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AIR MASS EFFECTS ON THE CASSINI HIGH GAIN ANTENNA
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ABSTRACT, The high gain antenna for the Cassini space-
craftis a lightweight, large surface area structural element,
and therefore its dynamic characreristies arc noticeably
altered by air mass effects. The virtual fluid mass approach
as implemented in MSC/NASTRAN successfully accounts for
lower natural frequencies nbserved in vibration testing.
However, direct addition of air mass to the structural mass
matrix during coupled loads analysiv with the Ti-
tan IV/Centaur launch vehicle would give rise o unreu -
sonably high static lvading on the antenna. A correction to
the air masys matrix was necessary to account properly for
the fact that the bulk of air inthe payload fairing is acceler-
ated by the launch vehicle, not by the spacecraft. This cor-
rection was applied in «a manner that allowed a traditional
Craig-Bampton model of the spacecraft o be developed.
Other than the air mass correction, no changes to the usual
coupled feuds analysis methodology were required

NOMENCLATURE

HGA  High Gain Antenna
DOF  Degree(s) of freedom

v Kinetic energy in dynamic system
Displacement of model degrees of freedom

%1 Displacement of spacecraft/upper stage nterface
degrees of freedom

% Displacement of non-interface degrees of freedom

Ve[  Displacementof bulk air at model DOF

{x}

6-DOF rigid body displacement of air
Rigid body displacement column vectors

[Tl Transformation from interface to 6-DOF tigid body

M Air mass matrix from virwal fluid mass approach

il
LM ] Air mass matix corrected for loads analysis
(m Fourier transform of transient displacement

Jet Propulsion Laboratory
Cdlifornia Institute of Technology
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1. INTRODUCTION

The Cassini spacecraft (Figure 1) will be launched on Otto.
ber 6, 1997, on aTitan |V/Centaur launch vehicle. and will
reach Saturn in the year 2004. Cassini is by far the largest
interplanetary spacecraft ever developed, with atotal launch
mass of 5600 kg. Propellants account for more thar 3100 kg
of this total.

The High Gain Antenna (HIGA)at the top of the spacecraft
will provide the primary communication link to the space-
craft over the 1.4 billion km distance between Earth and Sat-
urn. The HGA, which was developed for the Cassini mission
by the Italian Space Agency, isa fi xed dish with a diameter
of 4 m, The antenna structure utilizes carbon tiber rein-
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Figure 1. Cassini Spacecraft launch configuration.
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forced plate on an aluminum honeycomb core, resulting in a
very small mass for such a large antenna. The total mass of
the antenna and related hardware is approximately 105 kg.

This combination of low mass and large surface area makes
the Cassini HGA susceptible to air loading effects during
ground testing and during launch. The first indication that
air loading was iimportant came during sine vibration tests on
the engineering model, when the fundamental natural fre-
guency of the antenna was measured approximately 10%
lower than predicted,

For astructure such as the Cassini HGA, the primary effect
of the surrounding air isto add mass to the surface of the
antenna Some amount Of air surrounding the antenna must
be accelerated along with the structure, and this results in the
added mass effect. As a result, the natural frequencies of the.
antenna in air tend to be lower than in vacuum. The air mass
effect is strongest on global modes of the structure, since a
greater quantity of air must be accelerated. The higher order
modes are only slightly affected. Rough assessment of the
air mass confirmed that it could account for the observed
frequency drop.

It isimportant to quantify air mass effects properly, so that
the dynamic loads on the antenna can he predicted, Utd-
mately, antenna loads are estimated by performing a coupled
response analysis ot the combined launch vehicle, upper
stage, and spacecraft under static and transient loading. An
understanding of the effect of air is necessary even for dy-
namic events late in the launch sequence (when no air is pre-
sent), Since the mode] must be appropriately changed from
the ground est configuration.

