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ABTOpamMu CcTaTby NpepJiaraeTcsl BbICOKONPOM3BOAUTEIbHOE YCTPOMCTBO A1 MOAAa4M XXUAKOro peareHTa
B YCTaHOBKY AJ11 XMMW4YEeCKOro OCaXX[AeHUs BbICOKOYMCTOro KBapua B nnameHu. Mopaya kuakoro
KpeMHUIcoaepXKallero peareHTa oCyLLLeCcTB/IsSeTCs NyTeM nNpeo6pa3soBaHUs ero B a3po30/ib NPU MOMOLLM
A3poANHAMMNYECKOro pacnbUIUTeNs C MJI0OCKMM COMJIOM JlaBansi C BHYTPEHHUM TenoM. PaspaboTaHHas
KOHCTPYKLUS NO3BOJISIET JOCTUYb 60/bLUMX PACXOA0B XKMUAKOrO peareHTa nyteM M3MeHeHUs ceYeHun
conna pns peryiMpoBKUM CKOPOCTU rasa-pacnbiiutens. NpeanoXxeHHass KOHCTPYKUUS OTIN4aeTcs
601ee BbICOKOM TEXHOOMMYHOCTbIO M NMPOCTOTON MU3MEHEHUS pacxofa peareHTa B LUMPOKUX Npegenax,
B OT/INYME OT pacnpocTpaHeHHbIX KOaKCUaJIbHbIX KOHCTPYKLUIA conen.

The authors propose a high-performance device for supplying a liquid reagent for the
chemical vapor deposition of high-purity quartz. The liquid silicon-containing reagent is
supplied by converting it into an aerosol using an aerodynamic nebulizer with a flat Laval
nozzle incorporating an internal body. The developed design allows of achieving a high flow
rate of the liquid reagent by changing the nozzle cross-sections so as to adjust the speed
of the nebulizer gas. The proposed design features higher manufacturability and simple
adjustment of the reagent flow rate over a wide range, as distinct from the common coaxial
nozzle designs.

BBEAEHWUE rnapa IIpd CPaBHHUTEJIPHO HU3KHUX TeMIIlepaTypax

CYIHOCTb IIPOLECCOB XUMHUYECKOTO OCaKAEeHHUS
13 ra3oBoi pa3sel, uiau CVD-mIporeccoB (KaK UX IIPH-
HSTO Ha3bIBAaTh B MUPOBOM JTHTEpaType U IPpak-
THKe) COCTOUT B IIOJIyUeHUH BeIleCTB B TBEPAOM
COCTOSIHMM 3a CUeT XMMHUYECKUX IIpeBpallleHUM
peareHTOB, OJHOBPeMEeHHO I10JlaBaeMBbIX B peak-
LUOHHBIH 06beM (peakTop) B ra3006pa3HoOM HUIH
IJIa3ME@HHOM COCTOSIHMHM. O4eBUIHO, UTO B Cllydae
peareHTOB, HAXOASIIUXCS IIPU HOPMaJIBHBIX yCJIO-
BUSIX B Ta3000pa3HOM COCTOSSHUH M/ XapaKTepu-
3YIOIIKMXCSI BBICOKUM [JaBJeHHEeM HaChII[eHHOIO0

(mo 100 °C), cucTeMa Homaudu peareHTOB fABJIIETCA
JOCTATOYHO MNPOCTOM. OZHAKO B IIOCTeAHHE TOJbI
BO3pOC MHTepeC K NPUMeHeHHUI0O OTHOCUTEJIbHO
HeOPOrUX MeTa/JJIOOpraHUYeCKUX COeJUHEHUH,
06amaroM X HU3KOM JIeTY4eCThIo, a IJIsl CO3MaHUS
IpHUeMJ/IeMBIX C TOUKH 3peHHs [IPOU3BOLUTEIbHO-
CTH IIpoLiecca apLiHaJbHBIX JaBIeHUH TpebyrTCs
TeMIlepaTypsl, mpesbimarmue 300 °C, yTo IIpu-
BOJUT K PE3KOMY YCIOKHEHHIO UCIIAPUTETbHBIX
YCTPOMCTB M HarpeBy BCeX TPAHCIOPTHBIX MaTH-
CTpajel AJis NpefoTBpallleHUs KOHJeHCAlLIUH.

MpobnemHas Hay4HO-MCCnepoBaTeNbCkas 1abopatopus, MHCTUTYT MaLLMHOCTPOeHMA, MaTepuanos 1 Tpancnopta Cr6MY Metpa Beaunkoro / Problem
Research Laboratory of Institute of Machinery, Materials and Transport of Peter the Great St. Petersburg Polytechnic University.
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Kpome Ttoro, cymectByeT psan CVD-mpoiieccos,
HaIllpuMep XHUMHYecKoe ocaxkAeHHe 0c060 4HCTOro
KBapLeBOTro CTeKJa B IIJJaMeHH BOJOPOJHOM
ropenKkH, TpebyOIMKUX 3HAUUTETbHBIX PACXOMI0B
KpeMHUNCOAepsKamiero pearesTa (o 1 kr/4), KoTo-
poe HeBO3MOKXHO obecreuyuTb, IPUMEHSIST 00bIU-
Hble McIapuTean 6apboTa>kHOTO UM 3epKalb-
Horo Tuma [1]. B 3Toi CBA3H /ISl pellleHU s Mox#06-
HOTO pOfa 3aad OIIMPOKO IPHUMeHseTCs Mojada
peareHTOB B PeakTop B BHU/Jle a3p030jIeH, FeHepU-
PYeMBIX C IIOMOIIbI0 PA3JMYHOrO THIA Hebynan-
3epoB, KallJIu KOTOPBIX II0Ia/lal0T B HAarpeBaeMyIo
30HY U OBICTPO MepeXoAsiT B mapoobpasHoe cOCTOS-
Hue (2, 3]. YabpTpa3ByKoBble Hebynati3epsl Haubonee
pacmpocTpaHeHEl B CUCTeMaXx I0/laul peareHTOB
st peanusanuu CVD-IIpoiieccoB ocakgeHU sl TOH-
KUX IIJIeHOK [4, 5], 0lHAKO OHU XapaKTepHU3yTCs
HHU3KOM IIPOM3BOJUTENbHOCTbIO U OTPAHUUYEHHBIM
IepHOJOM BpeMeHHU HellpepbhlBHOM paboTsl. B ciy-
4yae CVD-mporieccos, IIpegHasHaYeHHbBIX [JIs 101y~
YeHHUS CHHTe3UPOBAHHOIO MaTepHasa ¢ 601bIIOkN
CKOPOCTBIO M B 3HAUUTEJNbHBIX KOTUYECTBAX, HAU-
OOJIBIIN I HHTepeC IPeACTaBISIOT A9POAUHAMUYe-
CKHe pacIbplInuTenu [4].

