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Fig. 3 Solar absorptivity of second surface mirrors at high angles of
incidence.

solar absorptivity is based only on the energy impinging on
the quartz. ‘

An interesting result observed during these calculations is
that for incidence angles greater than 86° (on the face) total
capture of the refracted ray occurs if the first and second sur-
faces of the quartz are out of parallel by less than 0.13°. This
is a change of 0.002 in. in 1 in. Since the tolerance on the
mirrors is £0.002 in., the 0.13° criteria is satisfied for a
mirror whose thickness decreases uniformly from 0.008 in. at
one edge to 0.006 in. at the opposite edge. A mirror meeting
this criteria is probably unlikely. However, as the angles of in-
cidence become greater than 86°, the probability of total cap-
ture of the refracted ray increases. Mirrors having these
geometrical characteristics would exhibit a solar absorptivity
higher than that shown in Fig. 3 for angles of incidence be-
tween 86° and 89°.

The calculated results explain the hills and valleys of the
measurements shown in Fig. 1. Referring to the equations’
the solar absorptarice is greatest at the downward (relative to
the incoming ray) mirror edge and decreases rapidly as the op-
posite edge is approached. The measurement patterns are not
ideal because the mirrors are not necessarily in the same plane
and one mirror can shade the next at the high incidence
angles. Also, measurements indicate that some mirrors bulge

~at the center as a result of more RTV adhesive at the center
than at the corners.

Celestarium

The purpose of the celestarium measurements was to in-
dicate an increase in absorptance and not the magnitude of the
absorptance. If it is arbitrarily assumed that the maximum
spike (Fig. 1) is representative of an average solar reflectance
of 0.925 («=0.075) at 3=72.5° and the other spikes are
assumed proportional to this reflectance, then the results
superimposed on Fig. 3 are obtained. The celestarium data
supports the calculated trend.

NEMS Radiator

The calculated solar adsorptance for the NEMS H,0
radiator based upon the flight temperatures during a period of
constant solar intensity is also shown in Fig. 3. Because of
outgassing contamination these results are not truly represen-
tative of the solar absorptance of the second surface mirrors.
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However, like the celestarium measurements, they do indicate
the same trend as that calculated by wave theory and does in-
dicate that, despite the contamination, the controlling solar
absorptance of the radiator is that of the mirrors.

Conclusions

Test and calculations indicate an increase rather than a
decrease in solar absorptance of second surface mirrors at
angles of incidence greater than 80°. In practical applications,
this effect will be insignificant because, although the solar ab-
sorptance is high, the projected area is compensatingly small,
resulting in an insignificant increase in the solar or albedo
load. However, a spin-stabilized spacecraft can expose second
surface mirrors to all angles of incidence. Also, reflected solar
energy from a planet or other spacecraft surface could im-
pinge predominantly in the region of high angles of incidence.
If a large area is involved, the total load co - d be significant.
Also, if the spacecraft trajectory is towarc - he sun, the ad-
ditional loading would become progress ]y larger. Ob-
viously, a concentration of solar energy . ithis high ab-
sorptance region could have a disastrous eficct on a thermal
design if overlooked.

More tests are needed to authenticate the calculated results,
but to the author’s knowledge, none are currently planned. It
is recommended that, until better solar absorptivity data is
available, the calculated results be used for design purposes.
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Launch Vehicle Trajectory Optimization
including Rotational Dynamics

V. Adimurthy*
Space Science and Technology Centre,
Trivandrum, India

Nomenclature
Cn,  =pitching moment coefficient
D =drag force
F. =control force
g = acceleration due to gravity
£o =sea-level acceleration due to gravity
h = altitude
I =vehicle attitude angle
J = performance index
L =lift force
M. = control moment
MI  =moment of inertia about pitch axis
Re =radius of earth
S =reference area
T =thrust
v =magnitude of inertial velocity
VR =relative velocity
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w =weight

w =weightage for the penalty function

X =angle between relative velocity and inertial flight
path

Xcg - =distance of center of gravity from vehicle base

X,  =distance of center of pressure from vehicle base

o =angle between vehicle axis and inertial flight path

8 =inertial flight path angle measured from local
horizontal

0 =range angle

=atmospheric density

Introduction

N conventional nonlifting type of launch vehicles,

trajectory optimization is resorted to after clearing the high
dynamic pressure regimes of the dense atmosphere. As the
steering during the atmospheric flight is constrained by fac-
tors other than optimizing performance, such as aerodynamic
loading, essentially a near-zero-angle-of-attack trajectory is
recommended.! In those portions of the trajectory which are
determined by optimization theory (calculus of variations or
parametric optimization), it is necessary to choose proper
control variables. It is customary to use either the attitude
angles? or their rates.? The attitude rates (pitch and yaw rates)
have the advantage of ensuring continuous attitude angles
without imposing an extra condition. However, even when the
attitude rates are used as the control variable, the moment
equations of motion are essentially neglected. This results in a
discontinuity in the attitude rate at the corner points. This
may not be a serious limitation for vehicles having sufficiently
high control-force availability and small control delays.
Otherwise, it is useful to include the rotational dynamics while
doing the trajectory optimization analysis. Because of the ad-
ditional differential equation, the discontinuity in the pitch
rates is removed and the rotational effects are included. In
such a formulation, the pitching moment can be taken as the
control variable, as is done here.