This paper describes the method ultimately used to quantify
these effects on the Cassini HGA. Since the calculation of
air mass has been documented in previous work, that aspect
of the work isnot detailed herein. Instead, this paper con-
centrates on the method of application of the added mass to
the dynamic model of the spacecraft. It was discovered that
a correction to the added mass was necessary to avoid inap-
propriate static loading on the antenna. The correction was
applied in such a way that the dynamic mode! could be
treated normally for coupled analysis by the launch vehicle
contr actor,

2. VIRTUAL FLUID MASS APPROACH

‘The virtual fluid mass method in MSC/NASTRANI | | was
developed to account for structures immersed in fluids, such
as ships. The formulation assumes the fluid IS incompressi-
ble, and involves distributing point SOurces appropriate to the
finite element mesh of the wetted portion of the surface. The
virtual mass generation module produces a mass matrix cor-
responding to the wetted degrees of freedom, This air mass
mateix is fully populated, and is added to the structural mass
matrix prior to eigenvalue solution.
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Tests performed in a vacuum chamber by Hughes Aircraft
Company 0N the Intelsat VI C-Band transmit reflector (2)
established that even with the assumption of incompresibil-
ity, the virtual fluid mass formulation in MSC/NASTRAN
accurately accounted for the natural frequency shifts ob-
served in the actud structure, Since the Intelsat reflector was
structurally very similar to the Cassini HGA, the same ap.
proachwas used with confidence for this application, The
air medium was taken as infinite in extent, and both sides of
the elements were wetted.

The air mass matrix generated by MSC/NASTRAN totaled
approximately 33 kg of added mass in the vertical direction,
and only 2 kg ot added mass in the lateral direction (due to
the orientation of the antenna surface). The air mass isdis-
tributed across the surface of rhe reflector, and is fully
populated (i.e., there is mass coupling between all surface
degrees of freedom). Table 1 shows the effect that the air
mass mutrix has on the first twelve natura frequencies of the
antenna.

Ta 1, HGA nawral frequencies in vacuum and in air.

Freque y(Hz) Percent
Mode | Vacuum ] Atm | Difference
| 39.42 36,19 -8.2
2 40.00 36.68 -8.3
3 49.08 47ss -3.1
4 50.13 48.53 -3.2
5 54.71 51.53 5.8
6 55.42 55.14 -0,5
7 56.99 56.74 -04
8 58,36 5792 -0.7
9 62.55 62.54 0.0
10 64.28 64.07 0.3
11 -15.71 70.74 -6.6
12 | 76.03 71,01 -6.6

Because the Cassini finite element model has been devel-
oped in UAI/NASTRAN, some extra effort was necessary to
achicve the same result, UAI/NASTRAN has no virtual
fluid mass capability, so the air mass matrix computed in
MSC/NASTRAN (using the HGA submodel only) was writ-
ten to DMIG cards for inclusion in the UANASTRAN data
deck, These mass terms were then added directly to the
structural mass during matrix generation, Because the air
mass matrix is full, the resulting card deck was substantial.
To minimize the size of the air mass matrix, the virtual mass
calculation was performed with only the main reflector dish
clements Wetted,  The frequencies resulting from the full
application and partial application of air mass were found to
be acceptably close.

The virtual mass computation was done with the air density
Set to its value at one aumosphere. Since the air mass matrix
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is proportional to the density of the fluid, the same matrix
could be used for any desired density, simply by multiplying
by a scale factor, This was accomplished by a simple alter to
the solution sequence where the tullmass matrix is assem-
bled as the sum of the structural mass and the air mass,

3. APPLICATION TO LAUNCH ENVIRONMENT

The direct addition of the air mass matrix to the structural
mass matrix properly accounts for the changes to the natural
trequencies and the. mode shapes of the antenna when sur-
rounded by air. However, it is not hard to see that this ap-
preach is not entirely accurate for modeling the launch envi-
ronment,

Imagine the entire launch vehicle undergoing static accelera-
tionof 1 ginthe axia ditection, The antenna support struc -
ture must carry the 105 kg weight of the antenna, but the air
inside the fairing should notadd any load m the antenna,
Under steady acecleration, the air will reach equilibrium, and
the pressure on both sides of the antenna surface will cancel.
With the air mass added to the antenna surface DOF. how.
ever, the finite element model will add the 33 kg of air mass
tothe antenna structural mass, resulting in additiona struc-
wral toads. Thisload is actually carried by the payload
fairing, which is accelerating all of the enclosed ait. Clearly.
simple matrix addition does not adequately account for static
loading effects,

The reason for the static loading error lies in the basic for-
mulation of the equation of motion involving the air mass.
Proper formulation results in a correction to the air mass
matrix as explained in the following section,

4, AIR MASS MATRIX STATIC CORRECT’ 10N

Direct addition of the air mass matrix to the structural mass
matrix is appropriate for forced response problems in which
the. air medium is not aceclerating. In such a case, the kinetic
encrgy of theair is

v=- Y i)

where{::g } isthe velocity of the degrees of freedom of the

model, and IE/I 9 ] is the air mass matrix computed from the

virtual fluid mass formulation. When equation (1) s added
[o the kinetic energy from the structural mass matrix, the
result is that the air mass matrix[M :R,] gets dircctly added
to the structural mass matrix.