B aspomrMHaMHYeCKHUX PAaCIBIIMTeNsIX OTPBIB
Karesb NIPOUCXOJHUT IIPH BO3JeMCTBUHU JUHAMHU-
4eCcKOoro (CKOPOCTHOI0) Halopa rasa, mpoxosiInero

yepes 3JeMeHThl IPOTOYHOM YacTH, a H3MeJlb-
YeHHe KalleJib IPOUCXOAUT 3a CUeT TypOyneHT-
HBIX IYJIbCAIMH. A3POJMHAMHUYeCKHe PaCIblIN-
TeJIM MOKHO YCJIOBHO Pa3/le/IMTh Ha CleJyooIliue
TPYIIIBL: CTPYHHBIE, YAAPHO-CTPYHHBIe, LIeHTPO-
besxHBble, IIeHTPoOeXXHO-CTPYHHBIE U C coyaape-
HueM cTpyH [4]. CTpyHHBble POPCYHKH IIPeCTaB-
NS0T c060M HacaJKHU C OTBEPCTHUSIMHU Pa3/TIUUHOU
$OPMBI M paCIlONIOKeHHU I, Yepe3 KOTOPble IIPOKC-
XOJHUT MCTe4YeHHe CTPYH KHUIAKOCTH. B ymapHo-
CTPYHHBIX QOPCYHKAX paclblleHHe NPOUCXOLUT
3a cyeT yapa CTPyH O PacIloJoKeHHBIH HAIIPOTHUB
comsa oTpaxkaTenb. lleHTpobeskHble GOPCYHKHU
MMeIT TaHTeHIHa/IbHble BXOJHble OTBepCTHS,
3aBUXPHUTeNb (MO0 CIMPaTbHBIA KaHa), 0fa-
IOIU M SKUAKOCTh B BUJe IIJIEHKH, KOTopas Bpa-
IaeTCst BOKPYT IIPOAOJIBHON oCH. LleHTpobeskHO-
CTPyHHBIe GOPCYHKHU OTIMYAIOTCS OT LIeHTpobesK-
HbIX QOPCYHOK HaJlH4YHeM [BYX BpalllaloIKXCs
IIOTOKOB, MOJaBaeMBLIX B KaMepy CMelleHHS.
PaboTa pOpCyHOK C coyapeHHeM CTPYH OCHOBaHa
Ha CTOJIKHOBEHHH HECKOJIbKHX CTPYH, BBITEKA0-
KX U3 [IepeceKaroMMuXCsd HacaJoK. B 3aBMCcHMMO-
CTH OT IPUMEHSIeMOT0 ra3a BO3MOXHO Kak co3a-
HHe paclblIMTe e C MaJIOH KM TOYHO LO3UPyeMOU
rofadven peareHTa, TakK U BHICOKOIIPOM3BOJHUTE/Ib"
HBIX CHUCTeM [3-5].

INTRODUCTION

The essence of the chemical vapor
deposition processes, so called
CVD-processes, is to prepare sub-
stances in a solid state as a result
of chemical transformations of
reagents supplied to the reactor
volume simultaneously in gase-
ous or plasma state. Obviously,
the system to supply the reagents
is definitely simple in the case
when reagents that are in gase-
ous state under normal conditions
or are characterized by a high sat-
urated vapor pressure at compar-
atively low temperatures (to 100
°C). However, interest to relatively
inexpensive organometallic com-
pounds with low volatility grew
continuously for years. Still, in
order to ensure the acceptable par-
tial pressure process productivity,

it is necessary to obtain tempera-
tures higher than 300 °C and man-
ufacture complicated evaporating
devices wherein all transport lines
are heated to prevent condensa-
tion. Besides, there exist a number
of CVD-processes, such as chemi-
cal deposition of ultrapure quartz
glass in a hydrogen burner flame
requiring significant expenditures
of a silicon-containing reagent (up
to1kg/h) which cannot be achieved
using conventional bubble or mir-
ror evaporators [1]. Hence, in order
to solve similar problems wide
use is made of the supply of rea-
gents in kind of aerosols generated
with nebulizers of different types
wherein aerosol drops come to a
heated zone and are transformed
to a vapor state [2, 3]. Ultrasonic
nebulizers are mostly used in the

reagent supplying systems to pro-
vide for CVD-processes of films
deposition [4, 5], but they are char-
acterized by low efficiency and
limited period of continuous oper-
ation. The most interesting are the
aerodynamic nebulizers [4] used in
CVD-processes to synthesize mate-
rials at a high rate and in signifi-
cant quantities.

Detachment of drops in aero-
dynamic nebulizers occurs due to
the dynamic (high-speed) head of
gas passing through the elements
of the flow part and breaking of
drops is a result of turbulent pul-
sations. Aerodynamic nebulizers
can be divided into the following
groups: jet, shock-jet, centrifugal,
centrifugal-jet and impact jets [4].
Jet nozzles present tips with holes
of various shapes and arrangement
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OOHUM K3 BapUAHTOB MCIIOJHEHUS CTPYHHOM
dOpCYHKH SB/IsIeTCS CBePX3BYKOBOe COIIO (COIJIO
JlaBans), B KOTOPOM HCTe4deHHe ra3a IIPOHCXO-
OUT CO CKOPOCTSIMH, MPeBHIIAIOIMMH CKOPOCTh
3ByKa. TakHe KOHCTPYKILMU HAIIIH IIHPOKOe IIPU-
MeHeHHe B pa3HOOOpa3HBIX aTOMHO-aACcoOpOIIHOH-
HBIX CIIeKTPOMeTpax, IpUUeM IIpPeuMYyLleCTBeHHO
HCIIO/Ib3YIOTCSI KOAKCHAJIbHbIe KOHCTPYKILIKMH, obpa-
30BaHHEIE ByMS BCTPEUHBIMHU KOHYCAMH C KOJIbIle-
BBIM 3230POM MaJIOM IIMPHUHBI, KOTOpPBIe 06pa3yoT
IIPOTOYHYIO 4acTh coma [6]. K HemocTaTkaM Koak-
CHATbHOM KOHCTPYKLHUHU MOXKHO OTHECTH CJIOXK-
HOCTb B U3MEeHeHUH TeOMeTPUU IPOTOUHOM YacTHU
IIPU HeoOX0AMMOCTH HAaCTPOMKHU coIla (Tpebyercs
HM3TOTOBJIEHHEe HOBBIX 3JIeMeHTOB, 06pa3ymoImux
70- U CBEPX3BYKOBOM KOH(QY30PhI) U BEICOKHE Tpe-
60oBaHM S K TOUHOCTH U3rOTOBJIEHUS U COOPKHU H3-3a
MaJbIX 3a30poB. IIJI0CKHe KOHCTPYKLHUU a3POgH-
HaMHUYeCKHUX PacHOblINTeIer MeHee paclnpocTpa-
HeHBI, OTHAKO IIPe/ICTaB/SIIOT HUHTepeC B CBSI3U C UX
OTHOCHUTE/IBHOM IIPOCTOTOM, KPOMe TOTO HX H3TO0-
TOBJIEHHE BO3MOKHO 6e3 IpUMeHeHHU s TPYA0eMKHX
TeXHOJIOTHYeCKHUX OIlePaLlhH.

Llenpro HacTosmeln paboTel cTana paspaborka
KOHCTPYKLIUH a3pOAHUHAMUYECKOT0 PaCIIblINTeNS
Ha OCHOBe IIJIOCKOTO coIljia JIaBans c BHYyTPeHHUM
TesoM, obecrmeuynBaIOLIero BEICOKYIO MPOU3BOLH-
TeJIbHOCTb U BO3MOKHOCTb PeryJIMpOBKH pacxoia
pacmelIsieMOM KUAKOCTH B MIMPOKMUX Ipefenax.
Kpome Toro, 115 IOATBEeP>KIeHU I KOHCTPYKTOPCKHX
Y IIPOBEPOUHBIX PACUeTOB IIJTAHUPOBAJIOCH SKCIIEPH-
MeHTa/IbHOe HCIIbITaHHe IPOTOTHUIIA PACIbIIUTENS

Ui momadu ¢ bonpmum pacxomom (mo 300 mi/4)
KpeMHHUHCOAepsKalllero BellecTBa ~ JleKaMeTHIILIH-
KJIOIIeHTACHUJIOKCAHa, SB/SIOLerocs MepcrekKTUB-
HBIM peareHTOM /i CUHTe3a BBICOKOKadeCTBeH-
HOI'0 KBaplLieBOro CTeKJa B BOJOPOJ-KHCIOPOAHOU
ropesike. AHa/JIM3 TUTEPATYPHBIX SJAHHBIX [I0KA3BI-
BaeT, YTO OOBIUHO IIPU KUCIIONb30BAHUHU BOLOPOJ-
KHCJIOPOJHBIX FOpPeJIOK /51 CHHTe3a KBapLeBOro
CTeKJa U3 KpeMHUHOPraHUYeCKHUX peareHTOB IIpH-
MEHSIIOTCS PAaCXOAbI ra3a B fuarnasoHe 10-30 1/MUH
Ha Ka’XAYI M3 FOpPejoK B 3aBUCHMOCTHU OT KOH-
CTPYKLHUHU peaKTopa. B 3TOM CBA3U IIpU CO3LaHUHU
IIPOTOTHIIA PAaCHbIINTeNS ObII 3aJaH PACX0[ rasa-
pacmeuiuTens no 20 JI/MUH, IpU 3ToM obecIiedn-
BaJICSI pacxof peareHTa f0 300 mi/4.

