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Heating and Modeling Effects in Tethered Aerocapture Missions
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The influence of thermomechanical and tether flexibility effects on tethered aerocapture missions is examined.
The focus of these missions is capturing a system, consisting of an orbiter and tether-connected probe, from a
hyperbolic to an elliptical orbit via aerodynamicbraking. Two temperature-dependent dynamicmodels of the tether
are included: a two-dimensional, straight, massive, extensible tether model derived via Lagrange’s equations and a
three-dimensional lumped mass model derived via Kane’s equations. The dynamics of the aerocapture maneuver
are shown to be affected by tether extensibility due to the change in system rotational inertia. If not properly
accounted for, this can result in non-capture. The effect of thermal variations on the dynamics of the aerocapture
maneuver is shown to be influenced strongly by the thermal properties of the tether material. As a consequence,
these thermal variations can decrease the viability of certain proposed tethered aerocapture missions and should

be accounted for during design.

Nomenclature

A = aerodynamic area of the jth tether element
a = albedo coefficient for the central planet,

Earth =0.367 and Mars =0.150
ar = infrared absorptivity of the tether material
a, = solar absorptivity of the tether material
Cp, = drag coefficient of the jth tether element
Cp = specific heat of the tether material
d; = diameter of the jth tether element
FA = tether longitudinal stiffness
Fine = generalized drag forces used in Kane’s equations
Fs = generalized gravity forces used in Kane’s equations
F* = generalized spring forces used in Kane’s equations
F; = drag force on jth tether element in dumbbell model
fi = central planet view factor for the jth tether element
I = average solar constant at the central planet,

Earth = 1372 W/m? and Mars = 590 W/m?
L, = nominal unstrained tether length at temperature, 7 ¢
L = Lagrangian of the dumbbell tether system
/ = total tether length
m = total system mass
m = mass of body 1 in dumbbell model
n; = mass of body 2 in dumbbell model
n = number of discrete tether elements in dumbbell model
Q% = planetary albedo flux for the jth tether element
Q?‘Aag = aerodynamic heat flux for the jth tether element
O = infrared radiation flux for the jth tether element

i‘;‘d = radiative heat flux for the jth tether element

Q:j."'a’ = solar heating flux for the jth tether element
0, = generalized forces in Lagrange’s equations
q; = generalized coordinatesused in lumped mass model
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Subscripts

j =

radius to the system center of mass in dumbbell model
vector from the central planet to the orbiter

in lumped mass model

vector from the planet to the center of jth tether
element in lumped mass model

radius of Mars

vector joining the (j — 1)th lumped mass

to the jth lumped mass

distance of m, from the center of mass

in dumbbell model

distance of m, from the center of mass

in dumbbell model

average tether temperature

equivalentblackbody temperature of the central
planet, Earth=288 K and Mars =218 K

tether reference temperature

generalized speeds used in lumped mass model
inertial velocity of the jth lumped mass

velocity of the atmosphere at the center

of the jth tether element

distance to the center of the jth element

from the center of mass in dumbbell model
in-plane libration angle

position angle of the sun defined in Fig. 3
sun-view angle of jth tether element defined in Fig. 3
tether view angle defined in Fig. 3

emissivity of the tether material

true anomaly of the tether system center of mass
coefficient of thermal expansion of the tether material
angle of attack of the jth tether element to the flow
gravitational constant of the central body
atmospheric density at the center of the jth tether
element or mass

linear density of the tether material
Stefan—Boltzmann constant

solar angle defined in Fig. 3

solar shadow angle defined in Fig. 3

solar zenith angle at the center of the jth tether
element, 7 — ¢;

jth tether element
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o = orbiter

p = probe

t = tether

Superscript

rel = measured relative to the atmosphere

I. Introduction

HE use of tethers as an alternative to chemical propulsion has

become a popular topic in the tether research community.'*>
In particular, the use of tethers in aerocapture missions has been
examinedin some detailin Refs. 3-10. The tetheredaerocapturesce-
nario utilizes a system, consisting of an orbiter-tether-probe com-
bination, on a hyperbolic orbit past a target planet. As the system
approaches the target planet, the probe is lowered into the atmo-
sphere. The aerodynamic drag forces acting on the tether and probe
are designed to cause the system to be decelerated (captured) from
an initial hyperbolic orbit to an elliptical orbit about the planet. As
such, no chemical propellantis required to decelerate a spacecraft
once it reaches the target planet on an interplanetary mission.

