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AN APPROACH TO GROUND TESTING OF ROCKETS AND SPACE VEHICLES
ON TRANSIENT PROCESSES BY COPRA-SPRING STAND

A. Yu. Bondarenko, A. Yu. Mitin, V. A. Tolchenov, A. N. Eykhorn*, O. A. Yuranev
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The authors propose an approach to research tests of copra-spring stand, designed for testing rockets and space-
craft on inertial forces of a pulse character. The authors present the design of the stand, consisting of two main parts:
mobile and stationary.

The authors present a method for calculating the magnitude of the load factors and the oscillation frequency of the
test object, and calculate the parameters for adjusting the spring stiffness. They describe the possibility of carrying out
dynamic tests for imitating transient loads that hermetic structures such as modules of habitable orbital stations, loaded
by internal pneumatic pressure, withstand during their lifecycle.

The authors present the results of research tests when the stand without any additional weight was falling from the
height of 20, 35 and 50 mm. They determine the levels of axial and transverse accelerations on the envelope of the stand
and the lower ring. A comparison of the original and filtered signal from the load factor sensors obtained in each test
case was made. The authors present the results of calculating accelerations of the moving part of the stand using the
video processing of the experiment. To determine the position of the stand envelope they developed special software.
The essence of the software was to determine the coordinate of the border of the color change from the frame height
from a light color to a darker one using averaging in rows. The authors show that the results of a comparison of man-
ual frame-by-frame measurement and data obtained by the software method indicate a sufficient convergence of the
results using a drop from the height of 20 mm experiment. The comparison of axial loads obtained by various methods
is given, when the moving part of the stand is thrown from the height of 20, 35 and 50 mm, respectively. The zero time
points for the video and accelerometers were determined so that the first maximum is reached simultaneously.

According to the results of research tests, the authors describe the development and validation of the finite element
model of the stand. The calculations were carried out in a nonlinear formulation, which makes it possible to correctly
take into account the loading of the stand at all stages, using the method of direct solution of the equations of motion.
The authors show the results if calculating the time dependences of displacements and load factors at the sensor instal-
lation places and a comparison with the experimental results, which shows a good convergence.

Keywords: copra-spring stand, ground tests, transient processes.
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Onucwisaemcs nooxo0 K npogedenur0 Uccie008amenbCKuX UCHbIMAHUL KONPOBO-NPYICUHHO20 CIEHOA, CLYICAUe20
0N 80CNPOU3BEOCHUS UHEPYUOHHBIX HASPY30K UMNYAbCHO20 Xapakmepa. Onucvliéaemcs KOHCMPYKYUs CmMeHod,
cocmosyezo U3 08yxX OCHOBHbLIX Yacmell. NOOBUNHCHOU U HENOOBUNHCHOU.

Ilpusooumcsa memoo pacuema enudunsl nepespysKu U 4acmomsl Koaebauuti 06veKma UCnbIManuil, a maxaice npo-
U3B00UMCA pacuem NApaAMempo8 pecyiuposKu xcecmkocmu npyscur. Onucvl@aemcs 603MONCHOCHb NPOGedeHuUs
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OUHAMUYECKUX UCNBIMAHULL OJis1 BOCHPOU3BEOCHUSl HASPYICEHUST 2ePMEMULHBIX KOHCMPYKYUU muna mooynet ooumae-
MbIX OpOUMATILHBIX CMAHYUIL NPU NEPEXOOHBIX NPOYECCAX C YUemOoM 6HYMPEHHe20 NHeGMAMU14ecKo20 0a8eHUs.

Onucvleaemcst npoyecc nPosedeHuUs: UCCie008amenbCKux ucnvlmanull cmenoa. Bvicoma céopoca pasusnace 20, 35
u 50 mm. Onpeodenenvi yposHU OCEBbIX U NONEPEUHbIX NepeSpy30K Ha obeuatike cmeHoa u HudcHem Koavye. IIpugooumcs
cpagHenue UCX00H020 U QUILMPOBAHHO20 CUSHALA C 0AMYUKOE Nepezpy30K, NOJYUEHHbIX NPU KAHCOOM Cyude UChbl-
manui. /[na onpedenenusi NOI0dceHUs 00e4aliku cmeHoa paspabomano CneyuaibHoe npoepamMmHoe obecnedenue, cymo
KOMOPO20 3aKIIOUANACL 8 ONpedeNeHUU KOOPOUHAMbL SPaHUYbl nepexooa Yeema no 6blcome Kaopa u3 c6emiozo yeema
6 6oee MEMHBLI C UCNONb308aAHUEM OCpeOHeHust 6 cmpokax. CpasHeHue pyyHo20 NOKAOpOo8020 3amepd U OAHHbIX,
NOYHYEHHbIX NPOSPAMMHBIM MEMOOOM, Ok OOHO20 U3 IKCHEPUMEHMO8 NOKA3IBAEN UX Xopouiee Co2nacosanue. Dmo
VKA3bleaem Ha Xopouilee Kauecmeo onpedenenus nepezpy3ok obeuatiku cmenoa. Ilpusedeno cpasnenue nepecpysox,
HONYHEHHbIX PARIUYHBIMU CROCODAMU, NPU COPOCce NOOBUINCHOU HaAcmu CMeHOA ¢ paziudHblx evicom. Hynegvle momenmovi
8pemenU OISl BUOeO U AKCeNepoOMempo8 DbLIU Onpedeielbl Mak, Ymodvl 00CMUANOCh COBNAOEHUE NO NEPBOMY MAKCUMYM).

