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This paper proposes a method of the experimental study of the static
stress-strain state (SSS) of the variable stiffness tail section of a launch
vehicle (LV). The tail section consists of a body and a support ring. The
body is a welded structure made up of two waffel-grid shells and two
end frames. On the upper and lower end frames, there are bolt holes
and guide pins for mating the frames to the fuel tank and support ring,
respectively. The shells are made of AMg6bNPP, and the frames, of
AMg6M aluminum alloys, respectively. The tail section body is loaded
through the four support brackets of the power ring, which is part of the
test assembly. The article summarizes the results of the experimental
analysis of the static SSS of an optimized tail section body under the
conditions of loading close to realistic ones. As a result of the experi-
mental research, we achieved the following goals: obtained data on the
tail section body strength taking into account the design features, manu-
facturing technology, and mechanical characteristics of the material;
tested theoretical methods for calculating structural strength; deter-
mined stresses in the places where they can most reliably be found only
experimentally; identified structural sections that have enough strength
to be subsequently decreased. Different-size static force factors were
applied to the tail section. The static loading of the structure was per-
formed in stages without dynamic components. When the tail section
body was tested, measurements of the displacements and deformations
were made. The deformations were measured for three different values
of the shell longitudinal coordinate and at various points along the
circumferential coordinate of the structure. At each point, two rosette
strain gauges were glued. One strain gauge was glued in the longitudi-
nal, and the other, in the circumferential direction. With the help of the
proposed method, we investigated SSS of the tail section that was de-
signed by the Yuzhnoye Design Bureau.

Keywords: tail section, waffle-grid cylindrical shell, strain gauges, load.

The system design of optimal mass LV compartments includes both an experimental and theoretical

analysis of their strength. Based on the computational analysis, which is not the subject of this article, the
strength of LV waffle-grid cylindrical compartments was investigated, and the optimal parameters of the re-
inforced structures with plating were selected. The waffle-grid compartment is a cylindrical shell, which
consists of two shells. They are reinforced from inside by stringers and frames, evenly spaced along the
circumferential and longitudinal coordinates, forming the so-called primary structure. The main feature of
the waffle-grid compartment is that the case, stringers and frames have variable thicknesses, and the com-
partment has a variable stiffness. Based on these computational studies, an optimal cylindrical LV compart-
ment was designed and manufactured. The variability in thickness allows us to strengthen the structure in the
more loaded areas of the tail section. This article presents the results of the experimental analysis of the
stress-strain state (SSS) of the LV variable stiffness compartment.

Waffle-grid shells are the carrier elements of LVs [1]. They are used for manufacturing various LV
elements: fairings, tanks, tail sections. These cylindrical shells are the main structural elements for LV hulls.
Therefore, a lot of effort has been made to study their dynamics and strength. A detailed review of the litera-
ture on these issues is presented in monograph [2]. In [3], the static stability of shell structures is investi-
gated. In [4], SSS of shells are investigated by applying asymptotic procedures. In monograph [5], in order to
calculate the strength of waffle-grid shells, simple, empirical relationships are presented. In [6, 7], the theo-
retical foundations of the finite element calculations of the shells are described. In article [8], a method and a
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program for designing a LV waffle-grid tank are proposed, with the shell losing stability under plastic de-
formations. In [9], the design of LV head fairings is considered. In [10], plastic deformations are taken into
account in simulating the strength of LV compartments.

This article proposes a method of experimental study of the strength characteristics of the LV light-
weight tail section. Based on this technique, the strength characteristics of the designed variable stiffness tail
section are experimentally investigated.

Formulating the Problem and Methods of Experimental Research
The object of this research is the tail section body having a thin-walled waffle-grid structure, which
is loaded by the weight of the fueled LV resting on the launch pad. Since LV is at rest on the launch pad, the

article deals with the static SSS.

