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O6TiKa4 HeoOXiAHWIA ANs 3aXMUCTy KOPUCHOTO HAaBaHTaXEHHS Bif BN/MBY 30BHILLHIX (bakTOpiB Mif yac no-
NbOTY pakeTy. BiH MOBMHEH BUTPMMYBATW 3HauHi CU/OBI Ta TEMMEpaTypHi HaBaHTaXXeHHS | 6e3neYHo BigCTUKO-
BYBaTVCb Ta BiABOAUTMCD Bif pakeTn. B poboTi po3rnsiHyTo NpoLiec BifCTMKYBaHHA CTYMOK 06TiKaua pakeTvi npu
Hafi3ByKOBOMY 0OTiKaHHI B MPU3eMHMX LLINbHUX Luapax atmocdepw. s npouecy BiaBefeHHS CTYNKM Bif Kop-
rnyca pakeTu 3arnponoHOBaHO BUKOPWUCTOBYBATU AETOHALLIAHWIA LUHYPOBUIA PaKeTHWIA JBUIYH, LLO PO3BMBAE 3HAY-
Hy cuiy TArY Npy Maniii Maci Ta HeTpuBaniii po6oTi. Lie cyTTeBO [03BONSE 3HN3UTY Macy 06Tikaya. BusHaueHHs
cvn, WO AitoTb Ha 06Tikay, MPOBOAMOCA 32 AOMOMOrOK0 KOMM’OTEPHOrO MOZENOBaHHSA LibOro npoLiecy. Po3po6-
NeHO MEeTOAMKY pO3paxyHKy OCHOBHUX MapameTpiB [eTOHaUiliHOro LUHYpPOBOro PakeTHOro ABWryHa Ans Bigse-
[leHHs CTy/KM 06TiKaua BiJ pakeT. B mMaTemaTuuHiii Mogeni pyxy 06Tikaya BifJHOCHO pakeTu B NpoLeci po3cTu-
KyBaHHA 11 BiBefeHHA PO3rnsfatoTbCa ABa BapiaHTU: pO3paxyHKOBUWIA BapiaHT BigpWBY i MPUCKOPEHHS CTYNOK
npu HepO3PUBHOMY MeXaHiYHOMY KOHTaKTi 3 pakeTolo, a TaKoX BMNafoK aBTOHOMHOIO pyXy CTYNKW Mo iHepuit
OKpEeMO Bifi pakeTu. PesynbTaTaMmi KOMM’IOTEPHOrO MOAENIOBAHHS € NPOEKLIT aepogMHaMiYHNX cun i obepTato-
4Oro MOMEHTY, KapTUHa Po3noAiny TUCKY NMOBITPS 3a HalbiNbLL XapaKTePHUMK KyTaMU BifjBEAEHHS CTYNOK 06Ti-
Kaya BifJ pakeTu. 3MofeNboBaHe 00TiKaHHSA N’ATbOX BapiaHTIB CTYNOK 3 Pi3HUMM 3a (HOPMOIO 3aXMCHUMW Nepero-
pofKamm: KOHIYHOI, BFHYTOK KOHIYHOM, C(HEpUYHOID, BFHYTOK C(EPUYHOKD Ta MAOCKOK. ONTUManbHUM, 3
TOYKM 30pYy MiHIMa/bHUX 3aTpaT eHeprii, BUSBMBCA BapiaHT 3 BrHYTOK CHEPUYHOIO 3aXMCHOIO MeperopoaKoto.
Byno B13HaYeHO oNTUMabHY (hopMy, po3Mip Ta PO3MILLEHHSA Neperopogkn. BrseneHo eekTn, Lo [03BONAIOTH
3HU3UTK HeobXiAHY TAry ABWryHa Ans BifBeAeHHS CTYMKW Bif Kopryca pakeTu. Y BCiX BMNagkax BU3HAYeHO
KapTWHW PO3MOAiNY TUCKY, L0 B NOAANbLLOMY A03BONSE MPOBECTU PO3PaxXyHKU Ha MiLHICTb. Bn3HayeHo MiHiMa-
NbHY He0bXifHY TAry LUHYPOBOr0 AETOHALIHOrO ABUIYHA ANS BiABEAEHHS CTY/IKU Bif KOpNyca pakeTu.