The fundamental nature of the dynamics of the aerocapture ma-
neuver has been studied in detail in Refs. 3-10, but the analyses
have not yet included the influence of thermal perturbationson the
system. This appears to be a significant omission because tempera-
ture effects may be one of the most critical aspects of the tethered
aerocapture mission. First, the tether must be able to withstand the
high loads and temperatures without melting or failing.!! Second,
the thermal interactions may cause significant vibrations or changes
in assumed parameters (such as length) that may be detrimental to
the aerocapture maneuver. A further limitation of existing studies
is that no investigation has been undertaken to assess the impact of
certain modeling assumptions on the validity of the results.

The purpose of this paper is, therefore, twofold: 1) to investigate
the effect of different tether modeling approaches on the dynamics
of the aerocapture maneuver and 2) to investigate the effect of tether
heating on the dynamics of the aerocapture maneuver. The effect of
modeling has an impact on the study of the effect of tether heating,
and, therefore,itis importantthat both of these effects are considered
in isolation.

II. Review of Existing Work

Much work has already been done on the interaction of tethers
with an atmosphere. The major focus of past work has been on teth-
ered Mars missions due to the promise of future human exploration.
The first detailed study of the use of tethers in the Martian atmo-
sphere was conductedby Lorenzini et al.,'> where the lowering of a
small probe into the lower atmosphere was considered for a number
of different applications. The tether was modeled with a lumped
mass representation that included aerothermodynamic effects, but
the orbiter was restricted to a circular orbit (maintained by a thrust
force). Shortly after this, Longuski and Puig-Suari® and Puig-Suari
and Longuski®® established the feasibility of the tethered aerocap-
ture maneuver using a nonspinning tether and also considered ellip-
tical aerobraking maneuvers. The authors used a rigid rod model of
the orbiting tether system and integrated the acrodynamic forces an-
alytically across the system, assuming an exponential atmosphere.
This work was synthesized into a study of the use of aerocapture
throughout the solar system in Ref. 4, where a set of design condi-
tions was presented that leads to a unique aerocapture design.

The effects of tether bending during the aerocapture maneuver
was consideredin Ref. 7, where a series of linkedrigid rods was used
to model the tether. This analysis was extended in Ref. 10, where
the effect of longitudinal flexibility was modeled by the inclusion of
a spring to connectthe probe to the lastrigid rod in the sequence. In
Refs.9and 13,amore advancedflexibletethermodel was introduced
that modeled the tether as a series of rigid rods connected by springs.
Subsequently, the optimal mass problem (minimum tether mass for
capture) was examined in a number of papers>'413

In Ref. 16, Krischke et al. considered tethered assisted aerody-
namic reentry of the small expendable deployer system (SEDS) us-
ing alumped mass representationof the dynamics,includingthermal

interactions. The thermal variations in tethered applications have
been included in various analyses, for example, Ref. 17, but the
impact of these variations has not been studied extensively, partic-
ularly in applications where large thermal variations are expected.
Furthermore, althoughpreviousinvestigationshaveused a variety of
different tether models, the impact of different modeling techniques
has not been documented. These important aspects of researchinto
the aerocapture maneuver are the focus of this paper.

III. Tether Modeling Effects
on Aerocapture Simulations

Several methods have been used to model the tether in past
investigations!® These include 1) exact continuous models, which
employ mathematical discretization during solution; 2) physically
discretized models, which model the tether as a series of point
masses or rigid rods connected by viscoelastic springs; 3) longitu-
dinally flexible (massless or massive) structures; and 4) completely
rigid structures that are massless or massive. The way in which the
tether is modeled impacts the validity of the numerical results. It
is, therefore, important to choose a model that does not neglect any
essential feature of the dynamics. In this paper, two independently
derived models for an aerobrakingtether are numerically simulated.
The first treats the tether as a massive, longitudinally flexible spring
and is capable of simulatingthe system’s orbital mechanics,in-plane
librations, and longitudinalextension. The second model employs a
lumped mass discretization technique that is capable of simulating
the full three-dimensional dynamics of a flexible tether.