A sketch illustrating the experiment for ana-
lyzing the static strength of the tail section is shown in
Fig.1. The tail compartment consists of a body (1) and
a support ring (6). The body is a welded structure made -
up of two waffle-grid shells and two end frames 2 and Q/z
5. The upper and lower end frames have holes for bolts
and guide pins for mating to the fuel tank and the sup-

%

porting ring, respectively. The shells are made of 8
AMg6NPP, and the frames, of AMg6M aluminum i
alloys, respectively. Tis T ¢

On the tail section body, there are openings for
locating filling pipelines, pipelines for supplying ther- ! il
mostatic air and compressed gases, as well as hatches 7
for access to engines and filling lines, and a hatch for | ZAY
thermostatic air venting. The tail section body is loaded
through the four support brackets of the power ring that
is part of the test assembly (Fig. 1).

T
I

Fig.1. Tail section installation scheme for an experimental
analysis

Fig. 2 presents the reinforcement scheme of the LV tail section. The solid horizontal and vertical lines
show stringers and frames that form the reinforcement cells. Such cells have a constant size of 136x137 mm.
Near the openings and hatches, there are reinforcement ribs for smoothing stress jumps. The ribs are marked by
the sign (X). In order to ensure reinforcement, we increase the thickness of the skin up to 9.5 mm. In the upper
shell of the tail section, the thickness of the reinforcement ribs is 6 mm, and in the lower side, 8.5 mm. The ribs
of the upper and lower shells have different thicknesses. The thickness of the upper shell casing, marked by the
sign (Z), is 4 mm, and in the unmarked cells the shell thickness is 2.7 mm. The thickness of the bottom shell in
the area marked by the sign (Y) is 5 mm, and in the unmarked area, 2.7 mm. As follows from Fig. 2, such a re-
inforcement of the tail section is made near possible stress concentrators, with the reinforcement ribs smoothing
out the SSS jumps along the tail section.
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Fig.2. The inner side of the tail section waffle-grid cylindrical shell
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The article summarizes the results of the experimental analysis of the static SSS of an optimized tail
section body under the conditions of loading close to realistic ones. As a result of the experimental research,

we achieved the following goals:

— obtained data on the tail section body strength, taking into account the design features, manufacturing;

technology, and mechanical characteristics of the material;

— tested theoretical methods for calculating structural strength;

— determined stresses in the places where they can most re-
liably be found only experimentally;

— identified structural sections that have enough strength to
be subsequently decreased.

The main task was to conduct the tests without destruction
and the appearance of plastic deformations in the load-bearing ele-
ments of the body, to further use the tail section as the LV component.

The pattern of testing the tail section under the action of the
loads that simulate static forces from a fully fueled RL on the launch
pad is shown in Fig. 3. The tail section is subjected to different-size
static force factors, whose values are given in Table. 1, 2. The static
loading of the structure is performed in stages without dynamic com-
ponents. Note that the force T, presented in Tables 1 and 2, includes
the weight of the upper tooling. Stage 4, described in the Tables, cor-
responds to the operational loads acting on the tail section. Stage 5
and 6 correspond to the calculated values of the loads. The safety
factor was taken as f=1.3 and f=1.5, respectively.

1
0 ¢ M Technological
T shell

Modified
& T tail section

Support ring
1|\ - Restraint
system simulator

I 1
IVH WH
m m
a b

Fig. 3. Tail section loading scheme
modeling a fueled LV on the launch pad:
a — first case of loading;

b — second case of loading

Table 1. Loads acting on the tail section of the fueled LV Table 2. Loads acting on the tail section of the fueled LV

without transporter-erector support with transporter-erector support
Force Loading stages Force Loading stages
factors 1 2 3 4 5 factors 2 3 4 5
T | 74.53 | 147,18 | 220.97 | 294.00 | 381.30 T | 8739 | 175.58 | 262.38 | 350.11 | 454.29

M (tfm) | 31.83 | 68,06 | 102.00 | 135.81 | 176.65 M (tfm) | 27.13 | 55.02 | 82.01 | 109.09 | 141.55

O@hH | 1.80| 360 | 540 720 | 940 0@ | 1.60| 320 480| 653| 850

When the tail section body was tested, meas-
urements of displacements and deformations were

IV III

made. The layout of the gauges is shown in Fig. 4. The | 5"
places where the deformations were measured are I

=
marked by an inverted "T". So, the deformations were ,j maEE

_IL
I =

measured for three different values of the longitudinal | ==

coordinate of the shell and at various points along the

circumferential coordinate of the structure. At each I T T

H
T

One strain gauge was glued in the longitudinal, and the

point (Fig. 4), two rosette strain gauges were glued. ﬁ
=

other, in the circumferential direction.

