MARCH 1970

the simulation servo system. Six panel-mounted voltmeters
are used to read out analog axes position and rate information.

Sensor Stimulation

A high-current, carbon are lamp with a properly designed
lens system is used as the sun simulator to provide a reason-
able near-optimum source. For certain spacecraft control
modes, sunlight impinging from a nearly vertical direction is
required. For this condition a large, front-surface mirror,
oriented as shown in Fig. 1, is used to reflect the light from
an arc lamp mounted on an elevated platform onto the test
vehicle. For other control modes, the sun simulator in the
lower position of Fig. 1 may be required. In this location the
arc lamp can be more closely coupled to the test package, and
a higher intensity light is obtained. The facility is suffi-
ciently versatile to permit other orientations of the solar
simulator if appropriate. Solar constants from 0.2 to 1.0
have been obtained with an apparent source size or collima-
tion at the sensor of approximately 0.5°. This type of solar
simulation has proven to be quite satisfactory for the control
systems evaluated to date.

For many spacecraft missions, Polaris forms an ideal
reference for precise pointing maneuvers.  The star simulator
used in this facility provides a replica of the +2.1 visual
magnitude of this star with an F8 spectral characteristic.
It consists of a small light source positioned at the focal
point of a 15-in.-diam parabolic mirror with a focal length of
40 in. The intensity of the light source can be varied from
+6 to —2 magnitude by the selection of the proper neutral
density filter for the excitation lamp.

The earth simulator (Fig. 7) for this particular control
evaluation has been configured to that seen by a spacecraft
which is orbiting at synchronous altitude (approximately
20,000 naut miles) where the angle subtended by earth is
about 18°. By proper design, other sizes of earth can be
simulated if required. The earth sensor used in one control
system evaluated, sensed radiation in the 20- to 40-u infrared
band and the simulated target was designed to duplicate the
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Fig. 6 Gas bearing suspension system.
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Fig. 7 Earth simulator configuration.

earth’s irradiance energy in this band against a deep space
background. The background in the simulated earth system
is nominally at room temperature. The inner diameter of
the background determines the subtended limb of the simu-
lated earth as observed by the sensor. The temperature of
the earth target (an aluminum disk with surface heaters
bonded to the back side) can be varied up to 360°F. The
front side is coated to provide high emissivity. The simu-
lated space background consists of a coated (to provide high
emissivity), truncated conieal section of aluminum sheet to
which a spiral of tubing is bonded. Cooling or heating liquid
may be circulated through this tubing. The cone half-
angle and length of cylindrical section were selected to pre-
vent single specular reflections of energy radiation from any
source in the facility within the space background field-of-
view of the sensor.

Summary

Thus, a motion simulator facility is provided which permits
simulation of in-orbit flight for attitude control performance
demonstration by duplicating spacecraft motion and by
simulating reference targets.

Influence of Spatial Correlation
upon Load Resolution

L. V. Scaurot*
Naval Postgraduate School, M onterey, Calif.

Nomenclature

reference length on bluff body

I(a,t) = Joad per unit length at station z and time ¢

L(t) = total load over domain at time ¢

3 = time

B = (r — s)/D = dimensionless spacing variable

v = r/D = dimensionless distance

T = time lag

® = circular frequency

X = correlation length scale, fraction of D

&(r,s,w) = cospectral density relating station s to station r ab
frequency w

¥(r,s,w) = quad-spectral density relating station s to station r
at frequency w

Yo(r) = spatial variable in ®(r,s,w) for two-dimensional flow

case
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¥s(r,s) = spatial variable in ®(r,s5,0) for three-dimensional flow
case
¢23(w) = frequency variable in ®(r,sw) for two- and three-

dimensional flow cases, respectively

Introduction

THE character of the flow perpendicular to the symmetry
axis of a long slender circular cylinder has been of interest
to investigators for over a hundred years. Although the
body may appear geometrically to be two-dimensional, the
flow can be considered in this manner only from the stand-
point of mean or average properties. Time histories of flow
properties exhibit three-dimensional features such as typically
described by Roshko! using hot wires in the wake, el Baroudi?
using hot wires near to the separation point, Prendergast?
with static pressure transducers on the eylinder, and Schmidt
with sectional load transducers. In all of these measure-
ments, the spatial variation of the particular flow property
was characterized by the cross-correlation coefficient at zero
time lag that related the output of a fixed to that of a relocat-
able transducer.