Io pesynomamam ucciedo8amenbCkux ucnblmanuil Ovlia paspabomana u 6aIUOUPOBAHA KOHEUHO-INEMEHMHASL MO-
denb cmenda. Pacuemvt npoeoounuce 6 HemuHeuHou NoCmanoeKe, NO360JAI0WeEl KOPPEKMHO YY4ecmb HAZPYHCeHUe
cmenoa Ha 6cex YIMAnax, ¢ UCNOIb30BAHUEM MEMOOd NPAMO20 UHMeZPUPOBaHUs ypasrenuil osudicenus. Onpedenetvl
BPeMEHHbIe 3A6UCUMOCIU NepeMeueHUll U nepespy30K 8 MeCmax YCMaHOBKU Oam4uKos, d makice nposedeHo cpashe-
HUe ¢ pe3yIbmamamu IKCnepumenma.

Kniouegvie cnosa: konposo-npyscunnblii cmeHo, UCHbIMAnUs, NEPexooHble HPOYecCol.
Introduction. As experience confirms the most inten- 1. Raising the stand to the required height and hang-

sive dynamic loads of launch vehicle and space vehicle ing by level with the help of turnbuckles. Before the next
structures occur in a low frequency range i.e. up to 100  step the stand should be at rest.

Hz and are realized in transient processes. Processes of 2. Opening the latches and the stand is in a freefall
this kind appear when rising and dropping propulsion until it touches the lower ring with the stationary part.
system thrust; when starting the launch vehicle and divid- 3. Locking the lower ring of the mobile part with the
ing its stages; under the influence of wind gusts as well as  special latches and measuring the load factor on the mo-
in various abnormal situations [1; 2]. bile part.

The replacement of a non-stationary process with an The load factors and the oscillation frequency of the

equivalent harmonic loading using a vibration stand [3—5]  test object are defined by the number of springs used,
is a generally accepted method of such ground based ex- their total stiffness and drop height. The calculation of the
perimental testing of dynamic effects. However, with  experiment parameters may be approximately performed
such testing it is possible to obtain significant differences by means of energy conservation law, body motion during
in the maximum levels of overloads and the number of free fall and the theory of mass oscillation on the constant
loading cycles with the peak level is ten times higher than  stiffness spring [11].
the real one [6; 7]. This is especially important in case Nevertheless, this approach does not take into account
when it is necessary to conduct dynamic tests of rocket the mutual movement of the stand moving parts due to
and space technology products that have already been in  prestressing of elastic connectors between them. This
flight operation. process may be modeled using the finite-element method.
Therefore, an alternative approach to the rocket and  The test simulation was performed with the use of MSC
space technology ground testing (its structures, instru-  Nastran software and includes two calculations:

mentation and mounting equipment) is proposed, the es- 1. At the first stage constant inertial load displace-

sence of which is the direct reproduction of transient ment of model nodes is calculated. A vector of initial dis-

processes. placement of the system which is held with the latch be-
A copra-spring stand (fig. 1) installed in the testing fore the drop is a result of this calculation.

room of TsNIIMash temperature and static strength de- 2. The results of the first calculation are used as the

partment may be used for this purpose [8—10]. initial conditions for the second one to simulate the stand

Stand description. Structurally, the stand consists of  motion in the field of gravitation and its oscillation on the
two parts: mobile and stationary which move in the verti-  compression springs after the impact with the base.
cal direction relative to one another. As it is shown in fig. The stand allows the loading of such objects as ICC
1 the mobile part includes a stand envelope, vibration modules, advanced long-term orbital stations, advanced
isolators and a lower ring. The stationary part includes a  launch vehicle elements, reusable space and aerospace
strong ring, guide supports, a top ring and special latches. ~ systems, advanced manned and transport vehicles weigh-
The stationary part is fixed to the floor. A test object is  ing up to 20 t.
attached to the mobile part, whereat it together with the There is no analog for the copra-spring stand with
test object is raised on a pointed height and dropped such characteristics [12]. There are just stands which re-
down. On coming in contact the lower ring is attached to  produce dynamic loads for the test objects of lower
the stationary part into a whole by the special latches. The = masses [13]. Another distinctive feature is creating loads
loading occurs in the process of braking on the base with  of hermetic structures such as modules of habitant orbital

the compression springs. stations with internal pneumatic pressure. It is possible
Testing on the copra-spring stand can logically be di-  due to placement of the stand into a pneumatic hydro box
vided into three parts: RM-2 (fig. 2).
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A test object is loaded into the box through the upper
end opening which may, if necessary, be closed with the
armored cover plate if required. The energy intensity of
the breaking test object may come up to 30-10° atm-1 un-
der hydraulic and 10-10° atm-1 under pneumatic loading.