ONMUCAHUE KOHCTPYKLIUU PACIIBUINTENS
Ha puc.l npeacTaBieHBl H300paskeHUs pa3pabo-
TaHHOM KOHCTPYKI MM PaCIBIIUTE/Ns, IpelcTaB-
nsromero cobor ocHoBaHUe | C KAHAIOM, BHYTpPeH-
Hee TeJIo 2, obpa3yroliee BMeCTe C IIPSIMOYTONIBHBIM
KaHaJIOM NPOTOYHYIO YacTh COIJA, IIePexXofHYI0
BTY/IKY 3 ¥ QUKCHPYOLYIO TakKy 4, Hanu4ue BHY-
TPeHHero Tejla yIIpollaeT II0[BOJ peareHTa U [103B0O-
nsileT U3MEHSTh KOJTHYeCTBO MOJAIOIIUX OTBEp-
CTHUI IyTeM IePeKPhITHUS YaCTHU U3 HUX IIPHU Heob-
XOJMMOCTH, UTO PacIIUPsieT BO3MOKHOCTH Peryyam-
POBKH pacxofia pacIblIsieMOro peareHTa B INHPOKKX
npepenax.

[110CKUH KaHaJI coIlia 06pa3oBaH CTEHKAMU OCHO-
BAaHMUS U BBICTYIIAaMHU BCTAaBKH, KOTOPbIe 33/1al0T I'eo-
METPHIO CY>KAIOIIeHCsl U PAaCHIMPSIOIIHCS YacTeu.

through which liquid flows pass.
Spraying in shock-jets occurs due
to impact of flow on the reflec-
tor placed in front of a nozzle.
Centrifugal nozzles have tangen-
tial inlets and a swirler (or a spiral
channel) supplying liquid as a film
that rotates around the longitudi-
nal axis. Centrifugal jet nozzles
differ from centrifugal nozzles by
two rotating flows supplied to the
mixing camera. Operation of the
impact-jet nozzles is based on col-
lision of several flows coming from
intersecting nozzles. Depending
on the applied gas, it is possible
to manufacture both nebulizers
with a small and precisely metered

reagent supply or high-efficient
supply systems [3-5].

One type of the jet nozzle is a
supersonic nozzle (Laval nozzle) in
which gas outflow exceeds a speed
of sound. Such designs have a
wide application in various atomic
adsorption spectrometers, firstly,
in coaxial systems formed by two
opposite cones with a small annu-
lar gap of narrow width, which
forms the flow path of the noz-
zle [6]. Coaxial design has a num-
ber of disadvantages such as com-
plexity of changing the flow path
geometry and necessity to adjust
the nozzle (it is required to manu-
facture new elements for sub and

HAHO MHOYCTPHA Tom 13 Ne 5 (98) 2020

supersonic confusors) and high
requirements to production and
assembly due to small clearances.
Flat designs of aerodynamic nebu-
lizers are less used; however they
find their application due to rela-
tive simplicity and a possibility to
be manufactured without labour-
intensive technological operations.

The aim of this work was to
develop a design of an aerody-
namic nebulizer based on a flat
Laval nozzle with an inner body
that ensures high productivity and
a possibility to adjust the sprayed
liquid flow in a wide range. In
addition, to confirm the design
and verification calculations, it
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Puc.1. Obwul 8ud pacneiAnumeasi ¢ nAockum conaom Jlasans
C 8HYymMpeHHUM meAnom

Fig.1. General view of an nebulizer with a flat Laval nozzle and the
inner body

KOHCTpPYKLHUS JOIyCKaeT IpUMeHeHHe CMeHHBIX
IIPOTOYHBIX YaCTeM IS peryJIupPoOBaHUS pacxona
KaK HecCyIllero rasa, Tak 4 peareHTa. B co3gaHHOM
nabopaTopHOM MaKeTe OTCYTCTBYeT BHEIIHUI rep-
MeTHYHBIH KOPITYC, KOTOPBIH HEOOXOMUM JJIs yCTPpa-
HeHU s IPOTedeK KUAKOCTH Yepe3 pa3beM B KOpITyce
(Ha MakeTe yCTAaHOBJIEHO YIIJIOTHeHUe). [Ipu Hanu-
YUY BHEIIHEero KOpIyca BO3MOKHO CHUKEHHe TOU-
HOCTH KM3roToBieHus be3 ymepba gis paborocmo-
CO6HOCTH, TaK KaK BBITEKAONAsl H3-3a HeTepMeTHY-
HOCTH PaCIbUIUTeNs SKUAKOCTD bymeT cobupaTscs
B Hapy>KHOM KOPpIIyce U He 6yzmeT BIUSITh Ha paboty
ycTporcTBa. KOHCTPYKI M PacIblIIUTeIsl BBIIIOI-
HeHa U3 HepKaBelollel ctanu 08X18H10 u JIOITyCKaeT
pacrosyiokeHHe B HeIlOCPeCTBeHHON 61M30CTHU

OT peaKkTopa U TOPeJIOK J/Is IToJA4YU a3Po30J1s B peak-
LIMOHHYIO 30HYy HJIM HCIIapUTe/lbHble KaMephl rope-
JTIOK. JIJIS yy4IllleHU sl yCTOMYHUBOCTH PabOThL U O HO-
PONHOCTH IOAAYM peareHTa cO3[aeTCsl YCTOMYHBaAS
Y IPOTsIKeHHas 30Ha pa3peskeHUsI B IPOTOUYHOM
YaCTH COIlIA JJISI IIOCTYIIJIEHUSI peareHTa, Pa3Mepbl
KOTOPOI OLleHUBAJIMCh C IPHMeHeHHeM YHCIeHHOT0
MOJIeTUPOBaHHUSI.

METOZIUKA PACHETOB U SKCMEPUMEHTA/IbHDIX
NCCNEAOBAHMUN

B paboTe KCII0Jb30BaIOCh YHCIEHHOE MOLEIUPO-
BaHHe MeTOJOM KOHEeUHBIX 3JIeMeHTOB B IIaKeTe
COMSOL Multiphysics, Bki1lo4alomee pacueT Teqe-
HHUS BS3KOTO CCKMMAaeMOTO ra3a ¢ MOJesablo Typ-
byneHTHOCTH SST B HU3KOPEHHOJIBACOBCKON CTa-
LIHMOHAPHOM IOCTaHOBKe. [a3-pacHOBIIUTeNb
(pabouas cpema) - KHUCIOpPOX C TeMIlepaTypoH
Ha Bxone 300 K, maBieHue Ha Bxoze (M30bITOUHOR)
M3MeHSIJIOCh B IMama3oHe oT 110 3 aTM. Beibop kuc-
nopona obycaoBieH ero 6onpInei MONIeKyISIPHOM
MaCCOH M MJIOTHOCTBIO II0 CPAaBHEHHIO C BOJOPO-
oM. M3MeHeHMe CBOMCTB pabouert cpe/ibl B 3aBHUCH-
MOCTH OT TeMIIePaTyPhl U JaBJIeHUs YUUTHIBAI0Ch
C IpUMeHeHHeM MHOIOIlapaMeTpPHUUecKOoro ypas-
HEeHHUS COCTOSIHUS BeHenukra - Bebba - PybuHa.
JlaHHBIe 33/1aBa/IMCh IIPU ITOMOIIM Tabnu1y 6K61r0-
Teku Refprop NIST. IIpu pacueTe TedeHH S KUAKO-
CTH 4Yepe3 MOoAAIHe OTBePCTHUS CBOKMCTBA KHUAKO-
CTHU (MeCTHas CKOPOCTb 3BYyKa, BS3KOCTh, IIOBEPX-
HOCTHOe HaTs’KeHHe, IJIOTHOCTH) TaK Ke 3aja-
Banuch U3 6ubnuorexu Refprop NIST nns ydera

was planned to experimentally
test a nebulizer prototype for sup-
plying a silicon-containing sub-
stance at a high flow rate (up to 300
ml/hr) - decamethylcyclopentasi-
loxane, which is a promising rea-
gent for synthesis of high-quality
quartz glass in an oxygen-hydro-
gen burner. Analysis of literature
data shows that usually, when
using hydrogen-oxygen burners to
synthesize silica glass from orga-
nosilicon reagents, the gas flow
rates in the range of 10-30 l/min
are used per each burner, depend-
ing on the design of the reactor.
In this regard, when creating a
prototype of the nebulizer, the

nebulizer gas flow rate was set to
20 l/min, while the reagent flow
rate was up to 300 ml/h.