K/toYoBi cnoBa: feTOHALiiHWA WHYPOBWIA pakeTHWIA ABUTYH, HaA3BYKOBa Teuis, 06epTaHHs, MOAento-
BaHHsl, pPO3nogin TUCKY.

OGTekaTenb HeOGX0AVMM N5 3alUMThl OT BO3AEHCTBUS BHELLUHMX (DAKTOPOB Ha MOME3HYH HarpysKy BO Bpe-
MA noneTa pakeTbl. OH [O/MKEH BblAEPXKMBATb 3HAUMTENbHbIE CUOBbIE M TeMMePaTypHble Harpysku, a Takxke
6e30MacHO OTCTbIKOBbLIBATLCA U OTBOAWTLCS OT pakeTbl. B cTaTbe paccmMaTpuBaeTCsl MPOLIECC OTAENEHNs 06TeKa-
TeNs pakeTbl NPV CBEPX3BYKOBOM 0GTEKaHWM B MAOTHBIX COAX aTMocepsl 3emnn. [N oTAeneHns obTekarens c
Koprnyca pakeTbl NPeJ/araeTcs UCMO/b30BaTh AETOHALMOHHBINA LUHYPOBOW PaKeTHbIN ABUraTeNb, KOTOPbIA pas-
BMBAET 3HAUYMTENbHYIO TATY MPU Masoll Macce U KOPOTKOM Mepuoge aKenayatauny. 3T0 3HaYUTENbHO YMeHbLUaeT
maccy o6Tekatens.. OnpegeneHue cun, AeficTBYIOWMX Ha 06TeKaTeNb, MPOBOAU/IOCH C MOMOLLBK KOMMLHOTEPHOIO
MOZEeNMpOoBaHNs npoLiecca oTeeAeHns. PaspaboTaHa MeTOAMKa pacyeTa OCHOBHbIX MapaMeTpoB [eTOHALMOHHOro
LUIHYPOBOTO PaKETHOTO ABUraTeNs Ans OTAENEeHUs CTBOPOK 0GTEKATeNs OT pakeTbl-HOCUTENs. B MaTemaTnyeckoli
MOZENN ABWKeHWS 06TekaTens OTHOCUTENIbHO PaKeTbl B MPOLIECCe PacCTbIKOBKM 1 c6poca paccmMaTpuBatoTes fga
CNyYyas: pacyeTHbI Cyyail 0TPbIBa M YCKOPEHMS 3aKPbIIKOB NPY HepaspbiBHOM MEXaHUYECKOM KOHTaKTe ¢ pake-
TOI, a TakKe BapuaHT aBTOHOMHOIO fBVKEHWS MO MHEPLMW 3aKPbIIKOB OTAENbHO OT pakeTbl. PesynbTatamut
KOMMbIHOTEPHOTO MOZJENMPOBaHUS SABNSIOTCS MPOEKLMW a3pOANHAMUYECKUX CUM U KPYTALLET0 MOMEHTa, KapTuHa
pacnpefeneHns faBneHns BO3ayxa No Hanbosee XapakTepHbIM yriam 0TBeAeHNs CTBOPOK 06TeKaTens OT pakeTbl.
MogenvpytoTcs NSTb BapUaHTOB (HOPMbl 06TEKATENS C PasIMYHLIMU 3aLMTHBIMK NEPEropoKaMm: KOHUYECKas,
BOTHYTas KOHMYecKas, cpepuyeckas, BOrHyTas cepuyeckas 1 naockas. icnonb3oBaHne BOrHYTO Chepuyeckoi
3aLLMTHOV Neperopofiku 6biN10 ONTUMabHLIM C TOYKU 3PEHNSE MUHUMATbHBIX 3aTPaT SHEPruu. Bbian paccumTaHbl
onTuMasibHas opma, pasmep M pasmeLleHue neperopogku. OBHapyXeHbl A(eKTbl CHKEHUS HE06X0aMMOoN
TAMY [iBUraTens A8 CHATKA 3aKpblika ¢ Kopryca pakeTbl. Bo Bcex cnyyasx Gbliv onpeseneHbl CXembl pacnpese-
NeHVs faBreHns, YTO BMOCAEACTBUM MO3BONSET PacCUUTBIBATL MPOYHOCTb KOHCTPYKLMM CTBOPOK. OnpedeneHa
MUHUMa/bHas HeOBX0AMMas TAra ABWraTens Co LUHYPOBOW AeTOHaUWel Ans oTBeAeHWs o6TeKaTens oT Kopnyca
pakeTbl.

