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Pa3pa60TaH MeTopA u onpejesieHbl ONTUMaJIbHble NapaMeTpbl ONTUYECKOW CUCTEeMbI ANs n3mepeHus

TOJILLMHbI
c paspewieHuem 20 HM.

noAMMepHoOn 060/104KM HA MOBEPXHOCTU CYBMMKPOHHBIX YacTuL, OKCMAA LMHKA

A method has been developed and optimum parameters of the optical system for measuring
the thickness of the polymer shell on the surface of submicron zinc oxide particles with a

resolution of 20 nm have been determined.

NS ynydmeHUs GHU3MKO-MeXaHHYEeCKHUX
CBOMCTB IIOJTMMEPHBIX KOMIIO3HUIJHOHHBIX
MaTepHaJioB (TIKM) KCITOJIb3YIOTCS HAIIOTHH-
Tenu Ha b6aze cy6MUKPOHHBIX YacTHuL] [1]. OgHaKO
BOCIIPOM3BOJJMMOCTb CBOMCTB KOHEYHOI'0 MaTepHaa
0CTaeTCsl HU3KOM 10 Pa3/IMYHBIM IPUYHHAM, HallpU-
Mep, U3-3a IJIOXOTO CMAYMBAHHUS YaCTHL] HAIIOJTHU-
TeJisl IOJIMMePHON MaTpHLel [2]. OMHUM U3 CIIOCOo-
00B IMOBBIIIEHUSI CMAaYUBAeMOCTH YaCTHUI] HAIIOJ-
HUTeJIS SB/IseTCS MOKPBITHE UX TOBEPXHOCTHU IIOIH-
MepHOM 000/I04KOM C [10Jly4eHHeM TaK Ha3blBaeMbIX
"IBYXCIIOMHBIX YacTHL]'. POpMUPOBaHHE TaKok 060-
JIOYKH MOSKET OCYLIeCTBISTHCS, HAIIPUMEP, B ra3o-
BOH dase IMyTeM OCa’kKJeHHUS MeJIKOJHUCIEePCHBIX
KalleJb MOHOMEpPA Ha II0BEPXHOCTb CyOMUKPOHHBIX
YaCcTHUI] C ITOC/eyIo e UX IoTHMMepU3alihe o7,
nerictBreM Y®-u3nydeHus. TonmuHy GopMHUpPyeMOL
IIOTMMePHO 060/104KHU TpebyeTcss KOHTPOTHPOBATh,
IIOCKOJIBKY OHA BIHSIET Ha KOMIIIEKC QHU3UKO-MeXa-
HUUYeCKHX XapaKTepUcTUK ITIKM [2, 3].
Cpenu 60/1BIIOr0 YMCIa HAHOLHUCIIEPCHBIX
HAaNONHHUTeJNeHN IMOJHUMEPHBX MATpPHUI[ IpHU

I0JIyYeHU U KOMIIO3HUIIMOHHBIX MaTepPHaIoB ocoboe
BHHUMaHHe CJleflyeT 06paTUTh Ha HEOPTaHUYEeCKHUe
KOMIIOHEHTBHI: JUOoKcHUM TUTaHa TiO,, OKCUA IIMHKaA
ZnO [4], okcup antomunus Al,O,, HuTpuz bopa BN
U T.[. IIpH KaIlCyJIMPOBAHHUM TaKKUX YaCTHI] IIOTH-
MepaMu 6OJBIIYIO TPYAHOCTD IIPeCTaBIsIET H3Me-
peHMe TONIHHBE GOPMUPYeMOI 000JI04KH H3BECT-
HBIMM MeToJaMHU (MUKPOCKOIIUYECKUH, CeJUMeH-
TAallMOHHBIM, CUTOBOHM aHa/JIM3bl), 0COOeHHO KOorga
pedb HIET 0 KOHTPOJIe CyOMHUKPOHHBIX YaCTHUIL
(100-1000 EM) B ra30BbIX IIOTOKAX.

Cpenu OrpoMHOIO KOJIMYECTBA YCTPOMCTB /s
M3MepeHHUH pa3MepoB YaCTHUL HAUOONBIIUE Hpa-
KTUYeCKUN HHTepec HPEeLCTABISIOT NIPUbOPHI,
OCHOBaHHBIe Ha MeTofe HedenomeTpuu [5-10].
OIHAaKO, IIPHU UCIIONB30BAHUH II0L06HOIO YCTPOU-
CTBA [JIsI KOHTPOJISI TOJNIIUHBL IOTHUMEPHOH 060-
JI0YKHU B Ipouecce ee oOpMHUPOBAHHUS Ha IIOBep-
XHOCTH YaCTHI] B TA30BBIX [IOTOKAX, & TOUHEe IIPHU
onpeneNleHUU XapaKTepHoOro pasMmepa (muame-
Tpa) ABYXCAOMHBIX YacTHIL] NyTeM H3MepeHUS
WHTEHCHUBHOCTH PAaCCesSHHOTO UMHU H3JIyYeHHUS,
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CONTROL AND MEASUREMENT

BO3HHKAET PsiJi HEKOHTPOTUPYEMBIX 1pobiieM, CBs-
3aHHBIX KaK C [TapaMeTPaMHU a3po30IbHOM CPeHl,
TaK U CAMHX YaCTHII.

B obIuem caydae, HHT@HCUBHOCTh PACCeSIHHOTO
usnyueHus 1 apiasiercs QyHKIIMEN CIeyOLero
PSiLa OCHOBHBIX XapaKTEPUCTUK Fa30BbIX [I0OTOKOB
M caMHX 4acTuli [5, 8, 10, 11]:

19=1) F(V,,,,C, f(d),n(A,d),\, 6,1),

rae V., -~ U3MepUTeNbHB 06beM, U3 KOTOPOTO

cobupaeTcs paccestHHOe u3nydeHue; C - KOHI€H-

TpaLMs pacCeMBAIONIUX YAaCTUL AuUaMeTpom d

c dyHKIMel pacrnpeneneHus o pasmepam f(d);

n(A, d) - mokasaresnp ImpeJlOMJIeHHS BellecTBA

YACTHIIBL; A - JJIMHA BOJHBI 30HAUPYIOLIEr0 U3y~

yeHus; d'- OAHMaMeTp ABYXCIOMHOM YaCTHILHI;

0 - yrosn HabinlofeHHUS pacCesIHHOTO YaCTHIeHN

H3JIy4YeHUs], HAXOASIENCs Ha PAaCCTOSIHUU T.

B npuBeseHHON GopMYyjie KOHTPOJIHUPYEMBIMU
SIBJISIIOTCSI AJIMHA BOJIHBI UCTOYHMKA U3JIYUeHHUS,
CUeTHBIN 06beM (yIpaBisieTCs MyTeM peryiu-
POBKH allepTyp UCTOUHHUKA U NPHUEeMHHUKA U3y~
YeHHs) U APyTHe IIapaMeTpsl, 32 UCKJIIOUeHHEeM
CIeAYIOMMNX XapaKTePUCTUK pacCMaTpHBaeMoM
cpembl:

* H3MeHeHHS CpeJHeHM KOHIeHTPAallUHU dacTul C
BCJAELCTBHE OCaXAeHHS YaCTHUI] BCeX THUIIOB
Ha CTeHKM KaHajla, a TaK>ke M3-33 BO3MOKHBIX
BBIJIETOB Uepe3 TeXHOJOIHYeCKHe OTBEePCTHUS
KaMepBbl CMeIlleHHs;

* U3MeHeHMS QYHKLHUHU paclpeeneHUs YacTHUIL
no nuamerpaM f(d) BcmemcTBue, HanmpuMmep,
pocTa 060/I0YKH Ha MTOBEPXHOCTSAX CYOMHUKPOH-
HBIX YaCTHI, Pa3HOM CKOPOCTH OCaXXJeHHSI
Y BblJIeTa YaCTHUIl C Pa3HBIMU XapaKTepHBIMHU
pasMepaMHu;

* M3MeHeHHe II0Ka3aTes IIpeloM/IeHUs N1 U3Mepsie-
MBIX YaCTHI B ITpoliecce QOPMUPOBAHMUS IO MEP-
HOM 060JI0YKH Ha UX [TOBEPXHOCTSX [12].