This formulation is not valid in the launch environment, as
discussed in the previous section, The correct formulation
can be derived by noting that the forces of the air on the
steucture are proportional not to the absolute aceelerations of
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the grid points, but to theit accelerations relative to the ac-
celeration of the bulk of air, Thus the kinetic cnergy of the
air would be

V:'il'{ix "':y}T[M:R }{xk —Px} d 2

is the velocity of the bulk of air at the grid

points Of the model. The bulk of air should maove along with
the payload fairing. The most correct way to do this would
be to use the rigid body modes of the coupled dynamic sys-
tem tO derive the quasi-static motion of the air. However.
such a formulation would require modification ta the stan-
dard coupled loads processing, at a substantial cost and risk,
Instead, we will assume [he bulk of sir moves together with
the average rigid body motion of the Cassini/Centaur inter-
face. This assumption, while not perfectly accurate, has the
benefic of allowing the problem to be formwlated entirely
with spacecraft D OF, and therefore the correction can be
done within the spacecraft model itself,

where r

The bulk atr rigid body moti o? y can be written as

{re = (R, ). €

where (x, isan imagined 6-DOF grid point whose dis-

placement describes the position of the bulk of air. The col-
umns Of [R,,, ] are the 6 rigid body displacement vectors at

the grid points of the model resulting from motion at the ref-
erence point. The matrix [Ry,] is easily derived from ge-

ometry of the model, Based on the assumption that the bulk
of air moves with the Cassini/Centaur interface. we can fur-

ther €XPress (X} in terms of the displacements of the

Cassini/Centaur interface degrees of freedom, {x, }:

{’b}: [R;Rr»]—‘[krh]T{X, }:—f[Th,]{x,}_ )

(1) This lcast-squares solution is identical to the formulation of

the RBE3 element in MSC/NASTRAN. Now if we merge
the columns of Eﬁ' with zeros for the remaining degrees of

freedorm, we Can write

{x,, }= [Tbg ]{x ¢ } . ()
where
[Tbs ]“ [Tb % ] (6)

(The subscript f represents all non-interface DOF.) Inserting
equation (5) into equation (3) then gives
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{ry } = [Rgb Ty ]{xs } . (7)

Thus the bulk air motion at each surface degree of' freedom is
now expressed in terms of the displacements of the structural
degrees of freedom, Returning to cquation (2), the kinetic
energy Of the air can NOW be expressed as

el -l e s -l )
TR RN, 175 N

i f el

ff

[M ] []‘fk RRh[bK] [M;}ellu"Rngby]- )]

The corrected air mass matri A?L takes the place of the

original air mass matrix in [he equations of motion. This
correction is applied to the air mass matrix prior to adding it
[0 [he structural mass matri X, and eliminates the static over-
loading error, After the corrected air mass matrix is incorpo-
rated, the modelcan be processed in the usval way to prepare

for coupled loads analysis. For Cassini, a Craig-Bampton
component mode] of the spacecraft was prepared and deliv-
ered to the Taunch vehicle contractor for the final pre-launch
coupled loads analysis, The mass matrix correction was in -
corporated in the Craig-Bampton DMAP program.

One feature of the air mass correction of equation (9) that is
not immediately Obvious is that the partition of the matrix
associated with non-interface DOF (the f-set) remains un-
changed. As a result, the cantilevered frequencies and mode
shapes Of the spacecraft are the same with or without the
correction. The correction does change termsin the inter-
face partition of the mass matrix, which affect the coupling
of the spacecraft to the launch vehicle.

