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1.0 SUMMARY

As a part of Phase I cf the LC'TO? Project, both analog and digital

computations were made to determine the ba:listic accuracy of the Ryan Model

ii 109-G. The scope of the study was limited by the change of emphasis indicated

in References 3 throuji 5. Completion of the Circular Error Probability (CRT')

91.

	

	 studies is planned during the extension of Phase I (Reference 2). The basic

assumption:3 for the present studies included perfect release conditions an'5

ii an ideal environment. The planned extension of the studies will cover me-ra-

il tional errors resulting in imperfect launches as well as such factors as sur-

face winds and turbulence.

The Phase I studies were divided into t.o parts. The first investigated

dispersion during launch while the rockets are burning; the second, variations

in the loop trajectory. Source errors considered were (a) variations in the

maTmitude and direction of the thrust veztor durin.; laun^h and (0 struct .iral
asymmetries. Their various effects were studied iniependently. Both digital

anri orml-vj computations were made.

Subject to the limttin, assumptions, it was found that ballistically the

Ryan li)del 10H-0 can repeat trajectories with considerable precisin. Varia-

tions in rate of burninj have practically no effect, provided total impulse

remains constant. Variatins in rocket alisnment of 12 inch above and below

the stre c.s. indicated no effect cn horizontal distance traveled and shoved

vertical variations of only 3 to 11 feet at pull -up. The structural imperfec-

tion affectinj, the trajectory most si:nificantly was wing twist, where 1 2° of

twist resulted in a terminal roint variation of 16; feet. Manufacturin; toler-

ances of 1'2° of twist cr less may easily be maintained for the 1C -.-G. The

1.1
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studies to date show that fcr a given error source the maximum radial displace-

meat of the terminal point of the loop is less than 20C feet, vh,,reas the

specified requirement is that the median radial error have a value nt greater

thsn 500 feet.

1.2
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2.0 iii.eriODUCTION

The Ryan Aeronautical Company has received a contract from the Sandia

Corporation (Purchase Order 51-2116) for the Phase I design study of a low-

altitude external store delivery system assigned the unclassified title

"LOTCP". The store is to be launched from a fighter or attack type aircraft

after which it is to perform a loop-type maneuver for delivery of the payload

to the target. (See Figure 2.1).

A low delta wing configuration with canard control surfaces has been

developed which is designated the Ryan Model 109-0 (Figure 2.2). The purpose

of this report is to preeent the results of a study performed to evaluate the

ballistic accuracy of the Model 109-G. It is necessary to show that, given

identical conditions of release and environment, trajectories can be consis-

tently repeated which satisfy the criteria established for the Circular Error

Probability (CEP).

The Phase I ballistic CEP requirements demand a delivery system which,

under like release conditions, allows frr at least 50 percent of the terminal

trajectories to pass completely within a cylinder of 500 feet radius centered

at the target and extending 3000 feet above the launch altitude. Figure 2.1

shows the ballistic CEP requirements in relaticn to the total maneuver as

well as the operational CEP requirements which will be used in the extension

of these studies. The expanded studies will not assume perfect release but

will cover the effects of operational and environmental errors on the repeata-

bility of trajectories (reference 2).

2.1
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References 3 through 5 dictated the aarnitude of the CEP studies re-

ported herein. Computations were performed at Ryan on a PACE analoc; compu-

ter and on an IBM Type 650 digital computer. The effects cf s-urce errors

were considered serarately. In the anticipated extension of these studies

it is planned to study the possible ways in which various s-urce errors may

combine.

2.2
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3.0 METHOD OF APPROACH

The Phase I CEP studies were limited in accordance with References 3, 4

and 5. Therefore, it WS not considered practical to do a complete proba-

bility analysis. Instead individual errors were examined in order to quali-

tatively evaluate the probable ballistic error. In the extended CEP studies,

Reference 2 , a quantitative probability analysis vill be made of the opera-

tional CEP.

Since the Model 109-G is provided with power for separation, it was con-

venient for these studies to divide the mission into two parts. The first part

of the mission is the launch period when the rockets are burning. The second

part is the unpovered portion during which a pull-up is commanded and the store

describes a loop-type trajectory. The study was primarily concerned with the

vehicle's inherent ballistic characteristics. Therefore the assumptions of

control characteristics were kept as simple as possible. The studies in the

pitching plane assumed either retracted or fixed canard deflection, and for

the lateral studies relatively simple equations for the vertical carmrd surface

and aileron motions were introduced.