DESIGN OF THE NEBULIZER

Figure 1 presents images of the
developed design of the nebulizer
which consists of base 1 with a
channel, internal body 2, which
forms, together with a rectangu-
lar channel, the flow part of the
nozzle, adapter sleeve 3, and fix-
ing nut 4. Presence of the inter-
nal body simplifies supply of the
reagent and allows of chang-
ing the number of supply holes
by overlapping some of them if
necessary, which expands the

possibilities of adjusting the flow
rate of the sprayed reagent over a
wide range. Base walls and sleeve
protrusions form a flat channel
preset geometry of the converg-
ing and diverging portions. The
design allows of using changea-
ble flow parts to control the flow
rate both of the carrier gas and
the reagent. The created labo-
ratory model lacks an external
sealed case, which is required to
eliminate liquid leaks through
the case connector (a seal is
installed on the model). If the
external case is used, it is pos-
sible to reduce the manufactur-
ing accuracy without affecting
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Kocble ckayku ynaoTHeHNs
Oblique shock waves

Puc.2. PacnpedeneHue yucaa Maxa 8 NnpomouHol Yacmu pacnblaumens
Fig.2. Distribution of the Mach number in the flow path of the nebulizer

Ter1oBbIX 3dHeKTOB. BbIOpaHHBIN HUATIa30H AaBIIe-
HM4 rasa CBs3aH ¢ HeoOXOLHMOCTbIO obecrIeyeHUs
CBEPX3BYKOBOT'O TeUeHHU s B KaHaJIaX COIlIA, a TAKXKe
BO3MOXKHOCTH PaboTHI IIPU IIepeMeHHOM /IaBJIeHUHU
rasa Ha Bxogze. [eoMeTpHs KaHaaa MOACTPAUBA-
eTcst TAKUM 06pa3oM, 4TO6HL B CpeJHEH IIJIOCKOCTH
CeueHUs KaHaJa fOOUTHCS MepeoTPaskeHUS CKauKa
YVIJIOTHEHUS 32 KPUTHUUYECKHUM CedeHHeM COIlIa
Y T0OUTHCSI MAKCHUMAJIbHOTO yBeIUYeHHU I 30HBI Pas-
PSIKeHHUSI. YBe/TMUYeHHe IIPOTSIKeHHOCTH 30HbI Pa3-
PSKeHHU ST Heo6XOAUMO sl TOr0, YTOOBI TTOABOL S
IIKe OTBEPCTHUS A/ PACIIBIIsSIeMOU SKUIKOCTH BCe
BpeMs OCTaBaJIUCh B 06/1aCTH HU3KOTO JaBIeHUS
IIPHU IY/IbCAIUX [I0TOKA, U UCTeYEeHUE peareHTa
651710 60/1€€ PABHOMEPHBIM.

PE3YJ/IbTATbI PACYETOB
B xole MomelHPOBaHHUS B KaueCTBe PacueTHOM
obmactu 6p1a BEIOpaHa [MONIOBUHA KaHaIa B CBSI3U
C CMMMeTpHel YCTPOUCTBA. B cedeHHUH, Ky/a BhIBe-
IeHBl OTBEPCTHS A/ PACIBIAseMOMN KUAKOCTH,
IpoBeJeHa IJO0CKOCTb, HAa KOTOPOM IIOCTPOeHBHI
HUKeCcaenylouue pacipefeieHus IapaMeTpoB
[10TOKA. B X0o/e pacyeToB IIPOM3BOJM/IOCH H3MEHe-
HHe yIjaa J0- ¥ CBePX3BYKOBOI0 KOHQY30pa /i cMme-
IeHU s CKa4yKa YIJIOTHEHHS 32 KPUTHYECKOe ceye-
HHe coIa (IoJ KPUTUUYeCKUM IIOHHMAaeTCs ceve-
HHe C MUHKHMaJIBHOM IIJI0Iabio [6]).
Busyanusauusga pacrpepeeHus 4yucia Maxa
B IIPOTOYHOK YaCTH COILJIA IIPeJCTaB/AeHa Ha pHUC.2.
Pe3ynbpTaThl pacyeToOB YKa3blBAaIOT Ha HaJlW4yHe

the performance since the liquid
leaks out of the nebulizer will be
collected in the external case and
will not affect the operation of
the device. The nebulizer is made
of stainless steel 08X18H10 and
can be located in the immediate
vicinity of the reactor and burn-
ers to supply aerosol to the reac-
tion zone or evaporation cham-
bers of the burners. To improve
stability of operation and uni-
form supply of the reagent, a sta-
ble and extended rarefaction zone
is created in the flow path of the
nozzle for the reagent supply, the
zone dimensions were estimated
using numerical simulation.

CALCULATION METHODS AND
EXPERIMENTAL RESEARCH

In this work we used a numeri-
cal simulation by the finite ele-
ment method in the COMSOL
Multiphysics package, which
includes calculation of a viscous
compressible gas flow with the
SST turbulence model in a low
Reynolds stationary setting. The
spray gas (working medium) was
oxygen with an inlet tempera-
ture of 300 K, the inlet pressure
(excess) varied in the range from 1
to 3 atm. Oxygen was chosen due
to its higher molecular weight and
density as compared with hydro-
gen. Change in the properties of
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the working medium, depend-
ing on temperature and pressure,
was taken into account using the
Benedict-Webb-Rubin multipa-
rameter equation of state. The
data was preset using the Refprop
NIST library tables. When calcu-
lating the liquid flow through the
feed holes, the properties of the
liquid (local speed of sound, vis-
cosity, surface tension, density)
were also preset from the Refprop
NIST library to take into account
thermal effects. The selected
range of gas pressure is associated
with the need to ensure super-
sonic flow in the nozzle chan-
nels, as well as with the ability to
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Fig.3. Distribution of the static pressure in the flow part of the nebulizer

IepeoTpaskeHHUs CKAUKOB YIIJIOTHEHUS OT CTEHOK
KaHa/a U PacTSHYTYIO 30HY Pa3psKeHHUs, KOTopas
criocob6cTByeT CTabMJIBHOM I0oJade peareHTa, Tak Kak
IyIbCALIUM IIOTOKA He 6yIyT NPUBOLUTH K BBIXOAY
CKayKa 3a [1pe/ie/Ibl 30HbI PACIIOIOKeHH S TIOJIBOAS LM X
oTBepcTH. COIJIO C epepaclIkpeHHeM HIIHU I1epeoT-
PaskeHUSIMU CKAa4YKOB YIIJIOTHEHHUS SIBJISIETCSI MeHee
3G eKTHBHBIM C TOUKHU 3peHUS a9POJUHAMHUYECKUX
[IOTephb 1 KOHEYHOM CKOPOCTH II0TOKA Ha BBIXOZe [6],
O/IHAKO 3TH 0CO6@HHOCTH YJIYUIIA0T CTEIIeHb PACIIBI-
JIeHH S JKUJKOCTH 3a CYeT Ha/IMYHM S CUIbHBIX MeCTHBIX
I'PaJeHTOB JIaB/IeHHS B 30HaX CKAa4KOB yIJIOTHEHH S,
3a CUeT Yero ynyumaeTcs JpobneHue Karmens [1].