KntoyeBble CM0Ba: e TOHALMOHHBIN PaKeTHbIN BUraTeNb, CBEPX3BYKOBOE TedeHue, BpallieHne, Mofent-
poBaHwe, pacnpeseneHne AasneHus.

The fairing serves to protect the payload against exposure to external factors during the rocket flight. It must
withstand considerable force and thermal loads and safely detach and move away from the rocket. This paper
deals with the process of fairing flap separation from the rocket in the Earth’s dense atmosphere under conditions
of considerable aerodynamic loads in the range of supersonic flight speeds. It is proposed that flap removal from
the rocket structure be done using a detonation corded rocket engine, which develops a considerable thrust at a
low mass and a short operation period. This significantly reduces the fairing mass. The forces arising in this pro-
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cess were determined by computer simulation. A technique for calculating the basic parameters of a detonation
corded rocket engine for fairing flap removal is presented. The mathematical model of flap motion relative to the
rocket during the process of detachment and removal consists of two parts: the calculation of the separation and
acceleration of the flaps while in mechanical contact with the rocket and the calculation of the inertial motion of
the flaps separated from the rocket. The computer simulation gives the projections of the aerodynamic forces and
torque and the air pressure distribution for the most characteristic angles. Five protective partition shapes were
simulated: conical, concave conical, spherical, concave spherical, and flat. The concave spherical shape was
found to be optimal in terms of minimum energy consumption. The optimal shape, dimensions, and placement of
the partition were calculated. The minimum thrust of the detonation corded engine required for flap removal from
the rocket was determined, and effects that allow one to reduce this thrust were found. The calculated pressure
distributions may be used in flap strength analysis.

Keywords: detonation corded rocket engine, supersonic flow, fairing separation, simulation, pressure dis-
tribution.

Introduction. The fairing is necessary to protect against the effects of external
factors on the payload during the missile flight. For boosters launching spacecraft
on orbit, the need for this element of the design is also in the high requirements for
the purity of the space in which the payload is placed. The fairing must withstand
considerable force and temperature loads. Another crucial feature is the need to
safely unlock and remove from the rocket. Payload is usually on top of a rocket,
that’s why it causes a lot of problems.

Docking and removal takes place at altitudes where the impact of the atmos-
phere can’t longer harm the payload. It is usually 80 — 120 km. This altitude is
chosen for solving the optimization problem, because the higher the drop point in
the trajectory, the smaller the atmosphere impact on the spacecraft, but the greater
the energy costs for removing this “excess" mass.

There are several options for fairing flaps:

1) spring pushers;

2) pneumatic pushers;

3) impulse of detonation cords;

4) solid propellant motors.

Sometimes it is necessary to release the payload from the fairing under condi-
tions of considerable aerodynamic loads in the range of supersonic flight speeds.
This article is devoted to solution of this task.

Formal problem statement. The initial conditions are the separating height —
1500 m, and the rocket flight speed — 650 m / s. The configuration of the main fair-
ing is illustrated in Fig. 1, where R — radius.

747

®384
Fig. 1 — Geometric dimensions of the main rocket fairing
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According to the original data and dimensions, it is clear that at supersonic
flight speeds in the dense ground layers of the atmosphere there are significant
aerodynamic loads. Since the mass of the structure is M = 12.5 kg and the projec-
tion Fx (Fig. 2) reaches 56350 H, it is easy to estimate the order of acceleration by
the formula:

2
a7 _ Fx _ 4500m/s2. 1)
dt2 M

Besides the considerable effort, it is also necessary to provide an engine thrust
impulse releasing the fairing flap to fulfill the condition:

I =[R2 1, @
0

where t. — engine running time; F: — engine thrust; F, — aerodynamic force; IFa -
its impulse, determined by the formula:

I = [ F O, )

0 i=1
F, —aerodynamic force at running time moment i.
1

Obviously, the shorter the aerodynamic forces, the smaller the total thrust
momentum of the rocket engine should be applied to implement the process of re-
moving the flap from the rocket. Therefore, it is necessary that the evacuation de-
vice operates for a very short time and develop considerable efforts to overcome
the external force effects of the atmosphere.