B obmeM ciyuae, Ipu KOHTPOJIe XapaKTepPHOTO
AHaMeTpa JIBYXCIOMHBIX YaCTHL U3MepsieMast QU3n-
YecKas BeJIMYHHA - QYHKIIUSI MHOXEeCTBA He3aBU-
CHMBIX APYr OT Apyra ImapaMeTpoB, OCHOBHBIMU
13 KOTOPBIX SIBSIIOTCSI KOHLleHTpalusi, QyHKIIUA
pacipeneneHus IIo pasMepaM (AHaMeTp/paguyc),
II0OKa3aTesb IPeJIoOMJIeHU . B CBSI3M C 3TUM BO3HHU-
KaeT Psifi BOIIPOCOB 0 BeI6Ope ITapaMeTpOB ONTHYe-
CKOM CHCTeMBbI Ha OCHOBe HedeIOMeTPUH [/Is1 U3Me-
PeHMs XxapaKTepHOro JHaMeTpa YacTHI] C BbICO-
KO paspemarouier criocobHocTh0. Llenbo JaHHOM
paboThl IB/ISIeTCS ONpefie/ieHHe ONTHMaJIbHBIX IIapa-
MeTPOB OIITHUYeCKOM yCTAaHOBKH /J151 K3MepeHH s TOJ-
IIMHBI [IOTMMEePHOH 060JI0UKH Ha ITOBEPXHOCTH CY06-
MHKPOHHBIX YaCTHL] OKCHJIA LIMHKA C pa3pellleHHeM
20 HM B peanbHOM MaciuTabe BpeMeHH.

PaccMOTpUM CyOMUKPOHHBIE YaCTHIIBI OKCHIA
LKMHKa ZnO, Ha INOBEPXHOCTHU KOTOPHIX GOPMHU-
pyeTcst monuMepHasi 060/104Ka B ra30BOM IIOTOKe.
M3BeCTHO, UTO XapaKTepHble pa3Mephl YaCTHUI]
OKCHJa LMHKa, UCIONb3yeMbIX B KaueCTBe HaIoJl-
HUTeJIel B [IOJIMMEPHBIX MAaTPUIaX, 0OBIYHO paBHBEI

o improve the physical-

mechanical properties of

polymer composite materi-
als (PCM) fillers based on sub-
micron particles are used [1].
However, the reproducibility of
the properties of the final mate-
rial remains low for various rea-
sons, for example, due to poor
wetting of the filler particles by
the polymer matrix [2]. One way
to increase the wettability of the
filler particles is to cover their
surface with a polymer shell
with obtaining so-called "two-
layer particles”. The formation of
such a shell can be carried out,
for example, in the gas phase
by depositing finely dispersed

monomer droplets on the surface
of submicron particles followed
by their polymerization under
the action of UV radiation. The
thickness of the polymer shell
being formed is required to be
controlled, since it affects the
complex of physical-mechanical
characteristics of the PCM [2, 3].

Among a large number of
nanodispersed fillers of poly-
mer matrices in the production
of composite materials, partic-
ular attention should be paid to
inorganic components: titanium
dioxide TiO,, zinc oxide ZnO [4],
alumina Al,O0;, boron nitride
BN, etc. When encapsulating
such particles with polymers, it

is very difficult to measure the
thickness of the formed envelope
by known methods (microscopic,
sedimentation, sieve analysis),
especially when it comes to con-
trolling submicron particles
(100-1000 nm) in gas streams.
Among the vast number of
devices for measuring parti-
cle sizes, the most interesting
instruments are those based on
the nephelometry method [5-10].
However, when using such a
device to control the thickness
of the polymer shell during its
formation on the surface of par-
ticles in gas streams, or more
precisely in determining the
characteristic size (diameter)
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okosio 100 uM [1, 2]. [IprMeM, UTO TONLHMHA I10JIH-
MepHOM 0607104UKH, POPMHUPYeMOIl Ha IIOBEPXHO-
CTHU TaKUX YaCTHILL, MOKET COCTaBJISATH oT 10 7o 100%
OT UX paguyca.

ITapameTpsl HepeJloOMeTPHUYECKHUX CXeM, HAIIpH-
Mep, doTonmpHeMHOM YacTH (yrabl HabnogeHUs
3a pacCesHHBIM H3Jy4eHHeM, allepTypa U YyBCT-
BUTEe/IbHOCTh QOTONPHEMHHUKA) U [TapaMeTPhl 30H-
OUPYIOIEero MCTOYHHUKA M3JydeHHUs (MOIIHOCTD
M3JIy4YeHHUs, OAHHA BOAHBI, CTEIIeHb MOHOXPOMa-
TUYHOCTH, IIHPHUHA CBETOBOIO IIy4YKa M €ro pacxo-
KIeHHe U T.[.) MOTYT ObITh Pa3/IMUHBIMHU U 3aBH-
CAT B OCHOBHOM OT IIapaMeTpOB CpeJbl, comepsKa-
men 4acTUIbl. Kak mokassiBaeT 0630pHBIN aHa-
nus [7, 8, 13-15], Haubosee pacIpocTpPaHEeHbI CXeMBbI
HM3MepeHHUSsI pa3MepPOB U KOHIeHTpalluu CybMHU-
KPOHHBIX YaCTHL C MAJBIMU yIJIaMHU HablogeHU S
(0-15°) 1 B 30He 60KOBOT'0 pPacCesiHUS 10 OTHOLIEHHU IO
K HaIlpaBJIeHHIO PACOPOCTPAHSAIONIETOCS HU3JIy4de-
Hus (90°). OgHaKo, U3MepeHU s XapaKTepHOro pas-
Mepa aHCaMO/Is 4YacTUI U APYTruX GU3HUeCKHUX
IIapaMeTpoB CPeJbl He OrPAHUYHBAKTCS PETHUCTpa-
LMel MHTEeHCHBHOCTHU PacCesIHHOIO M3JIy4YeHHUS
B 30He MaJIbIX U HOKOBBIX YITIOBBIX HAaIllpaBJIeHHUH.
Hampumep, CymecTBYIOT CXeMBbl, B KOTOPhIX pac-
cessHHOe HM3/lydeHHe HabilofaeTcs 110 BceMy AHa-
[Ma30HY JHUCKPETHBIX YIJI0B MHOXKXECTBOM IIpHEM-
HHUKOB. [locegHUe CHCTeMBbl 601ee HHGOPMATHBHBI
IpU U3YyYEeHHUHU PA3JIHYHBIX [IaPaMeTPOB JUCIIep-
CHOH Cpefbl 10 CPABHEHHIO CO CXeMaMH, B KOTOPBIX
KCIIOIb3YIOTCS JIMIIb HECKOIBKO YITIOB A1 Habo-
NeHHs 3a MHAUKATPUCOMN paccesHUs (Hauboiee

pacIpocTpaHeHO OLHOBpeMeHHOe UCII0Nb30BaHHUe
2-3 IpUEeMHHUKOB, YCTAHOBJEHHBIX B PA3/JIMUHBIX
yI7aX OTHOCHTeJIbHO TJIABHOM OCH pacIpocTpa-
HSIOIIEerocss y4ka 30HAUPYIOMETro U3IyuYeHHUs)
(7, 14, 15].

