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PAKETHOI0 ABUIaTe/Isl HA TBEPAOM TOILIMBE

B. A. lorankus, B. B. Konbra, B. P. Tpyxun

Cubupckuii rocyapCTBEeHHBIH YHUBEPCUTET HAYKU U TEXHOJIOTHH MMeHHM akanemuka M. @. PemeTneBa
Poccwuiickas @enepauns, 660037, r. KpacHospck, npoct. M. ra3. «Kpacnosipcknit Pabounii», 31
E-mail: kolgavv@yandex.ru

B pabome npedcmasnen nooxoo K peuwieHuio 3a0asu npoeKmupo8anus COnld paKkemHo2o 08ueameisi Ha
meépoom monauee (PATT) ¢ ucnonvsosanuem KOHCMPYKMUBHOU 0COOEHHOCMU & 8UOe BCTNABHOLL NAACHUHYL
u3 yenenaacmuka. 3aoayei npoekmuposanus AGIAEemMcs 6bl00p ONMUMATbHBIX NAPAMEMPO8 GOPMbL U MO~
WUHBL RAACMUHDL, 0Oecneyusarowell mpeoyemyo Hecyuyro cnoCOOHOCMb Npu MUHUMANLHOU Mmacce. B npo-
yecce npoekmupoganus npogeder napamempuyeckutl anamus conaa PATT co ecmasHoll niacmunoii u3 yeine-
nracmuxa. Bapvupys moawunot niacmumsl, n000OPaHa ONMUMATLHASL KOHCIMPYKMUBHASL CXeMd, OMeEedaro-
wasl 3a0aHHBIM KOdhpuyuenmam 3anaca npouHocmu u ycmouyusocmu. Ilapamempuieckuii aHaius 6cmag-
HOU NAACMUHbL U3 KOMROSUYUOHHO2O MAMePUana GKuiouaem 6 cebs MoOenupo8anue e€ OCHOBHbIX 8ECOBbIX U
NPOYHOCHHBIX NAPAMEMPOS. AHATU3 HANPAICEHHO-0ePOPMUPOBAHHO2O COCMOAHUSA KOHCMPYKYUU, 3HAYCHUL
CODBCMBEHHBIX Yacmom, onpeodesierue 3anaca nomepu ycmouuugocmu, onpeoenetue maccol conna P/TT.

Ananuz necyweii cnocobrocmu conaa PATT co gcmasnoil niacmuHnot u3 KOMRO3UYUOHHO20 MAMepuand
NPOBOOUICS C NOMOWDI) MemoOd KOHEYHbIX INEMEHMO8 C UCNOAb308AHUEM NPOSPAMMHO20 NaKema
SolidWorks Simulation.

Ilpu nposedenuu napamempuyeckoco aHanu3a ObLIU PACCMOMPEHbL 084 BAPUAHMA CONIA 08UAMES
P/TT: co ecmasnoil niacmunou u 6e3 Heé.

Ilo pezynomamam napamempuueckoco ananuza conia PIHTT Ovinu onpedenenvt eco eeomempuyeckue
pasmepsbl U MUHUMUSUPOBAHA MACCA KOHCIPYKYUU.

Knrouesvle cnosa: napamempuueckuii ananus, npounocme conia PHTT, komno3uyuouHvli mamepuar,
HanpsicenHo-0eghopmMuposantoe cocmosiHue, nomeps ycmouyusocmu, koncmpyuposarue conaa P/[TT.
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The paper presents an approach to solving the problem of designing a solid propellant rocket en-
gine (SPRE) nozzle using such a design feature as a carbon fiber insert plate. The design task is to
select the optimal parameters of the plate shape and thickness, providing the required load-bearing
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capacity with minimal mass. During the design process, a parametric analysis of a SPRE nozzle with a
carbon fiber insert plate was carried out. By varying the thickness of the plate, an optimal design
scheme that corresponds to the specified safety and stability factors was selected. Parametric analysis
of an insert plate made of a composite material includes modeling of its main weight and strength pa-
rameters: analysis of the stress-strain state of the structure, values of natural frequencies, determina-
tion of the buckling margin, and determination of a SPRE nozzle mass.

The analysis of the load-bearing capacity of a SPRE nozzle with an insert plate made of a compos-
ite material was carried out by the finite element method using the SolidWorks Simulation software
package.