Directly after release the vehicle undergoes a rapid acceleration and,

at the time the rockets are burning out, the thrust fmrts to zerc abruptly.

Because forces are changing rapidly, great accuracy is required for this stage

of the computations. It was decided to perform all the launch studies on the

digital computer, the IBM Type 650. The loop trajectories, on the other hand,

are somewhat less sensitive and they were calculated on the "PACE" analog csm-

puter. This seemed justified since previous analog loop trajectories had shown

good agreement with those performed on the di Vital computer.
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3.2

Figure 3.1 presents a three-view drawing, of the Model 109-G.

3.1 Launch Trajectory

Perfect release c:'nditions were assumed in all cases. This included an

assumption of perfect store alignment on the launch aircraft. A further sim-

plification was made to ignore independent action of the three rockets and to

describe the resultant thrust vector as if it were from a single origin. In

keeping with the philosopfly of minimal restrictions with regard to automatic

control, the longitudinal studies disregarded movement of the canard surfaces.

The lateral cases, while "driven" from information developed during the lorzi-

tudingo studies, assumed control of ailerons and vertical canard surface. The

control equations used are presented in the Appendix to this report.

3.1.1 Errors Considered

The launch studies investigated dispersion and the development of forces

and moments that might adversely affect the pull-up. All these quantities were

assumed to be functions of the thrust vector, variations of which in magnitude

or alignment were used as source errors.

3.1.2 Plan of Computation

In order to study the launch as thoroughly as possible and with a mini-

mum of linearization, it was decided to conduct longitudinal and lateral COMMI-

tationA separately, using virtually the full capacity of the Type 650 for each

net of computations. The longitudinal calculations were made first, and they

investigated the effect of variations of the thrust vector both with respect to

magnitude and alignment.



In studying changes in thrust magnitude : three possible sources of error

were considered. First, cases were run to check the validity of the straight-

line approximations of the thrust curves. Throughout the previous Model 109-G

trajectory studies, each of the thrust curves giveu in Reference 6 was approxi-

mated by three straight lines. For purposes of the present studies, the effects

of these approximations were compared with results derived from carefully fitting

the given curves. Second, recognizing that the burning of a rocket may be some-

what uneven, random variations in thrust magnitude were introduced. This was

done by estimating the greatest random change likely to occur within a given

time increment, assigning to this value a probability of .09, and introducing

random errors in accordance with a normal distribution. Each error was added

to the preceding value of thrust, so that the total error could randomly

accumulate or cancel out. Third, the effect of grain temperature or burning rate

was considered.

Longitualeal studies were conducted to chow the effect of vertical mis-

alignment of the thrust vector. It was assumed that the vector remained parallel

to the ideal position but might be as much as half an inch above or below

the vehicle's center of gravity.

Studies were also made of lateral misalignment. These were "driven" from

the computations made for the vertical cases, but angular error as well as ver-

tical and lateral offsets was introduced. The reason for considering angular

error was that it allowed the possibility of developing rolling moment and roll

angle. Though dependent on the separately performed longitudinal computations,

the results of the lateral computations are considered reasonably accurate within

the limitations of this program. The lateral equations of motion are shown in

the Appendix.
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3.2 Loop Trajectory

Loop trajectories were calculated on a "PACE" analog computer in con-

nection with studies for the Model 109-G control system reported in Reference 7.

These trajectories were also planned to provide information concerning the bal-

listic CEP.

3.2.1 Errors Considered

Displacement at the terminal point cf the loop vas the final result de-

it
	 sired. The source errors thought to be most important were structural asymme-

tries such as wing twist or fin twist, and lateral deviations at the time of

pull-up; i.e., the presence of non-zero roll angle, yaw angle, or side velocity.

3.2.2 Plan of Computation

The analog set-up is described in Reference 7 . It will be noted that,

consistent with small perturbation theory, many of the aerodynamic derivatives

were held constant. The autopilot equations, on the other hand, included con-

siderations of time lag.



4.o DISCUSSION

In the preliminary ballistic CEP study no attempt was made to determine

the probable distribution of errors. Rather, the object was to consider inde-

pendently the maximum errors likely to arise from variations in rocket perfor-

mance or from structural imperfections.

4.1 Launches 

The results of the launch studies are presented graphically in Figures

4.1 through 4.32.

The end point of a launch is considered to be that point at which

pull-up is commanded. Although the distance traveled before rocket burn-out

may vary considerably, it has been assumed for this study that the end point

of the launch is that time at which the vehicle is 300 feet ahead of the launch

airplane. Normally rocket burn-out occurs before the end of the launch phase.

