914 J. SPACECRAFT, VOL. 31, NO. 5: ENGINEERING NOTES

up to 200 km away. Also, wind patterns and the wake region behind
each slug will have a major influence on the path of the slugs. At
high repetition rates it is anticipated that slug passage through the
atmosphere will be beneficially affected. However, for this concept
to work the impact diameter at the vehicle must be held to approx-
imately 10 m. Some maneuvering by the vehicle is acceptable for
gross changes in the slug stream, but if the slugs arrive with a large
random dispersion, the vehicle will not be able to respond to the
individual slugs. Further work is needed on this subject.

The final factor considered here is the possibility that either ki~
netic energy or some form of chemical energy carried by the slugs
can be put to use. If the kinetic energy of the arriving mass could
be converted directly into thermal energy upon collision, the va-
por thus formed could be harnessed to provide propulsive thrust to
the ascending vehicle. For example, a relative velocity of 2 km/s
represents an enthalpic value of 2 MJ per kilogram of slug. For
slug material composed primarily of water, this enthalpic value is
approximately the heat of vaporization at standard pressure. If we
go one step further, perhaps a monopropellant cryogenically frozen
into a solid form would provide a suitable material that would either
burn or detonate on impact. With such a configuration, the scheme
proposed here begins to look like a chemically driven Orion-type ve-
hicle relying on a ground-based mass driver for propellant delivery.
These interesting variations on the basic concept can be seriously
considered once the major question on slug passage through the
atmosphere has been resolved.
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Effect of Transverse Vibration
on the Performance of a
Heat Pipe
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Introduction

HE growing number of current and potential applications for

heat pipes brings with it an expanding set of environmental
conditions under which the heat pipe must function. This research
is a step toward evaluating what effect, if any, these environmental
conditions have on the capabilities of heat pipes. In particular, this
experiment examined how a heat pipe might operate in an environ-
ment where it is subjected to vibration.
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A literature search revealed that little research has been done on

 the effects of vibration on heat pipe performance. Deverall! reported

on an experiment designed to evaluate the effect of vibration on
a heat pipe. The conclusion to this report is that “sinusoidal and
random vibration, within the spectrum tested, are not detrimental
to heat pipe performance.” A second work addressing this subject
was a report by Richardson et al.? They investigated the effect of
longitudinal vibration on heat pipe performance. It was reported that
the effect is greater at lower frequencies and higher amplitudes. The
authors indicated that “the most pressing need is for an investigation
providing information on actual maximum heat transfer capability”
and that “an investigation should be made of the effect of transverse
vibration.” :

The objective of this research is to determine the effect of trans-
verse vibration on the capillary limit of a heat pipe. To attain this
objective, an experimental heat pipe and apparatus were designed
and built. The static performance of the pipe was first measured
through a series of tests with no vibration input. These tests provided
a baseline of maximum heat transport for the pipe over a range of
heat pipe operating temperatures. Once this baseline performance
was established, tests were run with vibration input perpendicular
to the longitudinal axis of the pipe. The results from the vibration
test runs were compared to those from the static baseline runs to
determine if there was any effect on the maximum heat transport
due to transverse vibration.

Experiment Design

The heat pipe used during the experiment was constructed of
oxygen-free hard copper. It consisted of a section of pipe 0.3175 min
length to allow for a 0.3048-m total working length after installation
of the endcaps, each of which had a total depth of 0.6350 cm. The
outside diameter of the pipe was 2.223 cm and the inside diameter
was 1.892 cm. The wall thickness was 1.651 mm. It had a condenser
section 0.1111 m long, an adiabatic section 0.09210 m long, and an
evaporator section 0.1016 m long. Fig. 1 is an illustration of the
pipe.

The wick was constructed of 100-mesh copper screen. It had
a length of 0.3048 m and a width of .01191 m to allow for two
complete wraps of screen. 5.7 g of water were inserted into the
heat pipe as the working fluid. All parts were given a final cleaning
before assembly, closing, and filling of the pipe. The cleaning and
fill process are discussed in detail in Ref. 3.

A flexible tape heater was used to heat the evaporator end of the
heat pipe. This heater had a length of 1.829 m and a width of 1.270
cm. The maximum power of the heater was 470 W at 120 V, and
it had a power density of 2.015 x 10* W/m?. With an evaporator
section length of only 0.1016 m, the heater was wrapped in layers
in order to get sufficient power density to run the experiment. The
heater was insulated. This is turn was covered with an aluminum
foil adhesive tape to hold the batting together during vibration. The
electrical power input to the heater was monitored using a voltmeter
and an ammeter.

