec of the frtCty i

dt-pt it ,juv to thrust mi:;aILg're~n' fci tinL 200 Ks. launchL, due to thnt 1relativelN

'low vwt~atiorl of dispersion with iofll rate (see Thale- 7,1-1), This is lbortunate,

1 .- tl'eslL is really the only ou, AAi en Js ht all itiRIM with respect 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 significant0

-Also shmrn in Table 7.1-7 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 variations. This again is reasonable

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

For the remaining cases, the peak dispersion (obtained for combinations

of nozzle and fin cant resulting in near-zero roll rates early in the trajectory)

is much higher than the nominal. Therefore the low dispersion contributions

resulting from rolling faster than the nominal case do not compensate the ave.rages

nearly so well as for flatter distributions. For these cases, the ratio of

actual dispersion to nominal dispersion varies from 1.4 to 2.6. This again appears

reasonable as do the trends of the values in Table 7.1-7.
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7.2 EQUATIONS OF MOTION FOE 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,

aind z' Is down. The unit vectors in this system will be denoted i', j', k'.

A second right-handed system, x, 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:

o= s' 0 a j' cos b + k' cos cl 72-1

j = i' cos a2 + j' cos b2 + k' cos c2  7.2-2

k = il cos a + j! cos b + k' cos c 7.2-3
3 3 3

The angular rate of the rocket is defined by:

Q = ip + jq + 1cr ps-t

i- the x, y, z system, and

w + 'u2 k'7-

jI 'the x , y-, z' system. The x', y, z' system has been assumed irrotational,

+e Lunch aircraft flies a straight path and does not roll. The velocity

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

V = iu + jv + kw 7.2-6

ioc i.unch aircraft has a. velocity in the x' direction of iVao Thus, thea

velocity of the rocket in the x', y', z' system will be

- - iva 7,2-7

>osnisg that the pitch and yai moments of inertia of the rocket (iy and IZ)

. ial, the angular .nomenturn of the rocket is:
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X p + I(jq + kr) 7.2-8

where I = I =
y z

The equations of motion of the rocket are!

m dtV
m V + -Xv 7.2-9

and,

M H * 0 X H 7,2-1o

differentiating yields;

V ia + jv + kW 7,2-11

and,

H = i I x  I(j + kl) + i p i x + i(jq + kr) 712-12

Combining Eqns. 7.2-4, 7.2-6, 7.2-9 and 7.2-11 yields;

- + j4 + .. ," + i(qw - vr) + j(ru - pw) + k(pv - qu) 7.2-13
m

Combining Eqns. 7.2-4, 7.2-8, 7.2-10 and 7.2-12 yields.

i= XIT I(jj-ki) - ip!x + i(jq+kr) + jp7(I X-I) + kpq(I-Ix) 7,2-14

It was determined, from 6-D trajectories., that the nominal flight path of the

Improved 2.75 FFAR wras not significantly affected by roll rates of the magnitude

which will occur in the selected configuration. Thus, a non-rolling vehicle

may be assumed. For the non-rolling vehicle, p = p = 0, which allows simplifi-

cation of Eqns. 7.2-13 and 7.2-1L-

i(d q- - vr) + j(+ + ru) + k(- qu) 7,2-15

and

j(4 q) 4- k(I: + Ir) 7.2-16
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Eqns. 7.2-6 and 7.2-7 may be combined, using the relationship of Eqns. 7.2-1,

7.2-2, 7.2-3, to yield

= u cos aI + v cos a2 + w cos a3 - Va  7o2-17

= u cos bI + v cos b2 + w cos b3  7,2-18

' u Cos cI + v Cos e 2 + w Cos c 3  7.2-19

Similarly, Eqns. 7.2-4 and 7.2-5 may be combined to yield, for p = 0,

w = q cos a. + r cos a 7.2-20

= q cos b + r cos b 7,2-21
"22 3

"3 = q COS C2 + r cos c 3  7.2-22

For the small deflections of the x-axis of the body from the nominal flight path

(i.e., small values of a1 ) which might be expected from any rocket adjudged

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

= u-V 7.2-23
a

= Ucos b i v 7.2-24

= Ucos C1 + w 7.2-25

Wl = 0 7.2-26

W2 = C 7,2-27

w3 =r 7.2-28
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The variation with time of the variables cos bl, cos cI may be

determined from:

5. (J'X i) = (J'w2 + k'w9)(-k' cos a + i' cs W cos a

7.2-29

= "w3 cos a./sin b1 = -r cos a,/sin b, 7°2-30

dt (cos bl)= -b sin b, = r cos a1  7.2-31

5 .(k'x i) = (jlw 2 + k'w3 )
'(j cos a1 - i cos bl ) - w2 cos a1  7.2-32

= 2 COS a/sin c, = q cos al/sin C, 7.2-33

d-. (cos c) = -61 sin c =-q cos a, 7,2-34

The assumption of small values of a1 allow the simplification of

Eqns. 7.2-31 and 7.2-34 to

-rt (cos bl) = r 7,2-35

d (cos c = -q 7.2-36

Since the rocket will be considered non-rolling, the i-component of the

driving moment is unnecessary. Additionally, u is available as a function of

time from the nominal 6-D trajectories, so the i-component of the driving force

need not be considered. The remaining forces and moments are all aerodynamic

in origin, with the exception of a gravity force in the +z direction. Inspection

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 Eqn. 7.2-16, it is

consistent to rewrite that equation as-

= j I 1- k I 2-37
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The induced aerodynamic force and moment coefficients given in

Reference 9 are given in the airplane coordinate system, but since a non-

rolling rocket will be assumed, they may be inserted directly in the x, y, z

system. The force equation, including the induced forces due to aircraft flow

field is:

= j(C CN v/u) -k(CN + CN w/u)) +kmg cos 8 72-38
YI Na NI X0

QS (j d + C c )d -Co (/u)(c.p.-c.g.)] + k(C d

q 7.2-39
rd

+ Cm ()d + C (v/u)(c.p.-c.g.)]}

The dynamic pressure Q, may be evaluated as

2, u 7.2-40

The translational equations of motion, represented by Eqn. 7.2-15, may be

simplified, since the i-component of the motion is defined by the 6-D output,

to

= 3(- + r) + k(* - qu) 7.2-41

In sunmmary, Eqns. 7.2-37 and 7.2-41 represent the basic equations of

motion. Eqns. 7.2-38, 7.2-39, 7.2-40 are the forcing functions, the position

of the rocket relative to the aircraft is defined by integrating k', S', il,

which are defined in Eqns. 7.2-23, 7.2-24, 7.2..25, and the angular orientation

is determined by integrating w2 and w3 which are identically q and r, respectively,