4.1.1 Variations of Thrust Maznitude

The basic data on rocket thrust were taken from Reference 6. Hovever,

throughout the studies of the MDdel 	 it was convenient tc approximate

the riven thrust curves by three straight lines. Figure 4 .1 shows the given

thrust cur•es and their straight line approximations. All comparisons of

thrust have been referred to the approximation used for a standard day. This

has been described as the "Assumed Reference Burnin ,4". Cn many of the graphs

this is indicated by the abbreviation REF. In Figure  4.1, the word "given" is

used to designate the curves given in the manufacturer's specification (Refer-

ence 6).

4.1
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Figures 4.2 through 4.7 demonstrate that the three straight lines are

in fact a very good approximation. The actual &cceleration aloes the flight

path closely follows the input thrust, as shown in Figure 4.4. These curves

show approximately the same difference as the thrust curves in Figure 4.1. The

variables shown in Figure 4.3 and 4.5 through 4.7 are almoet unaffected except

that in all cases the approximated thrust showed an earlier burn-out time.

Otherwise, even the timing is virtually identical, as shown in Figure 4.2.

This figure includes the flight path of the launch airplane. There is no mea-

surable difference between the flight paths computed from the riven curves, and

those computed from the straight line approximations. The time arrows show

that on either of any pair of flight paths the same position is reached at the

same time. However, the flight paths computed from the given thrust curves

show that at the time the vehicle has reached a point 300 feet in front of the

launch airplane final burn-out has net yet occurred.

Since rockets display considerable unevenness in burning, a study was

made to evaluate this as a source of dispersion. Five cases were run in Which

fR
	 a random variation of thrust was introduced during the period normally con-

sidered to have constant thrust. It is seen in Figure 4.8 that the deviations

are completely irreimlar, and the departure from the assumed reference in one

case exceeded 50C pounds The effect of these ranflom variations on the motion

of the vehicle, however, was negligible. It is evident from Figures 4.9

through 4.14 that irre:ularities of burn rate present no difficulty.

On a hot day the rockets may be expected to burn faster than on a cold

day. This results in s7eater thrust applied over a shorter period of time.

4.2
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The total impulse, however, remains approximately the same. Although the dif-

ferences in acceleration affect the vehicle's flight path, the distances

involved are wall. Thus, as seen in Figure 4.15, the greatest horizontal dis-

placement from standard day conditions is 140 feet, and the greatest vertical

displacement is 20 feet. These values are well within the allowed tolerances

and might be considered predictable differences in performance rather than

errors. Acceleration along the flight path (Figure 4.17) reflects the assumed

thrust, and the velocity graph (Figure 4.16) indicates slower build-up on cold

days with a maximum difference in final velocity of 130 feet per second. Angu-

lar motions in the pitching plane (see Figures 4.18 through 4.20) damp out

rapidly, especially at the higher Math nuMbers.

4.1.2 Variations of Thrust Alignment 

The first cases of thrust misalignment assumed that the thrust vector

remained parallel to the ideal position, but was vertically offset from the

center of gravity by half an inch. This, obviously, is a source of vertical

dispersion, but the maximum displacement is only ten feet. In Figure 4.21,

e = 0.5 indicates that the thrust line is 1/2 inch below the e.g. and e = -0.5

indicates that the thrust line is 1/2 inch above the e.g. The offset affects

velocity and acceleration so little that the differences cannot be plotted.

See Figures 4.22 and 4.23. With regard to angle of attack and pitching rate

and acceleration (Figures 4.24 through 4.26), it is seen that there is a phase

angle of roughly 1800 between the plus and ►inus cases. The zero case lags

behind the minus case by about 30°, but with much pm1Aller amplitudes.

All these angular auertities damp rapidly, especially at the higher

Mach numbers. 	 So far as the pitch angle itself

1
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is concerned, the offset has little effect. At end of launch the pitch angle

varied from -1.9 ° for e 0.5 at M 	 .25 to -3.6°for e 	 -0.5 at M 	 .70.

The results of these misalignment computations in the pitching plane

were used to "drive" further computations exploring the effects cf lateral

misalignments. A lateral offset, e = 0.3 in., was added, as well as an angu-

lar incidence, iF = -1, representing an angle between the thrust vector and

the x-y plane of the vehicle's body axis.