In the present Note, only the pitch plane motion is
analyzed. In this plane, the vehicle has three degrees of
freedom. The vehicle used for numerical computations is a
four-stage launch vehicle capable of placing moderate
payloads in about 400 km circular orbits. It is assumed that
the required aerodynamic, thrust and mass data are known.
The control force is of proportional type acting at the nozzle
end and normal to the vehicle. The optimization itself is done
on the basis of Pontryagin’s maximum principle using direct
search methods with the conjugate gradient algorithm.* The
results are compared with earlier results® using two degrees of
freedom analysis with pitching rate as the control variable.
Also presented for comparison are the results for parametric
optimization, where constant pitch rates are sought in fixed
time blocks.

Mathematical Formulation

The vehicle dynamics is assumed to be governed by the
following pitch-plane equations:
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Figure 1 describes the various angles involved. In the exam-
ples given here, the performance index to be minimized is
defined as i

where f denotes the final value and 4, is the prescribed
altitude of orbit injection. The optimization is performed by
an iterative, conjugate gradient search method, after solving
in each iteration the costate equations of the above system
backwards with appropriate transversality conditions.

Discussion of the Results

The first stage of the vehicle is governed by a pre-set angle-
of-attack program, culminating in a gravity turn. These end
values form the initial values for the trajectory optimization.
In a typical case, the values are as follows: »=1.360 km/sec,
h=15.798 km, 8=37.70°, §=0.13°, I=39.12°, and /=0.40
deg/sec. These values are obtained from a six degrees of
freedom simulation of the first stage.

The results are presented in Figs. 2 and 3. While making the’
comparisons, care has been taken that the simulations are
compatible. In all the cases, the conjugate gradient method is
used for optimization, with the same one-dimensional search
technique. The weightage  in the penalty function is the same
and is increased by the same factor from iteration to iteration.
In Fig. 2, the optimal pitch-rate histories are drawn for the
cases of the pitch rate (Ref. 5) and the pitching moment
(present formulation) as control variables. Pitch-rate control
variable gives an initial discontinuity in the pitch rate. It gives
a value of 0.52 deg/sec against the prescribed value of 0.40
deg/sec. The detailed profile also differs significantly from
the present results. For comparison we have solved the present
formulation with a changed initial condition of I (0)=0.52

. deg/sec (thus intentionally allowing a discontinuity from first

stage burnout value). The pitch-rate control variable curve is
nearer to this new profile, but the details are still different,
showing the cumulative rotational effects. In Fig. 3, similar

Fig.1 Schematic representation of angles.
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Fig. 2 Comparison of pitch-rate history with pitching moment and
pitch rate as control variables.
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Fig. 3 Comparison of pitch-rate history with pitching moment and
discretized pitch-rate as control variables.

comparisons are made with parametric optimization with
discretized pitch-rates as parameters. Here, 7 (0) comes to be
0.57 deg/sec, instead of the given value of 0.4 deg/sec. This
figure also shows that the pitch-rate control variable results
differ significantly from the results of the present analysis.

The final altitude in all the above cases is the same (400 km)
to an accuracy of 0.01 km. The injection is horizontal. The
velocity with the discretized pitch-rate concept is the highest
and is 7.812 km/sec. This velocity is decreased to 7.808
km/sec when the continuous pitch-rate control variable
smoothes out the discretized profile. However, in both the
cases we have a discontinuity at the initial time. When this is
removed by using pitching moment as the control variable,
the final velocity is 7.783 km/sec, showing a reduction of
about 30 m/sec. These results show that the inclusion of the
rotational dynamics can be important in the study of trajec-
tory optimization. This formulation removes various kinds of
discontinuities present in the other formulations, and shows a
reduction in the final performance. An ideal control system is
used in this formulation. This can be modified to include the
control system delays and other realistic factors.
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Shock Interference Peak Heating
Measurements using Phase
Change Coatings

J. Wayne Keyes*
NASA Langley Research Center, Hampton, Va.

Nomenclature
h =heat transfer coefficient
M =Mach number
n =exponent, Eq. (1)
D = pressure
PC  =phase change coating data, Fig. 3.
R = Reynolds number
! =time
T =temperature
C =thermocouple data, Fig. 3
O =shear-layer angle relative to local surface inclination
Subscripts
)4 =peak
pc = phase change
s =stagnation
t =total
w =wall
1,2,3,

4,5 =regions of flowfield, Fig. 1

Introduction

HE phase change coating technique! has been used to

obtain peak heating measurements in shock interference
flow regions with high surface shear and heating.?* This
technique provides heat transfer coefficients which are deter-
mined by measuring the time for a point on the surface to
reach the phase change temperature of the thin fusible
coating. These values of time and temperature are then used
with the solution to the transient one-dimensional heat con-
duction equation by assuming a step increase in heat input to
ascertain the heat transfer coefficient. Motion picture
photography is used to record the phase change pattern, and a
precision clock is used to record the time required for the
phase change to occur.

The purpose of this Note is to discuss some of the problems
encountered in applying the phase change coating technique
and to present new shock interference peak heating data
which illustrates these problems. A 5.08-cm diameter
hemisphere-cylinder made of silica based epoxy was tested at
Mach 6 for freestream Reynolds numbers of 3.3 to 25.6
million per meter. Flat plate shock generator angles varied
from 5° to 25°. A sketch of the shock interference pattern is
shown in Fig. 1. This shock pattern consists of a plane shock
intersecting the curved bow shock of the hemisphere thus
creating a shear layer (type III interaction, Ref. 3) which at-
taches to or interacts with the hemisphere boundary layer
causing high local pressure and heat transfer. Heating data
obtained on a 5.08-cm diameter thin wall stainless steel
hemispherical model instrumented with thermocouples every
5 deg on the vertical center line is also presented for the pur-
pose of comparing the phase change technique with the ther-
mocouple-calorimeter method.
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