Korpma TpebyeTcsi KOHTPOJIUPOBATh TOJNIIHHY
MoK MepHOM 060/I04KH Ha IIOBEPXHOCTH CyOMHU-
KPOHHBIX HaCTHUI] (TOUHee - XapaKTepPHBIH JHAMET]P
OBYXCAOMHBIX YaCTHI]) B a3PO30JIBHBIX IIOTOKAX
HedeToMeTPpUUeCKMMHU CXeMaMH, UCII0/NIb30BAHUeE
TPagULIMOHHBIX CII0OCOO0B M3MepeHHU s, HallpUMep
MeToJa MaJIOyI/IoBOM MHAUKATpUCH (1-15°) unu
METO/Ja HOPMaJIBHOI'O PacCesIHH (obyacth 80-100°),
Hellesecoobpa3Ho. Kaxk 6bl710 CKa3aHO BblIe, 00Bs-
CHSIeTCSI 3TO TeM, YTO Ha H3MepeHHe XapaKTepHOro
pa3mepa CyOMHUKPOHHBIX JABYXCJIOMHBIX YaCTHUII
OJITHOBPeMEHHO BIUSIOT H3MeHeHHUs KOHLIeHTpa-
UUHU, QYHKUHUHU paclopefeeHUs 10 pa3MepaM,
mokasaTessl IpeloOMJIeHUs U T.A. [lo3TOMy Tpe-
byeTcst obocHOBaHHAas NpopaboTKa UAEe0JIOTUHU IIPO-
BelleHHUS H3MepeHHUI U 0COOBIN IIOAXOA K BEIOOPY
IapaMeTpPOB OIITHYECKOM CXEMHBI.

BausiHue KOHLIEHTPALlMK YacTHUIL MOXKHO yCTpa-
HHUTB IIyTeM CO3JaHHUS MaJIOTO CUeTHOro ob6vema,
B KOTOPOM B MOMEHT H3MepeHHSs bymeT Haxo-
IUTHCS TOJIBKO OJHA YyacTULa [7, 16]. 9To BO3MOKHO
obecrieduruTh, HAIIPUMeP, IIyTeM HCIIOIb30BAHUS
"Ipo600T6OpPHOro BO34yX0BOAA" C MabIM OTBep-
CTHeM, KyZa YacTUIB O6yAyT omafaTh Iocjie0Ba-
TeJIBHO I10 OLHOU (PaCCTOSIHHUE MeX/AY YacTHIAMHU
Gosble pa3Mepa cueTHOTo 06bema). OLHAKO KOTAA
00beKTaMHU HCC/IeJOBAHUS SBISIOTCS YaCTHILBI

of bilayer particles by measur-
ing the intensity of the scattered
radiation, a number of uncon-
trollable problems arise, related
both to the parameters of the
aerosol environment, and the
particles themselves.

In general, the intensity of the
scattered radiation I is a func-
tion of the following main char-
acteristics of the gas flows and the
particles themselves [5, 8, 10, 11]:

19=10 F(V,,,,,C, f(d),n(\,d"),\,
0,1),
where V,,, is the measuring

volume from which scattered
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radiation is collected; C is the
concentration of scattering par-
ticles with a diameter d with a
size distribution function f (d);
n (A, d) is the refractive index of
the particle matter; A is the wave-
length of the probing radiation;
d’ is the diameter of the two-layer
particle; 0 is the angle of observa-
tion of radiation scattered by the
particle at a distancer.

In the above formula, the
wavelength of the radiation
source, the counting volume
(controlled by adjusting the
apertures of the radiation source
and receiver) and other param-
eters are controlled, with the

exception of the following char-

acteristics of the medium under

consideration:

« changes in the average con-
centration of particles C due
to the deposition of particles
of all types on the channel
walls, and also because of pos-
sible escapes through techno-
logical openings in the mixing
chamber;

« changes in the particle distri-
bution function with respect
to the diameter f(d) due to, for
example, shell growth on the
surfaces of submicron par-
ticles, different deposition
rates and escapes of particles
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CyOBMUKPOHHOTO pa3Mepa B ra30BOM IIOTOKe,
TaKoe pelleHHe He Ilesecoobpa3Ho. Ha mpakTHKe
YaCTHLBI UMEIOT HechepuUueckyno $opMy, CIOXK-
HYI0 MOpP)OJIOTHIO, COCTAaB, HEOLHOPOJHOCTH Pa3-
MepoB U T.J. [/ onipe/ie/ieHU s XapaKTepHOro JHa-
MeTpa YacTHIL B IOJUUCIIEPCHOM CPeJie C UCIIOb-
30BaHHeM OIIMCAHHOTIO BhIIIe criocoba motpebyercs
IIPOBECTH MHOXKeCTBO MU3MepeHHUI. OJHAKO B ra3o-
BOM IIOTOKe IIPHU KaIlCyJIHPOBAHUHU CYyOMHUKPOH-
HBIX YaCTHUI] II0JIMMePHOH 060JI04KOM TpebyroTCs
MOMEeHTA/IbHbIe HU3MepeHU .

U3 Teopuu Mu paccessHUS CBeTa JUCIEePCHBIMHU
cnabomnornomanm MU CYOMUKPOHHBIMHU YacTH-
LIaMHU HU3BECTHO, YTO C POCTOM pa3Mepa YacTHIIHL,
B TOM YHCJIe B IIOIUJUCIIePCHOM Cpejie, CyMMapHas
MHTEHCHUBHOCTb PaCCesSTHHOTO U3JIyYeHHU S yBeTUUH-
BaeTcs B 06/1aCTH MaJlbIX YIJTIOB U y6BIBaeT B oba-
CTH OOpaTHBIX YIJIOB IIPU IOCTOSHCTBE JJIHMHBI
BOJTHBI MCTOYHHUKA 30HAUPYIOLUET0 U3JIy4eHHUS
B BUJMMOM 06/1acTH crieKTpa. To eCTh, IIPH yBelu-
YeHUHU AUPPAKLHUOHHOIO ITapamMeTpa MU HHTeH-
CHBHOCTH PacCesiHHOTO H3/Iy4eHUs OBICTPO pacTeT
B 06J1aCTH MaJIBIX YIJIOB 10 OCH PacCIpOCTPaHeHHUS
30HAUPYIOIIEero U3aydyeHus (paccessHue BIepen)
U YMEHBIIAEeTCs B IPOTHBOIIOJIOXKHOM HallpaBile-
HuU (paccesHue Ha3an) [5, 6]. IIoaToMy ompenere-
HHUe M3MeHeHHHN XapaKTepHOIro pasmepa cybmu-
KPOHHBIX YaCTHI, BO3MOKHO I10 H3MePeHHUIO OTHO-
IIeHWsI UHTeHCUBHOCTEHN HU3Jy4YeHU s, paccesH-
HOTO I10J] PAa3HBIMHU yIJITAMHU U C pa3HBIMHU AJTHHAMU
BolH. TaKoe pelleHHe II03BOAUT HU36aBUTHCS He
TOJIBKO OT BIHUSIHUS GAYKTYyaL U KOHLIEHTPALlUuU

CyOMUKPOHHBIX YaCTHI] B K3MePUTeIbHOM obbeMe,
HO U OT HeCTabH/IbHOCTH UCTOUHUKA U3TyUeHHUs,
YTO MOYKEeT 0Ka3aThCsl BaKHBIM IIPU IPaKTHUECKOH
peanu3alyy pacCMaTpHUBaeMOro II0X04a K U3Me-
PeHHIO XapaKTepPHOI'0 pa3Mepa YaCTHI] B Ta30BBIX
IIOTOKaX. PeaJn30BaTh TAaKOM MOAXO0J BO3MOKHO
HeCKOJIbKHMHU Iy TSIMU, HAIIPUMep, U3Mepsisi OTHO-
IIeHUSI UHTEHCUBHOCTEMN paccesiHUS JUCIePCHOM
CpeloM MoJ ABYMS Pa3sHBIMH yIJIaMH Ha OLHOM
O/IMHe BOJIHBI, UJIH MOJ OlpefileIeHHBIMHU yIIaMH
Ha Pa3HBIX JJIMHAX BOIH. KaskAbIA U3 3THUX 10 XO0-
noB TpebyeT mpoBeqeHUS TPYLOEMKUX BBIUHCIIH-
TeJIbHBIX IIPOLIECCOB, II03TOMY PAaCCMOTPUM TOTBKO
MepBbIHN U3 HUX.