Figures 4.27 through 4.32 show that nowhere do the vertical components

of offset have a st.T;nificant effect. Figure 4.28 shows that side acceleration

damps slowly, and the same is true of roll and yaw rates and accelerations

(Figures 4.29 through 4.32). However, the actual displacements never become

large. Thus, in Figure 4.27 it is seen that the lateral displacements at end

of launch range from about 5 feet for initial M .95 to 7 feet for M = .70.

Terminal side velocity never exceeded 6 feet per second. The greatest roll

angle developed at any time during the launch was 2.3° ; the greatest yaw angle,
1.5

o . At the end of launch these had been reduced, however, so that the maxi-
mum angular errors were all under

4.2 Loop Trajectorieu

It was considered that the most important ballistic deviation durin. -7,
the loop maneuver would result from lateral deviations due to structural asym-

metries or averse conditions at the time pull-up is commanded. Table 4.1 shows,

for various source-errors, the lateral displacement (absolute value) in feet,

at the completion of the lorp.

A
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Table 4.1

890

)4-
a

4.5

LATERAL DISPLACEMENT AT TERMINATION POINT (FEET) 

q in lbs ft2
1200 1500 2000 2500

165 90 105 100

100 35 10 50

55 55 57 58

Source Error

1'2° wing twist

1/2° fin twist
_o

4 = ) at pull-up

* . 2° at pull-up 	 160 	 150 	 140 	 140

v = 20 ft sec at pull-up 	 1 	
3

05
--C-.-----') 	

=0 	 85
	.,/ --e,	 /	 ....----.
	t f,11b	 1-‘1/	 --1,4';j 	 /

Note: This is essentially the ,-tame as Table 4.6, Reference 7. 	 20)

The assumed source errors are F,reater than those actually expected.

Even with the above assumptions the MaXIMUM displacement for a 	 source

error is only 165 feet.

h.3 Total Ballistic Circular Error

The input values for roll en le and yaw an-.;le used in obtaining, the re-

sults in Table 4.1 were far in excess of any of the valuf:s obtained from the

launch computations. Furthermore, the side velocity assumed vas 20 feet per

second, whereas launch studies indicated that the side velocity at time of

pull-ur would never be 7.reater than about 6 feet per second. It may, therefore,

be assumed that the displacements shown in the last three rows of Table 4.1

are in excess of those to be expected if less conservative values had been

used.



The largest deviation encountered in the launch studies was a difference

of 14.0 feet in longitudinal position of the end-point, depending on tempera-

ture. As indicated before, this type error is predictab'.e and should not be

considered a ballistic error. The largest lateral deviation fluring launch was

7 feet. Added as a positional error to any of the separate lateral displace-

ments shown in Table 4.1, the total error is still well under 200 feet. The

exact manner in which these various source errors may codbine to affect the

ballistic CEP will be examined as a part of the extended Phase I studies.

A

A 4.6

4
A
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1
5.0 CONCLUSIME 

Even the most unfavorable assumptions of faulty rocket performance

or structural imperfections failed to yield radial displacements approach-

]
in;; the ma€xdtude allowed. It may be concluded that the 111.41e1 10 ,,,-G is

capable of producing repeatable trajectories with the accuracy demanded by

the Phase I ballistic CEP requirements.

1
1    
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6.o APPENDIX

Presented in the Appendix are the following sections:

6.1 List of References

6.2 List of Symbols

6.3 Equations

6.1

IZA
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6.2 List of Symbols 

lbs.

Fn 	 Net thrust, lbs.

L 	 Lift, lbs.

Azero 	 Aerodynamic pitching moment, ft. lbs.

Weiht, lbs.

7ravitational acceleration, 32.17405 ft 'sec2

n 	 Loud factor, Sum of all forces normal to fit. path exclusive of W cos

Moment of inertia about longitudinal body axis, slug ft.
2

xb
L1.	 Moment of inertia abut. spanwise body axis, slug ft.

2

Product of inertia, slug ft.
2

b 	 Wing span, ft.

e 	 Pitch angle referenced to horizontal plane, radians

d9 'dt, rad. 'sec.

d6 dt, rad. sec. 2

7 	 Flight path angle referenced to horizontal plane, radians

dy.dt, rad. sec.

a 	 Angle of attack, i.e. angle between wins chord plane and flight path.red.

a 	 a for zero lift, radiansOL

da dt, rad. sec.

Side-slip angle, i.e., angle between longitudinal body axis and
relative wind, radi 	

Roll an7le referenced to horizontal plane, radians

dp al.., rad. sec.

d(15 dt, rad. sec.
2

3o.
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Yaw angle referenced to fixed vertical plane, radians

dt, red. sec.

dJ,i; dt, rad. 'sec. 2

Velocity along Yip axis, ft.'sec.

dv'dt, ft.:sec.
2

Aileron deflection, radians

r
	 Deflection of vertical canard surface, rAdians

Deflection of horizontal canard surface, degrees

e
	

Vertical thrust moment arm about 	 ft.