When conducting a parametric analysis, two variants of a SPRE nozzle with and without an insert
plate were considered.

According to the results of a parametric analysis of a SPRE nozzle, its geometric dimensions were
determined and the structure mass was minimized.

Keywords: parametric analysis, SPRE nozzle strength, composite material, stress-strain state,
buckling, SPRE nozzle design.

Introduction

Due to the use of composite materials in the design of a solid propellant rocket engine (SPRE), the
mass of metal in it is known to be reduced by more than 3 times for the period from 1970 to 1998. It
was achieved both by improving the design of the material-intensive connection unit between the
SPRE nozzle and the engine case, and by using composite materials (composites) with organic fillers
and a matrix. Technological options for winding cocoon-type cases using high-strength organic fibers
as a filler and various resins as matrices contributed to obtaining a SPRE design with mass perfection
at the level of 0.1. However, further increasing the mass perfection of SPREs through the improve-
ment of organic-based composites turned out to be very problematic.

The main disadvantage of SPRE structures (primarily cases) made of organoplastics as well as
composites with metal components is the limitation on the permissible (operating) temperature of their
operation. For example, the operating temperature of organoplastics is only 400—430 K. To ensure the
strength of such a structure, powerful thermal protection is required. Therefore, efforts in the field of
materials science to further increase the strength of organofiber in practice contribute little to increas-
ing the mass perfection of the engine compared to the possibility of expanding the operating tempera-
ture range. In this regard, carbon and carbon-ceramic materials offer truly unique opportunities. Their
operating temperature with a simultaneous increase in strength is 3100-3300 K, which indicates the
prospects for creating lightweight uncooled SPRE cases. However, the absolute values of the strength
of such materials are still much less than the strength of organoplastics due to relatively low strength
levels of carbonized, ceramic or graphitized matrices. In addition, such composites have lower gas
permeability characteristics compared to organoplastics. However, it is possible to eliminate the latter
using various design and technological methods. At the present stage of new composites development
their application in SPREs is mainly associated with the creation of designs for nozzle blocks, case
thermal protection, and thrust vector control devices.

In a relatively short period of time, SPRE nozzle blocks have undergone a significant change in
shape, layout, dimensions and composition of materials. Further development of nozzle block designs
is determined by trends in changes in SPRE operating conditions, improvement of structural forms
and, mainly, the provision of new materials. Changes in operating conditions of SPRE nozzle blocks
are associated with the use of new high-energy solid fuels with increased specific thrust impulse and
temperature in the combustion chamber. Lightweight nozzle designs are being created from new mate-
rials with a high level of mass perfection and high reliability indicators.

Modern SPREs operate on mixed metallized fuels with a high metal content at the pressure in the
combustion chamber of the order of 10.0 MPa and the temperature of up to 3800 K. The conditions for
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using ballistic missiles with SPREs required the designs of nozzle blocks to ensure operating condi-
tions when exposed to radiation from a nuclear explosion, durability to climatic factors and transport
loads caused by the mobility of modern missile systems.

Increased requirements for nozzle blocks design are also caused by the tendency to increase the
service life of modern rockets, during which it is necessary to guarantee the preservation of the proper-
ties of materials and parts. The contradictory requirements for increasing the SPREs energy perform-
ance and mass perfection at the required level of reliability can be resolved, first of all, through the
creation of new materials.

Changes in the design forms of nozzle blocks are associated with trends in the development and
improvement of nozzles partially recessed into the combustion chamber, nozzles on a flexible suspen-
sion, systems for blowing combustion products into the nozzle divergent section to control the thrust
vector, sectioned, expandable and folding nozzles. At the same time, the mass of the nozzle block re-
mains at the level of 30-45% of the case mass and the ways of design technical perfection are deter-
mined almost exclusively by the use of more efficient materials [1-3].

Thus, increasing the operational characteristics of SPRE nozzle blocks and improving their struc-
tural forms are impossible without the use of new materials, since technical ways to improve the main
functional parts of modern SPRE nozzle blocks have largely been exhausted. The development of new
fuels and design solutions are ahead of the modern capabilities of structural and heat-protective mate-
rials.

