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B cTaTtbe oueHnBaeTcsi BO3MOXHOCTb
ucnonb3oBaHus 3D-neyaTn ans
co3naHus pa3Mmeporiogo6Hbix Mmoaene
8J/1IeMEeHTOB PaKeTHO-KOCMUY€CKOM
TexXHUKUN, NPUrogHbIX K yC/10BUSIM
Ha3eMHbIX a3poANHaAMNYeCKUX
ucnbiTaHni. lMony4eHHble pe3ynbTaTbl
Mo3BOJISIIOT CAENaTh BbIBOL

O NepcrneKTUBHOCTU TEXHOJIOrNN
Digital Light Processing (DLP)

un porononumepa HTM-140, nx
CcrnocobHoCTH OTBEe4YaTb TpeboBaHNIM
He TOJ1bKO [0- N TPaHC3BYKOBbIX
PEXUMOB B a3poanHaMn4ecKkon Tpybe,
HO M runep3ByKOBbIX.

Knio4eBble crioBa: pakeTHO-KOCMU4eckas
TeXHWKa, aspoANHaMNYEeCKmue MOoAeu,
NPoOTOTUNMPOBAHNE, TEXHOJI0r M
3D-rneyatu, Ha3eMHbIE UCTIbITAHUS.
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JIs OTIpeIeIeHU Y a3POAUHAMUYECKUX
XapaKTepUCTUK U3AEINN PaKeTHO-
kocmuueckoit TexHuku (PKT) npu

Ha3zeMHOIi 0TpabOTKe UCHOJIb3YIOTCS CIIEL-

anpHble Monenu. K HUM TipenbsBisieTcst psin

JKECTKUX TPEeOOBAHUIA: JOTYCK Ha pa3Mephbl

BHELIHUX 00BOMIOB JOJKEH COOTBETCTBOBATh

5-7 KBanuUTETy, MIEPOXOBATOCTH BHEIIHUX

TOBEPXHOCTE! — YKJIaIbIBaThCS B YCTAHOB-

JeHHBIN npenen Ra < 1,25 MxMm, Momenb

00s13aHa UMETh KaK MOXXHO MEHBIITYI0 MacCy.

W3zrorosnenue moaeneit PKT mist Hazem-

HBIX a3POIMHAMUYECKUX UCTIBITAHUT TTO Tpa-

JAIIMOHHBIM TEXHOJIOTUSIM MAIlIMHOCTPOEHUSI

OCHOBAaHO Ha ME€XaHUYECKOW 0O0paboOTKe Co-

CTaBJISIIONINX AeTajieil. DTo SIBsIeTCS] BeChbMa

TPYIOEMKO# U 3aTpaTHOM 3aaueii, mo3ToMy

OOBIYHBIE TEXHOJIOTUY CTAHOBSITCS BCE MEHEe

MEepPCIEeKTUBHBIMU. [[JI5T INTYYHOTO U MEJIKO-

CepUIiHOrO MPOU3BOJACTBA HauboJjee ONTHU-

MaJIbHOE pELIEHUE — UCTI0JIb30BAaHUE TeHepa-

TUBHBIX TEXHOJIOTUI1, HaripuMep, 3D-mnevyaTu.

B cayyae HEBO3MOXHOCTU U3TOTOBIEHUS

MOJEIN C MMPUMEHEHUEM MEXaHOOOPaOOTKU
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N2 4, C.54-57 (2015)




00J1eryaet BbIXO/ U3 CJIOKMBILIECS CUTYallUU.
CoBpeMeHHbIe TexHoJIoruu 3D-nmpoTtoTunu-
POBaHWUS MO3BOJISIIOT YPE3BBIYANTHO OTePaTUB-
HO ITOJIyYUTh TOYHYIO IeTallb C MUHUMAJTbHBI -
MM 3aTpaTaMu.

CeromHs 0 TeXHOJIOTUSX OBICTPOTO MPOTO-
TUTIMPOBAHUST UMEETCSI MHOTO TOCTYITHOMU
nHOOPMAIN, OTHAKO BBIIETUTH IIPENMYIIIE-
CTBa M HEIOCTATKM KaX IO N3 HUX U BHIOPATh
111 mpousBojacTBa Moaesieil PKT ontumars-
HYIO TIPY OTCYTCTBUM TIPAKTUIECKOTO OITbITA
HepeaabHO. McnbiTanus HanumoHanbHOTO
yIIpaBJIeHUs TI0 BO3AYyXOIUIAaBAHUIO U UCCIIe-
JIOBaHUI0 KocMuueckoro npoctpaHctea CLITA
(NASA) noka3sbIBaloT, YTO TaKue MOJEIU
B OCHOBHOM MOJXOIAT ISl U3YYEeHUS a3POI-
HaMUYecKMX xapaktepuctuk uzneauss PKT
Ha J10- ¥ TPAHC3BYKOBBIX CKOPOCTSIX («XOJIOI -
HBIX PeXXMMax» ), HO U3-3a HU3KOM TEIJIOCTOMN -
KOCTU MaTepUaioB UX UCITOJIb30BaHKE Ha TU-
TEeP3BYKOBBIX peKMMaX UCIBITAHUMA («Topsi-
YUX pexkrMax») HEBO3MOXHO [1].