Lateral thrust moment arm about e.g., ft.

K950. 	Aileron to roll gain

1r4Oa 	
Aileron to roll rate gain

Kt,r 	Vertical canard surface deflection to yaw Tain

u 	 Velocity along X.,0 axis, ft. sec.

Velocity along Zio axis, ft. sec.

x, y, h 	Cartesian coordinates with respect to ground. ft.

i, ST, A 	 dx/dt, dy/dt, dh/dt, ft.rsec.

Xb' Y, 7'1)
	Body as

e.!4. 	 Stationvise location of center of gravity, inches

nlanform area, ft.
2

Dyrmrlic pressure,SVT2 ,2' lbs. 
4
ft. 2

Tm2 	 m6
Inpact pressure q(1 + 	 + 	 170- etc.), lbs :ft. 2

Freestrean velocity, ft. 'sec.

dV/dt,ft. 'sec.

Atbient density, slugs'ft. 3

qc

V
T

C)
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c 	 Mean aerodynamic chord, ft.

6.5

Clearance distance from missile e.g. to launch point cn launch
aircraft, ft.

D
	

Arbitrarily chosen clearance distance at •hic), maneuver may be
commenced, ft.

Mach nuMber

t
	

Time, seconds

Lift coefficient, L 'qs

CD
	 Total drag coefficient, D'cIS

CD , .0
	 CD at F)e 	

0

.
Cr 	 Pitching moment coefficient, Pitching moment ciFc

Cm 	
Pitching mcment ccefficient at a = 0

o
01.41 	 C / ,-)a

0LFC.,. at 5e =00
e = 0 	 I,

C4..,,,,....-). 	 ? Cm :6a,.,,.

cmq 	 c
ri

qm.1 	 Cm

C 	 Side force coefficient. side force
q)

Cy0 	Side force coefficient clue to structural asymmetry

Cy CyA13
y3
0; 	 Rollin.,; moment coefficient, rolling moment

gSb

Rolling mcment ccefficient due to structural asymmetry,o

TC,p /7.5

Ctn C ?P

C,E1. c-p Cr
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Yawing moment coefficient poring moment
clSb

Yawing moment coefficient due to structural asymmetry

Cn/a0

6cn/ap

n/

?.c /74 .6
n' 	 r

C
n

Cn
0

C

Cn

Cnr

Cn

ea

yea

6.6



n W

C,

a - 	  + aoL

= T 
cos 7

a = V
T sin 

7

1
Is
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6.3 Equations 

6.3.1 Equations Used for Longitudinal Launch Studies - Canard Off

Summation of forces alone; the flight path:

W A
g vT = Fn cos (a + iF ) - Cn 	qS - W sin 7

n u5
e = 0

Summation of forces normal to the flight path:

SW, .v 7 = Fn sin (,-.4 +
Fn 

+ CL 	 qS - W cos 7
T

-e = 0

Summation of moments about the Yio axis-

Iv 4 eFn + qSC 'Cm + C. a +	 (Cm 4 + c *)
- 7

The folloving relationships also hold:

CT,8
	

q7 = Fn sin (a + hp. )
e-0



zb

6.3.2 Equations Used for Lateral Launch Studies - Cenard Off

Summation of forces alonl the Yb axis:

[C + C 	 + gp cos G - 	 + <71,
g 	 Yo	 Y

Summation of moments about the Xb axis.

xl
"b [

-(C, + C, 5)
1. 13

(Cr 4- 4)221,

- ei (I
Zb
 - I )

Yb
- ; Fn sin

Summation of moments about the? axis:

V qs

f(C + C 	 ) 77-
b Ca

nl 
+I

- 60i) (I_ - I, ) 	 Fn sin
jb	 -b 

The frilovipw relationahirs also hold:

= Cv 	 + C)

Cn 	 + Cn 	 "r

C 	 C. + C ?

Ca

Cn_ Cno -`

6.8



p )V
T 

sin (* +

,•Y
.. • 4.:••.1.4:4:461,636A-061IOSWialialiali 	 •

u = VT 
CO8 a

= V
T 

sin a

t
-1, 	 %

an k-w-,

6.3.3 Autopilot Equations:

= Kcp Q+ Kt 0
a 	 a
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