Recent experiments on circular eylinders with harmonie
motion in the lateral direction have disclosed that the flow
near to the cylinder will become spatially organized when the
reduced or nondimensional frequency of the motion ap-
proaches or is near to the characteristic Strouhal number of
the flow. Strouhal® in 1878 described this feature as a tonal
reinforcement when the resonant frequency of a taut wire
coincided with the characteristic acoustic tone created by the
wire in the moving stream. Typically today, pressure
measurements by Ferguson and Parkinson® and hot-wire
measurements by Toebes” in the wake near to the oscillating
cylinder have amplified upon the early observation of Strouhal
by establishing that the vortex shedding mechanism becomes
“locked in” by motion with an attendant increase in correla-
tion length of the unsteady flow features.

Jones, Cincotta, and Walker® reported on the unsteady
lateral force showing an apparent increase in rms value when
the ecircular cylinder used in their experiment was harmon-
ically oscillated at relatively small amplitudes near to the
characteristic Strouhal number applicable to the Reynolds
number of their investigation. Mortenson and Schmidt?
also reported on an apparent increase in “average’ lift force
over a noncircular bluff body with the amount of motion re-
quired to bring about the feature being on the order of a few
percent of cylinder width.
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Fig. 1 Spatially varying flowfield.

VOL. 7, NO. 3

It is the objective of the analysis described herein to esti-
mate the significance of an improvement in spatial correlation
of unsteady sectional loads upon the apparent or “average”
load over a finite region as might be indicated by the output
of a load eell.

Discussion

In considering the effect of spatial correlation in the axial
direction upon the total load measured as a time history over
a finite sized region, we shall assume that the local properties
as described by the section loading will remain constant from
a statistical sense. Figure 1 serves to illustrate the geometry
of a two-dimensional body immersed in a moving fluid with
the feature of having time varying loads that are three-
dimensional in character. Although the loads considered
are visualized as being in the lateral (or lift) direction, the
arguments presented here are equally applicable to other
physical quantities such as drag loads.

At any instant in region (a,b), the total load may be de-
scribed in terms of the section or distributed load as

L) = fa * 1w 0)dz m

The mean square time average of total loading is

. 1 +T b b
Ly = lim o f O fa f 1r,)U(s,dr ds dt

By interchanging the order of integration, the mean square of
total loading may be expressed in terms of the cross correla-
tion at zero time lag (r = 0).

@y = [ f i as @

The cross-correlation function for a stationary process can
be stated in terms of the co- and quad-spectral density
functions as:

Wy, = f U @0rs0) + i¥(s,0)] explionde  (3)

where the co- and quad-spectral density functions are recog-
nized as being symmetric and antisymmetric natured respec-
tively with respect to frequency. For time lag, 7, equal to
zero, Eq. (3) simplifies by virtue of the symmetry properties
to the following:

<l£>;:)= 2ﬂ P (r,s,w)dw (4)

Since the zero time lag cross-correlation function, as de
fined in Eq. (4) has a dominant role in establishing the mean
square of total loading, Eq. (2), it is possible to make esti-
mates of its influence by assigning or assuming properties of
the cospectral density relative to the character of the spatial
loading. As will be shown, a separation of variable technique
aids in the analysis, however justification of the method is
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Fig. 2 Spatial variation of ¥; function.



MARCH 1970

based upon convenience and physical intuition rather than
rigor.