A. Tether Modeled by a Single Spring

In most tether models that only account for the first longitudinal
mode of vibrations, the tether is assumed to be massless and treated
as a single element. In the model presented here, tether longitudinal
flexibility is modeled by a single spring, but all other effects are
taken into account by discretizingthe tether into a series of smaller
elements. Drag forces and temperatures are calculated for each ele-
ment, and the principle of virtual work is used to assess the impact
of these forces on the overall dynamics. This method is similar to
that used in Ref. 17.

The tether system consists of an orbiter, probe, and tether. The
orbiter and probe are considered to be point masses for dynamic
purposes, but are modeled as spheres in aerodynamic calculations.
The tether is assumed to remain constant in mass and is modeled
as arod of uniform density at any instant of time. The equations of
motion for the system are derived by the use of Lagrange’s equations
with the generalized coordinates shown in Fig. 1a.

Qrbit of centre of mass

Fig. 1a Generalized coordinates used in dumbbell tether model.

X/' ’
[ ® | O] I
cm Element ;

Fig. 1b Discretization of dumbbell tether for external force
calculations.
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The Lagrangian for the in-plane motion of an extensible massive
tether is given by

1 . . 1 . 1 .
= Em(R2 + R?0%) + Em*l2 + Em*ﬂ(e +a)’

1EA Anty Anty
———l — L1 AP + —
2 L,,.[ sS(L+EAT]” + R, + R
R, — R
i m b 1 —F + Rcosa )
[ R, +r, 4+ Rcosa

where R, 6, «, and [ are the generalized coordinates defined in
Fig. 1a, EA is the tetherelasticity, L is the nominal unstrainedtether
length, i is the gravitational constant of the central planet, m, is the
tether mass, AT =T — T, is the average change in temperature of
the tether with respect to the reference temperature Ti.r, and

. m,; m; m; 5

R, = \/R2 +r2 —2Rr cosa 3)

R, = \/R2 +r?+2Rr;cosa 4)

where r| = (m, +m,/2)l/m and r, = (m; +m, /2)]/m are the dis-
tances of mass 1 and 2 from the center of mass, respectively.
The equations of motion may be derived via Lagrange’s equa-

tions,
i(ﬁ) -y, )
dt Bq,
where g; = R, 0, a, and [ are the generalized coordinates and Q,
are generalized forces not derivable from potential functions. The
full equations of motion are omitted here for the sake of brevity.
The generalized forces are due to aerodynamic drag and may be
determined from the principle of virtual work.' Instead of calcula-
tion of the drag forces by analytical integration along the tether, a
discretizationapproachis used, as shownin Fig. 1b. The tetheris di-
vided into n elements of length //n. The entire system then consists
of n 4 2 elements, including the orbiter and probe. The position of
the center of the jth element is determined from

—r j =1(mass 1)
x;=1Qj=3/2m)l—r, j=2,...,n+ 1(tether) (6)
s Jj =n+2(mass?2)

The inertial positionof the center of the jth elementis determined
from

R; ={RcosO + x;cos(d +a), Rsinf +x;sin(0 + o)} (7)

The generalized forces for the system may be determined by sum-
mation of the force contributions from each element in the system
as

n+2
R
0, =) F-—ZL ®)
iz g,
where F; is the drag force on the jth element, which may be calcu-
lated from Ref. 11

Fj = _%C[)] p, |R, — Vj-lm | (R] — Vj-lm)Ajlsil'l 'L?,l (9)

where Cp, is the drag coefficient of the jth element, p; is the atmo-
spheric density at the center of the jth element, v{™ is the velocity
of the atmosphere (assumed to rotate with the target planet) at the
center of the jth element, A is the aerodynamic area of the jth el-
ement, and ¥; is the angle of attack of the center of the jth element
to the flow. Note that this equation assumes that the flow regime is
free molecular, so that the drag coefficient can be assumed constant.
This is the case provided the area used to calculate the drag force is
the projected area of the tether normal to the flow, as in Eq. (9).

Fig. 2 Tether modeled by lumped masses.

B. Three-Dimensional Lumped Mass Tether Model

To evaluate the effects of assuming the tether is a straight body,
an alternative lumped mass model of the tether has been developed.
In this model, the tetheris discretizedinto a series of lumped masses
connected by massless springs, as shown in Fig. 2. The major dif-
ferences between this model and the preceding one are as follows:
1) The generalized coordinates are Cartesian, not angular. 2) The
model is capable of simulating in- and out-of-plane motion (three-
dimensional). 3) No assumption is made as to the instantaneous
distribution of mass around the mass center. This model is consid-
ered to be a more accurate representation of the physical system.