Hpeonorus u3MepeHHUH 3aKJlOUaeTcs B Cle-
ayromeM. JIyd cBeTa Ha JJIMHe BOJHBI A, HCIIyC-
KaeMBblll MCTOYHHKOM, IIPOCBeYHBAaeT U3MepH-
TelbHBIN 06beM V. [JeTeKTOPBI, PACIIONOKEHHBIE
B Pa3JIMYHBIX YIJIOBBIX HAaIlpPaBJeHUSIX OTHOCHU-
TeJIbHO [JIaBHOM OCH PacCIIPOCTPaHeHHUS 30HIUPYIO-
IIero M3aydeHus, CObuparoT UHGOPMAILIUIO O BeIU-
YHHe HHTEeHCUBHOCTeM paccessHHUA [, U I, cooTBeT-
cTBeHHO. [IporpaMMHas 06paboTka OTHOIEHU S
MOJIy4YeHHBIX CUTHAJIOB C BBHIXOJOB JETEeKTOPOB
[103BOJISeT CYyAUTh O XapaKTepHOM pa3mMepe CybMu-
KPOHHBIX YacTHI 6e3 ydyeTa BAUSHUS UX KOHIIEH-
TpPaIMHU B pacCMaTpPHUBaeMOM CUeTHOM obwveMe [17].

TakuMm ob6pa3oM, BIHUSHHE KOHLEHTPAIHUHU
YaCTHUI Ha U3MepeHHe UX XapaKTepPHOTo JHuaMe-
Tpa MOKeT OBITh yCTPaHEHO MyTeM OLleHKH OTHO-
IIeHHUs JByX HHTEHCUBHOCTEH paccessHUS II0J, pas3-
JTUYHBIMU yrlaMH. OJHaKO HCII0Nb30BaHHE 3TOr0

with different characteristic

dimensions;

« change in the refractive index
n of the measured particles
during the formation of the
polymeric shell on their sur-
faces [12].

In general, when control-
ling the characteristic diam-
eter of two-layer particles, the
measured physical quantity is a
function of a set of independent
parameters, the main ones being
concentration, size distribu-
tion function (diameter/radius),
refractive index. In this connec-
tion, a number of questions arise
about the choice of parameters of

an optical system based on neph-
elometry to measure the char-
acteristic diameter of particles
with high resolution. The aim
of this work is to determine the
optimum parameters of an opti-
cal system for measuring the
thickness of a polymer shell on
the surface of submicron zinc
oxide particles with a resolution
of 20 nm in real time.

Let's consider submicron par-
ticles of zinc oxide ZnO, on
the surface of which a poly-
meric shell is formed in the
gas stream. It is known that
the characteristic dimensions
of zinc oxide particles used as

fillers in polymer matrices are
usually about 100 nm [1, 2]. We
assume that the thickness of the
polymer shell formed on the sur-
face of such particles can be from
10 to 100% of their radius.

The parameters of the neph-
elometric systems, for example,
of the photodetector part (the
angles of observation of the scat-
tered radiation, the aperture and
the sensitivity of the photodetec-
tor) and the parameters of the
probing radiation source (radia-
tion power, wavelength, mono-
chromaticity, beam width and
its divergence, etc.) can be dif-
ferent and depend mainly on the
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criocoba TpebyeT onpeneneHus Haubonee 1enecoob-
Pa3HBIX [IapaMeTPOB U3MEPUTEIBHOM CUCTEMBI, IIPU
KOTOPBIX BJIMSTHHE HEIIOCTOSIHHBIX BO BpeMeHH I10Ka-
3aTens IpeoMIeHHUs U QYyHKIUU paclpesesleHUs
YaCTHI 110 pa3mMepam OymeT c1abbIM, UTO IIO3BOIUT
KOHTPOJHPOBATh TOIIIHUHY IIOTHMEPHON 060I04KHU
Ha II0BEPXHOCTH CYOMUKPOHHBIX HaCTHUI] (XapaKTep-
Hble THaMeTPHI BYXCIOMHBIX YaCTHILIL) C TpebyeMbIM
paspelieHHeM.

[IpoBeseM YHCIeHHbIe PAcUeThl C LIeJIbI0 OIlpejie-
JIeHHUS U YTOYHeHUs Hanboslee BasKHBIX ITapaMeTPOB
H3MePUTEeIbHOM CXeMBI.

HccnemoBaHUe paccessHUS CBeTa, B TOM YHCIIe
IIOT/IOUIEeHU I AUCIIEPCHBIMHU YaCTULIAMHU, BeLeTCs
nyTeM HpHUOIMKeHHBIX U TPYLOEeMKHX MaTeMaTH-
YeCKHX BBIYMC/IEHUHN Ha OCHOBE Pa3HYHBIX TeO-
pui. Kaxkmas TeopHusl XapaKTepHU3yeTcd olpefesieH-
HBIMH OTPaHHUYEHUSIMHU Ha MOPGOJIIOTHIO paccMa-
TpHBaeMoro o6beKTa, ero roka3aTesb [IPeIOMIeHU I
Y pa3Mep I10 OTHOIIEHHUIO K AJIMHe BOJIHHI cBeTa [18].
Vcnonb3oBaHMe IPUOIHKEHHBIX METOZIOB pacyeTa He
rapaHTHUPYeT IIPABUIBHOCTD BBIYMCAEHUH, TaK KaK
PSLA GU3MYeCKUX BeJTMUYUH 3aMeHSIeTCSI MOJe/TbHBIMU
rapaMeTpaMH.

B 3aBUCHMOCTH OT CBOWCTB YaCTHIL U IIPEIbsIB-
nsieMbIX TpeboBaHUM, IJIsI AaHATKU3a UCIIONIB3YIOTCS
B OCHOBHOM TPH TEOPHH, KaK/as U3 KOTOPBIX IIPUBS-
3aHa K KOHKPeTHBIM AHalla30HaM OTHOIIEHUH pa3Me-
POB YaCTHI] U AJIMH BOJIH:

* Teopus Pesest - 111 MeJIbYAMIINX YaCTHLI, pa3Mephl

KOTOPBIX MHOT'O MEeHBbIIIe JIMHBI BOJTHBI 30HIHPYIO-

I[ero UCTOYHUKA HU3TyUYeHHUS;

e Teopds Mu - Oy 4acTHUL, pa3Mepbl KOTOPBIX
OMM3KU K AJIKMHEe BOTHBl UCTOYHUKA HU3TyUYeHUs
(Momenp TpebyeT 3HAHHUS 3HAUYEHHUN ONTHYECKUX
I1apaMeTpoB);

 Teopus ®payHrodepa - st 60JIBIMHUX YACTHL, TOY-
Hble OIITHYeCKHe [TapaMeTPbl KOTOPbIX HEH3BeCTHBL.
B maHHOM paboTe A5 UCCIeIOBAaHUS pacCesiHHOIO

