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Space structures

3. Space mission environments: sources for
loading and structural requirements

Prof. P. Gaudenzi

Universita di Roma La Sapienza, Rome lItaly
paolo.gaudenzi@uniromal.it
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THE STRUCTURAL SYSTEM OF A SPACECRAFT

The structural system of a spacecraft has three main functions:

1.  To provide the support of all the other subsystem and materialize the
geometry of the spacecraft and its payloads;

2. To guarantee the necessary STRENGTH to survive all phases of the
spacecraft life (in particular the most critical: e.g. the launch) without failures.

3. To keep the structural STIFFNESS in certain limits to guarantee the
operational functionality of the overall system and avoid coupled resonant
responses (e.g. between a satellite and its launcher).

Since the cost of mass is very critical in a space mission, the structural
system should be optimized with respect to it both in terms of material and in
terms of the optimal structural geometries.
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NATURAL AND INDUCED ENVIRONMENT (ECSS 4.2.2)

a. All structural assemblies and components shall be able to withstand the
environment loads and conditions to which they are exposed both
during manufacture and their complete service-life.

b. Components and assemblies for space applications shall be compatible
with the operational environment conditions and with the atmospheric
conditions on earth in which they are manufactured and tested.

c. Consideration shall be given to effects of gravitation and exposure of
sensitive materials to manufacturing and atmospheric environments;
suitable provisions (e.g. gravitational compensation and purging) shall
be made where necessary for the protection of sensitive equipment or
components.

The ESA SME Initiative Training Courses Prof. Paolo Gaudenzi - Space Structures 3
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NATURAL AND INDUCED ENVIRONMENT (2)

The sensitivity of materials to the environment on earth can stipulate the
requirements for quality control procedures.

The natural environment generally covers the climatic, thermal, chemical
and vacuum conditions, required cleanliness, levels of radiation and the
meteoroid and space debris environment.

The induced environments cover the mechanical loads induced by ground
handling and pre-launch operations, launch,manoeuvres and disturbances,
re-entry, descent and landing. Additional induced environments include
static pressure within the payload volume, temperature and thermal flux
variations and the electromagnetic and humidity environments.

The ESA SME Initiative Training Courses Prof. Paolo Gaudenzi - Space Structures 4
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MECHANICAL ENVIRONMENT (ECSS 4.2.3)

a. The mechanical environment shall be defined by static and
dynamic environment loads which shall be further defined in
terms of constant acceleration, transient, sinusoidal and
random vibration, acoustic noise and shock loads.

b. All loads shall be considered in the worst combinations in
which they occur.

The severest loads can be experienced during launch, ascent
and separation,and, where relevant during re-entry, descent
and landing. However, consideration shall also be given to the
other loads which can effect the performance in an operational
mode.

The ESA SME Initiative Training Courses Prof. Paolo Gaudenzi - Space Structures 5
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LOADS (ECSS 4.2.10)

a. All relevant mechanical and thermal load events
experienced throughout the service-life of the structure
shall be identified.

b. Loads shall be defined according to their nature,
static or dynamic, their level and time corresponding to
the events during the lifetime, and as a minimum the
following load events shall be considered:
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LOAD EVENTS (1)

1888

1. Ground and test loads:

— handling, transportation and storage loads;
— assembly and integration loads;

— ground test loads.

2. Launch loads:

— launch preparation;

— operational pressures;

— engine ignition;

— thrust build up;

— lift-off;

— thrust (constant or varying slowly);

The ESA SME Initiative Training Courses Prof. Paolo Gaudenzi - Space Structures
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LOAD EVENTS (2)

2. Launch loads (continued):

— aerodynamic loads;

— heat flux from engine and aerodynamics;

— gust;

— dynamic interaction between the structure and
propulsion system;

— acoustic noise;

— manoeuvres;

— thrust decay;

— pyrotechnics;

— separation of parts (e.g. stage, fairing, spacecraft);
— depressurization.

The ESA SME Initiative Training Courses Prof. Paolo Gaudenzi - Space Structures 8
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LOAD EVENTS (3)

3. In-orbit loads:

— operational pressures;

— static and dynamic loads induced by thrusters;

— shocks due to pyrotechnical operation and
deployment of appendages;

— thermo-elastic loads induced by temperature
variations,-- hygroscopic-induced load due to variations
In moisture content;

— micro-vibrations induced by moving elements (e.g.
momentum wheels) and thrusters;

The ESA SME Initiative Training Courses Prof. Paolo Gaudenzi - Space Structures 9
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LOAD EVENTS (4)

3. In-orbit loads (continued):

— micrometeoroids and debris;

— docking;

— berthing;

— crew induced loads (e.g. on handles, rails and by
movements).