The relevance of the study is justified by the need to analyze the possibility of operating SPRE
nozzles made of composite materials and the use of nozzle structures in a metal-composite combina-
tion.

Formulation of the problem

The main part of the nozzle, which determines the energy characteristics of the SPRE, is the nozzle
throat section. It also characterizes the mass efficiency of both the nozzle throat section itself and the
nozzle entrance section.

The nozzle exit section is no less important for ensuring the energy characteristics of engines and
their mass perfection, this is especially true for high-altitude SPREs (used in the second and third stag-
es of rockets) with a high nozzle expansion ratio.

The nozzle entrance section forms a flow profile and is subject to convective and radiation thermal
effects of fuel combustion products; here, glass and carbon fiber reinforced plastics have proven them-
selves to be the best.

The nozzle throat section experiences intense convective heating and mechanical loads. Refractory
metals (tungsten, molybdenum) and alloys based on them, as well as some grades of graphite have
proven themselves to be the best in this section.

The nozzle exit section is subject to convective thermal effects and significant mechanical loads. In
this nozzle section, glass and carbon fiber plastics reinforced with a metal shell, and structures made of
molybdenum, niobium, titanium and alloys based on them have proven themselves to be the best.

Carbon materials represent a new class of materials for various purposes as their specific features
and uniqueness make them differrent from hitherto known materials. Due to this fact they meet the
promising goals of SPREs development. The justified use of carbon materials in the designs of SPREs
and other engines requires a clear understanding of the properties, production technology and methods
for studying and predicting the performance of these materials.

Carbon materials have the following general positive properties:

— high thermal erosion resistance, resistance to thermal shocks, unique strength, which increases
when heated by 2-2.5 times compared to room temperature, low density and high specific physical
and mechanical characteristics;

— the ability to purposefully change their properties by changing the original components and pa-
rameters of the production process, the use of optimal reinforcement schemes;
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— the ability to use almost anywhere in the nozzle flow duct and in the power circuit parts of the
engine design;

— the ability to combine unique heat-protective properties in contact with a wide variety of materi-
als, the applicability of almost all types of mechanical processing;

— high preservation of properties during long-term storage in various climatic conditions and con-
tact with various environments, resistance to radiation, high biological stability.

Anisotropy of carbon materials is another means of rational design of engine structural elements.
By changing the orientation of the fillers, it is possible to obtain a material with optimal anisotropy,
specially selected for any stress-strain state of the structural element.

The objective of the research is to design a SPRE nozzle made of titanium alloy with an insert
plate made of a composite material (CM) and analyze its load-bearing capacity [4—15]. During the re-
search, the following tasks were set:

1) select the nozzle wall thickness corresponding to the optimal safety factor;

2) design a composite SPRE nozzle with a CM liner;

3) select the wall thickness of the composite nozzle and the insert plate from CM, which ensures
the load-bearing capacity of the nozzle.

The developed nozzle design can be used in rocket design with SPRE [8].

Calculation model of the SPRE nozzle

To conduct a comparative analysis, two SPRE nozzles were taken. The first nozzle is the classic
nozzle of a solid-fuel multistage rocket with a wall thickness of 30 mm without the use of a composite
material (Fig. 1), the second is using an insert plate made of carbon fiber with a nozzle wall thickness
of 20 mm and a plate thickness of 10 mm (Fig. 2).

wall t

21400 w
21400

—

1000
Z1000

3 30 | | es | 112 38| 30 | |65 | m2

Fig. 1. SPRE nozzle Fig. 2. SPRE nozzle with a CFRP (carbon fiber rein-
forced polymer) insert plate
Puc. 1 Comuto PATT

Puc. 2 Comno P/ITT co BcTaBHO# mutacTUHOMN
W3 yIIIEIUIaCTHKA

For the presented nozzle designs, a static analysis was carried out in the Solidworks Simulation
package. The characteristics of the materials used were taken from the Solidworks materials library in
relation to the innovative composite material aristid [16], which retains its strength properties when
heated to 1300° (Table 1).
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Table 1
Characteristics of materials for static calculation of the nozzle
SPRE nozzle Insert plate
. Titanium alloy Ti-8Mn Carbon fiber m55j
Material name .
annealed sheet (aristid)

