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Cocmagnena aunetinas MamemMamuieckas Mooelb aspooUcnepCHO20 HEYCIMAHOBUGUIECOC
HOMOKA 8 MPAHCHOPNHOM MpPYOONpogooe ¢ UCNOIb308AHUEM U3GECHIHIX 8 MEOPUU NHEGMOMPAHC-
nopma 3agucumocmeti. Buoinoanen ananuz 9moti MoOenu Memooamu meoput asmomamuieckozo
ynpasnenus ¢ npeobpasoganuem Jlaniaca ucxoOHbIx YpagHeHUt, ¢ NOCMpoeHUeM nepeoanodHbix
QyHryus u onpeoenenuemM OUHAMUYECKUX XAPAKMEPUCUK, GIUSIOUUX HA YCMOHYUBOCHb CUCHe-
Mbl. HaiiOenst nocmosnnas spemMeny peakyull 36eHa HA 803MYUEHUE U KOIPGhuyuenm ycuieHus no
Oasnenuro. Henonb308ambt Memoosl meopuu agmoMamuieckoeo YynpagneHus 0N aHanu3a OUHAMU-
YeCKUX XAPAKMePUCIMUK NHEGMOTMPAHCNOPMHBIX CUCIEM.

Knrouesvie cnosa: nnegmamudeckuii mpancnopm, HeYCMAaHOBUGULETICS npoyecc, Menoobl meopull
asmMoMamu4ecKoeo ynpasieHus, OUHAMUYECKIUE XapaKmepUcmuKu

Beeoenue

OnHoit W3 OCOOEHHOCTEH MHEBMATHYECKOTO TPYOOTPOBOAHOIO TPAHCIIOPTA SIBIISIETCS
CpPaBHUTEJbHAS MPOCTOTA KOHCTPYKLUU arperaToB U CJIOKHOCTD MPOTEKAOLINX B HUX MPOLIECCOB.
DTH MPOLECChl XapaKTEPU3YIOTCS Pa3sHOOOpa3ueM MapaMeTPOB YUACTBYIOIIMX B HUX KOMIIOHEH-
TOB, CJIOJKHOCTBIO KHHEMAaTHUECKHX CTPYKTYP a’3pOIUCIIepCHBbIX MoTokoB. Kpome Toro, aHamus
MPOLIECCOB, MPOUCXOMASIIIHUX B OTACIbHBIX 3JIEMEHTaX CUCTEMbI B OTPBIBE IPYT OT ApPYyra, HE Mo3-
BOJISIET YYECTh UX B3AaUMOBJIHSIHIE U OLIEHUTh YCTOWYMBOCTD PabOThI CUCTEMBI B 1iejioM. [ToaTomy
OONBIIMHCTBO M3BECTHBIX MOJAEJIEH, METOIUK pacyeTa U MPOSKTUPOBAHUS THEBMOTPAHCIIOPTHBIX
cucteM 0a3MPYIOTCS HA YCIOBUU CTallMOHApHOCTH mpouecca [1, 2, 3, 4, 5].

B To ke Bpemsi mys BeIOOpA PaIlMOHAIBHBIX PEKUMOB TPAHCIIOPTUPOBAHHS TPEOyeTCs
3HAHUE TMHAMUYECKUX XaPAKTEPUCTUK a3POAUCIIEPCHBIX MTOTOKOB, MOCKOJBKY 3a4aCTYI0O UMEHHO
Ha TPaHU YCTOWYUBOCTH PEAU3YIOTCST HAanbOO01ee SKOHOMUYECKH BBITOTHBIE PEXKUMBI.

B kauecTBe npuMepa Ha puCyHke | mpuBeneHa TUMMYHAS IJIs1 THEBMOTPAHCIIOPTUPOBAHMUS
yrOJbHOW mbuM (ha3oBas aUarpaMma YCTAaHOBUBIIETOCS a’3pPOIUCIEPCHOTO TMOTOKAa B Tpyde
nuamerpom D = 50 mMm [1].

