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Currently, composite overwrapped pressure vessels (COPV), with high weight efficiency, are widely used in
spacecraft (SC). In satellite construction COPVs provide necessary volume of working fluid for the realization of a
highly efficient scheme of raising SC into geostationary orbit using standard electric propulsion engines. The issue of
using such vessels in order to increase the period of active lifetime of SC and the implementation of deep-space
exploration programs is relevant as well.

The urgent task is to ensure the reliability of COPVs. The study of foreign literature suggests that fastening elements
in direct contact with the vessel, have an important impact on the strain-stress behavior (SSB) of the vessel. The paper
discusses the basic methods of fastening large-sized COPVs having a spherical shape — an adapter module is made in
the form of a “skirt” and a cable-stayed system. We have created a finite element model (FEM) of COPV to analyze the
effect of fastening elements on SSB of COPV.

The analysis of the obtained results of the calculation shows that a cable-stayed system has almost no effect on SSB
of COPYV, in contrast to a composite “skirt”, which reduces the effective stresses in the place of attachment to the vessel
by two times or more, causing uneven distribution of stresses. The composite “skirt” directly transfers its buckling
mode to the vessel, which reflects the significant effect of the “skirt” on the vessel’s SSB. The use of a composite “skirt”
in comparison with a cable-stayed system has high probability of COPV failure.

The obtained results show that a cable-stayed system is more effective way to fasten COPV than a composite
“skirt”.

Keywords: composite overwrapped pressure vessel, strain-stress behavior, cable-stayed system, spacecrafft.
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B nacmosawee epemsa xomnosumnvie baxu gvicoxoeo oasnenus (KBBJ]), obaradarouue gbicokoii 8ecogoil s¢ghgexmug-
HOCMbIO, HAX00IM WUPOKOE NPUMEHeHUe 8 KocMuyeckol mexuuxe. B cnymuukocmpoenuu KBBJ/] obecneuusaem neo6-
Xooumblti 0bvem pabouezo mena 05 pearu3ayuu blCOKOIPPEKMUBHOU cxembl 008bl8e0eHUs KOCMULECKO20 annapama
(KA) na eeocmayuonapmnyio opoumy ¢ UCnoab306aHUEM WMAMHBIX IEKMPOPEAKMUBHBIX O8USAMETbHBIX YCIMAHOBOK.
AxmyanvuvimM makoice si8Aemcst 60RPOC UCHONb308ANUSL HOOOOHBIX 6AKO8 8 YEAX YEeIUUeHUsl CPOKA AKMUBHO2O CYUje-
cmeosanus KA u peanuzayuu npoepamm oceoenust 0anbhezo KocmMocd.

Axmyanvhoti 3a0aueli ssnsiemcs obecneuenue Hadedxcnocmu KBBJ]. Hzyuenue sapybedicnou aumepamypvi ceuoe-
MeNbCMEYen 0 MOM, YMO HEMANL0BAJICHOE GIUSHUE HA HANpsiceHHO-0eopmuposannoe cocmosanue (H/IC) 6aka oxa-
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3bI8AIOM UX DNIEMEHMbL KPENeHUs], HaX00auuecs 8 HenocpeoCcmeeHHomM Koumakme ¢ oaxom. Paccmampusaromes oc-
HOBHble cnocobvl kpennienusi Kpynnoeabapumuvix KBBJ[ cgepuueckoii ghopmvl: nepexoonvlii 0mcex, GblNOJHEHHbLI
6 gpopme «r0b6Kkuy, u sanmogas cucmema. Coz0ana KoHeuHo-31emenmuas mooenvs KEB/[ ons npogedenus ananusa ius-
Hus snemenmog Kpennenus na H/[C KBB/].

AHanu3z noayueHHvIX pe3yIbmamos pacyema noKa3aj, Ymo 6aHMo8dAs CUCmemMa NPaKmuyecKy He oKa3vleaem G-
nua na HJ[C KBBJ], 6 omauuue om KoMRO3UMHOU «100KU», Komopas 6 08a u bonee paza cHudcaem oelicmgyioujue Ha-
npaxjcenus 8 pailoHe KpenieHus K 0axy, nposoyupys HepagHoMepHoe pacnpeoeieHue Hanpasxcenuil. Komnosummuas
«I00Ka» Hanpsmylo nepedaém cgolo Gopmy nomepu yCmoudueocmu OaAxy, 4mo 2080pUmM O 3HAYUMENbHOM GIUSHUU
«iobxuy na HJIC 6aka. [lpumenenue KoMno3umuoll «100Ku», 6 CPABHEeHUU ¢ 6AHMOBOL CUCMEMOU, XAPaAKMepu3yemcs

evicokol eeposimnocmuio omxaza KbB/].

