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This paper presents the results of the experimental analysis of the
stress-strain state of the variable stiffness tail compartment (section)
designed by the Yuzhnoye Design Bureau. Equivalent compressive
forces in the cross-sections of the tail compartment without the trans-
port-erector support are analyzed. It is established that the calculated
and experimental compressive forces are extremely close. Deformations
in the tail compartment were measured where resistance strain gages
were installed. For the measurement of displacements, displacement
gauges were installed. The displacements were measured at six points.
They were studied at maximum loading values corresponding to the
fifth and sixth stages of loading. Axial movements are always negative,
which indicates that the shell is compressed in the axial direction. The
stress-strain state of the launch vehicle tail compartment was experi-
mentally investigated. The circumferential normal stresses are several
orders of magnitude smaller than the longitudinal ones. Therefore, the
circumferential stresses were not investigated. The results of the ex-
perimental studies were compared with the numerical simulation data
in the NASTRAN software package. The purpose of the simulation was
to confirm the workability of the tail compartment under the loads that
occur during operation. In other words, the design must withstand the
actual loads without destruction and the appearance of plastic deforma-
tions. Special attention was paid to the zones that were directly under
the brackets. The experimental results and numerical simulation data
are close.

Keywords: stress-strain state of tail compartment, equivalent compressive
forces, displacement measurements.

In the first part of this article [1], a technique for the experimental study of the strength of the launch
vehicle (LV) tail compartment was developed. The tail compartment is a waffle-grid thin-walled structure,
which consists of two shells. This part of the article presents the results of experimental studies based on the

methodology developed in the first part.
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Results of Experimental Analysis

Let us present the results of the experimental analysis of the stress-strain state (SSS) arising in the LV
tail compartment. The loading diagram of the LV compartment is shown in Fig. 1. The equivalent compressive
forces were investigated in the five different cross-sections designated as follows: VI — upper extreme (end)
frame, V — beginning of the upper waffle-grid shell, IV — weld place between the lower and upper waffle-grid
shells, III — beginning of the lower waffle-grid shell, II — cross-section on the tail compartment lower frame.

The results of the analysis of the compressive forces are given in Tables 1 and 2. Table 1 shows the
equivalent compressive forces in the cross-sections of the tail compartment without the transporter-erector
(TE) support. The first column of the table shows the cross-section number in which the compressive forces
were investigated. The second column presents the calculated values of the compressive forces, which are
realized during operation as part of the LV. The third and fourth columns show the results of the experimen-
tal analysis of the compressive forces, with the results obtained for the first and second loading cases (Fig. 3,
[1]). As follows from Table 1, the design and experimental compressive forces are extremely close. Table 2
presents the results similar to those in Table 1, only for the case of loading the LV with the TE support.

Deformations in the tail compartment were measured where the resistive strain gauges were placed
as shown in Fig. 4 [1] with the inverted letter T. Using Hooke’s law, the circumferential stresses o, and lon-
gitudinal stresses o, [2] were recalculated from the values of longitudinal and circumferential deformations.
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Fig. 1. Tail compartment installation diagram Fig. 2. Layout diagram of displacement gauges
Jfor experimental analysis

Table 1. Equivalent compressive forces in the tail Table 2. Equivalent compressive forces in the tail
compartment cross- sections for the fully fueled LV compartment cross- sections for the fully fueled LV resting
resting on the launch pad without the TE support on the launch pad with the TE support
Cross- | Design load, Test load, tf Cross- Design load, Test load, tf
section tf (/=1.3) | in plane I-III | at an angle of 45° section tf (/=1.3) | in plane I-III | at an angle of 45°
VI 559.389 562.479 564.719 VI 596.439 599.469 692.393
\4 560.836 566.763 569.012 \4 599.089 603.352 696.811
v 576.475 581.711 583.990 v 611.441 616915 712.220
I 592.094 596.510 598.820 I 625.831 630.330 727.481
I 593.579 597.907 600.220 I 624.737 631.602 728.919