H3JIy4yeHU s IOTUIUCIIEPCHOM CpefioH, cofiepsKaller

YACTHUILBI OKCHA LIMHKA, HAa IIOBEPXHOCTH KOTOPBIX

dopmupyeTcs nmonumepHas obonouka, bymer mpume-

HeHa Teopusa Mu. OHa XOPOIIO ITOAXOIHUT /IS M3y4e-

HUS paccesiHUSI Ha IByXC/IOMHBIX YacTHIIAX C HEKOTO-

PBIMH JIONYIIEeHHSIMH K OTPAaHUYeHUSIMH [19].
MaTeMaTH4YecKHe 3aBHUCHMOCTH TeopUH Mu

J0BOJIPHO I'POMO3JIKH, II03TOMY HX Lieriecoobpa3Ho

YOPOCTUTh Pa3IHUYHBIMU JONYIIeHHUSIMHU, KOTO-

pBle, OHAKO, B Ja/IbHeHIIeM He JOJKHBI IIOBJIHATh

Ha pe3y/bTaThl pacueTa MHTEeHCHBHOCTEH pacCesiHUS

CBeTa paccMaTpHUBaeMOH cpefol. [IpuMeM clefylo-

IHe JOIyIIeH s

* YaCTHIIBL B JUCIIEPCHOM Cpejie IBISIOTCS chepude-
CKHMH Y OLHOPOJHBIMHU;

* pacmpefeneHHe YacTHIL 10 Pa3sMepaM OIIHCHI-
BaeTcs JorapudMUYecKHd HOPMa/IbHBIM 3aKOHOM
pacmpeneneHus;

 o6o0y104uKa Ha YaCTHLIAX IIPU KaIlCyJMPOBAaHUU pac-
TeT pAaBHOMEPHO;

* MHOTOKPaTHOe pacCesiHHe H3/1yuyeHH s JUCIIepCHON
CpeloH He3HaUHUTe/IbHO;

* YACTHLBl SBASIOTCS HEIOIVIOMAMIIUMU U He
OTPa’KaOLUINMU;

* YaCTHUIIBI He 3apsSIKeHBl.

shell on the surface of submi-

parameters of the medium con-
taining the particles. As shown
in the review [7, 8, 13-15], the
most common are the schemes
for measuring the sizes and con-
centrations of submicron par-
ticles with small observation
angles (0-15°) and in the lateral
scattering region with respect
to the direction of propagating
radiation (90°). However, mea-
surements of the characteris-
tic size of an ensemble of parti-
cles and other physical parame-
ters of the medium are not lim-
ited to recording the intensity of
scattered radiation in the zone
of small and lateral angular
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directions. For example, there
are schemes in which scattered
radiation is observed over the
entire range of discrete angles
by a set of receivers. The latter
systems are more informative
in the study of various parame-
ters of a dispersed medium than
schemes, in which only a few
angles are used to observe the
scattering indicatrix (the most
common is the simultaneous
use of 2-3 receivers installed at
different angles relative to the
principal axis of the propagating
probe beam) [7, 14, 15].

When it is required to con-
trol the thickness of the polymer

cron particles (more precisely,
the characteristic diameter of
bilayer particles) in aerosol flows
by nephelometric systems, the
use of traditional measurement
methods, for example, of the
small-angle indicatrix method
(1-15°) or the normal scatter-
ing method (80-100°) is inap-
propriate. As it was said above,
this is explained by the fact that
the measurement of the charac-
teristic size of submicron two-
layer particles is simultaneously
affected by changes in concen-
tration, distribution function
in size, refractive index, etc.
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[TepeuyrcleHHBble BbIIIe MNPeANOJIOKEHHS
obyier4aroT pacdeTsl, IPAKTHYeCKH He U3MeH s
pe3yabTaThl BBIUHCIEHHUIN HHTEeHCHUBHOCTH pac-
CessHU [JI1 MHTepecymwIllero Hac Kpyra 3ajad.
JenCTBUTeNbHO, IOCKOMBKY YaCTHUILIBL B JUCIIEP-
CHOH cpefie (B a3p0307bHOM IIOTOKe) HAXOMASITCS
B XaOTHYHOM IIOpsILKe HJIH, BO BCAKOM CIY-
4Jae, X B3aMMHOEe PAcCIIOJOKeHHe H3MeHSseTCs
3a BpeMsl, CpaBHHMOe C BpeMeHeM HabnomeHnH,
TO Ka’K[asl MTHOBeHHAs MHTeHCUBHOCTD PacCesiH-
HOTO H3/1y4YeHHSs bygeT ycpeoHSATHCS U paccMma-
TPUBATHCSI KaK paccesHUe aHcaMbiem coepu-
YyecKMX HacTul (8, 20]. [IpyyeM MHTEHCHUBHOCTD
II0JIHOTO PACCeSIHHOTO H3JIyYeHHUs SIBJISIeTCS CyM-
MOM MHTEHCUBHOCTEH paccesiHUS KaskA0H YacTH-
e (IIpH yCIOBHH OOHOKPATHOCTH PacCesiHHUS).
TakuM obpa3oM, HHTEHCHBHOCTb pacCessHHUS
B 110601 MOMEHT BpeMeHH MOXXHO OXapaKTepH-
30BaTh KaK paccesHHe cheprUUYeCKUMHU JUCIEP-
CHBIMH YaCTHUIIAMH.

Ins aHcaMb6isi HEOQMHAKOBBIX II0 pa3MepaM
4acTUL, pacyeTHble QOPMYJIBl MHTeHCUBHOCTH
paccesHHS Ha BCeX TeJIeCHBIX YIJIaX YCIOKHEHHBHI,
U pe3yJIbTAaThl 3aBUCAT OT UCIIOJb3yeMOTO 3aKOHa
pacopenenenusa. Kak ycraHosua A.H.KoiMoropos,
pacmpenesieHHe I10 pa3MepaM MHOTHX CO3JaHHBIX
€CTeCTBeHHBIM HJIM IIPOMBIIIJIEHHBM 06pa3oM
YaCTUIL OMKMCHIBAETCS JTOTHOPMAJIbHBIM 3aKOHOM
[21-23].

[IpenmnonokeHue, 4To 060/M0YKA HA YACTH-
[1aX pacTeT paBHOMEePHO, He BCcerja BepHo. B Tex-
HOJIOTMYeCKOM IIpoliecce BO3MOJXHBI pa3HBble

Cly4ad MoAuMepH3alluu, HaIpUMep, Ha YaCTU-
nax 60JbBIMIKX pa3MepoB 060/I04Ka MOKeT PacTH
C OHOM CKOPOCTBIO, a Ha YaCTHUIlaX MeHbIIero pas-
Mepa - C IPYyrox. B KOHeYHOM HTOre BO3MOXKHO,
YTO pe3y/JbTaThl MaTeMaTHYeCKOro pacuera 6yayT
OTJIMYHBL OT IPAKTUYECKUX U3MePEeHHUN UHTEeH-
CUBHOCTH PacCesHHOTO HM3Ay4deHus. OZHAKO,
Oygem mosiaraTh, YTO TeXHOJOTHUYECKHI IIPO-
LlecC I03BOJIsIeT HapalluBaTh 060/I04Ky Ha IIOBEp-
XHOCTH YaCTHI] Pa3MYHOIO pa3Mepa C PaBHOHU
CKOPOCTBIO.