The terms cos b1 and cos cI are determined from integration of Eqnj. 7.2-35

and 7.2-36.
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DRAWING LIST

Change
Component Description Part No, Letter

Interface Control Envelope - 2.75 FFAR 1146578
Rocket Motor Assembly 1146668-1

0 Ring 1127114
Igniter and Closure Assembly 1146673-i

Clip Assembly 11.46031-1 B

Shunt Wire 1146336-1
Igniter Assembly 1146693-1 A

Squib, MK 1, MOD 1 656714
Chamber, Igniter 1146095-1
End Plugi Igniter 1146096-1
Cap, Insulator 1146370-1 C
Initiator Charge 1146877-1

Washer 1146875-1
Disc 1146876-1

Fin and Closure Assembly 11,46678-1
Cross Head 456909
O Ring 650950
0 Ring 650953

Contact Disc 1253129
Fin Retainer 1253131
Nut MS 20365-1032
Pin, Straight 1146056-1
Fin Blade 1146210-1 A
Closure Assembly 1146639-4 A

Plate, Nozzle 1146335-1 A
Sleeve 1146365-1

Washer 1146613-3
Insert, Throat 1146659-19 B

Weather Seal 1146913-1 A
Piston Assembly 1146916-1

Wire 1146915-1
Wire 1146915-2
Sleeve 1146917-1
Piston Assembly 1146932-1

Piston Assembly 9220797
Connector 9220788

Chamber and Grain Assembly 1146759-1 B

Chamber, Insulated 1146637-1 B
Motor Tube 1569403
Insulator, Released 1146636-1 A

Insulator, Fwd 1146033-1
Lockwire 1146924-1

Masterline Drawing - 2.75 FFAR 1146103
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I. INO2CIM

This report covers the structural a&alysui of the 2.75 inch diameter

Folding Fin Aircraft Rocket (PFAR), hereinafter referred to as the 2.75 inch

rocket motor. This motor is being developed and produced for the Air Force

by the Aerojet-Qeneral Corporation under C'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 government-furnished equipment.

Conventional methods of structural analysis are used throughout this

report and, unless defined in the text, all notation conforms to that used

in M.IL-HDBK-5 (Reference 2).

In order to best handle 'he speoelized structural problems associated

with solid rocket motors extei,s i use has bee.- made of the digital computer

programs which have been developed by Aecjet-General. Brief descriptions

of these programs are contained within this report and additional information

covering the formulation is available upon request.
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II. 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

provides 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 ceater of the aft closure. Upon motor firing the fins

are forced open to a 45 degree angle with respect to the motor centerline.

In addition to providing aerodynamic stability, the fins are designed with a

small cant angle which imparts a rotation about tho 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 contained in

Figure 1.
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III. STRUCVJRAL DESIGN CRITERIA

A. XNERAL REQUZXTS /

In accordance with the revised technical requirements of

Reference (1), a safety factor of 1.5, based upon the ultimate 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 of successful operation over a temperature

range of -65 to +t°.

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 -

UNCLASSIFIED



UNCLASSIFIED
Report AFRPL-TR-69-90, Appendix B

Based on ballistic calculations plus development firing data the MEOP for a

motor conditioned to 150cF is 1990 psi. This value includes an estimated

three standard deviaiticns from the mean to account for statistical variations.

The only flight loadE of significance in the structural design are the

aerodynamic loads on the fins. Aerodynamic studies plus tests at the Arnold

Engineering Development Center in Tullahoma, Tennessee, have established the

maximum lift and drag load per fin to be 50-50 and 26.76 lb, respectively.

These loads are considered to act at the center of pressure of the fin which

is 2.09 in. from the hinge pin and O.h5 in. from the leading edge.

L. Low Temperature Firing

In this condition consideration was given to firing a

motor conditioned to -650F. This condition produces the maximum strain in

the propellant grain and the mximum 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 201 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 ne four Throat inserts ana the iD(C-313

carbon fiber molding compound which supoorts the CGrbitex inserts.

Unfortunately, neither of these materials has been completely characterizea

over the full operating te-n.erature ranfte. Some Laboratory test values are

available, however, and trese were used as a basis to estimate t, e ecessary

properties to perform a structural analysis. Tie actuai values used in the

analysis are as indicatea below:

a. NX C-313

This raterial was considered tj be homogeneoas and

isotropic, but its oronerties were considered to be quite temperatu'e

dependent. Plots of estimated modulus, coefficient of Lr.ermal expansion

and t oisson's Ratio as functions of teriperature are shown on Figure 2.

b. Carbitex- 700

This material is a fLbroas .,raphite having highly

directional properties. Based or, dynamic modulus :.easurements over a limited

temroerature range it was assumeu that ti:e mod.lus would be constan-t over the

entire operating terperature ran,-e and have a va.ue of i,bOO,OuU psi in trhe

plane of the laminates a:.d 900,000 psi across t:.e laminates.

Poisson's Hatio was also assumed constan.t at K).lO

and considered to tiave tnie saie value in al- directions. The coerficlent

of tr:erral ex:ansion was considered -u. vary with te :erature in accoruance

with tie plots shown in riiure 3.

-6
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3. Propellant Grain

The 2.'5-in. motor utilizes AN1-3211-2 propellant. A fairly

complete mechanical property characterization of this propellant was conducted

in conjunction with the cumulative damage program, arid the results of this

work which are required for the structural analysis are reproduced here for

convenience.

a; Coefficient of Thermal Expansion

The volume coefficient of thermal expansion was determined

by means of measurements of propellant density at various teroeratures over the

range -60 to 80°F. The slope of a cers-ty-temperature plot provides the desired

value. The linear coefficient is tacen to be one-third of the volumetric. The

average linear value for AB-32bl-2 determined from tests of specimens from

three batches is 6.1 x lO-5°l. While this is somewhat higher than the value

of 5.b used in the initial stress analysis a change in the analysis is not

considered warranted. This is primarily due to the close correlation between

the measured strains on the full-scale cycling motors and the initial calculation

using ,A = 5.b x 10"50F -1 . The average measured strain on five motors was 12.30*6

versus the calculated value of 12.7°/b.

b. Modulus

Stress relaxation tests were performed with end-bonded

uniaxial specimens at -75, -LO, 0, LO, 77, 110 and 1500 F. Strains of 0.5 - 1.O6

were applied at a rate of 0.25 min - 1 and held for 10 min while the decay in

stress was measured. The data obtained were plotted in the form of relaxation

modulus versus time for each test temoerature. Superposition of the data was

accomplished by correcting the modulus by the ratio, Ts/T. (Ts = reference

-9-
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temperature - 2980K (770F), T a test temperature in: uK) and manually shifting

the curves along the time axis until they supJrlnposed Lt the reference

terperature. The resulting "master curve," showri in !igure L, provides the

modulus data needed for the .hermal stress analysis. The shift factors req:irec

to sierpose the data are snown in Fi;;ure 5.