TTosTomy r1aBHas 3a1aya — BBIOOP MaTepu-
aJ1a ¥ TEXHOJIOTY U3TOTOBJIEHUS a9POAHAMU -
YEeCKUX MOJeJiel, KOTOpble MO3BOJISLIU Obl
MPOBOAUTD UCTIBITAHYS HE TOJIBKO B 10- U TPAH-
C3BYKOBBIX, HO 1 TMUIIEP3BYKOBBIX AMAMa30Hax
cKkopocTtell motoka. BblT MpoBeAeH aHAIU3
TEXHOJIOTUIA, OCHOBAHHBIX Ha (DOTOMOIMMEPH-
3auuu (1asepHasi crepeonutorpadust SLA,
HarbUIeHUE TOJIOBKOI Kareiab cMoibl PolyJet,
cBeTooTBepkIeHue nonrumepa DLP, HaHeceHue
JKUJKOTO PacIUIaBJIEHHOTO MOJEJIBHOTO Mate-
pyaia Win CBS3YIOIIEro COCTaBa C MOMOIIbIO
MHOTOCTpYHBIX rojioBok Multi Jet Modeling),
TEXHOJIOTUIA CTIEKAHUSI IIOPOLIKOB U JIUCTOBBIX
MaTepuasoB (CEJEKTUBHOE JIA3ePHOE CIIEKaHUE
SLS, nocnoitHoe cKieuBaHUE TIJIEHOYHBIX Ma-
tepuasioB LOM), TexHooruii TerioBoii oopa-
OOTKM TBEPABIX MATEPUAIIOB (ITOCJIOHOE HaHe-
ceHue HuTeBuaHoro nojumepa FDM), a Takcke
U Apyrux BuaoB 3D-nevatu [4-6].

W3 aHanmsa TEXHOJIOTUI U, YIUTHIBAS
onbIT NASA, Ui Hallero MccljieJoBaHUs
Obuta BeIOpaHa TexHosnoruss DLP. Tlpu no-
CTPOEHUU MOJEIU MPUMEHSIETCS aKPUJTOBBINA
(otomnonumep, oTBepKIEHUE CIIOEB KOTOPOTO
MPOUCXOIUT MO METOAY MPOELIUPOBAHNS CBE-
TOBBIX MacOK. TOUHOCTb T€OMETPUYECKUX
pa3MepoB, AocTUraemasi mpu 3ToM, YAOBJIET-
BOpSIET TPeOOBAHUSM, TIPEABSIBISIEMBIM K a3-
POIMHAMWYECKUM MOJIEJISIM, a IPUMEHSIEMbIe
maTepuasbl 06JagalT JOCTATOYHON TEIIO-
CTOMKOCTBIO.
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Kopmyc

Tenzoecs

Tlopmens

Puc. 1. Mogenb AGARD-B (komnbloTepHasi,
B pa3pese).

ITo ackm3y, B3sgToMy u3 anbooma AGARD
[3], pazpaboTana KomrbioTepHast 3D-Monenb
AGARD-B, xoTopas Obl1a MCTIbITAHA HA MHO-
TUX a3pOAMHAMUYECKNX YCTaHOBKAxX EBporbl
n mupa. C ucnonb3oBaHueM TexHonorum 3D-
neyatn DLP Ha ycranoBke Ultra 2 ¢upMmbl
EnvisionTEC Hamu M3roroBjiieHa adpoauHa-
MMYecKast MOZIeJTb, TIpeIcTaBJIeHHAasI Ha puc. 1.
Tomnimaa ogHoro ciios coctasiger 100 MKM.
Monenb u3 potonomumepa HTM-140, Teruto-
CTOMKOCTH KOTOpOTo coxpaHsiercs 10 140°C.