The equations of motion for the lumped mass tether system are
derivedby theuse of Kane’s equations 2° This method of formulation
allows a convenientselection of generalized coordinatesand speeds
for the system, ensuring both speed and accuracy?!

The coordinate systems employed in this model are an inertial,
planet-fixed coordinate system (X, Y, Z) that is attached to the
center of the target planet and a translating, nonrotating coordinate
system attached to the nth mass, (x;, x,, x3). There are a total of n
masses in the model, where n is the maximum number of masses
allocated to represent the tether, orbiter, and probe. The masses are
numbered from 1 at the probe to n at the orbiter.

The generalized coordinates are selected to improve the calcula-
tion of tension forces as

qi =R -x;, i=1,2,3 (10)
D = q3(—)+iXi, i=1,23j=1,....,.n—1 (11)
The inertial vector to the jth mass is given by

R; =R +r;, j=1,...,n—1 (12)
where

n
ri = E 3k — Y+iXi,

k=j

i=1,2,3j=1,....,n—1 (13)

The generalizedspeedsare selectedas the componentsof the inertial
velocities of each bead
Us(j—1y+i = Vj - Xi, i=1,2,3j=1,...,n (14)
The kinematic equations for the system are
G3—+i = U3G—1y+i = Usj+is j=1,...,n—1 (15
3 -v+i = UsG—1+is j=n (16)

Application of Kane’s dynamic equations® gives
. ¥ 5 dr:
Us(j—ty+i = (l/m.f)[Fff(j—l)Jri T FG oy T Fz(.?g—1>+i]
i=1,23%j=1,....n (17

where the generalized forces are defined hereafter.
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Gravitational:
Fi, = —(um/IRPR; -x;, i=1,2,3j=1,....n (18)
Spring:

) EA L1+ &;(T; — Toep)]
Fjyei=—7m1—— i Xi

i=123j=1 (19

. EA L';-[l + 5;(T; — Ter)]
Finpi =771 —— jXi
: L, Ip;l
EA {1 L5 (14 & 1(Tioy — Ten)] }
‘},1 |p_f*l| !
i=1,2,3j=2,...,n—1 (20)
s EA {1 L';-[l + é&;(T; — Tep)] }
G-+ T T )T T pj-Xi
3(j—DH+ L/ |p]| J

i=123j=n (21

Drag:
drag _ 1 , ]
F3(.f—l)+i =—3Cp;p; v XA
i=1,2,3j=1,n (22)
dra, 1 ' ] ) .
Fyi® 1y = =5C0,0i YT - xi A (sin®; | + Isin9;1)

i=1,23j=2....n—1 (23)

where p is the gravitational constant of the central planet, m ; is the
mass of the jth mass, L} is the nominal length of the jth segment
at the reference temperature T, &; is the coefficient of thermal
expansion of the tether material, 7; is the temperature of the jth
tether element, Cp; is the drag coefficient of the jth element, p;
is the atmospheric density at the jth element, vrf' is the velocity of
the jth element relative to the atmosphere, A is the wetted area of
the jth element, and ¥, is the angle of attack of the jth element to
the flow.

Although the generalized coordinates do not relate specifically to
orbital parameters, the orbit eccentricity of the center of mass of the
system can be calculated from knowledge of the position R, ,, and
velocity V.., of the center of mass at any instant of time through
the eccentricity vector,

e=(1/w[V2, = (t/Rem)[Rem — (/1) Rem. - Ve Wem. (24)

which has the orbit eccentricity as magnitude.

IV. Thermomechanical Interactions
in Aerocapture Simulations

A. Tether Thermal Modeling

Several authors have modeled the effects of thermal interac-
tions on an orbiting tether.'>!7-2>=24 In this section, the equations
for calculating the tether temperature in the lumped mass model
(Sec. III.B.) are presented. The equations for the dumbbell model
(Sec. II.A.) are simplified versions of the same equations and are
not shown for the sake of brevity.