Modulus values nertinent to the analysis -f hig;h rate

loading conditions such as handling, acceleration and firing are obtained from

a plot of modulus versus reduced strain rate (e aT ) as shown in Figure 6 for a

reference temt.erature of 77F . Moduli for other temperatures car; be sirtply

determined fron t. is plot by mult-Plying the strain rate of interest by the

appropriate aT from Figure 5 anct entering the curve of F~gure 6 at that oint.

c. Allowable Stresses and Strains

The methods used to estinate the allowable sLrains and

stresses for the p:ropellant and bonds are based or. snLiating i . t;.e laboratory.

by means of careful specimen desi-ln and environr.ental control, the critical

motor conditions and treatinr. the resulting daua to accoui.- for the expected

variability in propert-es. The basic relation used in ca-c-,ating the alilcwables

is given below:

Xa RK [ (3 - a) V](1

where: X = allowable stress or straina

= mean measured Prp.erty obtai.ea Jucur ap.ro-priate

test cmnditions

K = stress co.centration or multiaxlailtv cor;-;ction
fac tor

a = statisrical parar:eter w:.ich deprex.ds iror number
of sajples tested and ievl if cornfiderce reqaired

V = coefficient of variation for :roerty being
fleas,-red

- li -
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(1) Strain Allowables

cwse of the complications presented by such

.,s as strain-temperature-time path de-iendenoy the evaluation of thermal

c, cliz.g capability cannot be handled simply using uniaxial or biaxial tests.

The best approach has been the use of analogue motors, with cy.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. A

total of 31 motors are sched led for cycling. To date, one set of five full-

scale motors and four short-length motors from Batch 68-L6 have been cycled

between 150 and -650 F. The results to date are sumnarized below.

Measured Strain Cycles
Motor No. at -650 F, /o Completed Remarks

2601(1) 12.L 10 Cracked on 11th cycle

2602 12.3 20 Test continuing

2603 12.L 20 Test continuing

2604 12.1 16 Cracked on 17th cycle

261L 12.1 19 Test corntinuing

6-L6-1I(2) 13.6 Cracked or 6th cycle
Void at base of crack

6o-6-2 13.9 3.8 Cracked on 19th cycle

68-46-3 13.h 12 Cracked on 12th cycle

6j-46-3 lb.L 6 Cracked on 7th cycle

(1) Ful--scale motors

(2) Short length motors (14-in. long)

These data for one propellant batch indicate a

substantial safety margin for the specification requirement of three cycles.

Similar tests will be performed on additional b-.tches to establish variability.

The allowable inner bore hoop strain for firing at

-65F was estimated from the results of high rate tensile tests of prestrairned

- 11 -
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specimens. The tests were conducted in a high pressure (1000 psig) environment

to simulate the conditlons at the inner bore during motor ignition. The

prestrain on the specimens was about 120/0 correspording to tne expected maxi ur

thernal strain at the inner bore at -65 0 i'. The res .its, calciiated usir,

Enuation (1), are st.own iii Figure 7, a K value of U.d was used to corrucL

the uniaxial vaiues to equivalent biaxial elonitations.

(2) Pond Stress Allowables

A nreliminar. evalation of the bond capabiiity

for storage was rmade fror: the results of constant rate tension tests of

roker chip snndi-iah snecimrens prepared from AiB-3211-2 oro-ellant and Fanuwict.

specimens prepareu from Ain-32hi-2 propellant arid - ii smiatior,. Tests

were conductod at crusshead rates of 0.02, 0.2 and 2.0 in. per minute and

tetoeratares of -65 and 15P°. The results plotted in the form of streos

versus reoc _d time to failure for a reference tu.'perat .re of -65%' are

presented in Fiorure 8 . The estimated allowable stress was ohtair.ed fror

these data by ise of Lauation kl) with i, taken to be l.L. In ad.ioi, i :.e

tirie values were corrected by a factor A = 0.1, to account for T,.e fact tno

during the constant rate test the :.aximum stress is not apolied to ti.e s!necrne!n

for the full duration of tie test.

Based on observed te:iavior of a number of ctner s r.ilar

propellant syste-s ti:e allowable long!, time Lord s;ear allowablc is e. toauen

to be 80/b of the bond tensile value.

?oker-chii bhond szpecnerns te-ted 1n snear at. sev,,urii

rates, and wiith s 'primposed )ross re, provide t1e data %ecodec fnr caic .:aticr.

of t:.e aiowable bo:.d siear stresses for :7otor firifi.-. K-a4an Lo.atior. (-1

was3, -;ed witi. a ;' fa;tor of 1.2. Tie results for firin., te:.peratres of -o5

and 150°F are sn.own i!. 1 Igure 9

- 12 -
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IV. TIEPJ AL ANALYS IS OF NOZZLES

The thermal analysis of a rocket nozzle consists of predicting the

transient temperature distribution in the various nozzle co.ponents. However,

when an ablaTive surface material is used. the ablation depth and char depth

are also significant factors. The analytical prediction of these quantities

reqlires the evalutation of tie surface heat flux, whit i subsenuently is uIsed

to evaluate tLe boundary conditions necessary for solution of the transient

condticon equation.