4. Re-entry, descent and landing:

— aerodynamic loads and thermal fluxes;

— parachute ejection and deployment shocks;
— operational pressures;

— landing loads;

— impact loads.

The ESA SME Initiative Training Courses Prof. Paolo Gaudenzi - Space Structures 10
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GROUND LOADS

Elamanta of Systam A A A A .
. APPLIED ACCELERATIONS
2 ettty % é EJ]E a:I:U:D i OPERATION [gl () REMARKS
- wehicle
2, Handling fixtire 'r‘y - d X Haﬂ] Y [+8'lbd] Zz (+up]
Dally +1.0 +075 | -1+05
In-door movements +0.2 +0.2 -1+02
3, Transpartatian mode s.—Los:;:r . Handling Clean Room Vertical hoisting +0.2 +0.2 -1+05 Any S/C orientation
[train, truck, baat, loa o
e, el whicls Launcher mate/demate +05 +05 210
Mata: Items 2 and 3 are
e Container Hoisting +05 +05 | -1+05 S/C horizontal
Road Quasi-static +2 +2 -3+ 40 km/h top speed
Take-off -15 £0.1 -25/+15
4. Trnsartatian €. — Foreing Air Vertical manoeuv.(gusts) 0 +1.5 -25
medium (rail, road, Suneton
e sl Lateral gusts 0 +1.5 -10
- Landing +15 +1.5 -25
g UL S . Slamming 0.0 0.0 | -18/+02
e i " hareinn Barge / Ship _
e D e Waves +0.3 +05 | -16/+04
Any Transportation Source | Continuous Vibration +0.1 +0.1 T P A
- - - including gravity effact
i Transport Shock Load +2 +2 +3
o (SICISAR Panel)

Example of gro.u-nd loads sources and corresponding indicative figures
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LAUNCH LOADS: AXIAL ACCELERATION

ARIANE 5 AXIAL ACCELERATION PROFILE

...............................................................................................................................................

...............................................................................................................................................

.............................................................................................

Load fTactor
L L

o ; ; [ : : i
a am 400 =1]1] a0 1000 120 1400
Time (=)

Figure 3.2.1.a — Typical longitudinal static acceleration From Arian 5 User's Manual
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DESIGN LOADS FACTORS (from Ariane 5 User’'s manual)

The design load factors are represented by the Quasi-Static Loads (QSL) that are the more
severe combinations of dynamic and steady-state accelerations that can be encountered at
any instant of the mission (ground and flight operations).

The QSL reflect the line loads at the interface between the spacecraft and the adapter (or
dispenser). Also frequency requirements and static moment limitation are imposed.

Acceleration o - iti i
(9) Longitudinal Lateral Addltlfnal ine
load (N/mm)
Static Dynamic Static +
Critical flight events Dynamic
Lift-off - 1.7 +1.5 +2 10 (15%)
Maximum dynamic _o7 R N 14 (21%)
pressure
SRB end of flight - 4,55 +1.45 +1 20 (30%)
Main core thrust tail-off - 0.2 +1.4 +0.25 0
Max. tension case: :
attisoni + 2,5%% 0.
SRE jettisoning > 0.2 0

Gravity is included, SRB: solid rocket booster, The Quasi-Static-Loads (QSL) apply on
payload C of G, The minus sign with longitudinal axis values indicates compression.

From Arian 5 User’s Manual

The ESA SME Initiative Training Courses Prof. Paolo Gaudenzi - Space Structures 13
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DESIGN LOADS FACTORS (other launchers)

In the following table two other launchers load factors are reported and a possible envelope
condition is obtained in the case of a possible launch alternative

LAUNCHER FLIGHT EVENT LOAD FACTORS (g}“
LONGITUDINAL ® LATERAL
Lift-off/Transonic — max compres. 2.8 +275
DELTA Il |Lift-offTransonic — max tension -0.2 +275
MECO" 6.9+0.6 +0.2
Max | stage — max compres. 5 +0.5
SOYUZ Il [Max | stage Engine CO — max tension -1.5 +0.3
Lift-off - max lat 1.6 +1.8
Maximum Longitudinal Compression 7.5 +0.2
ENVELOPE |Maximum Longitudinal Tension -1.5 £0.3
Maximum Lateral 2.8 +2.75