The tether is generally quite small in diameter (0.5-4 mm), and
it is reasonable to assume that, at any point, the tether temperature
is uniform across the cross section. The major sources of heat flux
affecting the tether temperature are due to solar radiation, planetary
infraredradiation, planetary albedo, aerodynamicheating, heat con-
duction, and self-radiation. Of the heat inputs, aerodynamic heating
is the most significantin aerocapture maneuvers,and it is, therefore,
prudent that this be modeled accurately.

The equation for thermal equilibrium of the jth elementis given
by

dra, o
ﬁ _ Q:S,-O]ar + QI]R + Q.z;_lbedo + Qj g + Q;ond _ Q.rfad

dt Prether Cm

(25)

System orbit

Sun

Orbit periapsis

Fig. 3 Definition of parameters used in thermal calculations.

where each of the heat inputs are defined in the following subsec-
tions. The parameters used in calculating heat inputs to the system
are shown in Fig. 3.

1. Solar Heating

For simplification in this analysis, the sun is assumed to lie in the
tether orbital plane, and its rays are assumed to be parallel. The heat
flux due to solar radiation is given by

oY =dja|sing;l. QP =0 if g < |Pmason]
(26)

where d; is the diameter of the jth tether segment, a; is the ab-
sorptivity of the tether, /; is the solar incident radiation at Mars
(590 W/m?), and the angles B;, ¢;, and @gnq0w are defined in Fig. 3.

2. Planetary Infrared (IR) Radiation
The central planetis assumed to be a blackbody emitting infrared
(IR) radiation according to

O® = nd;ago f;T} (27)
where ajg is the IR absorptivity of the tether, 7, is the equivalent

blackbody temperature of Mars (218 K), and f; is the view factor
for the jth tether segment, defined in Ref. 22 as

£i=/m) {sin™" (Rutars / |RE™))

— sin [2 sin”! (RMa,AS/ |R‘;.e“Ier

)1/2) (28)

3. Planetary Albedo
The planetary albedo radiation is determined from

] .
Q¥ = al,ard, f;|siny;| cosy;

Qi =0 if cosy; <0 (29)
where y; is defined in Fig. 3 and ¥; =7 — ¢; is the solar zenith
angle at the center of the jth element.

4. Aerodynamic Heating

There are principally two types of heat transfer that may occur
when an object impacts the atmosphere. The mechanism depends
to a large extent on the nature of the airflow and the object that it
is impacting. In general, for the high altitudes and small diameters
of the tether system, the flow regime may be considered to be free
molecular. This is the central assumption made in this paper. It
means that air molecules that impact the tether do not interfere with
other impacting air molecules.



WILLIAMS, YEO, AND BLANKSBY 647

The heat transferred to the tether depends on the scattering mech-
anism of the air molecules. Here, it is assumed that only the kinetic
energy impacting normal to the tether is converted into heat, so that
the heat transferred from atmospheric impact is*

ar . 3,
leag — %,Ojd_' R;emer — vj}m| sin ¥, (30)

5. Heat Conduction

Because each element in the system is considered separately, it
is necessary to include the effect of heat flow between elements. In
this analysis, the tether is assumed to be thermally insulated from
the end bodies. The heat flow due to conductionis given by

(AI/L'{)kl(Tz—Tl)s Jj=1
Qs = (A; /L) (Tj 1 + T,y = 2T)),
(Avi /Ly hw (T2 = T_p), j=n—1

j=2,...,n—=2

(€29
where k; is the conductivity of the jth tether segment.
6. Radiation (Emission)
The tether radiates heat into space according to
0" =nd;oeT} (32)

Equation (25) is integrated numerically with the equations of
motion of the system to give the temperature distribution along the
tether.

V. Numerical Simulation Results

To assess the impact of modeling techniques and heating effects
on the aerocapture maneuver, a representative case is taken from
Ref. 13. The common simulation parameters for all simulationsper-
formed in this paper are shown in Table 1. The atmospheric density
calculations are performed with an exponential model, as in previ-
ous investigations* Note, however, that any method or atmospheric

-
[=2]

data can be used in either of the models presentedin this paper. This
will be necessary to validate future aerocapture trajectories 2

A. Modeling Effects on Aerocapture Simulations
1. Effect of Degree of Discretization (Rigid Rod)

The degree of discretisationrequired for the tether to produce ac-
curate results was examined using the rigid rod model of the tether
with varying numbers of elements for drag calculations. Figure 4