5. SIMPLIFIED EXAMPLE

A simplified example will help clarify how the above equa-
tions affect the dynamics of a structure. The example con-
sists of a single degree of freedom mass on a spring, which is
excited by base. motion. The massisimagined to be a flat
disk which iS immersed in air. Figure 2 illustrates the two
casestobe considered.  On the. left side of the figure
(case I), the base motion and mass motion are assumed to
take place in unmoving air. In this case, the air mass forces
are proportional to the absolute acceleration of the mass, On
the right side of the figure {case 2). [he air is driven aleng
With the base, and the air mass forces are proportional to the
refative acceleration of the mass.

TO 18183931156 P.@12/0814

Case 2: AT Moves With Buse

Cuse 1: Still Air

Figure 2. Simplified air mass example.

In both cases, let X, be the displacement of the base, and x,
be the displacement of the disk. I-et m, be the virtwal mass
of the air acting on the disk,

In case 1, the equation of motion is
0 0 ;\:] [ —C il]
+,
ko=k(x]) [f
o S H T

This can be readily solved in the frequency domain to obtain
the rcaction foree k(x, - x;) in rhe spring, for a given base
acceleration:

k(X @)= %,(() )=

?

=(m+mg 2—21@0)00)+03 ¥i(@). (11)
where
w ~‘/~—f — (= — (12)
o m < m, ’ Qﬁc(m-lm )'

Thus, as expected, the effect of the air mass term m, under

normal circumstances (case1) is both to lower the natural
frequency of the system and to increase. the loading onthe

spring.

Now consider the second case. which is more representative
of [he. launch condition. The equations in the previous scc-
tion can be applied casily, and have the following results
{letting x; be the base reference):

A m , (13)

[, ]=01. (14)
[Thr] [Rlerb] [ m]"'._-_[]]' (15)




0CT-18-1936 14:56 FROM

SDRC

[7.,)=[ o). (16)

1 0] 1 0] o o
[I”K_Rg”r”‘]z[o J"[l o}[—x 1J‘ a7

. 0 -1fo oo o m, -m
M(l - - U i)
[ “'] [o 1o ma}[-l 1} [—-ma m, J (18)

Thus the equation of motion for case 2 is as follows;
m,  -m, (¥, ¢ -clfx
.t .
—m, m+m, X, -¢ € ]|lx;
k - k Il f
(M AR

No[ice that the lower right partition ot the matrices are iden-
tical to equation (10). The correction changes the coupling
of the base to the mass, while leaving the fixed-base dynam.
ics unchanged, Solving equation (19) in the frequency do-
main for the spring reaction force gives

(X, ) - X, @)=

2

R X @). Q0)

=m ,
~w? #2ilwyw+of :

where g and { are identical to their values in equa-
[ion (12) for case 1.

Comparing equations (11) and (2.0), it can be seen that in
case 2 the air mass shifs the frequency of the system exactly
asit doesin case 1, but that the reaction force is multiplied
only by [he structural mass. This s true both for quasi. static
accelerations (w —» O) and at resonance, because in case 2
the base does the work of accelerating the bulk of the air.

Note that the distinction between the two cases applies only
to base excitaticn. If the base is fixed and excitation is ap-
plied directl y to the mass, then both equations of motion are
the same and therefme give the same result.

A final observation can be made regrinding the reaction force
at the base, In equation (10) for case 1. the lower partition
shows that the reaction force f at the base is equalto the
spring force k (x, - x,) plus the damper force, Inequa-
tion (19) for casc 2, however, there is an additional term
m, (%= ¥, ) Which adds to the interface force. This means
that in this formulation, the additional mass , , while not
transmitted through the structure, is still passed throvgh the
interface. For the Cassini HGA, this means that the air mass
adds static load to the Centaur upper stage, but not the
Cassini structure. This iS a direct consequence of the as-
sumption that the bulk of air moves with the interface. This
load should really be carried by the fairing. Even so, the
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impact of [his approximation on Centaur |oads should be
neglibible, comparing the 33 kg air mass to the 5600 kg mass
of the full spacecraft,

6. PREDICTED EFFECT ON HGA LOADS

Three different versions ot the HGA mode] were created to
demonstrate the ctfect of air mass and the air mass correction
on loads. The first model was for [he antennain a vacuum,
with no air mass at all, The second version was with air
mass at | atmosphere. with the correction applied as de-
seribed in section 4, The third version was with the. 1at-
mospere air mass matrix directly ridded to the structural mass
matrix Without correction.