The surface heat flux due to convection is governed by the relation:

Qc -= hc(Taw - Tw), (2)

where : Qc = convective heat flux, Dtu/sq ft see,

hc = convective heat transfer coefficient, Btu/sq ft secoR,

T aw = adiabatic wall temperature, 0R, and

Tw = wall temperature, OR

During this thermal analysis, the Colburn equation, originally

developed for fully developed flow in circular ducts, was used to evaluate

the convective heat transfer coefficient of Equation 2. Although the flow

in nozzles does not correspond to the flow In constant area circular ducts,

previous experience with numerous motors has shown that accurate results are

obtained using tne Colburn eqUation to eval.zate the convective heat transfer

coefficient. The dimensionless form of tne Colburn equation correspo:ding t,

Reynold's analo y is:

h 2/3 - 0.023 (D)-1/5 
(3'UTAS PFr
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where p * local propellant ras density, lh/cu ft,

U - local free stream velocity, ft/sec,

G = specific heat at constant pressure, i3tu/LbitP

P r Prandtl nuber,

) local nozzle diameter, ft, and

p absolute viscosity, lb/ft sec

The mass flux, pU, in Equation 3, at th.e throat of a nozzle is

given by

(Pu)i 0 P h

where: Cw  pronellant mass flow coefficient, sec, and

P chamber pressure, lb/sq ft abs.
c

Utilizing the equation of continuity, the local mass flux becomes

oU" = (pU ). (-.) (5)

where: A = local nozzle area, sq ft, and

*= throat area, sq ft

Equtation 5 can be sabstituted in Lquation 3 and simplified to

obtain the relationship:

0.023 CwPcC A* 0.9
h c ,--7 - ( 7-) )

(-V) Pr2/

Analytical and experimental studies o.? motors similar to the rnotor of

t-is study have indicated that particle impingement and radiation made

negligible contributions to the surface hleat flux coMTpared wit. the

co:vective contribution. Based on this fir ding, Edciation 2 can be used to

a.poroxirnate the total heat flux.

- 20 -

UNCLASSIFIED



UNCLASSIFIED
Report AFPL-TR-69-90, Appendix B

The adiabatic wall temperature, Taw, contained in kq"ion 2 is giver.

by the relationships

Taw 2+R((7)
0  2+( Y-1)

wheret R - recovery factor,

y - isentropic coefficient,

M - local Mach. number, and

To - total temperature, 0F

The recovery factor, R, for a turbulent boundary layer is obtained

from the Seban equation

R -P 1r/3 (8)

r

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 calculated 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&

aC k aTkT a aT

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 lOa. These results were

then extrapolated to obtain the isotherms in the Carbitex insert as indicated

in Figure lOb.
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V. STRUCTURAL ANALYSIS

For convenience, the structural analysis of the 2.15 inch rocket

motor has been separated into three major acsemblies, i.e., motor case,

aft closure assembly and propellant grain. Where necessary, these items

have been furtherbroken down into component parts for the purpose of

detailed stress calculations.

A. I40TOR CASE

The analysis contained in this section is primarily concerned

with the 201lT6 aluminum chamber, as defined by Bureau of Naval Weapons

Dwg 1569 4O3, and the steel lockwire (Reference BuWeps Dwg L57822). For

completeness, however, consideration is also given to the .iating flange

of the aft closure plate (Reference AiC Dwg 116335).

In order to evaluate thu bending stresses due to geometrical

discontinaities the analysis made use of a computer program developed by

Aerojet-General for thin shell analysis. This program is entitled:

"Elastic Axisymmetric Pressure Vessel Analysis Program." Details of this

program are contained in Section 1L.21 of Reference (3) and a brief abstract

of the program is presented herewith:

The program is used for the analysis and design of motor case

configurations with particular application to re.ions where a change fron

one type of shell geometry to another occurs and causes localized discontinuity

stresses.

The structural analysis is accomplished 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 nwierical 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 basic

elements. This solution is based upon the same analytical methods used in a

routine hand solution, but tie ability of the computer to handle a large

nwnber of equations allows for a more comprehensive coverage of the problem.

The computer output data 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 utilize 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 2.7 5-in. motor.

The plastic analysis of the pressure vessel structure 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 amount 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 beyond yield was assumed to be flat. The

magnitude of the permanent 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.
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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 11 and 12.

Solutions were obtained for both the limit (199O psi internal

pressure) and ultimate (2985 psi internal pressure) loading conditions. Results

of these solutions are contained in Tables 1 throu.,h L. A review of these

tables indicates that the chamber as designed does not meet the 1.5 safety

factor requirement for the ultirate load condition. The critical section

occurs at the bottom of the lockwire groove and is based upon a mrinimum

thickness of 0.032 in. In order to meet the I.,- requirement tiis tIicres

woul"r hve to be increased to O.03 in. minimum.

Certain detail evaluations 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 2.) as shown in Figure 11.

As shown in Figure 11 the minimum done thickness is 0.230 in.

On the same figure the draft angle of the done is shown to be 5 maximum. In

this analysis the entire done was conservatively taken to be the minimum

thickness of 0.230 in.

For the desi;,m ultimate loading condiLicn the maximum edge

stress is:
6l.--U- 6(5L6)

=max t= 62,000 psi

U 25 I
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The stress at the done 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 614T. U.*- " (3M + 1)U-mqx 8mt 2  t 2

= 3(2985)(1'13)2(9-30) - 62,000

8(2.7" )(0.230)2

- 28,000 psi

The ultimate allowable tension stress for the maximum

environmental temperature of 150°F is 976 of the 66,000 psi room temperature

allowable. The resulting minimum margin of safety including a 1.5 modulus of

rupture improvement factor is

O. 97(66,000 )( 1l. -1-)0 5U- 30,300- =

For the design yield loading condition the maximum edge stress

is:
6M.y. 6(368) = tl,aoo psi

(0.230)2

The design yield stress at the dome centerline is

3ymR PR2 (3 m + 1) 614T.y.
aY-max 2mt28m 2  t2

= 3(1990)(1"13)2(9"30) -L,800

8(2.77)(0.230)2

= 18,200 psi

The yield allowable tension stress for the maximum environmental

temperature of 150OF is 97?o of the 56,000 psi room temperature allowable. The

resulting minimum margin of safety including a 1.2 modulus of rupture

improvement factor is

M.. 0.97(58 000)(1.2) 1 = +0.61

- -12 .
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2. Central Cylindrical Section

The central cylindrical section is critical for simple hoop

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:

P--H 2985(1.336)
%U-max -t 0.065 = 61,366 psi

The ultimate allowable stress for the maximum environmental

temperature of 150°F is 97u/ of the 66,000 psi room temperature allowable.