Table1 Common simulation parameters

Parameter Values

Approach orbit parameters
Semimajor axis —6099.30 km
Eccentricity 1.569

Initial orbit radius to c.m. 3654.03km
System parameters
Orbiter mass 1000 kg
Orbiter drag coefficient 2
Orbiter area 10.5 m?
Probe mass 1000 kg
Probe drag coefficient 1
Probe area 100 m?
Tether mass 64.47kg
Tether drag coefficient 2
Tether diameter 1.472 mm
Initial tether state
o) 280.7 deg
ao —0.01703 rad/s
L 21.046 km
Tether material properties
E 240 GPa
Ultimate tensile strength 2.4 GPa
Melting temperature 2800 K

Atmospheric model
Density at radius r, km, 5.5 x 1078 exp {—[(r — 3507)/8]} kg/m’

from Mars’s center

Eccentricity
NS

-

0.8
0 100 200

I
I
|
I
300 400 500 600

0.9999 -

Eccentricity

0.9999 -

[ [ [ [

[ 1 [ 1 1

595.4 595.45 595.5 595.55

b) Final capture eccentricity (magnified)

595.65 595.7 595.75 595.8 595.85

6000 !

Z — n=5elements

$ 5000 --- n=20 elements H
£ —  n=40 elements
1] e e LT Tooo =< =
[ |

c I

B S - -
5 ;

[ | |

2000 L L
0 100 200

c) Tether tension at the orbiter

300 400 500 600

Fig. 4 Effect of degree of discretization on aerocapture simulations.
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demonstratesthat the number of elementsused does notsignificantly
impact the nature of the dynamics. There are negligible differences
in the tension experiencedin the tether at the orbiter end. However,
the effect of the degree of discretizationon the final orbiteccentric-
ity of the system center of mass is more evidentin Fig. 4b. Note that
increasing the number of elements causes a very small increase in
the final orbit eccentricity. This tendency is the result of improved
aerodynamic drag calculations. That is, the total drag on the tether

N

o

'
N

Tether Elongation Rate (m/s)

'
IS

|
|
|
l
200 400 600

a) Rate of tether elongation

o

1.4

=y
N

200 400 600

1.5

% Change in System Inertia

|
| |
I |
l l
0 200 400 600
Time (sec)
¢) Relative change in system rotational inertia

6000

Z 5000

4000

3000

Tension at Orbiter

I
|
|
1
200 400 600
Time (sec)

2000
0

d) Tether tension at the orbiter

Fig. 5 Effect of tether extensibility on aerocapture designed with a
rigid tether model.

decreases as the atmospheric density calculations become more re-
fined. Additional simulations with 100 elements show negligible
change from the results where 40 elements were used. Therefore,
40 elements will be used for future simulations.

These results have importantimplications for application of flex-
ible tether models, such as the lumped mass model presented in this
paper. In Ref. 13, Biswell et al. criticize the use of lumped mass
models in the study of tethered atmospheric missions, implying that

1.8

-
o2}

A
N

Eccentricity

=y
N

=y

0 200 400 600

b) Tether libration angle
3700

T
|
|
I

3650 -

3600 -1

R (km)

cloTo1o] RSN VPR S i S ——

3500f - - - - -Nolo—o oA

600

3450
0
Time (sec)
¢) Orbit radius of the center of mass

0.02

e
o
=2

do/dt (rad/sec)
o

-0.01

|
l
|
-0.02 ‘ ‘
0 200 400 600

Time (sec)

d) Tether libration rate

Fig. 6 Effect of tether extensibility on aerocapture designed with a
rigid tether model.
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! T T l/
— Rigid Rod
\ - —- Elastic
095+ =
0.9+ ﬁ
g
£ 085 =
3
0.8+ =
0.75 - _
0.7 [ I [ I | [ L
220 230 240 250 260 270 280 290 300 310
Time (sec)
Fig. 7 Comparison of the tether libration angle during aerocapture for rigid and elastic rods.
3500
Orbiter Path
34307———* e i 7* ———————— e
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€ 3440
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-80 -60 -40 -20 0 20 40 60 80 100
Y (km)

Fig. 8 Scaled plot of flexible tether during aerocapture maneuver.

no aerodynamic forces are modeled in the “gaps” between beads.
They also suggest that a large degree of discretizationis required to
model the aerodynamic forces accurately. However, this is clearly
not the case, as can be seen in the preceding results, where simula-
tions with five elements give representative results. Although it is
true that aerodynamic forces are only applied at each bead, they are
calculated from knowledge of the motion of each spring segment.
In addition, the preceding models are considerably simpler to derive

and implement than the model presented in Ref. 13 and allow the
easy inclusion of any atmospheric model.