Modulus of elasticity, GPa 115 240
Poisson ratio 0,33 0,127
Mass density, kg/m’ 4730 1910
Ultimate tensile strength, MPa 899 3027
Yield limit, MPa 0,79 2,05

1MPa

| 0
EL VI 495 ;Lx

Fig. 3. Pressure distribution in the SPRE nozzle:
P — pressure; L — length of the investigated zone

Puc. 3. Pacnpenenenue nasnenus B corute PATT:
P — naBnenue; L — 1MHAa UCCIIEyeMOM 30HBI

The vonMises criterion was taken as the max-
imum stress criterion. Fastening is specified using
a fixed geometry along the contour of the nozzle
edge on the side connecting to the engine case
shell.

For the SPRE design under study (see Fig. 1)
[14], a formula was compiled for the pressure dis-
tribution inside the nozzle (1), according to the
pressure distribution graph (Fig. 3).

P=al x>+ a2 x+a3, (1)

where al, a2, a3 are coefficients obtained ex-
perimentally.

For the case of pressure at the nozzle entrance
Pen = 12 MPa, pressure in the nozzle throat Pth =
6 MPa and pressure at the nozzle exit Pa =1 MPa
(Fig. 3), formula (1) will take the form (2)

P =5,205* 10°x*— 0,04x + 6. )

Using equation (2), we apply loads to the nozzle. Load distribution and boundary conditions for the
calculation model are shown in Fig. 4, where green (outer) arrows indicate fastenings, red (inner) ar-

rows indicate applied loads.

| L=

Fig. 4. Distribution of loads in the nozzle

Puc. 4. Pacnipenenenue Harpy30K B COILIE
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Strength calculation under static loading

Let us conduct research for different titanium alloy nozzle wall thicknesses without using a CM insert
plate. The thickness of the nozzle wall varied from 15 to 30 mm. For example, Fig. 5-8 show diagrams
of stresses and safety factors for thicknesses of 15 and 30 mm

analysis 1 [by defaul]
sis, nodal voltage. Voltage 1

L
Fig. 5. Diagram of stress distribution Fig. 6. Diagram of stress distribution
in the nozzle t = 15 mm in the nozzle t = 30 mm
Puc. 5. Dmopa pacnpenenenust HanpsHKEHUH Puc. 6 Dmropa pacnpenenenus HanpsHKECHAN
Bcomie t=15 Mm B comie t = 30 Mmm

Fig. 5 and 6 show diagrams of the stress distribution in the nozzle for different wall thicknesses.
The yield strength of the Ti-8Mn material from the Solidworks materials library is equal to ot =
9.308*10"8 N/m"2.

The maximum stresses in a nozzle with a thickness of 15 mm are 2.32*10"9N/m"2 (Fig. 5), which
exceeds the yield limit of the selected titanium alloy and does not provide the load-bearing capacity of
the nozzle. For a nozzle with a wall thickness of 30 mm, the stresses were 7.841*1078 N/m"2 (Fig. 6),
which provides the necessary safety margin.

At the point of maximum stress, the safety factor for a nozzle t = 15 mm is equal to 0.4 (Fig. 7),
and for a nozzle t = 30 is equal to 1.187 (Fig. 8).

Study name: statistical analysis 1 [by defaulf] Study name: statistical analysis 1 [by defaul]
Pl or. safety factor 1 Plot type: safety factor. safety factor |
Criteriz: auto

Safety factor distribution: minimum safety factor = 1.2 Safety factor distibution: minimum safety factor = 12

. |
Fig. 7. Safety factor in the nozzle t = 15 mm Fig. 8. Safety factor in the nozzle t = 30 mm
Puc. 7 KoadduuueHr 3anaca mpoyHOCTH Puc. 8 Koaddumuenr 3anaca npoyHoCcTH
Bcomiet= 15 mm B corie t = 30 Mm
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Calculation of the strength of a SPRE
nozzle with a composite material liner

To reduce a SPRE nozzle mass and in-
crease its strength characteristics, we will
use a carbon fiber insert plate in the nozzle
throat section (Fig. 9).

Let us carry out calculations of the de-
R35, = signed nozzle with a titanium alloy wall
- thickness t; = 20 mm and a carbon fiber in-
= sert plate thickness (t.,) from 7.5 to 15 mm.
42 | The stress distribution diagram for the de-

30 |es | 472 signed nozzle is shown in Fig. 10, 11.