The resulting minimum margin of safety is:

allowable stress -l
U applied stress

0.97(66,000)ffi 130 " -1 = +0-003

For the design yield loading condition the maximum stress is:

PR 1990(1.336)

i-max - u.3 = LO,909 psi

The yield allowable stress for the same maximum environmental

temperature of 150OF is 97% of 58,000 psi room temperature allowable. The

resulting minimum margin of safety is:

Allowable stress

Y Applied stress

= 0.97(58,000) -1 = 0 3 5
- O,909

This analysis conservatively neglects the effect of biaxial

gain which could improve the membrane burst stress b: as much as 15 percent.

3. Lockwire Assembly

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 detailed in the

Bureau of Naval Weapons Dwg L57822. The minimum mechanical properties for the

1006 low carbon steel alternate material are:
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F u- 13,000 pei Fay - 16,OO psi

Fry a 2L,OO0 psi Fbu " 70,000 psi

F 2L,000 psi Fb a L5000 pai

Fs a 30,000 psi

At the initial applicationof internal pressure the aluminum

shell and the closure interface with the lockwire through line contact. 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

determined by thu above criterion. The application of the aft closure

ejection load on the sloped surface of the rotated lookwire results in a

differential ridial deflsction 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 enough differential

radial deflection was obtained to permit the lockwire to rotate 900 and become

completely ineffective. The lockwire joint herein analyzed was found to be

stable by an iterative technique. The final differential radial deflection

of the shell and the resulting lockwire rotation were assumed. The application

of the ejection 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 ultimate pressure loading condition.

- 35 -

UNCLASSIFIED



UNCLASSIFIED
Report AFRPL-TR-69-90, Appendix B

The loakwire must also resist the direct shear load across the
Joint tending to eject the aft closure. The shear stresses and margins of
safety are caiculated below:

Design Ultimate Pressure

ashear ult. 
-2(- ) 20,600 psiAllowable stress 000

M.S 
L_______ -l - -l

MSult. "Applied S~st-- -i 0,-600 +.

Design Yield Pressure

a, Allowable stress 1 O
shear yield- pli-e sress -i - -l - +0.19

B. AFT CLUSURE ASSE!11BLY

The aft closure assembly contains the closure plate, the nozzlc
assembly, the folding fin assembly, the igniter and the piston and crosshead
assembly. All of these itens are covered in considerable detail in this section

of the report.

- 36-
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1. Nozzle Thermal Analysis

The initial design of the 2.7 5-in. rocket nozzle utilized

an ATJ graphite th oat insert supported by a carbon fiber molding compound

(Fibrite Corporation's MXC-313). During development firings a number of

instances of graphite cracking, 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 problem and to effect a solution.

The analytical effort included extensive two-dimensional

heat transfer studies and two-dirensional thermal stress analyses which

were reported in Reference (9). While this analytical work was not

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 700 inserts in test firings were considered

justification for a change to the Carbitex inserts.

Uncertainty of material properties for Carbitex over the

operational temperature range make it difficult to perfor a reliable thermal

stress analysis of the insert area and the integrity of the part is considered

substantiated mainly on the basis of the 5 successful firings which have heen

conducted as of this date. In order to obtain an indication of the stress

distribution in tne Carbitex, however, a two-dimensional solution of the

problera was attenpted. This was accomplished by means of Aerojet's comnputer

program E-lih05. This is a finite element program for axisymmetric solids

which permits consideration of crthotropic material properties. 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

th& displacement mast vary linearly; i.e., constant strain within each

element. 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 Figure 10, and

the material properties from Section 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 conditlons 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 insert was assumed tu nave no radial or

shear restraint from the i XC-313 molding compound.

Case II

T- T he uarbitex insert was assumed to remain bonded to

the XC-313 molding compound throughout the I;JL 2.-; sec firing duration.

The results of the Case I solution are contained in iigures

La and lLb. These indicate the , suc.1 high ei;stic 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 nlasticity ana

surface ablation. The longitudinal tensile stress on the h.ack side is also

high, however, as indicated on Fig'ure lLb.

- 38 -
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Since the 1500 psi tensile stress is an order of magnitude

higher than the estimated tensile allowable across plies, and since sectioned

nozzles show no cracking, it must be assumed that the boundary condition

assumed for Case I was not applicable.

Results of the Case II solution (Carbitex bonded to plastic)

are coirtained in Figures 15a arid 15b. Again the inside surface shows very

high compression but the tension on the outer surface Las been copletely

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 shear stresses shown on Figure 1rb

even at the maximum ouerating temnperature. This nay be due to an actual

migration of the plastic into 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 regarded

as indicating a rational explanation of the succes9ful performance of the

experimental program.
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Forward Edge of Insert at Axial

-12 Station 1.3b In.
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, Figure 15a
Compressive Str sses at Inside Surface of
Carbitex Insert at t = 2.5 Sec - Case II
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Forward Edge of Insert at Axial
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Geometry and Loads

2.94"1
P Center of Gravity

Pitn inssHa

Material: 2014 T6 Aluminum or Equivalent

F ty= 40000 psi

F =u 62000 psi
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Operating Conditions

The following data was obtained from studies performed

by Aerojet's Space Division. Load values are per fin.

Aerodynamic Lift: Q 50.4 lb @ center of pressure

Aerodynamic Drag: (PD) 26.76 lb @ 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 (P ) 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 lbs.

Transverse G Load: F = 5.64 x .116 = 0.65 lbst

Axial G Load: FA  = 43.35 x .116 5.03 lbs

2WV 2

Centrifugal Force: F - -
c gr

Where: g = 32.2 ft/sec
2
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2.94"1
r - 12"-- 0.245 ft

V - 2trrN where N 3 .0 rps

V - 2nT x .245 x 10 - 15.4 fps

Then: F = 116 (15.4) 2 3. b
c 32.2 x .245 3. lb

Stresses -Lug for Pin

Axial and Centrifugal Loading

R
OY 2.09" D

R
ox

A

2.94"

RZ ] .0

[EFo 0] a - .76 +501.9ls

Resultant Load Rt (1-18.5) + (31.79 )2 123 lbs.
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Transverse and Centrifugal Loading

2.94"
I ~PL

.246 F

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

[F x - 0] BN = 431 + 3.5 = 434.5 lbs

Total Load on Lug T
0

Assume that BN above acts uniformly across lug and is directly

additive to resultant reaction load Rt on previous page.

Then total load on lug is:

T = R + B
o, t N

T = 123.0 + 434.5
0

To
0
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Analysis of lug and pin assembly will be made in

accordance with the method outlined in Reference 6.