2. Effect of Extensible Tether

Simulations performed with the extensibletether model allow the
impact of tether extensibility on the aerocapture maneuver to be in-
vestigated. It is intuitive that a tether that is allowed to elongate may
reach deeper into the atmosphere and, therefore, produce increased
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drag forces on the system. This implies that the aerocapture maneu-
ver should be improved when an extensibletetheris used. However,
numerical simulations show that this is not the case. Figures 5 and 6
show numerical simulationresults for an extensible tether. Whereas
the overall nature of the maneuver is the same as the case of a rigid
rod, the minimum eccentricity achieved by the system is increased
from 0.999974 for therigid tether to 1.00036for an extensibletether.
This counterintuitive result may be explained given that the elon-
gation of the tether results in an increase in the system rotational
inertia, as is evidentin Fig. 5. This has the effect of making the tether
more resistant to rotational acceleration caused by external forces.
The net result is that the tether’s angle of attack to the airflow is
altered over time (Fig. 7), and, therefore, the total drag force acting
on the system is impacted. The overall effect is a reduction in the
total drag force and an increase in final orbit eccentricity. This effect
can be expected to vary for different aerocapture designs.
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Fig. 11 Traveling wave propagation along the tether during capture.

1.0006

3. Effect of Tether Bending

When the aerobraking tether impacts the atmosphere, a force
is exerted normal to the tether line. This normal force causes the
tether to bend, and, consequently, additional vibratory modes of
the tether are excited. Simulations using the lumped mass model
with 30 lumped masses show that, for this particular maneuver,
the tether bending is not excessive and that the tether remains es-
sentially straight (Fig. 8). (Note that no appreciable difference in
tether dynamics was seen for more than 30 masses.) Figure 9 shows
the tension distribution along the tether during the maneuver, the
eccentricity of the center of mass, and the angle of the incident air-
flow along the tether. Figure 9 show that, when the tether impacts
the atmosphere, there is a significant variation in tension along the
tether (approximately 1500 N), with a maximum at the orbiter end.
This can be explained by the contributions from aerodynamic drag
along the tether length. Figure 9b illustrates that the most significant
aspect of full tether flexibility is its influence on the orbit propaga-
tion of the center of mass. After the tether impacts the atmosphere,
the trajectory of the center of mass does not remain at a constant
orbit eccentricity. In fact, the orbit eccentricity initially oscillates
between a hyperbolic and elliptical orbit. This is more clearly seen
in Fig. 10, which also shows the effect of heating and is discussed
in the next section. The variation in orbit eccentricity of the center
of mass implies that the design of an aerocapture mission should
include a factor of safety to ensure that the flexible system remains
in an elliptical orbit after passing through the atmosphere.

Figure 11 shows the displacement of the tether perpendicularto
the tether line, varying with time and the position along the tether
line. Before the tether enters the atmosphere, the tether is practi-
cally straight. As could be expected, during the pass through the
atmosphere, the tether takes on a very significant curvature. On
leaving the atmosphere, this peak curvature dissipates quickly, but
leaves a residual traveling wave, coupling longitudinal and lateral
motions in the tether. This traveling wave is a very significant phe-
nomenon and is thought to be the cause of the variation in orbit
eccentricity of the center of mass. It has implications for both the
viability of a particular capture scenario and for postcapture tether
control.
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Table 2 Tether thermal properties

Parameter Value

ag 0.5

aR 0.5

e 0.8

k 250

Cm 7001J/(kg - K)

B. Thermomechanical Interactions During Aerocapture

The effect of tether heating on the aerocapture maneuver has two
major implications. First, it must be assured that the tether material
can withstand the intense heat expected during the braking maneu-
ver. Second, the effect of thermal strains on the tether dynamics
may be detrimental if the tether becomes slack at any time. To study
the effect of thermal variations on the extensible system, the ini-
tial radius to the center of mass is altered slightly to 3654.4 km
to ensure that the extensible tether with no thermal variations is
captured.