TTpu nomo1u mpopunomeTpa Obljia U3Me-
peHa IIepOXOBaTOCTb Ha OXMBAJIbHOM, 11~
JUHIPUYECKON U TOPLEBOMU MOBEPXHOCTIX
B 15 Toukax. MakcumanbHOE 3HAYCHUE IIIe-
poxoBarocTt coctaBuio Ra~0,64 Mxm, Tormoa
KaK MOJIEIN U3 aTIOMUHMS, BBIXOMSIINE W3-
MOJI TOKapHOTO pe31ia Iocjie MeEXaHOo00paboT-
K1, UMEIOT IIEePOXOBATOCTh MUHUMYM
Ra~3,2 MKM M HyXIarmoTcs B MOCIeIyIoLIeit
obpaboTke. TOYHOCTh TEOMETPUYECKUX pa3-
MEPOB COOTBETCTBYET 7 KBaIuTeTy. Bece Tpe-
0OBaHUs B3aMMHOTO PACITOJI0XKEHUS TTIOBEPX-
HOCTEel U TOYHOCTe (OopM COOJIIONEHEI.
[IpoBeneHbI UccaenOBaHUS HAa METaUIOrpa-
¢duraeckoM mukpockone Levenhuk 3L u yib-
Tpa3BykoBoM Aedekrockore Ultrasonic Flaw
Detector A1214 Expert, KoTOpble HUKaKHUX
neeKTOB B BUIIE Ta30BBIX PAKOBUH HE BBISI-
BUWJIH.

Ha asponunamuueckoit yctaHoBke Y-3M
HIHWHWMam ycnenrHo mpouuid UCIbITAHUS
MOJIeJIN TIpU U3MeHeHun yurciia Maxa ot 0,8
1o 1,3 mudmeHeHun yria ataku o ot 0 go +15
TpaIycoB.

JIis janbHEWIIMX UCTIBITAHUI Ha TUITep-
3BYKOBBIX «TOPSTUMX» pexknmax (unciao Maxa
paBHO 6 1 yroJ ataku o.=0°) Ha ycTaHOBKe ¥Y-6
LIHHW Wmai ncrionb3oBajiach TOJIBKO HOCOBast
oxuBaibHaga yactb Moneau AGARD-B.
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Bu3yanbHbIiI OCMOTp IOC/E 3aJaHHBIX
PEXMMOB HUKAKKX Ae(EeKTOB MOJE/IN HE I10-
Ka3ajl. KOHTposibHbIE U3MEPEHUST FEOMETPU -
YeCKUX (pOpM U TeMITepaTypPHOTO KOPOOJICHMS
IMOBEPXHOCTU OTKJIOHEHUI HE BBISIBUJIN.
CreneHb TOYHOCTU JIMHEMHBIX pPa3MepoB
U LIEPOXOBATOCTh MOBEPXHOCTEN OCTAIUCH
B IIpeiesiax TpeOOBaHUI K MOJEIIH.

BbiBOAbl

AHanu3upys IpeacTaBieHHbIe MaTepua-
JIbI, MOXXHO KOHCTaTUPOBaTh, YTO UCIIOJIb30-
BaHue texHonoruu DLP n dporononnmepa
HTM-140 nipu u3roToBJIeHUM MOIEJIei die-
MEHTOB PaKeTHO-KOCMUYECKON TEXHUKU
I03BOJISIET CO3[aBaTh [IPOTOTUIII, IIOJTHOCTHIO
COOTBETCTBYIOLIME MIPUHSITHIM TPEOOBAHUSIM
JUTSI UCTIBITAHUI B a3pOAMHAMUYECKHX TpyOax
Ha JI0- ¥ TPAHC3BYKOBBIX pexkumax. [1pu mpo-

BEICHUU «TOPSTINX» (TUTIEP3BYKOBBIX) UCITHI-
TaHWUU OXUBaJIbHOM yacTu Momean AGARD-
B martepnan HTM-140 He moTepsa cBoOuU
(GU3MKO-MeXaHNYeCK1e CBOMCTBA M He ObLI
TOIBEPKEH TeMIIepaTypHOMY KOPOOJICHMIO,
YTO TTOATBEPKIACT BO3MOXHOCTD TIPUMEHE-
HUS IJIS1 TAKUX UCTIBITAHUI MOJIeJIel TUIIa Tel
BpaIlleHUS.
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ABSTRACT

The article briefly evaluates the use of 3D-printing
to create size-similar models of rocket and space-
crafts’ elements suitable for conditions of aerody-
namic ground testing. The practices of NASA regar-
ding generative technology for aerodynamics simula-
tion are considered. The authors built a model using
AGARD calibration models, 3D printer Ultra 2 of

EnvisionTEC, Digital Light Processing (DLP) and pho-
topolymer HTM-140. Next described step was mod-
el’s fault detection and analyze of roughness of sur-
face layer. The results obtained enable to conclude on
the potential of Digital Light Processing (DLP) technol-
ogy and photopolymer HTM-140, their ability to meet
the requirements for not only sub- and transonic
modes in a wind tunnel, but also hypersonic.

Keywords: rocket and spacecrafts, aerodynamic model, prototyping, 3D-printing technology, ground

tests.

Background. To determine aerodynamic
characteristics of rocket and spacecrafts (hereinafter-
RS) for ground tests special models are used. They
should meet a number of stringent requirements:
outer contours’ dimensional tolerances must comply
with 5-7 class of accuracy, roughness of outer
surfaces fitinto the set range Ra <1.25 um, the model
must have the lowest possible weight.