To measure displacements, gauges were installed as shown in Fig. 2. The displacements were meas-
ured at six points. They were studied at maximum loading values corresponding to the fifth and sixth stages of
loading. These loads are presented in the last columns of Tables 1-4 [1]. The results of measurements of the
axial and radial displacements are given in Table 3. As follows from this table, the axial displacements are al-
ways negative, which indicates that the shell is compressed in the axial direction. The first column of Table 3
shows the numbers of the points presented in Fig. 2. The table shows the displacement projection measure-
ments, which were carried out for the first and second cases of loading the tail compartment (Fig. 3, [1]).
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The theoretical calculations, which were carried out for comparison with the experimental data, are
presented in Table 4. It shows both the maximum displacements obtained experimentally and the calculated
values. The last line of the table shows the difference between the experimental and calculated values in per-
cent. In most cases, the relative error is in the range of permissible values. In this case, the error is 27.8%.

Now let us present the results of the experimental analysis of the LV tail compartment SSS. As fol-
lows from the experimental analysis, under the loading conditions shown in Fig. 3 [1], the circumferential
normal stresses are several orders of magnitude smaller than the longitudinal ones. Therefore, the circumfer-
ential stresses are not investigated.

The results of the experimental analysis of the longitudinal stresses are presented in Figs. 3—6. Each of
them shows the distribution of the longitudinal stresses for the three cross-sections denoted by numbers 1, 2, 3.
These three layers of measurements are indicated in Fig. 4 [1] by an inverted letter T. Cross-section numbers are
placed from top to bottom. Cross-section 1 is at the top, and cross-section 3 is at the bottom. Fig. 3 shows the
distribution of the longitudinal stresses along the circumferential coordinate for the fully fueled LV resting on the
launch pad without the TE support. The loads applied to the tail compartment correspond to loading stage 5. It is
presented in Table 1 [1]. It is to be emphasized that these loads are applied in the plane I-III. Fig. 4 shows the
distribution of the longitudinal stresses in the three cross-sections, with the distribution depending on the circum-
ferential coordinate for the fully fueled LV resting on the launch pad with the TE support. The loads acting on
the LV are presented in the last column of Table 2 [1]. These loads are applied in the plane I-III (Fig. 3).

The magnitudes of the maximum stresses for the case of loads with the TE support are greater than
those for the case without it. As follows from Tables 3, 4 [1], in the case of the TE support, the magnitude of
the longitudinal compressive force is greater.

Table 3. Results of measurements of maximum displacements

Point Direction In-plane loading Loading at an angle of 45°
Without TE support | With TE support | Without TE support | With TE support
number | of measurement -
Displacements, mm

1 Axial -6.46 -6.19 441 -5.64
Radial -3.59 -2.75 -2.36 -2.03

> Axial -5.91 -5.90 -6.03 -1.22
Radial -3.17 -2.19 -2.84 -2.30

3 Radial -0.43 -0.10 -3.14 -3.04

4 Radial 3.35 2.73 0.34 0.39

5 Axial -0.56 -1.82 -1.94 -3.33

6 Axial -2.00 -2.87 -0.94 -2.54

Table 4. Comparison of the maximum experimental and calculated tail compartment displacements where the resis-
tive strain gauges are installed

Tail compartment loading Tail compartment loading
in the plane I-1I1 at an angle of 45° from plane I to plane IV
Axial | Radial | Axial | Radial | Axial | Radial | Axial | Radial
Without TE support | With TE support | Without TE support | With TE support

Experimental values, mm | -6.46 -3.59 -6.19 2.75 -6.03 -3.14 -7.22 -3.04

Calculated values, mm -6.58 -3.37 -6.22 -3.81 -6.16 -3.70 -7.44 -2.75
A, % 1.82 6.12 0.48 27.8 2.11 15.13 2.95 9.53

Type of data

Now let us consider the results of the SSS analysis for the second case of loading (Fig. 3, [1]). The
results of the experimental analysis of the distribution of the longitudinal stresses in the three cross-sections
of the tail compartment, with the distribution depending on the circumferential coordinate, for the fully fu-
eled LV resting on the launch pad without the TE support are shown in Fig. 5. The loads acting on the tail
compartment are given in the last column of Table 3 [1].