(1] The Load Factors act at satellite CoG and the lateral ones may have any directions. Longitudinal and
lateral load factors of a given flight event act simultaneously:
(27 Plus sign indicates compression (-ZsLoad), minus sign indicates tension (+Zy; Load);
[3] Lateral load factor to provide correct bending moment at spacecraft separation plane.
MIMECOQ is Main Engine Cut Off.
Table 6.1.1.4.2-1 Maximum Quasi-Static | oads (from launcher's manuals)

The ESA SME Initiative Training Courses Prof. Paolo Gaudenzi - Space Structures 14
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STATIC UNBALANCE AND ALIGNMENT REQUIREMENTS

Static unbalance

a) Spun-up spacecraft The centre of gravity of the
spacecraft must stay within a distance d < 30 mm from the
launcher longitudinal axis.

b) Three-axis stabilized spacecraft The acceptable static
unbalance limit varies with the spacecraft mass as
reported BELOW:

Spacecraft mass (kqg) d (m)
M = 4500 < 0.03
4500 =M < 22000 0.03 < d < 0.18%

* linear function of the mass

The ESA SME Initiative Training Courses Prof. Paolo Gaudenzi - Space Structures 15
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FREQUENCY REQUIREMENTS (1)

Amplification <+—1—> Attenuation
' (Frequency isolation)
Launch | Fundamental Frequency, Hz 100
System T T s e ST o R e Lateral : :
e T e e 10 ; =t =001
o AR R A O T = {=005
melactERRess T | o o s ) F 10 @ TRE
e S o o L | £ v
Pro:on I e s e il LS L Sl = =05
Scout pon Ak e T s T S T % 1
for el o1 RS RSEES i MISCIRY - IS MR S o) L 4 = =
Titan 1I . 24 _ 10 P
Tltnnlll 206 IR e e <N
' L e 0.1 AN
(1) 31 Hz for dual payloads, 18 Hz for single payloads. 0.1 . 1 10

2
Freauency Ratio. Q/m_
In the table the frequency requirements of different
launchers are illustrated. Frequency should be
equal or higher than the reported values.

Amplification of the dynamic
response of a single degree of
freedom damped system

The ESA SME Initiative Training Courses Prof. Paolo Gaudenzi - Space Structures 16
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To prevent dynamic coupling between the low-frequency launch vehicle and spacecraft
modes, the spacecraft should be designed with a structural stiffness which ensures that

the following requirements are fulfilled.

Lateral frequencies - The fundamental frequency in the lateral axis of a spacecraft hard-
mounted at the interface must be as follows with an off-the-shelf adapter:

S/C mass Launcher interface 1% fundamental lateral | Transverse inertia wrt
(kg) diameter {mm) frequency (Hz) separation plane
(kg.m2)
< (22624 =10
< 4500 = 50,000
2624 =9
:153%5-“0’3 < 22624 =8 < 90,000
2624 =7.5 = 535,000
M = 6500
< (22624 TBD TEBD

Longitudinal frequencies - The fundamental frequency in the longitudinal axis of a
spacecraft hard-mounted at the interface must be as follows:
= 31 Hz for S/C mass < 4500 kg
= 27 Hz for S/C mass = 4500 kg

The ESA SME Initiative Training Courses

Prof. Paolo Gaudenzi

- Space Structures

17

@®



—

=

e

-~

I 7

%/f»

esa =L TR RN - --n;--m--w--m------*-.-

FAIRING ENVELOPE

Not a load but a volume and geometry constraint

Ariane 5 User's Manual PSS [
Issye 4 Shert 1177 | 4570
Medium 2262 | 4570

,./"/ Fairing

|
FAIRING

Long 5449 4480

|
D
|

i
i 52?2441

ACU Mounting Plane e LV Ry [

L— IBZ%!BZ—PI

-3

Kiva

ACU Mounting Plane

U D DEF / Fairing Mounting Plane * i
adapter SYLDA & Mounting Plane | 1080
i
|

\\“’\
A

\ I | L | e:aias > ‘
SYLDAS SPELTRA 5 i -
{internal) (external) [ ] usaBLE voLumE
Lower adapter
H\\H\' ‘ Figure A5.5 — Usable volume beneath payload fairing and SYLDAS + 300
Prof. Paolo Gaudenzi - Space Structures 18
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LOADS FOR PAYLOAD COMPONENTS