For loading with internal overpressure when perform-
ing the tests an independent pneumatic system is mounted
onto the copra-spring stand (fig 3).

The pressure source (fig. 3, pos. ) is selected on the
basis of volume and required value of the test object pre-
scribed pressure. The balloon reducer (fig. 3, pos. 2)
lowers the pressure providing the necessary pressure in
the test object. The safety valve (fig. 3, pos. 3) releases
the pressure when the required value is exceeded.
For complete pressure relief from the test object (fig. 3,
pos. 5) a relief valve is provided. The internal pressure
is monitored according to the pressure sensor readings
(fig. 3, pos. 4).

Research tests operation. Research tests were carried
out on the described above stand. They included a drop of
the mobile part on the stationary one without the test ob-
ject. The drop heights were 20, 35 and 50 mm (three
drops from each height). Herewith, the levels of axial and
transverse overloads on the envelope of the stand and the
lower ring were determined. During the tests a minimum
set of springs (4 pcs) was used; the expected frequency of
the stand longitudinal oscillations was ~3 Hz.

The primary transducers location is shown in fig. 4.
The magnitude of the overloads was determined by the
accelerometers readings and the dump height was
estimated by the readings of the displacement sensors.

When testing the axial load on the upper ring was
measured by the parameters of B1, B4, B10 and B13.
In fig. 5 raw results by the parameters of B4, BI13
obtained by the drop from the height of 20 mm are
shown.

Fig. 1. General view of the main elements of the copra-spring stand

Puc. 1. 06H1H171 BHJ] OCHOBHBIX UCIIOJIHUTCJIbHBIX 3JICMCHTOB
KOIIPOBO-IIPYKUHHOI'O CTEHAA

Fig. 2. General view of the pneumatic hydro box RM-2

Puc. 2. O0mmii Bug maeBMOTHAPOOOKCa PM-2
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Fig. 3. Internal pressure loading system:
1 — pressure source (balloon etc.); 2 — balloon reducer; 3 — manual adjustable safety valve;
4 — pressure meter; 5 — adjustable manual faucet; 6 — flexible sleeves

Puc. 3. Cucrema Harpy>keHUsI BHYTPEHHHUM JaBICHHEM:
1 — ncrouHuk napueHus (6ajIoH, pamia, MOHOOJOK U T. I1.); 2 — peIyKTOp OaJIOHHBIH;
3 — KIJ1anaH NpeJoXpaHUTENbHbIN PEryaupyeMblii pydHOIl; 4 — 1aTYMK JaBIE€HUs; 5 — BEHTUIb
PY4HO# perynupyemslif; 6 — rudkue pykapa

Fig. 4. Layout of primary transducers:
JI11...]1114 — Motion sensors; B1...B18 — accelerometers

Puc. 4. Cxema pazmenieHus IepBUYHBIX TpeoOpa3oBaTeei:
JII1... 1114 — natynku nepemeruenus; B1...B18 — akcenepomerpst
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Fig. 5. Raw results from the sensors B4, B13. Drop from the height of 20 mm

Puc. 5. HeoOpaborannsie pe3ynbTatsl ¢ qataukoB B4, B13. Copoc ¢ BeicoTh 20 MM
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Fig. 6. Comparison of low-frequency components of basic overloads for various parameters (/eff). Comparison
of the original and filtered process (right). Drop from the height of 20 mm

Puc. 6. CpaBuenne HU-cocTaBisiomux 3ammcei 0CeBBIX MEPErpy30K M0 Pa3INIHBIM ITapamMmeTpaM (cresa)
U CpaBHEHHE MCXOHOTO U (HIBTPOBAHHOTO mpotecca (cnpasa) npu copoce ¢ 20 MM

The high-frequency component of the overload data
records is related to the self-oscillation excitation of the
stand parts. At this stage the stand vibrations at the main
longitudinal frequency arouse great interest. Therefore,
the data on overloads were filtered out with a low-pass
filter without a phase change using the Matlab software.
Within the low-frequency range of axial overloads the
parameters located in the same vertical plane do not differ
(fig. 6, left), that is why non-coplanar sensors B4 and B13
were chosen for further study. The differences of these
sensors readings are due to the presence of an additional
component from the transverse oscillations of the stand
envelope at frequencies close to the fundamental fre-
quency of the longitudinal vibrations.