Ha pacmpeneneHHH OaBJIeHHUS B INPOTOUYHOMU
YaCTH PACIBIIMTEIS MOKHO OTMeTHUTh JOCTATOYHO

MPOTSIKEHHYIO 30HY paspeskeHHs (puc.3). YCKopeHHe
[I0TOKA IIPUBOAUT K YBETUYEHHUIO €r0 KHHeTHUeCKOHN
SHepPruH, U I10 3aKOHY COXPaHEeHUS MeXaHHUYeCKOH
SHeprUH II0TOKA ero CTaTHYecKoe fAaBIeHHUe (II0TeH-
LHa/lbHAs SHePrus) CHUKaeTcsi. C TOUKHU 3peHHUSs
a3pOoAMHAMUKH, HaJTUYHe [1epeoTPaskeHH sl CKauKOB
YIUIOTHEHHUS BefleT K IIOBBIIIEHHIO a9poAHHAMUYe-
CKUX IIOTepb. [eHCTBUTENbHO, KOChle CKAaUKU YIIJIOT-
HeHUsI, OTPaskasiCh OT CTEHOK KaHasa, CMeIaTCs
BHU3 II0 IIOTOKY, PacTATHBAs 30HY TPAHC3BYKOBOTO
repexojia U yBeTHYHBasi CyMMapHOe BOJTHOBOE COIIPO-
THUBJIEHHE KaHaja, 0OJHaKo, B OTIMYHe OT IIPSIMOTO
CKa4Ka, B 3TOM CJyd4ae IPOUCXOAUT bosee IiaB-
HOe CHHU’KeHUe NaBJIeHUs U TeMIlepaTypsl II0TOKA,
a TaK>Ke YMEeHbIIAIOTCS IIOTePH BHYTPeHHeHN SHepruu

operate at variable gas inlet pres-
sure. Geometry of the channel is
adjusted in such a way that in the
middle plane of the channel sec-
tion the shock wave is reflected
behind the throat section of the
nozzle, therefore maximizing the
discharge zone. The longer rarefac-
tion zone is necessary so that the
inlet holes for the sprayed liquid
remain in the low pressure region
at all times during flow pulsa-
tions, and the outflow of the rea-
gent is more uniform.

RESULTS OF CALCULATIONS
During simulation, half of
the channel was chosen as the

computational domain due to the
symmetry of the device. In the
section, where the holes for the
sprayed liquid are brought out, a
plane is drawn on which the fol-
lowing distributions of the flow
parameters are plotted. In the
course of the calculations, the
angle of the sub- and supersonic
confuser was changed to displace
the shock wave beyond the critical
section of the nozzle (the critical
section is understood as the sec-
tion with the minimum area [6]).
Visualization of the Mach number
distribution in the flow path of the
nozzle is shown in Fig.2. The calcu-
lation results indicate the presence

of multiple reflection of the shock
waves from the channel walls and
an extended vacuum zone, which
contributes to a stable supply of
the reagent, since the flow pul-
sations will not lead to the shock
going beyond the zone of the sup-
ply holes. A nozzle with overex-
pansion or re-reflections of shock
waves is less efficient in terms of
aerodynamic losses and final flow
velocity at the outlet [6], however,
these features improve the degree
of liquid atomization due to pres-
ence of strong local pressure gra-
dients in the shock zones, thereby
improving droplet fragmentation
[1]. A rather extended rarefaction
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Fig.4. Discharge characteristic of the nebulizer when one of the
gas supply channels is shut off

Ha npe06pa3OBaHHe B KHHETHYeCKYI 5Hepruio
IIOTOKA B Ka’X[IOM OTAEJNIbHOM Ckauke, TakKuUM o6pa-
30M, 3aM€Ha OAMHOYHOTIO ITPAMOTO CKadKa YIIJIOTHE"
HH Ha CepPHI0 KOCBIX CKAa4YKOB He IIpUBe/eT K Cylle-
CTBEHHOMY BO3PpaCTaHHIO CYMMAapHOI'O BO/ITHOBOTO
COITPOTHBJ/IEHHU A KaHAJIa COIlIA.

B A3PpOAHHAMHUYECKUX PACIIBIIINTEJISAX M3MeJIb4de-
HHe KaIle/Ib IIPOUCXOOUT II0L ,IIEI./’ICTBI/IEM CHUJI UHED-
LIUH B [IOTOKe, YBeJIUYeHHe CTeIlleHU TYP6YHEHTHOCTI/I

Y HEeOJHOPOJHOCTH IIOTOKA C CHUJIPHBIM €ro Iiepeme-
IIKMBaHKEM HJIM CKaYKaAMU YIJIOTHEHUS YBeTUYHUT
BO3/IeMCTBHe CHJI MHePIIUHM Ha IOTOK KaIlelb KU
KOCTH U IIPUBEJET K KX U3MeJIbYeHHUI0. YBeJIHYeHHe
30HBI PaCIIMPeHHs 3a CKAYKOM IIPUBOJUT K TOMY,
YTO OTBEPCTHS [JIS [I0fla4Yl peareHTa Bcerga byayT
B 00JIaCTH [OHM>KEHHOTI'0 IaBJIeHHU I, [I09TOMY BO3HU-
KaeT Heo6X0AMMOCTb B HCII0JIb30BAHUHU YCTPOMCTBA
HarHeTAHM S JKMIKOCTH B PACIIbIIMTEIb.

B xozle MofeTMpOBaHU S TeYeHHUs ra3a bsuia ompe-
JlejleHa BeJIMYMHA pa3speskeHHs B KaHaje CoOIljia,
KOTOpas MCII0Nb30BajIach IIPH pacyeTe pacxola pea-
reHTa. IIpy1 M3BeCTHBIX IIapaMeTpaX peareHrTa (Bsi3-
KOCTb, IJIOTHOCTH, IOBEPXHOCTHOE HaTSI)KeHHe),
OOCTYIIHBIX IIPH Pa3/IMYHBIX PeKHMMaX TeYeHH S
ra3a-HOCHTess, [leperajax AaBIeHUs U Tpebyemon
IIPOU3BOAUTENBHOCTH, OCYIeCTBISICS ogbop Aua-
MeTPOB OTBEPCTHH, [IOAAIOMIKX PACIIBLISIEMYIO KU
KOCTb BO BHYTPeHHeM TeJie coria JlaBang. OTBepCcTUs
pacrionoskeHbl Ha 60KOBOI IIOBEPXHOCTH COILIA B 30He
MOHM KeHHOT0 JaBaeHus (pHc.3), IOABOJ peareHTa
K OTBEPCTHSIM OCYILECTBJISETCS Yepe3 KaHaJl, BhIIIO/-
HeHHBIM BO BHYTPeHHeM TeJle COoIlIa.

IIpy yCTaHOBJIEHHOM BBICOTE KaHa/la 4 MM K KpU-
THUYeCKOM CedyeHHUH coiula JlaBans 0,3 MM (mapame-
TPBL OIpee/Is/IMCh UCXOAS M3 PacXxofa, HaBIeHUs
Y THIIa ra3a) o[ BoJsIle OTBePCTUS IIPe/ICTaBISIOT
cobori cBep/IeHH S Ha CTeHKe BHYTPeHHero TeJla AHa-
MeTpoMm 0,25 MM B KOJIM4ecTBe 4 MT. (110 2 Ha KasKAYI0
M3 CHMMeTPHUYHBIX CTOPOH KaHasa). Takas KOHPUTY-
paLiusl pacIIbIM TS I103BoJIsIeT 0becrieduTh Tpebye-
Mble PACXOAbI KUAKOCTH Y ra3a IIpyu MUHHUMaJIbHBIX

zone can be noted on the pressure
distribution in the flow path of
the nebulizer (Fig.3). Acceleration
of the flow leads to an increase in
its kinetic energy, and, according
to the law of conservation of the
mechanical energy of the flow, its
static pressure (potential energy)
decreases. From the aerodynamic
point of view, presence of multiple
reflection of shock waves leads to
an increase in aerodynamic losses.
Indeed, oblique shock waves,
reflecting from the channel walls,
move downstream, stretching
the transonic transition zone and
increasing the total wave resist-
ance of the channel; however, in

contrast to the direct shock, in this
case there is a smoother decrease
in pressure and flow temperature,
and losses also decrease internal
energy for conversion into kinetic
energy of the flow in each individ-
ual jump. Thus, replacing a single
direct shock wave with a series of
oblique shock waves will not lead
to a significant increase in the
total wave resistance of the nozzle
channel.