A coolant control system was required in order to operate the pipe
at various temperatures. While the pipe was operating in the heat
pipe mode, the pipe operating temperature could be varied by vary-
ing the condenser temperature. This was accomplished by changing
the coolant flow rate. Normal tap water was used as a coolant and
was run through the manifold surrounding the condenser section
of the heat pipe. The coolant inlet temperature was not controlled
and was determined by the temperature of the water in the building
plumbing.

The data acquisition system for this experiment had to be capa-
ble of reading and storing vibration frequency and amplitude data,
temperature data, heater power data, and coolant flow-rate data.
The vibration data were measured using accelerometers. The vibra-
tion in the actuator axis direction was the control variable for the
experiment, so it was at a known frequency and amplitude. The vi-
bration frequency and amplitude in the other two. directions were
measured using single-axis accelerometers aligned with these axes
and mounted on the vibration fixture. The output from the “off-
axis” accelerometers was routed into an oscilloscope for display.
The readings for the off-axis vibration amplitudes were taken man-



J. SPACECRAFT, VOL. 31, NO. 5: ENGINEERING NOTES 915

Heat Pipe Container

Coolant Outlet Tube

Fill Tube Coolant Manifold .
\. Coolant
Outlet
TC
Fhe . . \ .

d B d

Evaporator Section

Adiabatic Section

Coolant
Inlet TC QO
\\'

Coolant Inlet Elbow

Condenser Section

¢ Room Temp TC

® Thermocouple Location

Fig. 1 Heat pipe tested.

ually from the oscilloscope. Temperature measurements were taken
using T -type thermocouples. The 10 thermocouples used to measure
temperatures were mounted as shown in Fig. 1.

Experimental Test Procedure

The experimental test procedure was developed over a series of
preliminary runs and designed to provide repeatability and accurate
data collection from test run to test run. The first step in the procedure
was to ensure the heat pipe was at room temperature. The pipe was
then tilted to an angle of approximately 45 deg (evaporator down).
This ensured that the evaporator wick was completely wet. While
inclined 45 deg, the heater power was set at 100 W. This mode of
operation was maintained until the heat pipe operating temperature
reached 35°C. The heat pipe operating temperature was taken to
be the same as the pipe wall temperature in the adiabatic section.
Once on operating temperature of 35°C was reached, the pipe was
leveled and the vibration level for that test run was set. The pipe was
allowed to come to steady operation under this condition. The heater
power was then increased in increments of 5 W until the evaporator
section began to dry out. Evaporator dryout was indicated by a rapid
increase in the temperature at the evaporator end of the pipe, and
this was considered the failure condition for the test run.

Experimental Results

The static capillary limit was determined through a series of 29
experimental test runs, made at a wide range of operating tempera-
tures from 42 to 102°C. These data represented a baseline to which
performance runs could be compared.

Having established the baseline performance, the heat pipe per-
formance in a vibration environment was measured. Several test runs
were made at each frequency and amplitude combination to ensure
that the data collected was repeatable. The three frequencies chosen
were 30, 250, and 1000 Hz. This range was intended to address both
the lower frequencies often present in mechanical machinery and
also the higher frequencies found in more dynamic systems. The
three vibration levels chosen were 1.0, 2.5, and 5.0 g. These, again,
were chosen to represent likely loads to be experienced by a heat
pipe as part of a system.

A sinusoidal input was used for each of the vibration tests, Mea-
surement of the vibration level in the three orthogonal directions
confirmed that vibration input to the pipe was primarily transverse
vibration, with very little longitudinal vibration of the pipe. Vibra-
tion level was typically an order of magnitude less severe along the
pipe longitudinal axis than in the transverse direction.

Once the static and the vibration data were collected, they were
plotted for comparison. Figures 2 and 3 illustrate all of the vibra-
tion and static data collected. From these graphs it is clear that the
majority of the data fall below the analytical model, but they follow
the same basic trend as the prediction.

To examine the effect of each vibration level and frequency on
the capillary limit, separate plots of each were created, and these
are available in Ref. 3. An examination of these plots revealed that
there was no evident effect that could be attributed to the vibration
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Fig. 3 Experimental data for different amplitudes.

level. Although a few of the data points were low compared to static
points at similar temperatures, the majority were near or even above
corresponding static results,

Afterevaluating the results according to vibration level, they were
next plotted according to frequency of vibration. This representation
of the results again gave several points where the capillary limit was
lower than the comresponding static results; however, here again,
there is no trend that encompasses a majority of the points except at
a frequency of 250 Hz, where a slight degradation in performance
might have occurred.