Fig.1. shows a sketch of the tail section. The
tail section and the support ring are installed and fixed
by a restraint system on a technological ring. The tail

v 11

Fig. 4. Layout of strain gauges

section upper end had a technological ring, an adapter ring and a load-carrying shell attached.
Now we will consider how the power loading was implemented. The scheme of loading the power fac-
tors T and Q is shown in Fig. 1. The axial compressive load T was implemented in the form of 16 parallel 7;
forces transmitted to the assembly through the upper and lower technological shells. When loading the struc-
ture, we took into account the force value T as including the weight G=19.11 tf of the technological tooling.
The bending moment was created by a pair of forces with a shoulder L=4.433 m applied to the tail
section upper end. We describe the way to create this bending moment. Fig. 1 shows that the generated com-
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pressive forces on the opposite sides of the tail section are 7;+7),; and T;-T);. Due to such magnitudes of the
loads applied, a bending moment will occur. The transverse force Q was applied to the adapter ring that is
attached to the tail section upper end.

The loading of the tail section with 7, Q forces was carried out in stages according to Tables 1 and 2.
The stages presented in the tables correspond to the first case of loading (Fig. 3). For each case of loading,
one test was carried. In this case, the concentrated forces lie in the plane I — III.

When the 4th stage of loading was reached, a retention interval of 10 minutes followed. When the
values of static loads of the Sth stage (Tables 1 and 2) were reached, the loading was stopped and the loads
were reset to zero. At all stages of loading, displacements and deformations were measured.

After the above described tests had been conducted, the second case of loading was performed. This
case is also shown in Fig.3. In this case, all the force factors are applied at an angle of 45° to the plane I — III.
The magnitudes of the loads applied are presented in Tables 3 and 4. The shell under study is rather expen-
sive. Therefore, we conducted all the tests using the same sample. The fact is that, as the experiments show,
the shell is in the region of elasticity, and irreversible plastic deformation does not occur.

In fact, the loads acting on the tail section of LV, when the latter is on the launch pad, are presented
in the last columns of Tables 1-4.

Table 3. Loads acting on the tail section of the fueled LV Table 4. Loads acting on the tail section of the fueled LV

without transporter-erector support with transporter-erector support
Force Loading stages Force Loading stages
factors 1 2 3 4 5 factors 1 2 3 4 5
T(f) | 74.72 ] 109.83 | 221.09 | 294.04 | 382.36 T (tf) 87.48 | 176.10 | 263.20 | 350.29 | 454.81
M (tfm) | 31.95 | 68.70 | 102.46 | 136.48 | 177.80 M (tfm) | 27.48 | 55.76 | 83.07 | 110.18 | 143.36
0 (t) 1.80 3.61 5.42 7.21 9.42 0 (tf) 1.60 3.20 4.80 6.50 8.50
Conclusions

In this part of the work, a design of the LV variable stiffness tail section is described and a method-
ology for conducting experimental studies is presented. Based on this methodology, experimental studies
were conducted. The studies will be discussed in detail in the second part of the article.
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ExcnepuMeHTaJIbLHNN aHATI3 MiTHOCTI BadeJJbHUX NUJIIHAPUYHMX BiICIKiB 3MiIHHOI JKOPCTKOCTI.
Yacruna 1. MeToauka nNpoBeieHHsI eKCIIEPUMEHTY

! HerrspsoB M. O., 1,Z[almemco B.T., 'IlanoBax A. B. , 2 Aspamos K. B.