In aerodynamic nebulizers,
droplet breakdown occurs under
the action of inertial forces in the
flow. An increase in the degree of
turbulence and inhomogeneity of
the flow with its strong mixing
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or shock waves will increase the
effect of inertial forces on the flow
of liquid droplets and lead to their
breakdown. The increase in the
expansion zone behind the shock
leads to the fact that the reagent
supply holes will always be in the
area of reduced pressure, there-
fore, it becomes necessary to use a
device for injecting liquid into the
nebulizer.

During simulation of the gas
flow, the vacuum value in the noz-
zle channel was determined and
was used to calculate the reagent
flow rate. With the known param-
eters of the reagent (viscosity, den-
sity, surface tension) available
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Puc.5. Pacxod 800bl Yepes pacnbiaumenb npu pabome ¢ 0mMKA0-
yeHUeM 00HO020 KAHAAA nodaqu 2a3a

Fig.5. Water flow through the nebulizer when working with one
gas supply channel shut off

rabapuTax ¥ BO3MOXKHOCTH H3MeHeHUsI KOHQUTY-
palliu IPOTOYHOM YacTH, U, COOTBETCTBEHHO, 0be-
CrieduTb TpebyeMBbIH pacxo/ ra3a MM KUAKOCTU be3
CyIlleCTBeHHOM I1epe/le/IKh KOHCTPYKIIHH.
IToCKO/NIBKY MOZeIHpPOBaHHE IIPOLLeCCOB OTPLIBA
Y M3MeJIbUeHU S Kallelb IpU paboTe pacIblIUTENS
Ha pas/IM4YHBIX YPOBHSIX [JaBJIeHUS U C IPUMeHe-
HHeM Pa3JIMYHBIX XUAKOCTEH SBJSIeTCS JOBOIBHO
3aTPaTHBIM B IIJIaHEe BBIUHCIHTEIbHBIX PECYpCOB,

Puc.6. Pacxod dexamemuAyuKAONEHMACUAOKCAHA Yepe3 pachbl-
Aumenb npu pabome ¢ omKAK4eHUem 00H020 KaHAaAa Nodaqu 2asa
Fig.6. Decamethylcyclopentasiloxane flow rate through the
nebulizer when working with one gas supply channel shut off

OLleHKa B(DCPEKTI/IBHOCTI/I pacCIibl/ieHH s IIPOU3BOA M-
JIaCh B X0 € 3KCII€EPHMMEHTAJIPHOIO HCC/IENOBaAHH A
IIPOTOTHIIA PACIIBIJIMTEJIS.

PE3Y/IbTATbl SKCMEPUMEHTAIbHbIX
UCCNEAOBAHUM

HOCKOJ‘[LKy KOHCprKL[I/Iﬂ HpOTOHHOﬂ qacTu ,ELOHy-
CKaeT U3MeHeHHue HpOXO,Z[HOl“O CeYeHHUusI U 4yaCTHUuy-
HoOe HQPEKPBITI/IE KaHala, HaTyprIe HCIIBITAHUSA

at different modes of carrier gas
flow, pressure drops and required
productivity, the diameters of the
holes supplying the sprayed lig-
uid in the inner body of the Laval
nozzle were selected. The holes are
located on the side surface of the
nozzle in the low pressure zone
(Fig.3), the reagent is supplied to
the holes through a channel made
in the inner body of the nozzle.
Ata channel height of 4 mm and
a critical section of the Laval noz-
zle of 0.3 mm (the parameters were
determined based on the flow rate,
pressure and type of gas), the inlet
holes present four 0.25 mm dia.
drills in the wall of the inner body

(2 drills in each of the symmetrical
sides of the channel). Such a con-
figuration of the nebulizer pro-
vide for the required flow rates of
liquid and gas at minimal dimen-
sions and a possibility of chang-
ing the flow path configuration
and, accordingly, the flow rate of
gas or liquid without significant
alteration of the structure. Since
the simulation of the processes
of detachment and breakdown of
droplets during operation of the
nebulizer at various pressure lev-
els and use of various liquids is
quite costly in terms of computing
resources, evaluation of the atom-
ization efficiency was carried out

during an experimental study of
the nebulizer prototype.

RESULTS OF AN EXPERIMENTAL
RESEARCH
Since the design of the flow path
allows a change in the passage
area and partial blocking of the
channel, full-scale tests of the neb-
ulizer were carried out with vari-
ous versions of its operation:

« with fully open gas supply chan-
nels and at maximum gas flow
rate;

« when one of the two gas sup-
ply channels is closed and the
flow rates of liquid and gas are
reduced;

Vor.13 No. 5 (98) 2020 NANO INDUSTRY
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Fig.7. Discharge characteristic of the nebulizer a two-way gas
supply and a reduced critical section of the nozzle

pacHbLINTeNs IPOBOAKIHCE IPU PA3/IMYHBIX BapH-
AHTaX ero paboThl: P MOTHOCTHIO OTKPBITHIX KaHa-
Jax Mojavyu rasa U IpU MaKCHMaJIbHOM ero pac-
Xo/le; IIpU IepeKpPLITHUH OJLHOIO K3 IBYX KaHAJOB
IoflauM ra3a U yMeHbIIeHHBIX PacXomax >KHJKO-
CTH M ra3a; NpHU yMeHbIIeHUH IPOXOJAHOI0 CeYeHU
B 060MX KaHa/lax [IOa4YH ra3a IpHU MaKCHMaJIbHOM
pacxofie KUIKOCTH U YMeHBbIIeHH U pacxoja rasa.

B xo[le 9KCIIepMeHTaIbHOIO UCC/IelOBaHU S 3aMe-
psiicsl pacxoji ra3a Ha BBIXOZEe M3 PacIbIIHTeNs

U JaBJeHHe ra3a Ha BXOJle B Hero IIpH IIOMOIIH pac-
xogomepa I'CB-400 kyacca TouHocTH 1,0 U MaHO-
MeTpa obpasmosoro MO-11202 (x.T. 0,4) cooTBeT-
CTBEHHO. Pacxos peareHTa U3MePsI/ICS IPU IIOMOIIH
6opetrku 1-1-2-50-0,1 (K.T. 2, meHa geneHus 0,1 M)
U CeKyHIOMepa. B KauecTBe rasa-pacHblIHTeNs
KICII0JIb30BAJICSI COKATBIK BO3YX.

Ha mepBoM 3TaIle B KaueCTBe PaCIIbLIsIeMOM KU -
KOCTH KCII0/Ib30BaJIach JUCTH/IIMPOBAHHAS BOAA.
PacmblieHHe MOJe/JTbHOM SKUIKOCTU ITPOUCXOLHIIO
IIPU IIePeKPHITUH OJHOTO U3 ABYX KaHAJIOB COILJIA
IJISI IPOBEPKH PaboTOCIIOCOOHOCTH CO3LAHHOTO pac-
IBIJIMTeNISI Ha MaJblX PacXofaX rasa-pacIIblIHn-
Tesisi. Pe3ynbTaThl SKCIIEPHMEHTOB II0KA3a/IH, YTO
HabnlomaeTcs NpakTHUYECKH JIMHEHNHBIH XapaKkTep
3aBUCUMOCTH Pacxofa ras3a oT ero JaBIeHHS, YTO
CyLIeCcTBeHHO YIIpollaeT peryJIHUpPOBKY pacxofa rasa
(puc.4). Ha puc.5 mpencTaBieHa 3aBUCHMOCTD pac-
XO[la PACIIBLISIEMOM BOZBI OT LABJIEHHS Ta3a-pacIIbl-
JIATeNs, KOTOpas TAaKsKe O/IM3Ka K IMHEeHHOH.