= 300 4 The safety factor (sf) was 0.9964 and
1.143 for nozzle liners of various thick-
Fig. 9. Insert plate made of composite material nesses (Fig. 12, 13). The results of the study

are shown in table 2.

21400

Puc. 9. BecraBHas macTiHa U3 KOMIIO3UIIMOHHOTO MaTepHaia

|
.
L=
Fig. 10. Diagram of stress distribution Fig. 11. Diagram of stress distribution
in the nozzle t;= 20 mm; t.,, = 7.5 mm in the nozzle t;= 20 mm; t.,,, = 17.5 mm
Puc. 10. Dnropa pacnpeneneHus HapsHKEHUS Puc. 11. Dnropa pacnpeneneHus HaNpsHKEHUS
B comie t;= 20 MM; t, = 7,5 MM B come t;= 20 mM; t, = 17,5 Mmm
Table 2
Calculation results for a titanium nozzle with an insert plate made of composite material
Material Safety coefficient
Titanium alloy Carbon fiber m55j Titanium alloy Carbon fiber m55j Mass (kg)
Ti-8Mn t of a wall (aristid) t of a wall Ti-8Mn (aristid)
20 7,5 0,9964 1,9 310,272
20 10 1,078 1,90 318,414
20 12,5 1,143 2 326,384
20 15 1,141 2 334,353

From the calculations performed, it follows that the design of a SPRE nozzle made of titanium al-
loy in combination with carbon fiber providing the required load-bearing capacity has a titanium alloy
wall thickness of 20 mm, and a carbon fiber wall thickness of 10.75 mm. The use of the proposed

516



Paszden 2. ABUCIMUOHH(JH U pakemHo-Kocmuueckas mexHuka

combined nozzle design with a composite liner made it possible to reduce the total nozzle mass
by 30-32 % (Table 3).

Study name: Static anatysis [by default]
Plottype safety factor safety factor 2
G

tena: auto
Safety factor distribution: minimum safery factor - 1

L.
Fig. 12. Safety factor Fig. 13. Safety factor
in the nozzle t;- 20 mm; t.,= 7.5 mm in the nozzle t;= 20 mm; t,,,= 17.5 mm
Puc. 12. Koapumment 3anaca npo4HOCTH Puc. 13. KoadumuenT 3amaca NpoaHOCTH
B commie t;= 20 MM; t,,= 7,5 MM B comie t; =20 MM; t, = 17,5 MM
Table 3
Nozzle mass analysis
Combination of materials Structure mass, kg

Titanium alloy 468,214

Titanium alloy + high-strength carbon fiber 329,645

Frequency analysis of a SPRE nozzle

Analysis of vibrations natural modes and frequencies allows evaluating the behavior of the pro-
posed SPRE nozzle design under dynamic loading during its operation. For this purpose, an analysis
of the first three forms of natural frequencies of vibrations was carried out. To carry out a modal anal-
ysis, a model of a SPRE nozzle with a carbon fiber insert plate, proposed earlier, was considered. The
loads and boundary conditions for the calculation are the same as in the static analysis.

The value of the natural frequency for the first mode of vibration was 123.2 Hz. The diagram is
shown in Fig. 14.

Study name: Frequency 1 [by default]
Plot type: frequency, amplitude 1 RESAMP
Vibration ez 1 Value: 123.2 Hertz
ale: 0.639656

Deformation sc:

27316001
2.504¢.001

. 22766001

. 2.049e-001

. 18216001

_ 1593¢-001
., 1.366¢.001
 1.438e.001
. 9.105e-002

. 68296-002

45526-002
. 2.276¢.002
0.000¢+000

Fig. 14. Amplitude of the first mode of vibrations

Puc. 14. AMnimuryna nepBoil popmsl konebaHuii
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Conclusion

According to the results of the study, a SPRE nozzle made of a combination of titanium alloy Ti-
8Mn + carbon fiber m55j (aristid) was proposed, and its geometric dimensions were determined. The
proposed nozzle, according to the calculation results, provides the necessary safety factor and mass
reduction of 30-32 % compared to a solid titanium alloy nozzle. A modal analysis was carried out for
the proposed nozzle.
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