YTO KacaeTcs YeTBEPTOro IPefII0IoKeHHU s, TO
Ype3MepHOe yBelHYeHHe KOHLIeHTPalluu YacTHUL]
B a3P030JIbHOM IIOTOKE M yMeHbIIeHHe PacCTos-
HHS MeXIy HUMH MOXXeT IPHUBEeCTH K HeBO3MOX-
HOCTH KaIICyTHPOBAHUS YaCTHUI, 0607104KOM. MBI
JOIlyCKaeM, YTO Fa30BbIHM IIOTOK KOHTPOJIUPYyeTcs,
KOHIIeHTPpalL U 3aaeTcsl CUCTeMOM TaK, YTO pac-
CTOSIHHS MKy YacTHIaMHU 6oJbllle, YeM KX pas-
Mephl, U CBeT paccerBaeTCs JUCIEPCHOM CpefoH
O HOKPATHO.

Ecnu 4acTHUIBI SBASIOTCS HENOTIOMAIUMU
M HeOTPa’KaOIIKMMH, TO KX KOMIIJIEKCHbIEe II0Ka3a-
TeJIU IIpeIOMJIeHHU S PaBHBI HYIO. [eICTBUTEJIBHO,
rokasaTesu IIpelOMIeHUS I/l YaCTHUL, OKCHOA
LHMHKa U MoJKuMepa (KOTOPHIM cocTaBisieT 06o0-
JIOUKY Ha IMOBEPXHOCTH YAaCTHUI[bI) KMEIOT TOIbKO
peanpHble KOMIIOHEHTBI, TO €CTh UX KOMIIJIeKCHbIe
KOMIIOHEHTBI PaBHBI HYIIIO.

[IpenmonoxkeHHe, UTO YacCTHUIBl He 3apsi-
>KeHBI, OCHOBAHO Ha TOM, YTO 3apsif, IPUCYTCT-
BYIOIIHMM Ha MOBEPXHOCTSX YacCTHUI] B IIpoliecce

Therefore, a reasonable study
of the ideology of measurement
and a special approach to the
choice of parameters of the opti-
cal system are required.

The effect of particle concen-
tration can be eliminated by
creating a small countable vol-
ume in which only one parti-
cle will be present at the time
of measurement [7, 16]. This can
be achieved, for example, by
using a "sampling duct" with a
small aperture, where the par-
ticles will flow in sequence one
at a time (the distance between
the particles is larger than the
size of the counting volume).

However, when the objects of
investigation are submicron-
sized particles in a gas stream,
such a solution is not advisable.
In practice, the particles have a
non-spherical shape, complex
morphology, composition, het-
erogeneity of dimensions, etc.
To determine the characteristic
diameter of particle in a polydis-
perse medium using the above-
described method, many mea-
surements will be required.
However, in a gas stream, when
encapsulating submicron par-
ticles with a polymer shell,
instantaneous measurements
are required.

From the Mie theory of light
scattering by dispersed weakly
absorbing submicron particles
it is known that with increas-
ing particle size, including in a
polydisperse medium, the total
intensity of the scattered radia-
tion increases in the region of
small angles and decreases in
the region of the inverse angles
with a constant wavelength of
the source of probing radiation
in the visible region of the spec-
trum. That is, with an increase
in the diffraction parameter, the
intensity of the scattered radia-
tion rises rapidly in the region
of small angles along the axis of
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[nameTp ABYXCIOMHOM YacTnLbl, d*, HM
Diameter of two-layer particle, d*, nm

—— J10/J90 —— J10/J90 —J10/)90
(430HM) (530HM) (630 HM)
nl=2,15; nl=2,05; nl=2,0;
n2=1,63 n2=1,598 n2=1,58

Paboyue xapakmepucmuku OMHOWEHUS 08YX UHMEHCUB-
Hocmell paccesiHusa HA pasAu4HbIX dAUuHax 80AaH (430, 530,
630 HM), pezucmpuposasiuxcst nod yzaamu 10° u 90° coom-
8emcmeeHHO, 8 3a8UCUMOCMU om duamempa 08yxcAoUHOU Ya-
cmuubl (npu d=100 HM Yacmuuad He umeem noAumMepHoli 060-
A0YKU)

Operational characteristics of ratio of two scattering intensities
at different wavelengths (430, 530, 630 nm) recorded at angles
of 10° and 90°, respectively, depending on diameter of two-layer
particle (if d=100 nm, particle does not have polymer shell)

KaIlCyJIMPOBaHMs, He BJIHSIeT Ha MHTEeHCUBHOCTD
paccesHHoro csera. Kak M3BeCTHO, 3apsiKeHHAd
M He3aps>KeHHas YaCTHUIBI PaCCeHMBAIOT CBET O M-
HaKoBo [8].

B pacueTax 6bBIJIO NPUHSTO, YTO XapaKTep-
HBIM pa3Mmep CyOMHKPOHHBIX HacTHL (11po),
Ha MOBEPXHOCTH KOTOPBIX oOpa3yercs obonmouka
M3 [IOJIMMEePHOro Mmarepuasna, cocrasasgeT 100 HM.
[TonuMepHast 060/104Ka Ha TIOBePXHOCTH siZiep pac-
TeT paBHOMEPHO C marom 10% oT UX XapaKTepHOTO
pazuyca. IIpu 3ToM QYHKL KA paclopepeeHUs
YacCTHI 10 pa3sMepaM OMMChIBAeTCS JIOTAaPUPMHU-
yeCKU-HOPMaJIbHBIM 3aKOHOM (Aucrepcus 10 HM),
U ee BU/JI He MeHseTCs B IIpoliecce pocTa 060/I0UKHU
Ha IOBEPXHOCTH YaCTHII.

TpeboBamoCch KaueCTBEHHO OLeHUTH, IPHU KaKHUX
rmapaMeTpax OINTHYECKOM CXeMbl KOHTPOJIA XapaK-
TepHOIo JuaMeTpa ABYXCJIOMHBIX YAaCTHL], peaau-
3yIOIler OTHOIIeHHe JBYX HHTeHCHBHOCTEH pac-
CesTHUS IPH Pa3JHYHBIX yIJaxX Ha OLHOU [JIKHe
BOJIHBI, o6ecImeuynBaeTCs pa3pemrarmas crIocob-
HOCTb 20 HM. [JJIUHBI BOJTH HCTOYHMKA M3/IyYeHU S
BBIOMpAIMCh UCXOMS M3 AHAIMla30HA Pa3MepoB pac-
CMaTpHBaeMBbIX YaCTHUL] COTIACHO Teopuu Mu. [lns
MCCIeSOBaHUS YaCTHUIL, pa3Mepom okoyo 100 HM
IIHUPOKO UCIIOJIB3YIOTCSI MOHOXPOMHBIE HCTOYHUKHU
M3J1y4YeHUsd C JJIMHaMu BoaH 430, 530 1 630 HM,
IIPYU 3TOM YTJIbI Ha6II0eHUSI MOTYT OBITH IFOOBIMU
B guaImasoHe oT 5° mo 170°. IlokasaTenu Impe-
TOMIJIeHHUSI CYOMUKPOHHOM YaCTHUIBl M IOJH-
cTuposa (060710UKH Ha MOBEPXHOCTHU YaCTHUIIBI)
I pacCMaTpHUBaeMBIX JJIMH BOJH HCTOYHHKA

propagation of the probe radia-
tion (forward scattering) and
decreases in the opposite direc-
tion (backward scattering) [5,6].
Therefore, it is possible to deter-
mine the change in the charac-
teristic size of submicron parti-
cles from the ratio of the radia-
tion intensities scattered at dif-
ferent angles and with differ-
ent wavelengths. Such a solu-
tion will make it possible to get
rid not only of the influence of
fluctuations in the concentra-
tion of submicron particles in
the measuring volume, but also
of the instability of the radia-
tion source, which may prove
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to be important in the practical
implementation of this approach
to the measurement of the char-
acteristic size of particles in
gas flows. This approach can be
implemented in several ways,
for example, by measuring the
ratio of scattering intensities by
a dispersed medium at two dif-
ferent angles at the same wave-
length, or at certain angles at
different wavelengths. Each of
these approaches requires labori-
ous computational processes, so
we will consider only the first of
them.