In fig. 6 (right) the comparison of raw and filtered
signals for the sensor B4 when dropped from the height
of 20 mm is shown. A similar pattern may be observed
in other tests.

Along with the readings of the overloads sensors,
when analyzing the results, an assessment was made of
overloads levels based on the video of the stand envelope
displacement with a frame rate of 120 fps.

To determine the position of the stand envelope spe-
cial software was developed. The essence of the software
was to determine the coordinate of the color transition
boundary by the height of the frame from light to darker
colour using averaging in rows. To break video record
into the frames and cut pieces from frames the open pro-
gram “ffmpeg” was used. For verification of the devel-
oped software manual frame-by-frame measurement of
the stand envelope coordinates from time to time was
made for one of the experiments.

It turned out that the developed method allows to de-
termine the displacement of the stand mobile part with
good accuracy. Thus, the obtained video data may be used
for interpretation as well. The further video recordings
were processed with the use of the open library PIL
(Python Imaging Library). The obtained records of dis-
placement were smoothed out with a low-frequency filter
without the phase displacement in order to eliminate inter-
ference of records errors and cutting inaccuracies. Axial
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overloads were calculated by double differentiation of
displacement records over time.

A comparison of overloads obtained in various meth-
ods when the stand mobile part was dropped from the
height of 35 mm is shown in fig. 7. Zero points in time
were defined so that the acceleration peaks coincided.

The comparison of overload levels in parameter B4
for a series of three drops from the height of 35 mm is
shown in fig. 8. As the figure shows these overload levels
are in good agreement.

According to the research tests, the finite element
model of the stand was developed and validated under
MCS Nastran [14; 15] (fig. 9).

The copra-spring stand structure is a three-
dimensional mechanical system of complex design-layout
scheme whose parts possess essentially different bending
and dissipative characteristics. The finite element method
was used for calculation. This calculation was carried out
in a nonlinear formulation which made it possible to cor-
rectly take into account the stand loading at all the stages
using the direct integration method of the equations of
motion.

In order to simulate the inelastic nature of the mobile
and stationary parts collision at the contact position, an
additional force is applied to the central assembly on the
stand lower part. The magnitude of the force is chosen in
such a way as to avoid reverse movement of the mobile
part.

The calculation was carried out using the direct inte-
gration method of the equations of motion. The damping
parameters were set in such a way that the calculated
values of the accelerations corresponded best to the
measured ones. As a result, the time dependences of
displacements and overloads at the sensor installation
sites were determined, and a comparison was made with
the experimental results.

In fig. 10 a comparison of experimental (recorded and
obtained by video processing) and calculated overloads at
the sensor B4 installation site is shown. All the data is
given after the low-frequency filtration.
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Fig. 7. Comparison of data with accelerometer and video.
Drop from the height of 35 mm
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Fig. 8. Overload comparison. Drop from the height of 35 mm

Puc. 8. CpaBHeHue neperpy30K npu cOpocax ¢ BBICOTHI 35 MM

Fig. 9. Finite element model of the movable part of the copra-spring stand

Puc. 9. KoHeuHODI€MEHTHAS MOJCIH OABHYKHOM YaCTH

KOIIPOBO-TIPYKUHHOT'O CTEH/Ia
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Fig. 10. Comparison of calculated and experimental overloads. Drop from the height of 20 mm (/ef?)
and drop form the height 50 mm (right). High-frequency components in dependencies are deleted

Puc. 10. CpaBHeHHe pacueTHBIX U SKCIIEPUMEHTANIBHBIX Ieperpy3ok mpu copoce OU ¢ BbicoTsl 20 MM (cesa)
u 50 MM (cnpasa). BU-cocTaBisionye B 3aBUCHMOCTSIX YOpaHbI

As the fig. 10 shows it was possible to achieve good
agreement between the calculated and experimental data
at the fundamental frequency of the stand longitudinal
vibrations (~3 Hz for the used set of springs).

The high-frequency component in the overloads
records (see fig. 5) is due to the bending vibrations of the
stand envelope at the frequency of ~ 55 Hz (53.6 Hz and
55.2 Hz in the calculation model). Such a coincidence of
the calculated and experimental tones additionally
indicates the correctness of the developed model. It
should be noted that this frequency may vary significantly
depending on the test object and equipment used.

Conclusion. Thus, according to the results of the
conducted research tests, it was possible to achieve a good
agreement between the calculated and experimental data
on overloads at the main frequency of the stand
longitudinal vibrations. The developed model may be
used to determine the test conditions and loads evaluation
of the test object. Before testing, it is recommended to
conduct a series of drops without the test object for
additional validation of the stand finite element model.
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