! IlepxasHe mimnpuemctso «KoncTpykTopeske 6ropo «IliBnenne» im. MK. SHrems»,
49008, Ykpaina, M. [Jninpo, Byn. Kpusopisbka, 3

? [ncTUTYT IIPO6IeM MamuHOGyxyBaHHs iM. A.M. ITizropaoro HAH Vkpainn,
61046, Ykpaina, M. Xapkis, Byin. [Toxxapcekoro, 2/10

3anpononosano memoo eKChepuMeHmantbHO20 00CTIONCEHHS. CIMAMUYHO20 Hanpyiceno-0egpopmosanoco cmany (HIC)
X60CMOB020 BIOCIKY PAKEMU-HOCIL 3MIHHOL dicopemKrocmi. X60cmoguil Gi0CiK CKIA0aembcst i3 KOpnycy ma onipHozo kineyst. Kop-
nyC € 36apPHOI0 KOHCIPYKYIEIO, SIKY 6USOMOGIEHO 13 080X 8apebHUXx 000I0HOK Mo 080X mopyesux wnaneoymis. Ha eepxrbomy
Ma HUMHCHbOMY MOPYEBUX WUNAH20YMAX € OMBIP NI0 OOIM MA HANPAGIAIOYE WMUPL 051 CMUKYBAHHSL 13 6aKOM 20piou020 ma onip-
Hum Kinoyem. Mamepianom obuuatiok € cnaag i3 amominito AM26HIII, a winaneoymie — cniag amominito AMe6M. Hasanma-
JHCEHHS1 KOPNYCY XBOCMOBO20 BIOCIKY 30IUCHIOEMbCSL 3d OONOMO20I0 YOMUPLOX ONIPHUX KPOHWIMEHIE CUTI0B020 KLTbYS, SIKE 660-
Oumucst 00 CKIady BUnPoOy8aIbHO20 30UpanHsl. Y crammi ORUCYIOmMbCsL pe3yibMami eKCHEPUMEHMATLHO20 AHANIZY CAMUYHO-
20 HJ[C onmumizoeanoco Kopnycy X60Cmo02o 8i0cCiKy nio 0i€ro 3yCuitb, Wo € HAbaUNCeHUMU 00 HamypHux. BHacrioox npogeden-
H5l eKCNEPUMEHMATIbHUX OOCTEONCEHb OOCSACHYMO MAKI YL OMPUMAHO OAHE 3 MIYHOCHIE KOPNYCY X80CHIOB020 GIOCIKY 3 YPAXY68AH-
HAM 0COOIUBOCMEl KOHCIPYKYILL, MEXHON02IU 8USOMOBNEHHS ThA MEXAHIYHUX XAPAKMEPUCUK Mamepiany; nepesipeHo meope-
TUYHI MEMOOU PO3PAXYHKY HA MIYHICIMb KOHCMPYKYIU, OO0CTIONCEHO HANPYICEHHSL Y MICYsIX, Oe 8OHU BIPOCIOHO 3HAXOOSMbCS
MITbKU eKCHEPUMEHMATILHO, BUABTEHO Nepepi3u KOHCMPYKYILL 3 HAOMIPOM MiYHOCMI Ol HACMYNHO20 noiecuierHs. [Jo xeocmogo-
20 BIOCIKYy NpUKIAOaOMbCs Pi3Hi cmamuymi cunogi naeanmadxcenms. Cmamuune HABAHMANCEHHA KOHCMPYKYiL NPOBOOUTOCDH
noemanto 6e3 OUHaMIYHUX cK1aoosux. 11i0 uac 0ociONHCeH s KOPNycy X80CM0oB8020 GIOCIKY NPOBOOUIOCh GUMIDIOGAHHS NepeMi-
wenb ma degpopmayiil. Jeghopmayiti 6UMIpOBAIUCH O MPbOX 3HAYEHb NOG3006HCHBOL KOOPOUHAMU 0OOIOHKU MA PI3HUX MOY-
Kax 6300624 KOIOBOI KOOPOUHAMYU KOHCMPYKYIU. Y KOJMCHITL mouyi HAKIE08a1aCh po3emKa i3 060X menzooamyuxie. Ooun meH-
300AMYUK HAKTIEI08ABCSL ) NOB3008HCHLOMY HANPSMI, & Opyeull — Y KOA080MY. 3 GUKOPUCMAHHAM 3aNPONOHOBAH020 MeMOOy J0C-
JHOMHCEHO HANPYHCEHO-0ehOPMOBAHULL CIIAH XBOCMOB020 GIOCIKY, Komputl cnpoekmosaro Ha [T Kb «ITigoenne».

Knrouoei cnosa: xeocmosutl 8iocix, eaghevHa yuriHOpUsHa 000I0HKA, 0amyuK deghopmayitl, HAGAHMANCEHHS.
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