Kpome TOro, yCTAaHOBJIEHO, UTO M3-3a BBICOKOIO
IIOBePXHOCTHOI'0 HATSI’KeHU SI BOZbI HA BBIXOJIE M3 Pac-
IBUIHTES 00Pa3yI0TCs KAIlIK JOCTATOYHO OOIBIIOrO
pasmepa (mo 1 MM), KOTOpble He MOTYT 6BITh pa3o-
PBAHBI OTHOCHUTEIBHO HU3KOCKOPOCTHBIM [TI0TOKOM
rasa, ofHaKoO MOXXHO OKHAATh, UTO IIPH CMeHe BOJBI
Ha peareHT C MEHBIINM II0BEPXHOCTHBIM HaTsIKe-
HHeM byzmeT focTUraThcs 6oee KaueCTBEHHOE PACIIBI-
JIeHHe ITPU I0A00HON KOHQUTYPALIUH PACIIBIIUTES.

J71s1 IPOBEPKHU 3TOr0 IIPeAIIONIOKEeHH I, a TAKKe
orrpoboBaHUS KOHCTPYKIMH JJIsl PACIIBIIEHU S KPeM-
HHUICOLeP>KAllero peareHTa B IPe>KHUX YCIOBHSX

« with a decrease in the flow area
in both gas supply channels at
the maximum liquid flow rate
and a decrease in gas flow rate.
In the course of the experimen-

tal study, the gas flow rate at the

outlet of the nebulizer and the gas
pressure at its inlet were meas-
ured using a GSB-400 flow meter of
accuracy class 1.0 and a MO-11202
reference pressure gauge (accuracy
class 0.4), respectively. Reagent
consumption was measured using
a1-1-2-50-0.1 burette (grade 2, grad-
uation 0.1 ml) and a stopwatch.

Compressed air was used as a spray

gas. At the first stage, distilled

water was used as the sprayed

liquid. Spraying of the model liq-
uid took place when one of the two
nozzle channels was shut-off to
test performance of the developed
nebulizer at low spray gas flow
rates. The experimental results
showed that there is an almost lin-
ear nature of the dependence of
the gas flow rate versus its pres-
sure, which greatly simplifies the
gas flow rate adjustment (Fig.4).
Fig.5 shows the dependence of
the flow rate of sprayed water ver-
sus the spray gas pressure, which
is also close to linear. In addition,
it was found that, due to the high
surface tension of water at the out-
let from the nebulizer, droplets of a
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sufficiently large size (up to 1 mm)
are formed, which cannot be bro-
ken by a relatively low-velocity gas
flow; however, it can be expected
that when changing water to a rea-
gent of a lower surface tension the
quality of the spray will be better
at such spray configuration.

To verify this assumption, as
well as to test the design for spray-
ing a silicon-containing reagent
under the same conditions (one
of the gas channels was plugged),
experiments on spraying deca-
methylcyclopentasiloxane were
carried out. This liquid has a sig-
nificantly lower surface tension,
which influences is reflected in the



EQUIPMENT FOR NANOINDUSTRY

g, MA/MUH | ml/min
w
U

04 06 08 1 1.2 14 16 18 2 22

P,atm|atm

Puc.8. Pacxod dekamemuAauuKAONeHMAcuAoKCaHa 4epes pac-
nblAUMeAb Npu 08YXCMOPOHHel nodaqe 2a3a U YyMeHbLEHHOM
Kpumu4eckom ce4eHuu conaa

Fig.8. Decamethylcyclopentasiloxane flow rate through a neb-
ulizer with a two-way gas supply and a reduced nozzle throat

(3arayuieH OgWH K3 a30BBIX KaHAJIOB) ObLIM MIPOBe-
JEeHBI 5KCIIePUMEHTHI 10 PaCHblIEHUIO feKaMeTHII-
LMKJIONEeHTaCUI0KCaHa. ITa KUAKOCTb obnamaeT
3HAYUTE/IbHO MEHBIIUM II0BePXHOCTHBIM HATSIKe-
HHEeM, UYTO OTPa3M/IOCh Ha KaueCcTBe pacCIblIIeHUS:
dakesn pacmbpLIsIeMOH XKHUIKOCTH He CoflepsKas KpyIl-
HBIX Karenab. OfHaKo, 6obIIas BI3KOCTh peareHTa
OTpa3uIach Ha CHUKeHUHU PACXOofa KUAKOCTU IIpHU
IapaMeTpax pacxofia U JaBAeHHS rasa, aHaJIoOTHU-
HBIX CJIy4alo C pacHblieHHeM BoAbl (puc.6). IIpu

MaJiblX JaBJIeHU X BO3[lyXa PacXo/l peareHTa MIpak-
THYeCKH COBIIaaeT C pAaCXOJ0M BOABI, a IIPH yBeJIU-
YeHHUHU Ilepellajia JaBjleHHS Ha PacIblIUTesIe U3-3a
GosbIIer BSA3KOCTH PacIblIsSeMOro peareHTa Hapac-
TaHHE pacxofa KHUAKOCTHU IPOUCXOOUT MeJJIeHHee,
yeM JJIs1 BOABL. B Xo[e aRcIIeprMeHTa 6bla Ipou3-
BeJeHa 3aMeHa BOABI Ha JeKaMeTHUILUKIIOIeHTa-
CHUJIOKCAH IIPU COXPAaHEHHUU HACTPOEeK I10Ja4YH rasa-
PacIblIMTeNs, IPHU 3TOM PACIIBIIMTEJNb IIPOJLOJI-
KU paboTy, HECMOTPS Ha 3HAUYUTEIbHOE pa3Tuyuue
B CBOMCTBAX KUJKOCTH (IIPH KOMHATHOM TeMIlepa-
Type): IIOBEPXHOCTHOE HATsKeHHe BOLbI 73-1073 H/m,
Bs13KOCTh 0,894 mIla-c, nekaMeTH/ILIHUKIIOIIeHTAaCH-
JIOKCAH IIPH TeX >Ke YCJIIOBUSIX UMeeT II0BePXHOCTHOe
HaTsKeHHe ITopsaaKa 17-1073 H/Mm u BA3KoCTh 1,7 ITa-c).
B mpepmenax guanasoHa JaBJeHHUN U pacxona rasa-
PaCIBLUINTeNSI MOXKeT OBITh [IPOU3BeeHa KOPPEeKTHU-
POBKa pacxoza rasa s 6oyee KaueCTBEHHOT'O PACIIBL-
JIeHU S JKUJKOCTH, /Il Yero B KOHCTPYKLIMH PACIIbI-
JIUTeJs IIPelyCMOTPEHO UCIIONb30BaHMe IIPOCTABOK,
HM3MeHSIOIUX KPUTUYeCKOoe cedeHMe coIia JIaBans.