Fig. 6 shows the distribution of the longitudinal stresses in the three cross- sections, depending on
the circumferential coordinate, for the fully fueled LV resting on the launch pad with the TE support. The
loads acting on the LV are presented in the last column of Table 4 [1]. These loads are applied at an angle of
45° from plane I to plane IV (Fig. 3, [1]).
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Fig. 3. Distribution of the longitudinal stresses in the cross-sections of the tail compartment
for the fully fueled LV standing on the launch pad without the TE support
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Fig. 4. Distribution of the longitudinal stresses in the cross-sections of the tail compartment
for the fully fueled LV standing on the launch pad with the TE support
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Fig. 5. Distribution of the longitudinal stresses in the cross-sections of the tail compartment
for the fully fueled LV standing on the launch pad without the TE support
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Jor the fueled LV resting on the launch pad with the TE support
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As follows from the results of the experimental analysis, in the above four cases of loading, the tail
compartment, the magnitude of the longitudinal stresses is less than the yield strength of the material. There-
fore, the tail compartment is in the area of elasticity.

Numerical Simulation of Stress State

In this section, results of the finite element simulation of the tail compartment SSS in the NASTRAN
software package are presented. The purpose of the simulation was to confirm the performance of the tail com-
partment under the loads that occur during operation. In other words, the design must withstand the actual loads
without destruction and the appearance of plastic deformations. Special attention was paid to the zones that
were directly under the brackets and are marked with the signs (Y) and (Z) (Fig. 2 [1]). According to the results
of the calculations, it was decided to increase the thickness of the load-carrying structure elements where the
brackets are installed. Such reinforcements form the so-called load-carrying columns, whose widths match the
brackets. During the calculations and trials, attention was paid specifically to these zones, so that plastic defor-
mations were not observed in them [2].

The results of the simulation of the tail compartment SSS for the fully fueled LV resting on the
launch pad without the TE support are shown in Fig. 6. The loads acting on the LV are in the plane I-IIL
These loads are given in the fifth column of Table 1 [1]. Fig. 7 shows the longitudinal stresses in the tail sec-
tion. We emphasize that the tensile stresses are positive, and the compressive ones are negative. Fig. 7 pre-
sents the distribution of the longitudinal stresses in the tail compartment under the action of the loads de-
scribing the fully fueled LV resting on the launch pad, taking into account the TE support. The loads acting
on the LV are related to the first loading case (Fig. 3 of [1]).

The values of the experimental SSS measurements were compared with the data of its numerical
simulation in the NASTRAN software package. The results of this comparison are presented in Table 5,
where the maximum longitudinal stresses occurring in the tail compartment are shown. The second line con-
tains the experimental values of the longitudinal compressive stresses, and the third one gives the calculated
values. The fourth line shows the relative error of the experimental and calculated values. So, the experimen-

tal and calculated results are close.
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Fig. 7. Tail compartment SSS for the fully fueled LV
resting on the launch pad with the TE support

Fig.6. Tail compartment SSS under the action of design
loads for the fully fueled LV resting on the launch pad
without the TE support

Table 5. Maximum experimental and calculated longitudinal compressive stresses in the tail compartment

Types of data Planes I-11 At an angle of 45° from plane I plane IV
Without TE support | With TE support | Without TE support | With TE support
Experimental data, kgf/cm’ -1538 -1674 -1587 -1922
Calculated data, kgf/cm2 -1598 -1738 -1797 -2072
A, % 3.75 3.68 11.68 7.23
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Conclusions

The experimental studies of the tail compartment were carried out under the action of the maximum
loads applied thereto when the fully fueled LV rested on the launch pad with or without the TE support. For
each case, the loading of the tail compartment was implemented both in the TE plane and at an angle of 45°
to this plane. Upon reaching 130 and 150% of the operational load, the loss of structure performance was not
observed, which confirms the sufficient strength of the tail compartment. The tail compartment SSS analysis
at maximum loading levels showed a fairly good closeness between the calculated and experimental parame-
ters. The difference between the maximum experimental and calculated SSS parameters is from 3.75 to
11.68%. The maximum stresses in the tail compartment did not reach the yield strength of the material.
Therefore, the material of the tail compartment is in the area of elasticity.