Conclusion

For this experiment, a heat pipe was designed, constructed, and
then tested to determine what effect transverse vibration would have
on its capillary limit. The heat pipe capillary limit was experimen-
tally determined with no vibration input, and these static results
were used as the baseline performance. The capillary limit was then
reevaluated while the heat pipe was subjected to vibration.

The comparison of the results from the vibration testing with those
from the static testing revealed that there was no significant effect
on the capillary limit caused by transverse vibration. The 250 Hz
test runs indicated what could be interpreted as a minimal degrada-
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tion of the maximum heat transport rate; however, this finding was
inconclusive. Although this conclusion can be strictly applied only
to this pipe at the vibration frequencies and levels tested, it can be
expected to be applicable to pipes of similar construction at levels
of vibration near to those evaluated here.
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Dynamical Instability of the
Aerogravity Assist Maneuver
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Introduction

HE use of aerodynamic lift for the modification of conven-

tional gravity-assist trajectories has recently been discussed as
ameans of enabling certain inner and outer solar-system missions."2
Using a high-lift-to-drag vehicle, such as the waverider type,> tra-
jectory bending angles far in excess of what may be obtained using
ballistic gravity assist alone are attainable.

The aerogravity-assist (AGA) trajectory is essentially an equilib-
rium solution to the dynamical equations. With the vehicle in an
inverted configuration, aerodynamic lift and the gravitational accel-
eration balance the normal acceleration due to trajectory curvature.

In this study the fundamental dynamical equations are used to
form a single expression for the vertical acceleration. It is then
demonstrated that for initial errors in-altitude the resulting AGA
trajectory is exponentially unstable. This may lead to the vehicle
prematurely exiting the planetary atmosphere or impacting on the
surface in some instances. It is however demonstrated that feedback
linearization may be used to ensure stability and tracking of the
required altitude for equilibrium flight.

Although there are many dynamical issues associated with
the AGA maneuvre (e.g., atmospheric uncertainties), this analy-
sis highlights the need for precise guidance, navigation, and control
to ensure a successful atmospheric pass meeting the required exit
conditions.

AGA Flight Dynamics

For ease of illustration the dynamical equations are formulated
in a nonrotating wind-free atmosphere. The vehicle position is de-
scribed by planetocentric polar coordinates (r, 8), and the vehicle
motion is described by the inertial velocity v and flight-path angle
¥, as shown in Fig. 1. In this analysis the vehicle uses the bank
angle o as a single control input for lift modulation, with the angle
of attack trimmed for maximum lift. The two dynamical and two
kinematic equations are therefore given by

dv D .
T=m +gsiny (1a)
5 .
vd_y =—(E— —g) cosy—écosa (1b)
dr r m
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Fig. 1 Schematic geometry of the aerogravity assist maneuver.
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Pl cos y (1d)

where g is the planetary gravitational acceleration. The aerodynamic.
lift and drag are defined in terms of the lift and drag coefficients Cy,
and Cp as

{5} =temrs{cE] @

where S is the aerodynamic reference area and the atmospheric
density p is assumed to be a function of altitude only.

Differentiating Eq. (1c) and substituting, an expression for the
vertical acceleration may be derived as

ar v, D . L
- = — €08 Yy — g+ —siny 4+ —cosocosy 3)
dr r m m

For the AGA maneuver level, constant-altitude flight is required
so that the left-hand side of Eq. (3) vanishes. Setting y = 0, the
required bank angle o* may then be obtained as

- 2m g 1
o cos [p(r)CLS(v2 | r)] 4)
where m/2 < o* < 37 /2, as the vehicle must be oriented in an in-
verted configuration with the aerodynamic lift and gravity in equilib-
rium with the outward normal acceleration. Transverse motion may
be eliminated by periodic roll reversals, unless there is a specific
requirement for a plane change.

For the cases of interest with atmospheric entry at large hyper-
bolic velocities, the gravitational acceleration may be neglected with
respect to the aerodynamic and normal accelerations. The required
bank angle is then a function of altitude only.

Linear Stability Analysis
In order to investigate the stability of the AGA maneuver the
vertical acceleration equation will be perturbed with the vehicle
initial flight-path angle yp = 0 and velocity v, fixed. Perturbing the
vehicle altitude so that r —> ry + & in Eq. (3) and retaining terms of
order &, it is found that

dzf v? p/(r) 2 , N
Ez-'i' {p*‘m(T —g(r)) +g(r)]0§+0(§ )=0 (5

where the required bank angle o* has been substituted from Eq. (4).
This variational equation is of the standard form with solution &(z),
viz.,

d’

S5 A2, ) =0 > £() = Ee VM + tne V™ (6)