HO]ZylleHHble pesyivmanivl ceudemeﬂbcmeyiom O MmMom, 4mo eaHmosedast cucmema Ae6jaAemcs bonee 3gbd)€Km1/l6‘HblM

cnocobom kpennenusi KEB/].

Kroueswvie cnosa: komnosummwiii 6ax 6blCOKO20 daeﬂeﬂuﬂ, Hanp}lDICGHHO-aed)OpMMPOGGHHOe CoOCmosHue, 6aHMoBeasA

cucmema, KoCcMuUu4ecKuil annapam.

Introduction. Currently, in order to increase the com-
petitiveness of Russia in the international market, it is
necessary to constantly increase the efficiency of tele-
communication spacecraft, which means an increase in
the capacity of data-transmission channels. In this regard,
there is a tendency to increase the payload mass, and as a
consequence, there is a high demand for heavy class tele-
communication spacecraft [1].

Heavy class spacecraft being developed by
JSC “Reshetnev Information Satellite Systems™ (JSC “ISS”)
have the mass of more than 4000 kg, which significantly
exceeds the carrying capacity of the traditional launch
vehicle in Russia: the Proton-M launch vehicle with Briz-
M booster unit [2]. To overcome current restrictions of
the mass of the output payload, we have implemented an
alternative scheme for launching spacecraft into an in-
tended orbit using standard electrical propulsion engines
located in spacecraft [3], this allows competing with
world companies on the mass of the output payload. The
developed COPV provides the necessary volume of the
rocket propellant — xenon, which is necessary for the op-
eration of propulsion engines [4].

At present time, COPVs with high weight efficiency
are widely used in space-system engineering. The issue of
using such vessels in order to increase the active life of
SC and to implement deep-space exploration programs is
rather relevant.

The loss of operability of COPV is a single failure
point of entire spacecraft — the reservation of such a heavy
and bulky block in the design of spacecraft is impossible,
therefore, ensuring the reliability of COPV is an impor-
tant task. To date, the work on the definition of bearing
capacity and stiffness and the study of SSB of COPV
[5-9] have been carried out; the results of this work guar-
antee the reliability of the pressure vessel. However, the
study of foreign literature suggests that fastening elements
in direct contact with the vessel, have an important impact
on the strain-stress behavior (SSB) of the vessel.

In this article, we have presented the description of the
analysis of SSB of COPV with various fastening methods
and the results obtained. The aim of the work is to deter-
mine the most effective fastening method of COPV.

Description of COPVs and methods of their fasten-
ing. Initially, we conducted a review of COPVs and the
methods of their attachment among the following manu-
facturing companies: Cobham Inc., ARDE Inc., ATK
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Space Systems (USA); EADS Astrium, Thales Alenia
Space, MT-Aerospace (Europe); JSC R&DIME, JSC
CRISM jointly with JSC ISS (Russia).

We identified two main methods of fastening large-
sized COPVs of spherical shape, one of which is imple-
mented by foreign manufacturing companies through the
connecting compartment in the form of a “skirt” [10-14].
Fig. 1 presents, as an example, COPV with the composite
“skirt”, developed by NASA ’s Global Precipitation Meas-
urement (GPM) program by Cobham Inc. A detailed re-
port of the program is presented in the scientific article of
the American Institute of Aeronautics and Astronautics
[15], which materials are used in this work. We took this
vessel as the basis for the study.

The second method is a cable-stayed system, imple-
mented for the first time in world practice on COPV co-
produced by joint-stock company the Central Research
Institute for Special Machinery, Khotkovo (JSC CRISM)
and JSC ISS (fig. 2). The cable-stayed system is made
simultaneously with the vessel by the method of winding
of organic plastic. The pair interweaving of the platform
for attachment to the frame of spacecraft body forms ca-
bles wound along geodesic lines with uniform pitch.

When comparing the parameters of COPVs in tab. 1,
we revealed a unique mass superiority of the cable-stayed
system — it is lighter than the composite “skirt” by more
than 65 %.

