1358 J. SPACECRAFT

Engineering Notes

VOL. 7, NO. 11

ENGINEERING NOTES are short manuscripts describing new developments or important results of a preliminary nature. These Notes cannot exceed 6 manuscript

pages and 3 figures; a page of text may be substituted for a figure and vice versa.

After informal review by the editors, they may be published within a few months of the

date of receipt.  Style requirements are the sume as for regular contributions (see inside back cover).

A Linear Algorithm for Determining
Relative Orbital State Using Angle Data

Avax M. ScENEIDER*
University of California, San Diego, La Jolla, Calif.

HE linearized free-fall dynamics of a body slightly per-

turbed from a circular reference orbit, expressed in Car-
tesian local vertical coordinates of a body in the reference orbit,
arel
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where 7 = wt, and d( )/dr = ( ). The homogeneous
solution of these equations can be expressed in terms of the
fundamental matrix ®(7q,71) = Py, as follows:
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and where 791 = 75 — 71, €21 = €OSTy, and 8y = sin7ty.  The
elements of the 4 X 4 ¥y matrix are denoted by V01 (3,5 =
1,2,3,4) and the elements of the 2 X 2 8, matrix are denoted
by 0:01 (4,7 = 1,2).  The elements of &, are denoted by ¢jm
(1,7 = 1,...,6). In the case of an impulsively thrusting ve-
hicle (or approximately for a finite-thrust orbit provided that
the burn time is much shorter than one orbital period), the
solution is modified by adding the velocity increments to
2’, y’, 2’ at the time of their occurrence.

It has been shown that an unknown relative state X, =
[xoze%0 20 Yoy’ 17 can be determined from a set of measurements
of the in-plane angle é and out-of-plane angle o (Fig. 1), pro-
vided that an impulsive thrust maneuver of known AV-mag-
nitude and direction is made by the perturbed body at some
time during the measurement sequence.! TReferences 1 and 2
define computational procedures for computing this state
manually. This Note presents algorithms for performing the
same task with a digital computer.

Denote the measurements by &,61,0s,00,. .. corresponding
to times 71,7s. . .and states z1,2,@121". ... Denote the burn
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made by the perturbed body at 7, by Az’, Ay’ Az’, where 7, is
chosen at some time between the first and last measurement of
the set, not too close to the bounds of the measurement inter-
val to allow the change in velocity to propagate into position.

Two types of measurement-maneuver sequences are defined,
the four-instant in-plane sequence, and the three-instant out-
of-plane sequence. In the former, a set of four readings of §
and two of o are taken, and the burn has only z and z com-
ponents. In the latter, three pairs of §,¢ readings are taken,
and the burn has a nonzero y component, the 2 and x compo-
nents being either zero or nonzero.

The three-instant procedure is considered first. The state
at time 7 can be expressed

Xi=@uXo+ PaV (4)
where
V = [000Az' Ay’ Az' |7 (5)
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The individual state-components at time 7, can be expressed
z2i= D0 Xo+ Poin V (1 =123) Ty
yi= S0 Xo+ Py V (I =123) 8)

and a similar equation for z;, where &, denotes the 1 X 6
matrix whose elements are the top row of ®;, ®,, denotes the
matrix whose elements are the fifth row of ®,; and @®,,
denotes the matrix whose elements are the second row of ®,
and similarly for ®..,, ®y, ®.56. Form the 3 X 1 matrix of

2’s as follows:
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This is abbreviated to matrix notation as
X = (i)zXO + (_)Exbv (10)

By similar steps and definitions, one obtains the vectors of the
y and z components

Y= 3,X -+ DV, Z=dX,+ I,V (11)
Denoting the tangent of the measurements of the &’s as
m; = tanﬁi = Zi/.”bi (Z = 1,2,3) (12)

one can write

m, 0 0
Z=MX M=|0 m O (13)
0 0 ms

From the geometry of Fig. 1,
tang = y/(z? + 2®)V2 and siné = z/(x2 + 2H)V2  (14)