When the rocket engine is running, combustion products are released that can
adversely affect the payload. The location of the power plant must be separated
from the payload area with an additional special partition. However, it is signifi-
cantly alter the process of airflow during decoupling, and affect the value of aero-
dynamic forces. Its shape is not regulated in our case, so it is necessary to simulate
the flow of the flap with different shape variants of the protective partition and to
optimize the load on the fairing (flap).

The design scheme used for the design optimization is shown in Fig. 2, where
it’s used the following keys: Ma— aerodynamic moment; I, and Iy — the projec-
tion of the distance from the mass center of the flap to its axis of rotation (point O)
on the axis x and y, accordingly; r — distance from the axis of flap rotation to the
thrust vector of the engine; Y — angle between lever from point of flap turn to

mass center and projection Fy; a— angle between the axis of the rocket and the
flap (this is also the angle between the base of the flap and the perpendicular plane
of separation); Fx and Fy — the projection of aerodynamic force on the axis x and
y, accordingly
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Fig. 2 — The design of the fairing flap

Literature review. Today, numerical modeling of gas-ball processes for rock-
et technology is widely used. In particular, the processes that occur during the
rocket movement in the atmosphere in different modes: sub-, trans-, and superson-
ic, are simulated [1, 2]. This reduces the number of experimental studies and con-
tributes to the economic efficiency of the missile system [3].

Numerical experiments are also conducted to identify effects that may occur in
flight conditions. For example, the occurrence of resonant vibrations of the rocket
body, which are caused by intense flow in the transonic speed range for flying in
dense layers of the atmosphere [4]. Slipping with airflow a complex configuration
of the launch vehicle introduces some difficulties in the control system operation.
Turbulence and significant power factors can lead to a loss of system stability.
Therefore, computer simulations are carried out not only for the purpose of fore-
casting, but also for analysis of already completed launches [5, 6]. This feature is
interesting because it is possible to model the behavior of the system in extreme
conditions, which were not specified by the initial project data. At the same time,
the cost of experimental research is very high.

Auxiliary power units for the removal of separate parts of the missile have
their own specificity. Usually, their operating time is limited to a few seconds and
a design that is small in size and should be as small as possible. Solid propellant
rocket motors are used for these tasks. However, their functions can be performed
by solid propellant engines, especially when very high effort is required at low
durations. In this device, instead of the combustion process at constant pressure,
the detonation process is more efficient from the point of view of the thermody-
namic efficiency [7]. Its peculiarity is the large pressure drop to the detonation
wave and in the induction zone where the reaction takes place [8].

In addition to solid-state corded detonation rocket engines, there are installa-
tions operating on gaseous and liquid components [9]. Experimental studies in the
middle of the last century confirmed the possibility of detonation combustion.
However, due to the lack of powerful computing complexes, measurement tools
and research materials, they remained in the initial stage. The new surge of interest
was caused by the declassification of many projects and the development of com-
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puter technology. Simultaneously, the structure of the detonation front in the annu-
lar chamber of the detonation rocket engine was simulated. However, in the exper-
iments low values of the specific impulse were obtained [9 — 10].

Technical solutions. Solid propellant corded detonation motor has the neces-
sary characteristics (Fig. 3). By using explosives as a solid fuel, the running time
can be very short, and it can take considerable effort. The mass of the engine is
small. Experimental studies of such engines were conducted on the experimental
station of the Institute of Technical Mechanics of the National Academy of Sci-
ences of Ukraine and the State Space Agency of Ukraine in the 80s of the last cen-
tury. For these purposes, bench units were created to assess the energy characteris-
tics of solid propellant (corded) detonation rocket engines, with different types of
explosives and different geometric parameters of cords. The results of some of
these fire tests are shown in table 1.