COPYV of JSC CRISM and JSC ISS is not as good as
COPV of Cobham Inc. in working volume which is par-
tially compensated by the maximum allowable design
pressure and high safety factor. Low safety factor of the
vessel of Cobham Inc. is caused by relatively short active
life (5 years against 15 years) and by low reliability
requirements in order to meet the requirements for
disposal — complete burning in dense layers of the atmos-
phere [15].

The description of the calculated model. In the ac-
counting module Femap with NX NASTRAN, we created
FEM of the vessel with the averaged technical character-
istics of two vessels listed above for comparing the meth-
ods of fastening COPVs in terms of their effect on SSB of
the vessel.

The geometrical parameters of FEM are similar to the
vessel’s flight model of Cobham Inc. — the diameter of the
vessel in the cylindrical part is 1 m, the maximum length
from dome to dome is 1.3 m (fig. 3). A metal liner was



ABMHL}MOHHM U paKkemHo-KoCmMu4ecKkas mexnuka

not modeled. We described the composite layer of the modulus £ = 90 GPa. We assigned the density of the
vessel with elements of the “plate” type, modeling a shell — equivalent material so that the total weight of the filled
with equivalent stiffness 8 mm thick and elasticity  vessel (without the fastening interface) was 760 kg.

O wite

“_\'I‘ “‘l 1t \

Fig. 1. COPV with composite “skirt”: @ — manufactured model; b — 3D model

Puc. 1. KbB/I ¢ KoMIO3UTHO# «100KO¥1»: @ — H3TOTOBICHHBIN 00paser; 6 — 3D-monens

sling
svstem

Fig. 2. COPV with cable-stayed system: a — manufactured model; 5 — 3D model

Puc. 2. KbB/I ¢ BaHTOBO#1 CHCTEMOI1 KPEIICHUS: @ — M3TOTOBIICHHBIN 00paseir; 6 — 3D-moxenb

Table 1
Main technical characteristics of COPVs and their interfaces

Ne Parameter COPV of JSC CRISM and JSC “ISS” | COPV of Cobham Inc.
1 Vessel size, mm A1015x666 21028x1348

2 Vessel mass (without fastening interface), kg 37.5 34.6

3 Swept volume, | 347 772

4 Working fluid Xenon Hydrazine hydrate

5 Mass of working fluid, kg 570 727

6 Maximum allowable design pressure, kgf/m’ 95 56

7 Safety factor 3.6 2

8 Fastening interface cable-stayed system “skirt”

9 Mass of fastening interface, kg 1.3 12.45
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Fig. 3. FEM of COPV with a cable-stayed system (/eff) and with a composite “skirt” (right)

Puc. 3. KOM KBBJ/] ¢ BaHTOBO# cHCTEMOI (c1¢6a) M KOMIIO3UTHOM «t00KON» (cnpasa)

Table 2

The first frequencies of natural oscillation

Type Vessel with a cable-stayed system Vessel with a composite “skirt”
Transverse, Hz 60.67 208.06
Longitudinal, Hz 235.82 340.57

The cable-stayed system has the following geometri-
cal parameters: the diameter in the place of attachment to
the spacecraft body is 1.2 m, the angle of inclination of
each cable relative to the generatrix of the cone formed by
them is 15 °, the number of pairs of ribs is 24, the section
of a cable is 5x10 mm.

The composite “skirt” has the following geometrical
parameters: wall thickness is 10 mm, the height of the
area of contact with the vessel is 75 mm, the angle of in-
clination of the “skirt” is 33.7°, the diameter in the place
of attachment to the spacecraft body is 1.2 m

The masses of fastening interfaces, according to the
calculation model (excluding manufacturing technology):

— cable-stayed system — 4.4 kg;

— composite “skirt” — 13.3 kg.

The fasteners have hard contact with the vessel.

The description of the experiment. Based on the ex-
isting experience of working with the vessel of Cobham
Inc., described in the source [15], we decided to carry out
the following calculations:

— frequency analysis;

— analysis of SSB from uniform internal pressure
2 MPa. We assumed the pressure conditionally and ap-
plied to the inner surfaces of the “plate”-type elements;

— quasistatic analysis. The main design case is the
combined effect of longitudinal overload of 11g and a
transverse overload of 3.5 g in the spacecraft launch
phase. These overloads are applied to the vessel with in-
ternal pressure.
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The results of frequency analysis. The results of the
first natural frequencies in the longitudinal and transverse
directions are presented in tab. 2.

