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St(Re,)V'? and friction group (c;/2)(Re.)? for @ = 0.75 was
less than the predicted values for w = 1 by 12% (at g» =
2, the difference is less, being 4-5%). The effect of flow speed
(compressibility) is well known for the case of constant free-
stream velocity (8 = 0); e.g., from Crocco’s calculations
(e.g., see Ref. 10) at a Mach number of 5 for y = 1.4 (S =
0.83) and Pr = 0.725, values of the friction group for w =
0.75 are below the values for @ = 1.0 by 169, for an adiabatic
surface and by 109, for the highest temperature surface
considered, g = 2. At a sonic condition M. = 1, S = 0.17,
the respective differences are less, being lower by 1% and
5%, the latter of which is essentially the same as the low-
speed value previously mentioned. Similar remarks apply
to the heat-transfer group. The magnitude of these differ-
ences cited might also be found in accelerated flows by in-
ference from recent similarity caleulations in Ref. 11, which,
however, were carried out for wall cooling. 1t would appear
that differences from the values for the heat transfer and
friction relations given by Eqs. (5) and (4) would be relatively
small for channel flows, for example, for hydrogen and helium
(w =~ 0.7) at flow speeds less than sonic (S < 0.17 and 0.25,
respectively).

IV. Concluding Remarks

The effect of large wall heating and flow acceleration on
the structure of laminar boundary layers was investigated
over a range of flow speeds. The heat-transfer parameter
G.' was found to increase significantly with the amount of
wall heating in flow acceleration regions. This trend sug-
gests taking advantage of heating in flow acceleration regions
provided that frictional effects are not important and that
the laminar boundary layer is not on the verge of transition
to a turbulent boundary layer before the flow is accelerated.
Because of flow acceleration the velocity profiles with wall
heating do not have an inflection point in the region near
the wall where the velocity increases and therefore would
appear to be more stable to small disturbances. This view
is supported by other observations on laminarization of
turbulent flows through circular tubes,'>'®* where flow
acceleration occurred because of energy transfer from the
heated wall.
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Rotational Stability of
a Semielastic Body

Jonn R. GLAESE*
NASA George C. Marshall Space Flight Center,
Huntsville, Ala.

N this work we consider a system consisting of a flat plate
elastically coupled to a rigid rod. This system is con-
sidered as an idealization of a rotating space station. We are
interested in the effects of nonrigid coupling on the rotational
stability of such systems and would like to see if there might
be some advantage in using a flexible coupling between rigid
parts as an aid in stabilizing a vehicle that would otherwise be
unstable or in reducing the size of the control forces required
and hence making a more economical system. We develop
the linearized equations of motion and ascertain the stability
of the linearized system as a function of the strength of the
coupling for all configurations of the moments of inertia of the
composite bodies. The most significant result of this work is
the demonstration both mathematically and by a working
model that rotation about the intermediate principal axis,
which is unstable for rigid coupling, can be stabilized by
weakening the coupling.

For purposes of this analysis, we assume the flat plate and
rod are perfectly flat and straight, respectively, and that all
motion takes place in free space. We define a body-fixed
reference frame for the plate by fixing the origin at the center
of mass with the 2 axis along the normal and z and y along the
principal directions. The rod is coupled semielastically to the
plate; i.e., it is joined in such a way that it can rotate in the
z, 2z plane about the y axis and such that the equilibrium is

Fig. 1 Plate-fixed -
coordinate system.
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Fig. 2 Root
locus, case 2, I,
<L =1

along 2. The position of the rod relative to the plate is given
by angle « (see Fig. 1). The inertia matrix for the plate is

I, 0 0
| 0 Ig 0
0 0 L+ 1,

and in the same axes, the inertia matrix for the rod is

cos?a 0 —sina cosa
I3 0 1 0

—sina cose 0 sinq

If & = 0 (rigid body limit), the combined inertia matrix is

I, 4+ I 0 0
0 I+ Iz 0
0 0 L +1,

Thus, by properly selecting I, I», and I, any rigid body can be
duplicated in its inertial properties. We assume a coupling
minimum -at & = 0. Hence, to the lowest order, V(a) =
3ka?.  The constant k here is a measure of the strength of the
coupling with the body becoming rigid as k — . We shall
allow % to take on eitlier positive or negative values.