Table 1 — Some results of fire tests

Mass Cord Specific thrust Effective spe- | Traction
explosives, | length, explosives, cific thrust, DRD
kg m S S kN
0,076 3 509 201 274,6
0,2 5 448 180 241,6
0,22 5 456 182 245,1
0,136 5 452 165 246,1
0,135 5 464 172 250,2
0,135 5 581 215 313,8
0,3 10 475 158 255,9
0,576 20 575,7 200 309,9
0,576 20 381,5 132,5 205,9

The chart of solid propellant (corded) detonation rocket engine is shown in fig. 3.
It consists of a combustion chamber (1) into which the explosive cord (3), ini-
tiated from the nozzle (2) by the detonator (4), is placed in spiral layers.

1 - housing, 2 — nozzle, 3 — explosive cord, 4 — detonator
Fig. 3 — Solid propellant (corded) detonation rocket engine

Since the detonation velocity of the explosive is within 6 — 8 km / s, the charge
of several kilometers burns almost instantly. To select the output parameters of the
solid propellant rocket-propulsion rocket engine, it is necessary to determine, first
of all, the loads acting on the flaps in flight.
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Numerical modeling of aerodynamic loads. The mathematical model of the
flap movement relative to the rocket during the process of undocking and removal
consists of two parts: 1) the calculated case of separation and acceleration of the
flaps with non separated mechanical contact with the rocket; 2) the calculated case
of autonomous movement by the inertia of the flaps separately from the rocket.
The second design case is necessary to check the absence of the hit on the rocket
body, since it becomes larger in diameter than the main part.

At the moment of flap unlocking the withdrawal engine thrust and the aerody-
namic force are actuated, which can be designed on the axis and called respective-
ly as the drag force and the lateral force.

In a plane-parallel statement, the rotational motion equation is:

o

2 =F r+F,- |3+|§ .cos(¢—a)—Fy~1/|f +|§ -Sin(d)—Ot)

¢ = arctg (I—XJ
ly

where | — the moment of inertia of the flap; & — angular acceleration of the flap.
However, these equations do not make it possible to estimate the total thrust of
the rocket engine and other important characteristics, so they need to be supple-
mented.
These parameters can be determined by knowing the work done by external
power factors. Since the flap rotates about the axis O, then the work is determined
by the formula:

|
(4)

A=?Fx(a)-lx(a)da +?Fy(a)-ly(a)da +?Ma(a)da : (5)
0 0 0

The aerodynamic force projections Fy and Fy, as well as the torque Ma, were
determined from computer simulation in the SolidWorks application package. It
allows performing hydro-gas simulations using the Navier-Stokes system [6]. The
projections of the distance from the mass center of the flap to the axis O on the
axis of the coordinate system also depend on the angle a. Here the initial data, as
already mentioned, is the height at which the docking occurs — 1500 m and speed
650 m/s. The atmospheric parameters are taken for the standard model of the at-
mosphere [11, 12] at this height: T = 278,4 K; P = 84559 Pa; p = 1,058 kg/m?. The
simulation is performed in a stationary setting. Since it is not known yet what ac-
curacy is provided in the producing of the fairing surface, it was considered that it
is ideally smooth with zero height of micro-irregularities. The forces from the
pressure of combustion products were also disregarded. This quite a difficult ques-
tion and the interaction of the incoming flow with the flow field from the engine
can be a topic of further research.

Five variants of the partition shape were selected, illustrated in Fig. 4. For the
flap of the fairing with a flat partition, the flow field was simulated with a discrep-
ancy of the rotation angle a equal to 1°. It has been determined the significant
changes in the flow pattern occur during depressurization when flap opens at 1°.
Further, all the flow fields are similar to each other up to the angle 22°, which was
taken as the extreme one for the transition to autonomous flap movement. So it can
be taken smaller samples and interpolate intermediate values by known ones.
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a) b) c) d) e)

a) conical; b) concave conical; c) spherical; d) concave spherical; e) flat.