[Ipy HeO6XOLHUMOCTH MPOU3BOJUTEIBHOCTD PACIIBI-
JIeHH I MO3KeT OBITh YBeJIM4eHa B BOEe IIPOCTBIM OTKPBI-
THeM 3aIJIyIIeHHOro KaHaja. OgHaKo IIpX 3TOM BO3pac-
TeT BBOE U PACXO[ Fa3a-pacblInTeNs. B ciydae, eciu
HY>KHO 00eCIIedYrlTh MaKCHMaJIbHBIM PACXOM SKUAKOCTH
IIpU OTPAaHHUUYEHHOM pacxofie rasa, HeobxoAMMO YMeHb-
IIKUTH IIPOXOAHOe CedeHHe 060X KaHaIoB (6e3 IoTHOro
[IePEKPHITHSL), 3TO BBIIIOIHSIETCS JOOABIEHHEM IIOCKUX
TOHKOJIKMCTOBBIX IIPOK/IA0K MeXKAYy CTeHKOM KaHala
B OCHOBaHUHU corIuia (1.1 puc.l) ¥ BCTAaBKOM C BHYTPeH-
HHUM TesioM (11.2. puc.l).

atomization quality: the jet spray
of the sprayed liquid did not con-
tain large droplets. However, the
high viscosity of the reagent influ-
enced reflected in a decrease in
the liquid flow rate at the param-
eters of the flow rate and gas pres-
sure that were similar to the case
with water spray (Fig.6). At low air
pressures the flow rate of the rea-
gent practically coincides with
the flow rate of water, and with
an increase in the pressure drop
across the nebulizer, due to the
higher viscosity of the sprayed rea-
gent, the increase in the flow rate
of the liquid occurs more slowly
than for water. In the course of

the experiment, the water was
replaced with decamethylcyclo-
pentasiloxane while maintaining
the settings for the spray gas sup-
ply, while the sprayer continued to
work, despite a significant differ-
ence in the properties of the liquid
(at room temperature): the surface
tension of water 73-1073 N/m, vis-
cosity 0.894 mPa-s, decamethylcy-
clopentasiloxane under the same
conditions has a surface tension of
about17-107 N/m and a viscosity of
1.7 Pa-s). Within the range of pres-
sures and flow rates of the nebu-
lizer gas, the gas flow rate can be
adjusted for better liquid atom-
ization for which the nebulizer

design provides for the use of spac-
ers that change the critical section
of the Laval nozzle.

If required, spraying perfor-
mance can be doubled by sim-
ply opening the plugged port.
However, in this case the spray gas
consumption will also double. If
it is necessary to ensure the max-
imum liquid flow rate at a lim-
ited gas flow rate, it is necessary to
reduce the flow area of both chan-
nels (without complete shut-off);
this is done by adding flat thin
sheet gaskets between the channel
wall at the base of the nozzle (item
1 of Fig.1) and an insert with an
internal body (item 2, Fig.1). The

Vor.13 No. 5 (98) 2020 NANO INDUSTRY



OBOPYAOBAHMUE A/19 HAHOUHAYCTPUM

[maBHOM 3a/auel IIPOBeleHHBIX SKCIIEPUMEHTOB
Obl7a 3KCIIepHMeHTa/llbHasl IPOBePKa BO3MOXKHO-
CTH SOCTH>KeHHU S TpebyeMoro pacxofa AeKaMeTH I
LMKJIOTIEHTACHJIOKCAHA IIPU OTPAHMUYEHHOM pac-
XoJle U JIaBJIeHUU rasa-pacmsianTens. PaboTa pac-
IBUIMTENS C YMe@HbUIEHHBIM KPUTHUUYECKHUM ceue-
HHeM colla JIaBaJisl U IPU MaKCHMaJIbHOM IIofade
JeKaMeTH/IUK/IOIeHTaCH/IOKCaHa IIpeCcTaB/leHa
Ha puc.7, 8.

YMeHbIlIeHHe KPUTUYeCKOT0 CeYeHM I COIlIa I103B0-
JIHMJIO TIOBBICHTH pa3speskeHHe B 30He MOLAMIIMX
OTBepPCTHH U TeM CaMBIM yBeJIHYHUTDL KOJIHYECTBO
peareHTa, IOCTYIAIOMIEr0 B PACIBIIMTeNb 3a CUeT
Mepemaza gaBjleHHUH. Kak MOKHO BUJETh M3 IIpef-
CTaBJIeHHBIX JAHHBIX, B IIpeJe/iaX 3alaHHBIX JHalla-
30HOB JIaBJIeHHUH U Pacxo/a ra3a-pacrbUIHUTeNs Ob1
TOCTUTHYT TpebyeMBIH PacXo/i peareHTa.

BblBO/Lbl

CripoeKTHUpPOBaHHOE, U3TOTOBJIEHHOE K MCIIBITaAH~
Hoe B X0/le JaHHOM PaboThl yCTPOMCTBO IIOJAUH pea-
FeHTa II03BOJIseT IIPOBOAUTE PAaCIblIeHHE BA3KHUX
BBICOKOKHMIIAIIMUX PEAreHTOB [JIf IOJa4YH B KMCIIa~
PUTeNIN U1K HEeIOCPeACTBEHHO KaMephl peaKTOPOoB
C pacxomaMu peareHta fo 300 mi/4 (Ipu MacuiTa-
OMpPOBAaHUHU YCTPOMCTBA BO3MOXKHO yBe/lHUYeHUe
noja4yy peareHTa 0 500 mj/4 u 6oee 15 KPYyIIHO-
rabapUTHBIX TOPeIoK). YHUBEPCAAbHOCTD YCTPOK-
CTBa, AOCTHTaeMas 3a CYeT JIErKO alallTUPyeMOU
reoOMeTpPHUHU NPOTOUYHOM YaCTH I10f, TpebyeMBbIt pac-
X0Jl ra3a M peareHra, I103B0JIsgeT IPOU3BOLUTD pac-
MblJleHHe BBRICOKOKHUIISIHUX BS3KHUX XHUIKOCTeH

(Ha mpuMepe HeKaMeTHIIHUKIOMEHTACHUIOK-
caHa) c obecmeuenreM TpebyeMbIX PacXomoB rasa
Y JKHUIKOCTH.

PacmblIMTeNb Ha OCHOBe comljia JlaBassi C BHY-
TPeHHUM TesloM 06/1a/laeT BO3MOKHOCTBIO M3Me-
HeHHsI KPUTHUeCKOro ceueHHUs coria 6e3 ero mepe-
IeNNKH, a TAKKe OTIUYaeTCs IPOCTOTOM BBOZIA pea-
reHTa B IOTOK. KOHCTPYKI M COIJIa C IIepepacIliu-
peHHeM obecreuHrBaeT JOCTATOYHOe H3MeTbUyeHHe
KaIleab B IIOTOKE 3a MepeoTpakeHHBIM CKAauYKOM
YILIOTHEHHSI.
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main task of the experiments was
to experimentally verify a possibil-
ity of achieving the required flow
rate of decamethylcyclopentasilox-
ane at a limited flow rate and pres-
sure of the spray gas. Operation
of the nebulizer with a reduced
critical section of the Laval noz-
zle and at the maximum supply of
decamethylcyclopentasiloxane is
shown in Figs.7, 8.

A decrease in the critical sec-
tion of the nozzle made it pos-
sible to increase the vacuum in
the area of the feed openings and
thereby increase the amount of
reagent entering the nebulizer due
to the pressure difference. As can

be seen from the data presented,
the required reagent flow rate was
achieved within the specified pres-
sure and spray gas flow ranges.

CONCLUSIONS

The reagent supply device
designed, manufactured and
tested in the course of this work
allows of atomization of viscous
high-boiling reagents to be fed
into the evaporators or directly
into the reactor chambers at the
reagent flow rates up to 300 ml/h
(when scaling the device, it is pos-
sible to increase the reagent supply
up to 500 ml/h and more for large
burners). Versatility of the device,
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achieved due to the easily adapt-
able geometry of the flow path for
the required gas and reagent flow
rate, allows atomization of high-
boiling viscous liquids (for exam-
ple, decamethylcyclopentasilox-
ane) while ensuring the required
gas and liquid flow rates. An nebu-
lizer based on a Laval nozzle with
an internal body is able to change
the throat section of the nozzle
without reworking it, and is also
distinguished by easy injection of
the reagent into the flow. The over-
expanded nozzle design provides
for sufficient droplet breakdown in
the flow behind the reflected shock
wave. [
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