The treatment and results are summarized as follows. We
linearize the equations about the equilibrium @ = 0 and the
body rotating about the z axis at a spin rate Q. The resulting
equations are both homogeneous and time independent so
that the solutions are of the form Aest, where A is the initial
state vector. The stability of the linearized system can be
determined from the values of the frequencies s, which are the
solutions to the secular equation:

(s? + O{LJs(s® + Q[ + I)s® + s — D] +
Bl + I+ I)s? + (Is — I — 1)Q2)} = 0

We see immediately that s = =4Q are roots to this equation
for all values of the system parameters. It is clear that these
roots can correspond only to rigid body motion in which % can
play no part. The quantity in braces is quadratic in s2, and
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Fig. 4 Root locus, case 1 with damping.

hence the roots can be determined by quadratic formula;
however, a more informative and more easily grasped analy-
sis can be made using the root locus method. We need only
the poles and zeroes of the root locus expression and these can
be determined by inspection. The zeroes are

s = =Q[I; — L)Is — 19)/(Is + I)(Is + I ]2
and the poles are
s = +iQand s = =iQ[(s — I)/Ts + I)]V?

An analysis of these poles and zeroes reveals that there are
four basic pole-zero configurations to consider. Case 1:
Il < Ia, 12 < Is, C&SG 2: Il <Ia = Iz, Case 3: 12 = Iz < Il;
and Case 4: I3 < I, I; <I,. There is an additional, degen-
erate case, I; = I3, not covered by any of the previous. This
case is unstable for all & because of the double root at s = 0
which allows solutions linear in time and hence, unbounded.
Let us treat the remaining cases in numerical order. The
root loci are quite straightforward, and so we shall present
explicit sketches only for cases 2 and 4, which are most in-
teresting, being content to state the results for cases 1 and 3.
Case 1 can be subdivided further into cases 1a and 1b. If

2I; > I 4 3, + [(I, + 3% + 4L.l,]Y?

case la obtains; otherwise, case 1b obtains. The values of &
corresponding to the breakaway or departure points and the
s = 0 root are

ko = 121392/(12 e 13)

ot = —2LLQ{[I,(Is — I)]V2 F
Us(Ty + I 122/ (T 4 1)Lz + Is)?

These expressions are good for all cases, though %, and %, are
meaningless if I; < I;. Case 1a is stable whenever ko < k& < ks,
ki <k <0,0 <k. Case 1b is stable whenever k; < k <0,
0 <k. Case 1 corresponds to rotation about the axis of mini-
mum moment inertia. Note that it is stable over a wide range
of values of k including some negative values.

Case 2, corresponding to intermediate axis rotation, yields
the most interesting result (see Fig. 2). Note that there are
regions of stable rotations k1 < % < 0,0 < k < ko and that, as
k — o; ie., as the system tends toward a rigid body, the
motion becomes unstable as expected.

Case 3 is also intermediate axis rotation, but now the sys-
tem is unstable for all values of k. Since both cases 2 and 3
correspond to intermediate axis rotation, it is somewhat sur-
prising that the results are so different. Cases 2 and 3 differ
in that I; and I, are interchanged, which in effect changes the
axis of rotation from the y axis to the z axis with the system
otherwise unchanged. This shows the dependence of the
stabilizing effect of elasticity on the axis of elasticity.

TFinally, in case 4 (see Fig. 3), we treat rotation about the
maximum and find, significantly, that the coupling must ex-
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ceed a minimum strength for stability k¢ < k. This result
agrees with rigid body results insofar as it is stable for large k.