Dynamic amplification factors or other causes may affect the real
loads on components

EQUIPMENT OR ASSY LEVELS (qg)
Propellant Tank
S/C Lateral (Xgic, Ygre) TiT
S/C Vertical (Zg) 12
Battery
In Plane (Xsic, Zsic) 10710
Qut-of-Plane (Yg) 15
Bus Equipment (Panel Mounted) with resonant frequencies <140 Hz
In Plane (Xge or Ysi, Zsie) 16/ 16
Qut-of-Plane (Ys;c or Xsic) 16
P/L Equipment {Panel Mounted) with resonant frequencies <140 Hz
(POHT Antennas & ASTRO Antennas) 16/ 16
In Plane (Xsc or Ysic, Zsic) 16

Out-of-Plane (Y- or Xgre)

Bus or P/L Equipment (Arm mounted) with resonant frequencies <140 Hz

In Plane ¥ 20720
Qut-of-Plane ¥ 25
Solar arrays!"
In Plane (Xgic. Zsic) 12/18
Qut-of-Plane (Ysic) 22
SAR ANTENNA
Xsic 10
Yo 10
Zsic 12

The ESA SME Initiative Training Courses Prof. Paolo Gaudenzi - Space Structures 19
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SOURCES OF SINE VIBRATIONS AND

mpX - { Fi
(= m¥ )
~ "FBDof 1 it
, i 2%2
1 . M9 | The spring is
F={(mqy+mo)X compressed, but
FBD of system there is no longer ggps

an applied force

a. Steady thrust 1 b. Engine shut down: c. Masses spring apart,
E sudden removal of thrust then temporarily stop

| myx *1 ‘Hm15<'1 4 m,X,
$ % i b F Fy

d

l MoXo

FBDs

Fig. 4.6. Example of How a Transient Force Causes Vibration. The free-body diagrams (FBDs)

help clarify the problem.

The ESA SME Initiative Training Courses
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SINE VIBRATIONS
Direction Frequency band (Hz) Sine amplitude (g} Sinusoidal excitations
Longitudinal 5 - 100 1.0 affect the L/V during
» _ ac 0.8 its powered flight,
Lateral i
e 100 0e mainly the_
atmospheric
flight, as well as
Sine excitation during some of the
1,2 transient phases.
SR The envelope of the
e — sinusoidal (or sine-
2 0.6 1 Lateral equivalent) vibration
= — — — Longitudinal
E™ levels at the
0,2 -
= spacecraft base does
0 | ' ' ' not exceed the values
L] 20 40 &0 a0 100 . . \
- . given in table aside,
req (Hz)

taken from Ariane 5
user’s manual.

Table 3.2.3.a - Sine excitation at spacecraft base

The ESA SME Initiative Training Courses Prof. Paolo Gaudenzi - Space Structures 21
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DEPRESSURIZATION AND VENTING

=}
L=

e,

=
o
-]
y

/

\ Compartrent 1

=1
e

n
Vi

0.8 AN H Stratification
e \ eat {inoormplete intracompertment
i \ shield mixing)
0.7 Fire-in-the-hale staging
0,65
0.8 Free-
\ stragm s
0,55 flove b o
05 N\ .| [E7]
\ =
045 SRE
04
a5 N\,

/|

025 ™
\ Tunnel ¥ Unplanned laakage flow

0 < leg, thraugh seams,

i P joints, fasteners, hinges,
0,15 \ metallic heat shiclds}

01 -
0,05 S~

0 0 20 30 40 50 a0 70 &0 a0

Time (s . .
(s) Figure 1. — Compartment-venting system.

Figure 3.2.7.2.a - Variation of static pressure within payload volume

Variation of pressure inside the fairing of Ariane 5
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ACOUSTICS

Acoustic pressure fluctuations under the fairing are generated by engine operation
(plume impingement on the pad during liftoff) and by unsteady aerodynamic phenomena
during atmospheric flight (i.e., shock waves and turbulence inside the boundary layer),
which are transmitted through the upper composite structures. Apart from liftoff and
transonic phase, acoustic levels are substantially lower than the values indicated
hereafter.