Production of RS models for aerodynamic ground
testing on traditional mechanical engineering
technology is based on mechanical processing of
component parts. It is a very time-consuming and
cost-intensive task, so conventional technologies are
becoming less promising. For single-part and small-
series production the best solution is the use of
generative technologies, for example, 3D-printing. In
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case of impossibility of manufacturing a model with
machining due to complex-shaped products 3D-
printing facilitates the solution of this problem. Modern
technologies of 3D-prototyping enable very quickly
to get a precision component detail with minimal
costs.

Today, a lot of information on technologies of rapid
prototyping is available, however, it is unreal to
highlight advantages and disadvantages of each of
them and to choose an optimal one for production of
RST models in the absence of practical experience.
Tests of National Aeronautics and Space Administration
(NASA) show that such models are generally suitable
for the study of aerodynamic characteristics of RST
product at sub- and transonic speeds («cold mode»),
but because of low heat resistance of materials their

Kulikov, Mikhail Yu., Larionov, Maxim A., Gusev, Denis V. 3D-Print Technology for Aerodynamic Models
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use in hypersonic test mode («hot operation mode»)
is not possible [1].

Therefore the main task is a choice of materials
and manufacturing technology of aerodynamic
models that would enable to carry out tests in not only
sub- and transonic, but also in hypersonic range of
flow rates. An analysis was made of technologies
based on photo polymerization (laser stereo
lithography SLA, spraying of drops of gum PolyJet,
digital light processing DLP, application of liquid
molten modeling material or binder composition using
multi-jet heads Multi Jet Modeling), technologies of
sintering of powders and sheet materials (selective
laser sintering SLS, laminated object manufacturing
LOM), heat treatment technology of solid materials
(fused deposition modeling FDM), as well as other
kinds of 3D-printing [4,5,6].

Objective. The objective of the authors is to
consider possibilities of application of 3D-printing
technologies in the field of rocket and spacecrafts
modeling.

Methods. The authors use general scientific and
engineering methods, modeling, comparative
analysis.

Results. From the analysis of technology and,
given the experience of NASA, for our research DLP
technology was selected. In constructing the model
an acrylic photopolymer is applied, hardening the
layers of which takes place using the method of light
masks projecting. The accuracy of geometric
dimensions, achieved at the same time meets the
requirements for aerodynamic models and the
materials used have sufficient heat resistance.

In the sketch, taken from the album AGARD [3] a
computer 3D-model AGARD-B was developed, which
has been tested on many wind installations in Europe
and the world. With the use of 3D-printing technology
DLP on the installation Ultra 2 of the firm EnvisionTEC
we made aerodynamic model, shown in Pic. 1. The
thickness of one layer is 100 um. Model is made of
photopolymer HTM-140, heat resistance of which
retains up to 140°C.

Using a profilometer roughness was measured on
ogive, cylindrical, and end surfaces at 15 points. The
maximum value of roughness was Ra~0,64 um, whereas
the model of aluminum, coming out of the turning tool
after mechanical processing have minimum roughness
of Ra ~ 3,2 um and require further processing. The
accuracy of geometric dimensions corresponds to 7
class of accuracy. All requirements for relative position
of surfaces and form accuracy are met. Researches
were carried out on metallographic microscope
Levenhuk 3L and ultrasonic flaw detector Ultrasonic Flaw
Detector A1214 Expert, that did not detect any defects
as gas blowholes.

On the aerodynamic installation U-3M of
TsNIIMash were successfully tested models in the

body

strain-gage weigher

piston

Pic. 1. Model AGARD-B (computer, in section).

change of Mach number from 0,8 to 1,3, and the
change in the angle of attack o. from O to +15 degrees.

For further tests in hypersonic «hot» modes (Mach
number is 6, and the angle of attack a. = 0 °) on the
installation U-6 of TsNIIMash only nose ogive part of
the model AGARD-B was used.

Visual inspection after testing specified modes
did not show any defects. Control measurements of
geometric shapes and thermal warping of surface did
notidentify any deviations. The degree of dimensional
accuracy and surface roughness were within the
requirements for the model.

Conclusions. Analyzing submitted materials, we
can state that the use of DLP technology and
photopolymer HTM- 140 in the manufacture of models
of rocket and spacecrafts’ elements of enables to
create models, that fully meet relevant requirements
for testing in wind tunnels in sub- and transonic
modes. During «hot» (hypersonic) tests of ogive part
ofthe model AGARD-B material HTM- 140 did not lose
its physical properties and has not been exposed to
thermal warping, which confirms the possibility of
applying for «hot» (hypersonic) tests of models such
as bodies of rotation.
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