The ideology of measurement
is as follows. A ray of light at a

wavelength A emitted by the
source shines through the mea-
suring volume V. The detec-
tors located in different angular
directions relative to the prin-
cipal axis of propagation of the
probe radiation collect informa-
tion on the magnitude of the
scattering intensities I; and I,,
respectively. Software processing
of the ratio of the received sig-
nals from the outputs of detec-
tors allows us to estimate the
characteristic size of submicron
particles without taking into
account the effect of their con-
centration in the countable vol-
ume under consideration [17].
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30HUPYIOLIEro U3ay4eHUs BEIOMPATUCH COIIACHO
(24, 25].

KOMIIBIOTepHBIN aHATKU3 Pa3TUUYHBIX KOMOMHA-
LUH JJIUH BOTH UCTOYHUKA U3/Iy4eHUS U YIJIOB
HabII0JeHHUs 32 pacCesiHHBIM CBeTOM IIOKas3all,
YTO ILiesecoobpasHoO HCII0Nb30BaTh YIIHL 10° 1 90°
M UCTOYHUK H3JIy4YeHUS BUAKMMOIO AHalla3oHa.
Ha pucyHKe mokasaHsl paboure xapaKTepUCTUKHU
OTHOLIEHUS ABYX MHTEHCHBHOCTEH pacCesHHUS
IIpH PasJIHYHBIX JJHHAX BOJIH (430, 530, 630 HM),
perucTpupoBaBIIKXCS oA yriaaMu 10° u 90° cooTt-
BeTCTBEHHO, B 3aBUCHMMOCTH OT JHaMeTpa IBYX-
CJIOMHOM YaCTHUIIHI (HpI/I d=100 EM yacTtuna ZnO
He UMeeT IIOJIUMepHOM 060mouku). Ilokasarenu
IIpeJoMJIeHHs OKCHOA IIMHKA Nl U IMoJIUCTUPoOIA
N2 AJis pa3sJTUYHbIX JJIMH BOJH IIPUBEJEeHE] CIIpaBa
OT I'papUKOB.

OrMmeTum ciaenyiomee. M3HayanbHO, KOTAA TOJI-
IMHAa [I0JIMMepa Maja [10 OTHOLIeHUIO K JHaMe-
TPy sanpa (4acTHULIBl OKCHAA IMHKA), [I0Ka3aTenb
IIpeIOMJIEHHU S YacCTHUIIBl B 000/I04Ke paBeH IIOKa-
3aTejIo mpejoMJieHU s aapa. C yBeJIMYeHHEeM TOJI-
INMHBI 000/I0UYKH, B OIIpefe/leHHbI MOMEHT, IT0Ka-
3aTesb IpeJIOMJIeHH S HAauHuHaeT OBICTPO MEHSIThCS
U B KOHEYHOM MTOre CTAHOBHUTCS PaBHBIM IIOKa3a-
TeJIIo IIpeIOMJIeHU S IIOMHUCTHpoa [12, 23].

Kaxk mokasaju IpoBeleHHBIe pacyeThl, OJf
KOHTPOJISI TONI[UHB HOJUMEPHOH 060104YKHU
Ha IIOBePXHOCTHU CYOMUKPOHHBIX YAaCTHUIL OKCHIA
LIMHKa fJuaMeTpoM 100 HM 11es1ecoobpa3HoO UCIIONb-
30BaTh OTHOIIEeHHUe JByX UHTEeHCUBHOCTEH pacces-
HHA 11of, yrinaMu 10° 1 90° Ha g/IMHe BOJIHBI 430 HM.

JiuHbl BOIH 530 1 630 HM He II03BOISIOT H3MEPATh
pas3Mep MoIHMMepHOM 060JI04KH Ha IIOBEPXHOCTHU
YacTHI] TAKOTO JHaMeTpa C paspelleHrueM 20 HM.
WHBIMH C10BaMH, TapaMeTp Mu (q=md/A) He goi-
>keH ObITh MeHbIIe 0,75. 3TO 3HAYHUT, YTO, HAIIPH-
Mep, IIPU KCIIOAb30BAHUU YII0B HabmogeHus 10°
1 90° 17151 KOHTPOJISL TOJIIMHBI 000JI0UKH Ha IIOBep-
XHOCTH YaCTHI] OKCH A IIHHKA fHaMeTpoM 200 HM
JJIMHA BOJIHBI UCTOYHMKA M3/IyUeHUs He JOIKHA
IpeBHIIIATh 860 HM.

TakuM 06pa3om, A1 KOHTPOJISI TONIMHBI IIOTH-
MepHOH 0607I0YKH Ha IIOBEPXHOCTH YaCTHL OKCHUA
LIMHKa (XapakTepHBIH fuaMeTp 100 HM) c pa3pelle-
HHeM 20 HM TpebyoTcs CaeAyiollHe MapaMeTpl
ONITHYeCKOM CXeMBbl H3MepeHHs, pealHu3yoIlen
OTHOIIEHHe BYX HHTeHCHBHOCTEH: YIIbl Habio-
meHus 10° 1 90°; nIMHA BOTHB HCTOYHHKA H3/IyYe-
Hus 430 HM. [Ipu 9ToM obecrieunBaeTCs U3MepeHHUe
TOJILMHBI IIOJIUMEPHOM 000/I0UKH Ha ITIOBEPXHOCTHU
Cy6OMHKPOHHBIX YaCTHUI] OKCHJIA LIMHKa 6e3 Baus-
HHUS UX KOHLIeHTPallMHU B CUeTHOM obbeMe (IpH
YCJIOBUM OLHOKPAaTHOCTH PaCCesIHHUS).

3aKaHYMBas CTAThIO, XOTEJIOCh OBl OOABUTD, YTO
MPaBUIBHOCTDb IIPOrPAaMMHBIX BBIUHC/IEHHU I IIPOBe-
psiachk IyTeM pellleHH st HeCKOJIbKHUX TeCTOBbIX 3a/1a4,
chopMyIHUPOBAHHBIX Ha OCHOBE ONYy6IHKOBAHHBIX
JaHHBIX 3KCIIePUMeHTaJIbHBIX U TeOPeTHYeCKHX pac-
4eTOB MHTE@HCUBHOCTeH pacCessHUS CBeTa 4acTH-
IlaMH C pPa3s/IMYHBIMHU IIapaMeTpaMu (pa3mep,
dopma, nokasaTesb IpeIOMJIeHHs]) B 3aBUCHMOCTH
0T yryia HabaomeHUs. B JomoIHeHHe UCIIONb30Ba-
JIMCBb IIPOBepPeHHbIe MaTeMaTHYeCKHe IIPOrPaMMBI,

Thus, the effect of particle
concentration on the measure-
ment of their characteristic
diameter can be eliminated by
estimating the ratio of the two
scattering intensities at differ-
ent angles. However, the use of
this method requires the deter-
mination of the most appropri-
ate parameters of the measuring
system in which the influence
of the time-varying refractive
index and the particle size dis-
tribution function will be weak,
which will allow controlling the
thickness of the polymer shell
on the surface of submicron par-
ticles (characteristic diameters

of bilayer particles) with the
required resolution.

Let's conduct numerical calcu-
lations to determine and refine
the most important parameters
of the measuring system.