Fig. 4 — Variants of the protective fairing partition shape

For the flap of the fairing with a flat partition, the flow field was simulated
with a discrepancy of the rotation angle a equal to 1°. It has been determined the
significant changes in the flow pattern occur during depressurization when flap
opens at 1°. Further, all the flow fields are similar to each other up to the angle 22°,
which was taken as the extreme one for the transition to autonomous flap move-
ment. So it can be taken smaller samples and interpolate intermediate values by
known ones. The next step after choosing the best shape is to optimize the size and
placement of the partition. In addition, the autonomous movement of the flap is
described by other equations. It is also advisable to model this motion after select-
ing the optimal shape and size of the fairing partition and determining the engine
parameters.

Research results. The results of computer simulation are projections of
aerodynamic forces and torque. The air pressure distribution patterns for the most
characteristic angles are illustrated in Figures 5 — 9.

a) b) c)
Fig. 5 — The pressure distribution in the symmetry plane at the rotation of fairing flap
with a conical partition at the half-open angle: a)1°; b) 5°; ¢) 22°
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c)
Fig. 6 — The pressure distribution in the symmetry plane at the rotation of fairing flap
with a conical concave partition at the half-open angle: a)1°; b) 5°; ¢) 22°

c)
Fig. 7 — The pressure distribution in the symmetry plane at the rotation of fairing flap
with a spherical partition at the half-open angle: a)1°; b) 5°; ¢) 22°

43



c)
Fig. 8 — The distribution of pressure in the plane of symmetry when rotating the flap of
g;esjair)inzgzowith a spherical concave partition at the half-open angle: a) 1°;
i C
The distribution of pressure in the plane of symmetry for rotating the fairing
with a flat partition at the different half-open angle is shown in fig 9.
As it can be seen from the figures, when the flap (the fairing flap) is opened,

c)
Fig. 9 — The distribution of pressure in the plane of symmetri/) for rotating the fairing
with a flat partition at the half-open angle: a) 1°; b) 5°; ¢) 22
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the flowing stream hits the payload and locally increases the value of the pressure
at the bottom of the fairing under the protective partition. The aerodynamic forces
and torque that arise at this moment counteract the decoupling process only up to a
certain angle of 220, when the mass center of the flap is above the axis of flap ro-
tation (point O). As the angle of rotation continues to increase, they change direc-
tion and facilitate the retraction process. However, there is the great likelihood of a
flap strike the rocket body. The optimal angle can be found from the calculation of
the dynamics of autonomous flap movement.

The work performed by aerodynamic force factors for each partition variant is
shown in table 2.

Table 2 — Aerodynamic power factors for each partition

Ne | Form of protective partition mfeol[ﬁg%ft%;mgdﬁ}lj 'external forces at
1 Spherical 16740
2 Concave spherical 11480
3 Cone 18470
4 Concave cone 22890
5 Flat 22560

According to table, the smallest value of the work is performed by external
forces at the flow over flaps with a concave spherical partition. Therefore, it is ad-
visable to make further calculations with this option for optimal placement and
optimization of the radius of the sphere. In all the calculated variants, except for
the concave cone partition, the projection value Fy is positive. That is, the air, pen-
etrating the fairing, strikes the payload, slows down the speed and at the same time
raises the pressure in the area under the partition. Its size is quite large, that leads
to appearance a force trying to lift the flap up against the stream. This serves as an
auxiliary factor in removing the flap from the rocket body and reduces the engine
thrust used for these purposes. The minimum required thrust value of the engine in
this case is 235.1 kN. Approximately this order of magnitudes was achieved in the
experiments conducted at the experimental station of the Institute of Technical
Mechanics of the National Academy of Sciences of Ukraine and the State Space
Agency of Ukraine

Research results. A method for calculating the basic parameters of a detonat-
ing corded rocket engine for removing the fairing flap from the rocket in flight
conditions in Earth dense layers of the atmosphere is developed. Five types of
flaps with different protective partition are modeled: conical, concave conical,
spherical, concave spherical and flat. The variant with a concave spherical protec-
tive partition was the optimum, in terms of minimum energy costs. Effects for re-
ducing the required thrust of the engine for removing flap from the rocket body
have been found. In all cases, pressure distribution was determined, which further
allows to carry out calculations for strength of sructure. The minimum required
thrust of the corded detonation engine for removal of the flap from the rocket is
determined.
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