The results of the analysis of SSB from internal
pressure. The character of SSB for COPVs and fastening
interfaces under the influence of internal pressure of the
vessel is shown in fig. 4, 5, respectively. All voltage val-
ues are in Pa.

The results of the quasistatic analysis. We evaluated
SSB of the vessel and the stability of the cable-stayed
system and the “skirt”. The cable-stayed system has a
stability margin-1.5. The “skirt” has a sustainability mar-
gin-2.8. The forms of buckling of fastening interfaces are
shown in fig. 6.

The analysis of the results obtained. The results of
the first natural frequencies in the longitudinal and trans-
verse directions (tab. 2) meet the requirements (not less
than 50 Hz).

According to the results of calculating the effect of in-
ternal pressure (fig. 4, 5), it can be concluded that fasten-
ing with the help of a cable-stayed system has almost no
effect on SSB of COPV, in contrast to a composite
“skirt”, which two or more times reduces actual stress in
the place of attachment to the vessel, causing uneven
distribution of stress.

While assessing the nature of the influence of fasten-
ing method on SSB of COPVs under the influence of
overloads, it is advisable to evaluate the form of buckling
(fig. 6). A cable-stayed system has no significant effect on
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SSB of the vessel under the action of overloads while
launching spacecraft. Buckling of a cable-stayed system is
expressed in buckling of individual cables, without affect-
ing the shape and SSB of COPVs. Moreover, the efforts
from a buckled cable are redistributed between neighbor-
ing cables, allowing the structure to continue working
without leading to its complete destruction.

Fig. 6 shows that the composite “skirt”, despite the in-
ternal pressure of the vessel, directly transmits to its form
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of buckling. In turn, the vessel receives a completely dif-
ferent form of buckling, which indicates significant effect
of the “skirt” on the vessel’s SSB. This fact is confirmed
by the results of the calculations of the GPM vessel set
that is presented in the source [15]: “As a result of the
quasistatic acceleration and internal pressure loads, the
composite “skirt” was an area of critical stress. The pro-
ject was improved several times until positive reserves
were reached for all mutually perpendicular axes.”

composite "skirt" attachment area

Fig. 4. SSB of FEM of COPVs with a cable-stayed system (/eff) and with a composite “skirt” (right)
and when exposed to internal pressure
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Fig. 5. SSB of a cable-stayed system (/eff) and a composite “skirt” (right) when exposed to internal pressure

Puc. 5. HJIC BaHTOBO# CHCTEMSI (c/1€6a) ¥ KOMIIO3UTHOH «I00KM» (cnpaesa) pu BO3ICHCTBUN BHYTPEHHETO JABICHHS
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bcking of a cable-stayved vstem

Fig. 6. The form of buckling of a cable-stayed system (/ef?)
and of a composite “skirt” (right) caused by overloads

Puc. 6. ®opma norepu yCTOMYMBOCTH BAaHTOBOI CHUCTEMBI (c1e6a)
1 KOMIIO3UTHOH «t00KN» (cnpasa) moj Bo3eiiCTBUEM HEpErpy30K

Therefore, when designing a cable-stayed system for a
vessel, one can easily vary the number and geometry of
cables without re-calculating COPVs as a pressure cylin-
der. The design of a composite “skirt”, on the contrary,
should be carried out in parallel with the design of
COPVs as a pressure cylinder, taking into account their
mutual influence. The use of a composite “skirt”, in com-
parison with a cable system, is characterized by high
probability of failure of COPVs and the complexity of its
forecasting.

The stability margin of a composite “skirt” is signifi-
cantly higher than that of a cable-stayed system, which is
explained by the weight of a composite “skirt”. A cable-
stayed system has an obvious mass advantage (67 %
lighter).

A critical factor when choosing in favor of a cable-
stayed system is the requirement for stiffness (frequency
of natural oscillations), the rigidity of which can be
reduced by varying the angle of cables at the design
stage.

Conclusion. We carried out the calculation of natural
frequencies, investigated the nature of SSB of COPVs
depending on the fastening method under the internal
pressure and overloads. The results indicate that a cable-
stayed system has no significant effect on SSB of COPVs
and it is more effective way to fasten COPVs than a
composite “skirt”.
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