The thermal effect on the system strongly depends on the ther-
mal properties of the tether material. Therefore, certain parame-
ters must be chosen carefully for a particular design. In general,
the material absorptivity and emissivity are dependent on the sur-
face texture of the material and can be controlled by coating the
tether. The specific heat and coefficient of thermal expansion are
material dependent. In this section, the values shown in Table 2
are adopted, and the sun is assumed to be aligned with the orbit
periapsis.

The influence of the coefficient of thermal expansion on the dy-
namics of the capture maneuver was studied for a range of val-
ues of & from —le—5 to 2e—5. These are representative values
for most tether materials.'' The impact of the thermal variations
on the minimum achievable eccentricity and maximum tether ten-
sion are summarized in Fig. 12. These results suggest that, for
this particular maneuver, the capture eccentricity is linearly depen-
dent on the coefficient of thermal expansion, whereas the max-
imum tether tension has an approximate quadratic dependence.
Negative coefficients of thermal expansion imply that the tether
contracts with an increase in temperature, whereas positive coef-
ficients imply tether elongation. The results suggest that an in-
crease in the coefficient of thermal expansion of the tether ma-
terial leads to a subsequent decrease in the viability of the cap-
ture maneuver. This effect is most likely explained by the increase
in system inertia with respect to the thermally unaffected system
(Fig. 13).

The temperature distribution along the tether, as well as the mag-
nitude of the heating rates due to the different sources, are shown
in Fig. 14. This shows that in aerobraking maneuvers, the heat-
ing rate due to collision with the atmosphere is by far the greatest
heat input. This is well matched, however, with the heat outflux
from the tether due to self-radiation. This explains why the tem-
perature decreases so rapidly after passing through the atmosphere.
The least significant heating rate is that of conduction, which sug-
gests that it is reasonable to omit this from the thermal analysis, as
done by Kalaghan et al.?? The variation in heat input due to solar
radiation is due to the tether’s rotation in the plane of the sun. It
is, therefore, fair to conclude that the most important parameters
to consider when designing a tether for aerobraking applications
are the coefficient of thermal expansion and the thermal emissivity
of the tether.

The tether thermal emissivity has a significantimpact on the max-
imum temperatureexperiencedby the tether, as shownin Fig. 15¢. It
is evidentthat the greater the emissivity of the tether, the less signifi-
cant the thermal variations due to aerobraking will be on the system.
A higher emissivity is preferable in terms of the likely impact on
the capture eccentricity and for protection of the tether material. Be-
causethe tetherthermal propertieshave animpacton the aerocapture
maneuver, it is important to choose these carefully for a particular
design, to ensure the survivability of the tether and feasibility of the
capture scenario.
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The combination of tether heating and tether flexibility does not
alter the preceding observations. Figure 10 shows the evolution of
the eccentricity of the center of mass after the capture maneuver
for a flexible tether. Initially, the center of mass oscillates between
an elliptical and hyperbolic orbit. This oscillation decays over time.
The case where no thermal variations are included shows that the
eccentricitysettles to below 1.0, but the case with thermal variations
shows that the system does not remain captured.
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VI. Conclusions

The dynamic interactions of tether temperature caused by aero-
dynamic heating has been studied with two temperature-dependert
dynamic models of the tether: a two-dimensional, straight, mas-
sive, extensible tether model and a three-dimensional lumped mass
model. Investigations with these two models showed that tether ex-
tensional flexibility, tether curvature, and aerodynamic heating all
have a significant effect on the dynamics of the tether during ae-
rocapture that can, in some instances, cause planetary capture to
fail. The most critical parameters in the thermal analysis have been
shown to be the coefficient of thermal expansion and the thermal
emissivity of the tether. Although the coefficient of thermal expan-
sionis fixed by the choice of material, the emissivity of the tether can
be adjusted by coating the tether surface. The thermal variationsin
the system have been shown to impact the system properties,such as
tether length and rotationalinertia, and that these, in turn, impact the
successof the aerocapturemaneuver. It may, therefore,be concluded
that the aerocapture maneuver should be designed with the tether
thermal properties in mind, to ensure the successful application of
the technology.
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