As a starting point, a perfeet spatial correlation that cor-
responds to a two-dimensional flow assumption would imply
that the sectional and total loadings were related in a simple
geometrical manner. On the further assumption of isolating
the frequency terms from the spatial terms, which is some-
what similar to the analysis of Thomson and Barton,” one
could approximate the cospectral density function as:

P(r,s,w) = Sha(r)Pa(s) e2(w) (5a)
and consequently
s, = (S [, elwrdo (5b)

When Eq. (5b) is substituted into the expression for mean
square of total loading, Fq. (2), one obtains that

an = [ [fow a] [Tawie 6o

Similarly, the three-dimensional case would be approximated
as

@(T,S,(JJ) = %¢3(7‘;S)¢3(w) (63‘)

W = Ulr) [, lwie (6b)

b b o
@ = [ [ wrsdrds [T ewrdo (60)

Since at station £ = r, the three-dimensional case must be
equivalent to the two-dimensional case from the standpoint
of section loadings, it follows that

o) [ e@ia = ) [T ewdo @)

The assumption of separating the spatial and frequency
variables in the cospectral density function implies that the
spectral variation would be invariant with spacing or loca-
tion. As is frequently done, the integral relation of the
spectral variation can be normalized to have unit value, hence,

[ etwido = [7 ewido = 1 (s2)
and therefore,

<li>r.=70= X (r) = Ys(rr) (8b)

The spacing variable ¥;(r,s) can be reexpressed in terms of
reference location, r, and relative spacing, (r — s). It is
convenient to normalize these variables with respect to
reference length (typically a diameter or frontal height) and
redefine the spacing variable in terms of v and 3, respectively.
In addition, one may establish a scale of spatial eorrelation,
x, which is defined by the relation that

[ str.8)a8 = xW.., ©)
7=0

Requirements placed upon the spacing variable in addition
to those that assure the existence of Eq. (9) are that:

/D, B = 05 Yo(r0) = (e

1) at vy

2)aty =1r/D, 8 = =; Y(y,o) =0
3) symmetry; s(y,+8) = ¥s(y,—8)

Two forms of the 3 function will be considered that satisfy
the above requirements, the first being a quadratic expression,
while the second will be a normal distribution type of ex-
ponential function. Let

BrB) = JB).
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Fig. 3 Transducer effectiveness (quadratic ¢; function).

and assign
Si(B) = x*/[(x*/9)B* + x*] (10a)
f(B) = exp[—(n/4)8%/x?] (10b)

These expressions, which are compared on Fig. 2, may be
used to evaluate the net lift over a domain and allow com-
parison between three- and two-dimensional situations.
Combining Eqs. (5¢) and (6¢) yields that:

an [ wirsr s [ et

= z = (11)
@ [ [Tyar ] [T eswrde
which simplifies to the form that:
(L3 _ b/D ((vy—a/D)
Ly, fa/D ‘f('y—b/l)) J(B)dvds (12)

After substitution of the functionals fi(8) and £:(8) into Eq.
(12), solutions for the two cases may be obtained after a little
bit of algebraic reduction to yield that

case 1: using f;(6)

(L2%s/{L%s = 2(tan"la/a) — (1/a?) In(1 + «?) (13)
where
o= (r/2)(b — a)/xD
case 2: using f»2(B)
(L2s/(L¥): = (w/ o) erf(a/(m)!?) —
(w/a?)[l — exp(—a?/m)] (14)
where the error function is defined as

2 x
erf(x) = (—75172 fo exp(—u?)du

It may easily be shown that in the limit as the term « tends
to zero, Egs. (13) and (14) both tend to a value of unity.
Physically speaking, this corresponds to having a striplike
load cell whose width is much less than the correlation length
scale with the result that the load cell would be able to sense
or resolve the true sectional loading.

Equations (13) and (14) are shown on Figs. 3 and 4, respec-~
tively, as a function of correlation length scale for various
sized sensing domains, and the meaning of the results are
comparable. For example, if the spatial function were de-
fined by fi(B), the load cell extended for a 2.0-diam axial dis-
tance, and the spatial correlation length were one diameter
(a value in accord with the results of Schmidt?), then the load
cell would have a mean square output of approximately 56%
of the true sectional loading value. Furthermore, if the flow-
field became spatially correlated due to an external unifying
influence such as motion so that the correlation length in-
creased to (say) four eylinder diameters, then the load cell
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Fig. 4 Transducer effectiveness (exponential ¢; function).

output would be increased by approximately 639, relative
to the original reading.