Dimensions:

Sketch shows equivalent lug.

aa min - .187"

D .188",To D max

W - .375"

t .369"

- - 1.0 - 2.0 - - .51
D D t

Ar- Dt - .0694 in2  At (W-D)t m (.375 - .188).369 .0694 in

Pru Ultimate Load \, Shear Bearing Failure

a D

From Figure 13 of Reference 6: For - 1 and - - 2
D t

Kbr m 0.84

Pbru ' Kr Abr Ftu x

From Drawing No. 1146053 F tu 62000 lbs/in 2

x

Then P = .84 x .0694 x 62000 = 3610 lbs
b ru
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P Ultimate Load ". Tension Failure

W
From Figure 12 of Reference 6: For - - 2.0

D

K .93
t

P = K A F
tu t t tu

P - .93 x .0694 x 62000

P = 4000 lbstu

P Yield LoadY

p <p ".(P) = P = 3610 1bs
bru tt' u rminu

(P )
u min 3610 0839

Ar x Ftu .0694 x 62000

From Figure 15 of Reference 6: C = 1.1

F
ty

tu min
x

From. Drawing No. 1146053 F t 40000tYx

40000
P 1.1 0000 3610 = 2560 ibsy 62000 -

-49-

UNCLASSIFIED



UNCLASSIFIED
Report AFRPL-TR-69-90, Appendix B

Margin of Ssfety

Maximum lug load T. 557.5 lbsC

Minimum Allowable Load P = 3610 lbs
bbru

M.S.= -1
DF x T

360

M.S. = 3610- = 3.19
u 1.5 x 557.5

Bending of Blade Due to Lift and Transverse Loads

B T BB = (1.4 x 50.4) + (3.5 x 2.25)

1.4,, L

MBB = 78.38 in-lbs

2. 25"

F Approx. It yy

S10- 3

Y .13" lyy = -- [.75(2.15) + .25(1.3)

.25" I4
I = 7.5 x 104 in4

yy

BB 78.38 x .107
.215" b 4

Y yy 7.5 x 10

Section B-B f b 11200 lbs/in 2

F
tu 62000-12 .69M.S. = DFx -i = 62000 -. 69

DF x fb 1.5 x 11200
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3. Pin, Straight, Drawing No. 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'

F and F was R 123 lbs. The reaction due to P F and F is
A C T L' T C

calculated below.

Pin 1146056

- - 2.09" Fin

Sc -L

.62"L . c

[M = 01 (50.4 x 2.09) + (.65 x 2.94) - (3.5 x .31) =5 x .62
C

S = 171.5 lbs

[ZF = 0] S = 171.5 + 3.5 = 175.0 lbs

Assume this load directly additive to the 123 lb load where they act in the

same direction. The 123 lb load is reacted by both sides of pin or:

123
Load/Side = 12 = 62.5 lbs2

Net pin load = 175 + 62.5 = 237.5 lbs N

-51-
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Assume pin cantilevered as shown:

12" Pin is modified from MS16556-643

3/16" dia cres steel pin with a Rockwell

hardness of 36 to 42

M - 237.5 x .12 - 28.5 in-lbs

3

S rd 3  nl85x1- 1 3 3
ff =d fi (.875 x1 i - ) = .648 x10- in3

32 3264x10 i

f = 28.5 +44000 lbs/in2

6.48 x 10 -

For minimum hardness of 36 Rockwell 'C"

in 2

f 160,000 lbs/intu

M.S. f b -1 160000 -1 1.42DF x F - 1.5 x 44000
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4. Closure Assembly (Ref. Drawing No. 1146639)

-- 4-Motor

i " -- ---- '- l --- Nozzle

,1 2 (Typ. 4 Places)

Sleeve 1146365

Molding Compound
dCMXC313 2arbitex 700 (1146659-19)

Throat Insert

Nozzle Plate (1146335).

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 however, 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.
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Calculation of Ejection Load

d 1jr-146659 d

st d*

Nozzle

The ejection load on a rocket nozzle can be computed

from the following expression:

2 +
2 P

F P A (l + yM - P A (I - d )
ej ii j E E E 4 s j 4 E a

2
From Drawings d s  .675" ds2 .455

2
d = .350" d = .122

d*= .271"

dE  .796"

P = 1990 psi

PE =  P E 14.7 psi

Vatious Equation Terms:

A = .7854 (.35)
2  .0963 in

2

A = .7854 (.675) = .358 in
2
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AE  a .7854 (.796)2 . 498 in

A* - .7854 (.271) = .0576 in
2

From compressible flow tables for y = 1.2:

For A 0963 - 1.670 M .38
A* .0576 j

AE .498
For A = .498 - 8.650 M = 3.18

A* .0576 E

Ejection Load Becomes:

2 2F = 1990 (.0963)[1 + 1.2(.38)2 ] - 14.7 (.498)[1 + 1.2(3.18) 1
ej

+ .7854 x 1990 (.675 2 - .3502) 4 .7854 x 14.7 (.796 2 
- .98 2 )

F = 224 - 96 + 520 - 2
ej

F = 646 lbs

f 646 2300 psi
t (.9-082- .67 )

Manufacturer's data (Fiberite Corp.), indicate a room

temperature tensile strength for MXC-313 of 7200 psi. Based on silica reinforced

phenolics, and temperatures indicated on Figure l0a, it is estimated that the

minimum strength might be reduced 50%, i.e., Ftu = 0.5 x 7200 = 3600 psi

M.S. 3600 -1 = 0.57 -M.S. =2300
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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
d2  =0.430 in

F y 30,000

A2  W_ 2 2.52

32712

P2

- = 0.084 (Reference Comp. Flow Tables y = 1.2)
t

P2  = .084 x 1991 = 167 psi

167 x .45
f = .4 = 10,700 psi

t .007

M.S. = 0- 1 = 1.80----
10,700

5. Igniter Assembly (1146673)

.38K
A check will be made to insure that the polystyrene plug will

shear out before the aluminum tube will rupture.
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Pressure to Eject Plug

Plug is of polystyrene and is bonded to the chamber. Shear

strength of adhesive is estimated to be 3000 psi. Shear strength of

polystyrene is 40-90 psi per mfg. data.

.'.Plug will fail in shear in polystyrene.