Hence

y: = z; tano/sind, =gqz; (= 1,23) (15)
and one can write
I
Y=0zZ Q=({0 ¢ 0 (16)
0 0 gs

Inserting Eq. (10) and Z from Eq. (11) into Eq. (13),

X, + B,V = MP.Xo + MD,,V a7
Transposing,

(P, — MB)Xo, = (M. — $.0)V (18)
Similarly, inserting Y and Z from Eq. (11) into Eq. (16),

(B, — QB)Xo = QB — B,0)V (19)

The 3 X 1 matrix equations in Egs. (18) and (19) can be con-
sidered as partitions of the 6 X 1 equation:

AX, = BV (20)

where

A= 25 = e T 21
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The solution of Eq. (20) yields the desired result,
Xo= ABV (22)

Equation (22) is the only equation that need be solved by the
computer, given the definitions of 4, B, V, and the data.
Once X, is known, state at any other time can be found using
Eq. (4).

Using the subscript p to distinguish the four-instant in-
plane solution, define the following symbols:

X, = [zea’2' |7 (23)
X, = [T1222374]7 (24)
Zp = [21202324]T (25)
my 0 0 0
=5 0 w0 @)
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The in-plane state X;, at any time 7; can be expressed in
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terms of initial conditions as follows:
Xip = VuXop + ¥urV, (G =1234) (29)
The individual components of position at 7, are
i = VonXop + YoV, (0= 1234 (30)
2; = W0Xo, + VoV, (0= 1234) (31)

where W, and W, are the first and second rows respectively
of ¥4 Combining all four values of z into a matrix,

il ‘I’zm ‘I/:r:lb
Ty | _ W90 R 2
2] " | Yos [Xop] + V.o Vsl (32)
X4 V.40 Yon

which is abbreviated, using prior conventions, as
mp = \I'xXO;u + \I,bep (33)

and a similar equation applies for the z-components. Using
Eqgs. (26) and (12), one can write

Z, = M,X, (34)
Substituting Z, and X,, and transposing,
(T, —~ M, V)Xo, = (M, V0 — )V, (35)
Solving for Xy, yields the results for the in-plane state
Xop = (¥. — M, 0,) WM, T. — .0)V, (36)

Knowing the in-plane state at 7, the in-plane state at any
other time can be found using Eq. (29).

The out-of-plane state can be found by obtaining the values
y5,yx using Eq. (15) for any two measurement times between
which there was no y component of thrust;

Yi = Qi%i, Yr = Q2 37

By virtue of the nonthrust, it is clear from Eq. (3) that y; =
ceil; + Seqy;’, which is solved for y,”

yi' = (yr — Cuiyi)/Su; (38)

Equations (36-38) are implemented in the computer, complet-
ing the determination of state at 7; in the four-instant proce-
dure. Knowing the complete state at 7;, the state at any
other time is found using Eq. (4), identifying 0 with j.

When an out-of-plane thrust maneuver is contemplated, the
three-instant out-of-plane procedure should be used. When
an in-plane thrust maneuver is contemplated, the four-in-
stant in-plane procedure will ordinarily give the most ac-
curate results. Whereas in principle the three-instant proce-
dure can be used with any finite burn, in the case in which
burn has no y component this procedure will give accurate re-
sults only when the out-of-plane distance y is comparable with
the in-plane distance (@2 + 22)V/2,

The 3-instant out-of-plane procedure using Eq. (22) requires
inversion of a 6 X 6 matrix. The 4-instant in-plane proce-
dure using Eq. (36) requires inversion of a 4 X 4 matrix.
Obviously the solution can be implemented in other ways,
since both were solved in the manual method of Ref. 1 by in-
verting nothing larger than 2 X 2 matrices.

There are occasions when one or the other of the above
methods will fail, this being evidenced by the difficulty in in-
verting the matrix. Under these circumstances, the difficulty
is usually corrected by using an extra measurement of § and o
in place of one §-¢ pair from the original set.