The investigation of light
scattering, including absorp-
tion by dispersed particles, is
carried out by approximate and
laborious mathematical calcu-
lations on the basis of various
theories. Each theory is char-
acterized by certain restric-
tions on the morphology of the
object under consideration, its
refractive index and size rela-
tive to the wavelength of light

[18]. The use of approximate cal-
culation methods does not guar-
antee the correctness of calcula-
tions, since a number of phys-
ical quantities is replaced by
model parameters.

Depending on the properties
of the particles and the require-
ments, for the analysis, basically
three theories are used, each of
which is tied to specific ranges
of particle size and wavelength
ratios:
 Rayleigh theory for the small-

est particles, the dimensions

of which are much smaller
than the wavelength of the
probing source of radiation;
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+ Mie theory for particles whose
dimensions are close to the
wavelength of the radiation
source (the model requires
knowledge of the values of the
optical parameters);

e Fraunhofer theory for large
particles whose exact optical
parameters are unknown.

In this paper, the Mie theory
will be used to study scattered
radiation with a polydisperse
medium containing zinc oxide
particles on the surface of which
a polymeric shell is formed. It is
well suited for studying scatter-
ing by bilayer particles with some
assumptions and limitations [19].
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The mathematical dependences
of Mie theory are rather cumber-
some, so it is advisable to simplify
them with various assumptions,
which, however, should not sub-
sequently affect the results of cal-
culating the scattering intensi-
ties of light by the medium under
consideration. We assume the
followings:

e particles in a dispersed
medium are spherical and
homogeneous;

o particle size distribution is
described by the log-normal
distribution law;

 shell on the particles grows
evenly during encapsulation;

e multiple scattering of radia-
tion by a dispersed medium is
insignificant;

 particles are non-absorbent
and non-reflective;

« particles are not charged.

The above assumptions facil-
itate calculations, practically
without changing the results
of calculations of the scattering
intensity for the range of prob-
lems of interest to us. In fact,
since the particles in the dis-
persed medium (in the aerosol
flow) are in a chaotic order or, in
any case, their mutual arrange-
ment changes over times com-
parable to the observation time,
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each instantaneous intensity of
the scattered radiation will be
averaged and regarded as scatter-
ing by an ensemble of spherical
particles [8, 20]. And the inten-
sity of total scattered radiation is
the sum of the scattering inten-
sities for each particle (under the
condition of a single scattering).
Thus, the scattering intensity at
any instant of time can be char-
acterized as scattering by spheri-
cal dispersed particles.

For an ensemble of particles
of different sizes, the calcula-
tion formulas for the scatter-
ing intensity at all solid angles
are complicated, and the results

depend on the distribution law
used. As it was established by
A.N.Kolmogorov, the distribu-
tion of the sizes of many natu-
rally or industrially created par-
ticles is described by a log-nor-
mal law [21-23].

The assumption that the shell
on the particles grows evenly is
not always true. In the techno-
logical process, different cases of
polymerization are possible, for
example, on larger particles, the
shell can grow at one speed, and
on smaller particles on the other.
Ultimately, it is possible that the
results of the mathematical cal-
culation will be different from

practical measurements of the
intensity of scattered radiation.
However, we will assume that
the technological process allows
to build up a shell on the sur-
face of particles of different sizes
with equal speed.

With regard to the fourth
assumption, an excessive
increase in the concentration
of particles in the aerosol flow
and a decrease in the distance
between them may lead to the
impossibility of encapsulat-
ing the particles by a shell. We
assume that the gas flow is con-
trolled, the concentration is set
by the system in such a way that
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the distances between the par-
ticles are larger than their sizes
and the light is scattered by the
dispersed medium once.

If the particles are non-absor-
bent and non-reflective, then
their complex refractive indices
are zero. Indeed, the refractive
indices for the particles of zinc
oxide and polymer (which makes
up the shell on the particle sur-
face) have only real components,
that is, their complex compo-
nents are zero.

The assumption that the par-
ticles are not charged is based on
the fact that the charge present
on the particle surfaces during
the encapsulation does not affect
the intensity of the scattered
light. As is known, charged and
uncharged particles scatter light
equally [8].

It was assumed in the calcu-
lations that the characteristic
size of submicron particles (the
core) on the surface of which a
shell of a polymeric material
is formed is 100 nm. The poly-
meric shell on the surface of
the nuclei grows evenly with a
step of 10% of their characteris-
tic radius. In this case, the par-
ticle size distribution function
is described by a log-normal law
(dispersion of 10 nm), and its
form does not change during
the growth of the shell on the
particle surface.

It was necessary to qualita-
tively evaluate the parameters
of the optical system for control
of the characteristic diameter of
two-layer particles, which real-
ize the ratio of two scattering
intensities at different angles
at one wavelength and provide
a resolution of 20 nm. The wave-
lengths of the radiation source
were chosen on the basis of the
size of the particles under study
according to the Mie theory.
Monochrome radiation sources
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with wavelengths of 430, 530 and
630 nm are widely used to study
particles of about 100 nm in size,
and viewing angles are ranged
from 5° to 170°. The refractive
indices of the submicron par-
ticle and polystyrene (shells on
the surface of the particle) for
the wavelengths of the source of
the probe radiation were chosen
according to [24, 25].

Computer analysis of vari-
ous combinations of the wave-
lengths of the radiation source
and the angles of observation of
scattered light has shown that
it is advisable to use angles of
10° and 90° and a source of visi-
ble light. Fig. shows the operat-
ing characteristics of the ratio
of two scattering intensities at
different wavelengths (430, 530,
630 nm) recorded at angles of 10°
and 90° respectively, depending
on the diameter of the two-layer
particle (if d =100 nm, the ZnO
particle does not have a poly-
mer shell). The refractive indi-
ces of zinc oxide (nl) and poly-
styrene (n2) for different wave-
lengths are shown to the right of
the graphs.

We note the following.
Initially, when the thickness of
the polymer is small relative to
the core diameter (of zinc oxide
particle), the refractive index of
the particle in the shell is equal
to the refractive index of the
core. With an increase in the
shell thickness, at some point,
the refractive index begins to
change rapidly and eventually
becomes equal to the refractive
index of polystyrene [12, 23].

As shown by the calculations,
to control the thickness of the
polymer shell on the surface of
submicron particles of zinc oxide
with a diameter of 100 nm, it is
expedient to use a ratio of two
scattering intensities at angles
of 10° and 90° at a wavelength of

430 nm. The wavelengths of 530
and 630 nm do not allow measur-
ing the size of the polymer shell
on the surface of particles of this
diameter with a resolution of
20 nm. In other words, the Mie
parameter (q = nd/A) should not
be less than 0.75. This means
that, for example, using obser-
vation angles of 10° and 90° to
control the thickness of the shell
on the surface of zinc oxide par-
ticles with a diameter of 200 nm,
the wavelength of the radia-
tion source should not exceed
860 nm.

Thus, to monitor the thick-
ness of the polymer shell on
the surface of zinc oxide parti-
cles (with characteristic diame-
ter of 100 nm) with a resolution
of 20 nm, the following param-
eters of the optical measure-
ment system are required, real-
izing a ratio of two intensities:
viewing angles of 10° and 90°;
the wavelength of the radiation
source is 430 nm. And it is possi-
ble to measure the thickness of
the polymer shell on the surface
of submicron particles of zinc
oxide without affecting their
concentration in the counting
volume (under the condition of a
single scattering).

Concluding the article, we
would like to add that the cor-
rectness of software calcula-
tions was verified by solving sev-
eral test problems, formulated
on the basis of published data
of experimental and theoreti-
cal calculations of the scattering
intensities of particles with dif-
ferent parameters (size, shape,
refractive index) depending on
the viewing angle. In addition,
we used proven mathematical
programs designed to calculate
various particle parameters on
the basis of the Mie equations,
in particular, MieScattering,
MiePlot4600, etc. [26, 27]. |