Area in shear, A rt x .58 x .38 - .691 in2

Maximum load to eject plug - .691 x 90 = 62.2 lbs

Pressure required to eject plug:

Pmax(.7854)(.58)2 62.2

Pmax - 236 psi maximum

Stress in 1146095 Chamber @ p

t = .007" min

f =pr
t t

= 236 x .313 lbs/in 2

ft .007 ±U050lJ

Tube is 6061: Assume condition "0" % conservative

F n = 14000 lbs/in
2

Plug will eject before bursting chamber.
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6. Piston and Cross-Head Assembly

-Fin 1146210 (nested)

- Cross Head
PistonBUREPS Drawing 456909

9220797

Closure Plate .146335

Piston Load P

Piston is actuated by chamber pressure and applies a load on the fins

through the cross-head.

PC = 1990 psi

P .7854(.252)2 1990 - 99.3 lbs

A detail piston drawing is not available, however, from mating parts and

other information the followinj dimensions were estimated:

0.D. - .215"

I.D. =.060"
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Area in Compression 
a A p .7B54 [(.215)2 - (.06)2) = .0336 in

2

99.3 2960 2bs/in M.S. H Uigh

.0336

Cross Head-Fits FoldedBendin Load

From previous page the load 
on the central part of the cross 

head

is 99.3 lbs.

Per BUREPS Drawing No. 456909, 
piston is proof tested with 

a central

load of 500 lbs.

500 -l " 2.36
MS. 1.5 x 99.3 1

Cross Head-Fins Extended n 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

Pagu 45.

Per Drawing No. 456909, the legs 
are subjected to a proof load of

1000 lbs.

M.S. = 1000 - gh
1.5 x 118.5
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7. Nozzle Plate, Drawing No. 1146335-1

A

> Material
7075 T73 AISI 1117

Aluminum Steel

tu
at 150°F 58,900 69,000

F
ty

at 150OF 49,400 58,000

A

f 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
substantiation of the enclosed lockwire attachment flange. This has been more
conveniently evaluated as part of the motor case assembly.
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M X

II 1R I \

Section A-A

The perforated plate (Section A-A), which acts as &P 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 yielding 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 M, M2, and M 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 all

points around the 1-2-3 sector.
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The total applied moment about the X-X axis consists

entirely of the pressure loading.

900

Assume pressure acts uniformly on sector with radius

-1.129 inches, applied load (limit)

2R 190 (. 2)
190 -119 2000 lbs

4 4

momen arm 2R sin(w/4)

R R Y - R- (4
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a 1.129 2(l.129)(.707)
3(T/4)

= 1.129 - .680 - .449

Applied Moment (limit)

Mapplied yield " 2000(.449) - 898 in-lbs

Applied Moment (Ultimate)

Mapplied yield (1.5)(898) - 1350 in-lbs

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

Edge Reaction Load (Limit)

W =pR 1990 (1.129)

2 2

1125 lbs/in
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Moment about X-X Axis

./4

2 - 2 WR2( I - Coso) do

- 2 W 2  r []/4
0

= .156 WR

MXX(lmit) - .156(1125)(1.129)2

- 224 - in lbs

N-X(ult.) - 1.5(224)

- 336 - in lbs

Edge Moment (M1)

t2 (1.5) 244)2(1.5)

F allow FallowMI"6 "6

- .0149 Fallow

Moment about X-X Axis

MX-x  - 2M, R Cos (w/4)

- 2 (.01 4 9 )Fallow (l.129)(.707)

a .0238 Fallow
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MXXmlimit) " .0238(49400)

- 1180 - in lbs

mX_X(ult) - .0238(58900)

a 1400 - in lbs

Edge Moment (M2)

.504

2L 2R allow 4]

H432 ~ ~ M2-M- B

.185 - a~~~ow .060(.504) 2+.185 (.132)2

&lw 4 4

060 Fallow (.00382 + .00081)

- .00463 Fallow

MXx(llmlt) 2 M2L Cos(v/4)

, 2(.00463)(49400)(.707)

- 324-- in lbs

MXX(ult) .2(.00463)(58900)(.707)

387 - in lbs
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Edge Moment (M 3)

Moment about X-X Axis

Fallow b t (1.5)

MX-X =  6

M Fallow (.152)(.504) (1.5)

6

- .00965 Fallow

MX~x(limit) - .00965(49400)

a 477 - in Ibs

MxX(ult) - .00965 (58900)

- 570 - in lbs

Mar~ins of Safety

Reactive Moment
M'S.(limit) - Applied Moment

224 + 1180 + 324 + 477 -1 - +1.45
898 -

M.S. -Reactive Moment
(ult) Applied Moment

336 + 1400 + 387 + 570 -1 -+0.99

1350
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Lugs for Fins

1146335

a a .22" min. scaled from Drawing

-. 15" (dimension @ min. leg)
N y 2

D2 D m .191"

t - .18"

a .22.. 1.. 1.15D .19±,

W. .30. .. . 1.57
D .191

D _ .191
.. - - 1.06
t .18

Ar = Dt - .191 x .18 - .0344 in
2

At (W-D)t - (.30 - .191).18 - .0196 in2

(conservative)

N = 237.5 lb (from anal. for pin)

Fbru Ultimate Load ', Shear Bearing Failure

From Reference 6 K r - 1.04

Pbru m Kbr Abr Ftu
X

For 7075-T73 From Reference [2]

F - 52000 lbs/in 2  F = 61000 lbs/in 2  (annealed
Xmin XMin  values)

Pbru - 1.04 x .0344 x 61000 - 2180 lbs
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Ptu Ultimate Load, Tension Failure

From Reference 6

Kt - .97

Ptu " Kt At F - .97 x .0196 x 61000 - 1160 lbs

p Yield Load

P <bru •(P) - -1160

tu Uin tu

(Pu)min 1160 - .552
Ab r x Ftu .0344 x 61000

x
C- 1.1

FC
F tYx 52000

P C- (P) - 1.1- 1160 - 1090 lbs
y F t umin 61000

x

Margin of Safety

Maximum lug load - 237.5 lbs (from Page 11)

Minimum allowable load: P - 1160 lbstu

P

M.S. - -- 1 i
DF x N

M.S. 1160 -1 2
1.5 x 237.5 -
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C. PROPELJANT i IN'

An important consideration for all solid rocket motors is the

thermal environment in which the motor is required to operate. This is

primarily due to the differential coefficient of thermal expansion between

solid pronellants 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 mechanical properties usually requires that both ends of

the environmental rankle 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 due

to shear stresses during firing at either the hign or low tenperature, and

(c) cracking of the inner bore of the grain due to either long time low

storage or temperature cycling between the high and low temperature requirements.