Upon testing, the tail compartment condition inspection confirmed the absence of defects in welded
joints and residual deformations in the structure, as well as the compartment connectivity with the test tech-
nological rings.
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ExcnepuMeHTaJIBLHNA aHATI3 MITHOCTI BadeJJbHUX NUJIIHAPUYHMX BiICIKiB 3MIHHOI JKOPCTKOCTI.
Yacruna 2. Pe3yabTaT aHaIi3zy

1I[erTﬂpeB M.O., 1,Z[almemco B.T., 'IlamoBax A. B. , 2 ABpamos K. B.
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? [ncTHTYT IIPO6IEM MamnHOGyxyBaHHs iM. A.M. ITinroproro HAH Vkpainn,
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Tooani pesynvmamu excnepumMeHmanbHO20 aHAII3y HANPYIHCEHO-0ePOPMOBAHO20 CIMAHY XBOCHOB020 BIOCIKY 3MiH-
Hoi ocopcmrocmi, sikutl cnpoekmosanuil 6 Kb "Iliedenne". Ananizy niooaeanucs exeieaieHmHi CIMUCKAIbHI 3yCULisl 8 none-
PEUHUX nepepizax X60Cmogo2o GI0CiKy 6e3 niOMpUMKU MPAHCROPMHO-IHCMATAYiiHo20 agpeeamy. Becmanoeneno, wjo pospa-
XYHKOGI Ma eKCNepUMEHmaibii CIMUCKATbHE 3YCUNLIS HAO36UYAIIHO OU3bKi. Bumipiosanis deghopmayitl 6 X60Cmo8oMy 6I0CIKY
NPOBOOUNOCS 8 MICYSIX YCIMAHOGIECHHS MEeH30pe3ucmopis. /st GUMIpIoganis nepemiuenb MOHMYBAIUC OamUYUKU nepemi-
wenw. Ilepemiwgenis GUMIPIOBATIUCS 8 WeCmu MOYKAX. Bonu 00cniodcysanucst 3a MakcumManbHux 3HA4eHb HAGAHMANCEHb, WO
6I0N0GIOaOMb N'IMOMY Ma WOCMOMY emanam Hagawmaoicerts. OCb08i NepeMiUerHsl 306ICOU He2AMUGHI, WO CEIOUUMb NPO
CMUCK 0DONIOHKU 8 OCbOBOMY HANPAMKY. Excnepumenmansho docnioorcysascs HanpyiceHo-0e@opmMosanuii Cman X60Cno602o
8i0ciky paxemu-Hocisi. OO60006i HOPMANLHI HANPYICEHHS! HA OEeKiIbKA NOPsIOKI6 MeHute no3008dxcHix. Tomy 0660006i Ha-
HPYIHCEHHS He QOCTIONCYBATUCH. Pe3yibmamu excnepumeHmanbHux 00CIioNCeb NOPIGHIOBANIUCH 3 OGHUMU YUCETLHO20 MOOe-
noeanns 8 npoepamuomy kommniexci NASTRAN. Memoio mooentosanms 6y10 niomeepodicents npaye30ammoCcmi X60Cnmo8020
BIOCIKY NpU HABAHMAICEHHSX, WO BUHUKAIONb IO Yac ekxcnayamayii. Inuumu ciosamu, KOHCMPYKYis NOGUHHA GUMPUMATIU
Oitoyi HasaHmaicentst b6e3 pyuHy8anHs i noseu niacmuunux degpopmayiu. Ocobrusa yéaza npuoLianacs 30Ham, ki nepedy-
sanu be3nocepednvo nio Kpomwmerinamu. Excnepumenmanvmi pesyriomamu i 0ami YUCeIbHO20 MOOETIOBAHHS OIU3bKIL.

Knwouogi cnosa: nanpysiceno-oeghopmoganuti cmamn X60Cmo6020 GiOCIKY, eKGIBANCHMHI CIUCKATbHI 3YCULIS, BUMI-
Dpro6ams nepeminyeHb.
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