The algorithms presented here can be extended to the case
of moderately eccentric reference orbits using the techniques of
Ref. 3, in which the z,y,z axes are simply reinterpreted as de-
fined by a local tangent coordinate system, there being no
change to the equations of motion or their solution.

The algorithms presented here can also be extended to the
case where separation distances along the orbit are longer than
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are accurately described by the linear equations (1) by using
the technique of Ref. 4. There, curvilinear axes are intro-
duced in which the equations of motion and their solution
again have exactly the same form as given here.
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Thrust-Minus-Drag Optimization
by Base Bleed and /or Boattailing

A. L. Aopy*
Unwwversity of Illinots at Urbana-Champaign,
Urbana, Il.
Nomenclature
AA = area; arearatio, A /A2, respectively
B, = base bleed-to-nozzle mass flow-rate ratio
CD = afterbody-base drag coefficient = Cpp + CpBT
CpBT,CDB = boattail and base drag coefficients, respectively
FNET = thrust-minus-drag force
L = boattail length-to-body radius ratio
M = Mach number
p,p = absolute pressure; static-to-freestream pressure
ratio, P/Pg, respectively
®Rx = ratio of gas constants, R1/REg
v = velocity magnitude
X,R = longitudinal and radial coordinates, respectively
p = density
Y = ratio of specific heats
B8 = flow angle
ACE = incremental thrust-minus-drag coefficient, Eq. (6)
Subscripts
B,BT = base and boattail regions, respectively
EI = external (freestream) and internal (nozzle) flows,
respectively
R = reference configuration
X = component in the longitudinal direction
0 = stagnation conditions
1 = geometric separation point at terminus of nozzle or
afterbody
2 = initial afterbody point
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Introduction

URING powered supersonic flight, base drag due to the
interaction between the propulsive-nozzle and free-
stream flows is a significant part of the over-all drag of a
vehicle.l:?2 Two effective techniques for reducing base drag
are mass bleed into the base region and/or using a boattailed
afterbody. Evaluation of the effects of these techniques on
vehicle performance must also consider the tradeoffs in-
volved. For example, when the base-bleed flow is diverted
from the propulsive-nozzle stagnation chamber, the gain
achieved by base-drag reduction must be considered relative
to the thrust that would have been produced if the base-bleed
flow had been expanded through the propulsive nozzle. When
a boattail is used, the tradeoff between afterbody drag and
base drag must be considered. If both techniques are in-
volved, the individual effects and their interaction must be
evaluated. As a consequence, the evaluation and possible
optimization procedures can be judged best on a unified basis
by the relative gain achieved in the thrust-minus-drag force,
FneT.? Presented herein are the bases for such evaluations
and example results for cylindrical and conical afterbodies
(Fig. 1). The flowfield over the afterbody is determined by
the Method of Characteristics and the base-flow analysis is
based on the flow model of Korst, et al.* These analyses have
been incorporated into computer programs currently avail-
able.5. '

Analysis
For the control volume of Fig. 1b

Fxer = puduaVu? — f (Pg — Ppr) d(4pT)X —
(4nm)y

(Pg — Pe)(d1g — A1) — (P — PiDdu (1)

In Eq. (1), the effects of friction have been neglected and the
base-bleed flow, if any, is assumed to possess negligible mo-
mentum. Using freestream conditions and the maximum
body cross-sectional area as reference quantities, Eq. (1) can
be expressed in nondimensional form as

Fxer/(peVE!428/2) = —Cppr — CDB —
Au — Pudur (1 + viMa) )/ (veMEY/2)  (2)

The boattail and base drag coefficients are defined, respec-
tively, as

Coper = f(jm) (1 — Ppnd(dsr)x/(veME¥/2) (3)

and
Cpp = (1 — Pp)(dig — Au1)/(YEMEY/2) )
The over-all afterbody-base drag coefficient is
Cp = Cpsr + CpB &)

P, (28) (1E) Fig. 1 Conﬁgt}ra—
tions and notation.

(11)
b) Conical Afterbody With Bieed