After reviewing the design requirements of the 2.75-in. rocket as specified in

Reference 1, the followinf specific conditions were selected for detailed

structural evaluation.

(1) Long tine Storage at -650F

(2) Firing at -65°F

(3) Firing at 150oF

(4) Thermal Cycling Between 150F and -65F
(three cycles)

The stresses and strains due to these thermal and pressure loads

were calculated and, wnere applicable,tht results have been compared with

appropriate laboratory test data.
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1. Method of Analsis

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 are 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, isotropic, 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 discrete 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 "In" linear simultaneous equations in

"In" unknowns. The discrete stress function values are obtained from this

system of equations by the Gaussian elimination process on an IBM 360/65

computer. The stress function values are substituted back into the finite

difference equations for evaluation of the stresses and strains at all grid

points. I

2. Results

A summary of the maximum stresses and strains obtained for

the various design conditions is contained in Table 5. In all cases the

allowable values are equal to or greater 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

oontained herein a "cumulative damage" analysis was also conducted on

the 2.75-in. rocket motor. Recent work at Aerojet has shown that this

aptroach can be used to make theoretical predictions of the actual number

of cycles which a grain can withstand between various temperature limits.

Details of this cumulative damage analysis, which considers the interaction

of ransient heat conduction and thermoviscoelastic propellant behavior,

are contained elsewhere in the "Design Disclosure" documentation. results

of this work do, however, further confirm the ability of the 2.75 grain to

withstand the required three cycles between lrO and -65aF.
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WEIGHTS AND BALANCE

The calculated Improved 2.75-in. motor weights and c.g. data are shown

in Figures 1 and 2. Figure 3 is a summary of the most recent available actual

weights.
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Pre-Fire Condition Post-Fire Condition

Weight, Arms Moment, Weight, Arm, Moment,

Line Item lb in. in.-lb lb in.* in.-Ib

1 Motor Tube (2.36) (13.80) (32.57) (2.36) (13.80) (32.57)
2
3 Internal Insulation (0.48) (17.08) (8.20) (0.40) (16.95) (6.78)
4 Fwd Insulator 0.06 3.00 0.18 0.06 3.00 0.18
5 Aft Insulator 0.08 29.90 2.39 0.08 29,90 2.39
6 Cap, Insulator 0.03 30.55 0.92 0.02 30.60 0.61
7 Liner 0.30 15.60 4.68 0.23 15.50 3.57
8 Release Agent 0.01 3.10 0.03 0.01 3.10 0.03
9
10 Closure Assembly (1.15) (31.71) (36.47) (1.04) (31.75) (33.02)
11 Plate 0.85 31.80 27.03 0.85 31.80 27.03
12 Sleeves 0.02 32.75 0.66 0.02 32.75 0.66
13 Inserts and Seals 0.05 32.00 1.60 0.03 32.00 0.96
14 Washers 0.01 31.70 0.32 - - -
15 Molding Compound 0.22 31.20 6.86 0.14 31.20 4.37
16
17 Fin Assembly (0.60) (34.95) (20.97) (0.59) (34.32) (20.25)
18 Fin Blades 0.48 35.45 17.02 0.48 34.65 16.63
19 Pins 0.02 32.55 0.65 0.02 32.55 0.65
20 Piston 0.02 32.15 0.64 0.02 32.75 0.66
21 Crosshead and Nuts 0.07 32.40 2.27 0.07 33.00 2.31
22 Retainer 0.01 39.20 n 39 - - -
23
24 Igniter Assembly (0.02) (30.20) (0.60) - - -

25
26 Lockwire and O-Ring (0.03) (31.20) (0.94) (0.03) (31.20) (0.94)
27
28 TOTAL INERTS (4.64) (21.51) (99.75) (4.42) (21.17) (93.56)
29
30 Propellant (8.05) (16.63) (133.88) - - -

31 Chamber 8.03 16.60 133.30 - - -
32 Igniter 0.02 28.80 0.58 - - -

33
34 TOTAL MOTOR (12.69) (18.41) (233.63) (4.42) (21.17) (93.56)

* Measured from forward edge of motor tube (Motor Station 0.00)

Improved 2.75-in. FFAR Weight and Balance Status

Figure 1
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Line Item Part Number Revision Weight, lb

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 RTV 587 0.019

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 1146659-19, 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-fi're 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

Range 0.11

Calculated 4.15 8.03 12.18 3.92 0.23

* All weights expressed in lb.

** All weightg are less fin blades, pins and retainer (0.51 ib).
*** No data available 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-45662.

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 of 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-
tion and altitude 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 Conditions and Instrumentation

During the tests as described in this report, all tolerances on test
conditions and instrumentation did not exceed the following parameters:

Temperature + 50 F
Relative humidity T 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 traceable to the National Bureau of
Standards and certification and calibration 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 mQtors underwent a visual
examination in which the samples were checked for corrosion, rust or pitting,
and any degradation caused by testing.

2.6 Test Setup

Typical test setups are shown on Figures ithrough 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 -650F 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 120OF at a relative
humidity 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
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 inspectio4 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 +70OF

Group B at -650F
Group C at -650F
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 , 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

Following 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-rayed
and the original films were submitted to Aerojet-General Corporation.

Group E was shipped to Aerojet-General Corporation prior to X-ray.

3.4 Altitude Cycling

3.4.1 Requirements

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, OF 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 motors showed any visible evidence of external
damage or deformation as a result of the altitude cycling test.

Page 5

UNCLASSIFIED



UNCLASSIFIED

Report AFRPL-TR-69-YO, Appendix D)

Il

4 ~04

jOB NO 8 1088 .,

Figure 1
Page 6

UNCLASSIFIED



UNCLASSIFIED

Report AFRPL-rR-9-90, Appendix D

;4-- -- --- "- ,.,

" -e

. .---- .... .....

,~ ~ ~~.. ..... .. _.. -. i- "

Figure 2

Page7

UNCLASSIFIED



UNCLASSIFIED

Report ArRPL-TR-b9-90, Appendix D)

Figure 3
Page 8

UNCLASSIFIED



UNCLASSIFIED
ReporL AFRPL-IR-69-90, Appundix 1)

AOC

4 -'k

Figure 4
Page 9

UNCLASSIFIED



UNCLASSIFIED

Report AFRPL-rR-69-90, Appendix D

,. .t L

'~ #sir

PfRT

- . . 7!

Figure 5

Pgue i5

UNCLASSIFIED