Acoustic noise spectrum

140 L
m—CASPL 140.5 dB

Flight limit level (dB)

120

Note: OASPL — Overall Acoustic
Sound Pressure Level
115 (reference: 0 dB = 2 x 10-5 Pa)

10 100 1000 10000
Freq (Hz)
I he ESA SME Initiative | raining Courses Prof. Paolo Gaudenzl - Space Structures 23
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SHOCKS

The spacecraft is subjected to shocks during L/V stages separation
events, mainly fairing jettisoning, and during spacecraft separation.
With respect to the L/V shock events, the envelope of the shocks
generated during the flight has to be considered.

10000
Separation Shock Levels
1000 Hz 10000 Hz
2000 g 2000 g
665 Hz ' 10000 o)
400 H 880
1000 - 650 gz g ‘
1000
o
100 100
¥ 100 Hz 10
2049 10 100 1000 10000
10 . Frequency (Hz)
100 1000 10000
Frequency (Hz) m—Soyuz 2 === Delta 2
Ariane 5
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ON ORBIT ENVIRONMENT: THERMAL FLUX

Emitted

Mean Value of Radiation

\ | . Direct Solar Flux

E 2
_— O — \ﬁﬂ_. Low-Earth
i Gy [ ] L] Orbit Spacecraft

Albedo (30 + 5)%

of Direct Solar g Earth
Infrared

237 + 21 W/m?

During its on orbit life and according to the characteristics of the orbit, an earth
orbiting spacecraft is subjected to sun radiation, albedo and earth radiation. The
same is true for other space vehicles orbiting or flying by other planets. The
thermal control subsystem is responsible for keeping the spacecraft in the
admissible range of temperatures. The variations of temperature generate
thermoelastic actions on the spacecraft structures.

The ESA SME Initiative Training Courses Prof. Paolo Gaudenzi - Space Structures 25
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RADIATION, MOLECULAR PARTICLE, ATOMIC OXIGEN

Dose (Rads/yr)

103

10’

Radiation that will Penetrate Electronics as a Function of Altitude for Several
Thicknesses of Aluminum Shielding. (Adapted from Larson and Wertz [1992])

Shield Thickness,
(inch (cm) of Aluminum) |

0.044 (0.11)
0.073 (0.19)
0.12 (0.30)
0.18 (0.44)

0.36 (0.93)
0.51(1.3)
0.73 (1.85)

0 -2000 4000 6000 8000 10000
Altitude (km)

700

400 =

Altitude, km

200

100

= 200

Altitude, nmi

0% 10 10

10° 1010 101 10"

Number Density (Particles per Cubic Centimetar)

Density of Atomic and Mol

Versus Altitude. These particles are

dense enough to be of concemn only in Iha lower altitudes of low-Earth orbit (Source: He-

din [1986]).

Atomic Oxygen Erosion Rates for Spacecraft Materials at an Altitude of 270 km.

(Source: Barter [1982])

Surface Recession

Material (0.001 infyear)” Applications
Kapton™ 24 Thermal blankets, solar array dielectric substrates
Mylar 2.8 Thermal blankets, solar array dielectric substrates
Teflon 0.025 Thermal blankets, solar array dielectric substrates
Aluminum 0.0003 Structures
Carbon 0.8 Thruster nozzles, leading edges
Indium Tin Oxide 0.0003 Optical coatings
Silver 84 Thermal control blankets
Chemglaze 2302 31 Thermal control white paint
Epoxy 1.9 Composite matrices, adhesives

*AO Fluence = 2 x 102 particles/cm2/year

The ESA SME Initiative Training Courses
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ON ORBIT ENVIRONMENT: DEBRIS
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o TR
acw i 115 ]

Targal Sda View
Test ASE4

HaanEpaxy Damaga

Hixted Demaga

1.E-06

Expected Micrometeoroid Impacts on

Spacecraft Surfaces for a 7.25-Year Mission

1.E12 1.E10 1.E08 1.B06 1.604 1.E0Z2 1.E00

Particle mass (g)

4.7-3 Fxpected Numhber of Impacts on Spacecraft Surfaces in

7.25 Year Mission

The ESA SME Initiative Training Courses
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CONCLUDING REMARKS

Requirements coming from the natural and induced
environment

Main environment forces and conditions depending
upon the phase of the mission (ground, launch, in orbit,
descent re-entry)

Launching environment and constraints
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