Viscous damping in the rod-plate coupling can be treated in
simple fashion. To include viscous damping in our equations,
we replace £ by cs + & where ¢ is the damping coefficient.
The root locus expression can be written as —1/k = G(s).
With damping included this becomes —~1/cs + k) = G(s).
If we let k/c = m, we can write —1/c = (s + m)G(s). We
can now treat m as a parameter and sketch the root loci for
this expression. We shall give a representative sketch for
case 1 treated previously for rotation about the minimum
axis (see Fig. 4). The sketch in Fig. 4 assumes that m > 0;
however, the general nature of the root locus remains the
same as m is varied. It can be seen from Fig. 4 that the sys-
tem is unstable for all ¢, and our previous discussion indicates
that this is true for all m as well. Thus, this system is unstable
for all values of ¢ (¢ > 0) and all values of k. By similar in-
vestigations, the other cases except case 4 are found to be un-
stable regardless of the sign of the damping constant. Damp-
ing is destabilizing in case 4 for negative damping but stabiliz-
ing if ¢ > 0. That damping is destabilizing for all but major
axis rotation is to be expected, but that negative damping is
not stabilizing about the minimum axis is contrary to what
one might expect from energy considerations. We can treat
viscous damping in all coordinates for small damping con-
stants by noting the displacement of the poles and zeroes.
With this technique, we can show that small damping forces of
appropriate signs and relative magnitudes can make the sys-
tem asymptotically stable.

The results we have obtained are based on an analysis of the
linearized equations of motion of the physical system. Asymp-
totic stability of the linearized system is sufficient for asymp-
totic stability of the motion, but simple stability is not suf-
ficient for stability of motion. It is necessary, however, and
the fact that the linear motion is stable means that, though the
system may not be stable, the drift away from equilibrium
takes place relatively slowly so that stability could be achieved
by implementing a control system which employs small con-
trol forces. As an example, suppose that by reason of exter-
nal constraints it became necessary to maintain rotation
about the intermediate axis. Clearly, the system employing
the semielastic scheme could be controlled by a much smaller
and hence lighter system.

To demonstrate our results, we devised a simple free-fall
experiment, using a model constructed from cardboard and
scotch tape, and the use of paper clips as counterweights to
provide the desired moments of inertia. The scotch tape not
only held the two moving parts together but provided the
elasticity. By addition of bracing supports we were able to
make the coupling variable from elastic to rigid without re-
quiring a change in the distribution of mass. We arranged the
masses 50 that the moments of inertia were configured as in
case 2 (intermediate axis rotation). At first the coupling was
made rigid. As expected, when the model was tossed spinning
into the air, it began to tumble wildly after less than a second
of flight. This was repeated several times with similar results
each time. This result was not surprising since we know a
rigid body is unstable about its intermediate axis. Next we
relaxed the coupling so that it was no longer rigid. This
time when the model was tossed spinning into the air, there
was no tumbling, and the model continued to spin smoothly
throughout its flight, dramatically demonstrating the effect.

We have shown that motion about the intermediate axis
can be made stable for a body structured like a dually rotating
space station might be and that it could be advantageous to
make the coupling between spun and despun parts elastic in
order to enhance the controllability of such a vehicle. This
investigation was conducted in order to explore some of the
problems of rotating space stations in Earth orbit and their
possible solutions. The author is not aware of any other work
along this line having been done.
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Experimental Results on Crosshatched
Ablation Patterns

Hans W. Stock* axp Jean J. Givouxt
von Kdrmdn Institute for Fluid Dynamics,
Rhode-Saint-Genése, Belgium

DURING recent years surface patterns created during
ablation on re-entry or wind-tunnel models have been
the subject of considerable interest. They appeared in form
of streamwise striations, turbulent wedges and criss-crossed
grooves. Among these, the latter has been studied the most
intensively. Experimental results on patterns parameters are
given in Ref. 1, 2, and 3. Although attempts have been
made trying to explain the triggering mechanism?~® of the
phenomenon, the problem is not yet solved.

In this Note, the results of an experimental program on
crosshatehing are presented.

1. Test Facility

Tests were made at a freestream Mach number of 5.3 with
the following tunnel stagnation conditions

Tsr = 150-400°C
Pgr = 12-32 kgf/cm?
giving unit freestream Reynolds numbers of
1.3-3.8 X 107/m

2. Models

The 10 to 50° total vertex angle cones and the 10° cones
with 12 to 40° total flares were tested at zero angle of attack.
Typical test results are shown in Fig. 1. The models had
pointed steel noses and a maximum basic diameter of 8 cm.

53 . 4 =53
079K . = 397°K
320 kagfen? = 304 kgy/em?

13 sec 11 see
o : o2

Fig. 1 Typical test results on wax models.
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