Concluding Remarks

The spatial resolution achieved with a sensing element de-
pends upon its actual size relative to a cross-correlation
length scale. The sample situations considered herein pro-
vide one with a quantitative measure of this relationship.
In addition, recent improvements in data retrieval and an-
alysis methods make feasible the consideration of greater
statistical detail, which in turn requires that more attention
be paid to the spatial resolution of the sensing elements.

Recent research on unsteady loads about bluff bodies has
led to a much clearer understanding of three-dimensional
flow traits and the manner in which motion ean act to unify
flow features which otherwise would be disorderly. However,
the details of how motion acts to increase section loadings and
improve spatial correlations still remains to be defined, and
in particular, it is not clear whether this will only occur very
near a particular nondimensional frequency that depends
upon geometrical shape. When these matters are under-
stood, it will be necessary to have workable methods for pre-
dicting structural response to random, motion-dependent
inputs.
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Nonlinear Analysis of a Launch
Vehicle Attitude Control System

SeERMAN M. SELTZER*
George C. Marshall Space Flight Center,
Huntsville, Ala.

N attitude control system for a large space vehicle was
postulated for use during ascent through the denser
portion of the Earth’s atmosphere. Subsequently this sys-
tem was modified by the addition of a nonlinear element and
analyzed to determine its suitability for continued use after
the vehicle had risen above the denser portion of the at-
mosphere and the guidance loop had closed.! Using a Ny-
quist plot and a describing function linearization, it was de-
termined that a range of control systemgains could be chosen
that precluded limit cycle operation and ensured stable opera-
tion. The low pass nature of the transfer function under
investigation lends itself well to utilization of describing funec-
tion techniques. Subsequent analysis has indicated that,
due to some incorrect considerations, there was a range of
nitial conditions that could excite unstable sustained oscilla-
tion. In this Note, this range of initial conditions will be
portrayed in a parameter space, and it will be shown how
this range can be computled numerically. In addition, a new
result will be shown in the sense that a stable region of two
control system gains will be established using a single unified
method for both the nonlinear and the linear portions of the
analysis without recourse to the Nyquist plot previously used.
The parameter method provides adjustment of two (rather
than one, as with the Nyquist technique) gains in the in-
vestigation of sustained oseillations and stable operation
which is a significant advantage in this problem.
As shown, the transfer function of the linear portion of the
system is

(@0s® + kis + ko) (s — ¢) B
$3(s3/w? + 2(.8¥ we + 5 + aic)

G(s) = M

The characteristic equation of the linearized system (Fig. 1,
Ref. 1) is

B(s) + Go(4)C(s) = 0 (2)

where Gn(4) is the describing function of the nonlinear ele-
ment with a saturation characteristic. Specifying the vari-
able parameters as € = k,G'p(A4) and n = Gn(A), one obtains
from Eq. (2) the { = 0 curve on the parameter plane dia-
grams of Fig. 1. As known,?the existence of limit cyeles is
indicated at intersections of the ¢ = 0 curve which deter-
mines the stable region and the M-locus which represents
the variation of the deseribing function Gp(4) in the param-
eter plane. The other bound of the stable region is defined
by the real root boundary which in this case is the p-axis.
Stable operation is predicted for those amplitudes (values of
A < Ape where Arc is the amplitude of the limit cyele) for
which a portion of the describing function line lies within the
stable region. If A becomes large enough (4 > Aic) to
cause operation to occur outside the stable region, instability
is indicated. Since the slope of the describing function line
is ke, 1t 13 seen that a greater portion of that line (and hence a
wider range of initial conditions, i.e., initial amplitudes, 4)
can be made to lie within the stable region as k. is decreased
in magnitude. Hence a restriction on admissible initial
conditions is apparent that was not brought out in Ref. 1.
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