For each case, the antcnna support bipeds were fixed m a
ground reference, and the system was driven by sinusoidal
ground r-notion inthe X.'Y, and Z directions separately. The
summed reaction forces in the support bipeds were recov-

ered at each frequency in the excitation direction. This is the
“apparent mass” of the antenna on its bipeds. The results for

each of the three dircctions as a function of excitation fre-
quency are shown in Figures 3 through 5,

The plots show the frequency shifts that occur between the
vacuym and ] atmosphere models. Eventhe fundamental
latera] modes (X and Y directions) arc shifted, because of the
dish motion associated with the lateral modes,

Very little difference can be seen between the corrected and
uncorrected results in the lateral direction, because the lateral
airmass 1S so small. However, the effect of the correc tion is
clearly visiblein the vertical direction (Figure5). Theun-
corrected model produced higher loads at low frequencies,
corresponding to the 33 kg of air mass, This demonstrates
that the mass correction successfully removes the quasi-static
loading of the air mass,

At the SO Hz resonance in Figure 5, the corrected model
produces aload comparable to that of’ the vacuum medel at
its corresponding 88 Hz resonance, The uncorrected model
shows a higher loading at resonance, although, the corrected
and uncorrected models have the same natural frequency.
This means that the added air mass does not inherently in-
crease rheloads in the antenna at resonance, the way a sim-
ple lumped mass addition would. These features are consis-
tent with the simplified example.

Buscd on this study, the net effect of the air mass is expected
to be limited 1o a shift of the frequencies of the antenna, with
no tendency 1o increase. the loading on the antenna Structure,
However, the frequency shiftitself might cause increased
loads, due to adverse coupling with the rest of the spacecraft,




7—4—

OCT-18-199¢ 14:56 FROM  gpre TO 18183931156 P.B14-014

7. STRATEGY FORMULTIPLE | syNcH EVENTS

The methodology described above allowed the proper inclu-
sion Of alr mass effects in the Cassini spacecraft dynamic
model, However, the situation is somewhat complicated by
the fact that the air density inside the payload fairing iS con-
tinually decreasing during the launch. During the time of
critical aerodynamic loading (between 35 rind 60 seconds
after liftoff), the air density falls from 729% to 38% of jts
value atliftoff. Coupled loads analyses are performed for
three different time points during this critical launch phase.

In principle, each of these analyses would require the prepa-
ration of a different spacecraft model, because [he air mass

10000 -}.. . . N ,
3 3 1 T R . e

= X/X (V a1m, corrected)
" Oe XIX (1 am, uncorrected)

1000 - -

] (»—0—!/! {vacuum) h [ ‘ |

Reaction Forca®ass Aoceleration Lo

10 Frequoncy (Hz) “100 would be different at each time. These models would be in
. . _— addition to the liftoff model (with 100% air density) and the
Figure 3. Apparent mass of HGA in X direction (laterd), later Staging events (with no gir mass), )

The decision was made to use a single spacecraft mode] for
all three aerodynamic loading events, with air density set to
50% of liftoff. This compromise meant that “only” three
Craig-Bampton models needed to be generated, A study was
performed to validate that the 50% model was sufficiently
similar to the 38% and 72?4 models.

10000 } RETO

[‘—0— YIY (vaguum)

=G YIY () am, corrected)
—-—YIY (1 atm, uncorracted)

8. SUMMARY

Becausc of its light weight and large surface area, the Cassini
HGA was susceptible to air mass effects, which dropped its
natural frequencies by up to 10%. Direct addition of sir
mass [0 the structural mass did not properly account for the
Frequency (H2) true physics of the launch environment, however. A method

: ek A irecti was developed tO correct the air mass matrix 10 account for
Figure 4. Apparent mass of HGA in Y direction (aeral), the fact thm;;he payload tairing is accelerating the bulk of the
enclosed air. With this correction, the effect of air mass on
the antenna loads is limited to a frequency shift, with no in-

Reaction ForceyBase Acoederation (kg)

10000

O SO SR S

5 Fm--z:z (vacuum) ; ! herent increase in static loads or apparent mass at resonance.
by C A== 22 (1 atm, aoreacted) :
2 b Sl 77 btm, uncorracta ; ¢
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