B kauecTBe TpaHCIOPTHPYEMOTO MaTepHalia 3/1eCh UCIOJIb30BaHa YTOJIbHAS MMbLIb.

dazoBast AuarpaMma MnocTpoeHa B koopanHatax AP /L = f(u) (ynenbpHBIE OTEPH HaBlie-

HUSI B 3aBHUCHMOCTH OT CpemHeill CKOpPOCTH Bo3dyxa). Ha nmarpamMme CIUIOIIHBIMU JIMHUSIMH
0003HaueHB! ONBITHBIE KPUBBIC, IPEPHIBUCTBIMU — PE3yJIbTaThl pacueTra. Touku nepernOos ¢azo-
BOH JUArpaMMbl XapakKTEPU3YIOT KPUTHUECKUN PEKUM IS PA3JINYHBIX 3HAYEHUN pacxoda yroJb-

Ho# mbuTH. [Tapamerpbl mbut: gucnepcHOCTs dp =50 MKM; MIOTHOCTB yrist p; = 1600 KI/M® .
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Kak BuaHO M3 auarpaMmbl, KPUTHYECKUN PEXKUM XapaKTEPU3YETCsl HAUMEHBbLIMMU MOTeE-
pPsIMU OaBJIEHUs U MHUHUMAJIBHBIMU 3HEPro3arpaTaMy Ha TPaHCIOPTUpOBaHUe. BaxxHON xapaxTe-
PUCTUKON KPUTHYECKOTO PEXUMA SABJISIETCS] TAKXKE TO, UTO OH SABJISIETCS] TPAHULIEH YCTONYUBOCTH.
IIpu cKOPOCTSIX BBIIIE KPUTHUECKOH (HA AUArpamMMe CIIpaBa OT KPUTHYECKON CKOPOCTH) YaCTHUIIbI
JOBHKYTCSI BO B3BELICHHOM COCTOSIHMH, NPOLECC TPAHCIOPTHPOBAHUS SIBJISIETCS] YCTOWYUBBIM.
IIpu cxopocTsix Bo3AyXa B TpyOe MEHbIIE KPUTHYECKONW CKOPOCTH adpOAUHAMUYECKUX CHUJI He-
IOCTaTOYHO, YTOOBI COXPAHATH MOTOK BO B3BELIEHHOM COCTOSIHHHM, B PE3YJIBTATE YEro YaCTHIIbI
BBINAJAIOT B OCAZOK HA HIDKHIOK CTEHKY TPYOBl. YCTOHYMBOCTH NMOTOKA MPH 3TOM HAPYIIAETCS,
BO3MOXKEH 3aBajl TPyOOIIpoBoOaA.

/
/

— . Tla/m
L’ 7
5.6 K1/cC
2500 7~
4,2 kr/c
2000 A
P
1500 2.8 x1/cC
1000 - 1.4 xr/c
500 YN CTBIH
' ._"___',1—;303:1}3:
0 PR - -

0 5 10 15 20 25 30 35 |
u, M/C

Pucynok 1 — ®a3oBas muarpamma a3poAUCIIEPCHOTO MOTOKA B TOPU30OHTAIBLHOM TpyOomnposoze [1]

DKCMEPUMEHTAIBHO YCTAHOBJIEHO, YTO B HW)KHUX BBICOKOKOHLIEHTPUPOBAHHBIX CIIOSIX
B3BECEHECYIIEro MOTOKA BsI3KKE U TYpOYJIEHTHBIE KacaTelIbHbIE HAIPSIKEHUS adPOCMECH CYIIECT-
BEHHO MaJibl [0 CPABHEHUIO C HATIPSIP)KEHUEM CHJI MEXaHUUYECKOTO TPEHUS TBEPBIX YaCTHULl OJIHA O
OPYIYIO U O CTeHKY TpyObl. [ToaTOMy B KpUTHYECKOM WM OJM3KOM K HEMY PEeKHMax MHEBMO-
TPAHCIOPTUPOBAHUsI OCPEAHEHHbIC KacaTeJbHbIC HANPSHKEHUs B JIOHHBIX BBICOKOKOHLEHTPHUPO-
BAHHBIX CJIOSIX MOTOKA OMPEAESAIOTCA B OCHOBHOM YIIOMSIHYTBIM MEXaHUYECKUM TPEHUEM.

HYCTB Tu U Ty — CPEAHCCTATUCTUYICCKOE KACATCIbHOC HAIIPAYKCHUEC Ta30B3BCCU HA HUXK-
HEU CTEHKE TPY6bI " HAIpPAXKEHUC CpeI[HeCTaTHCTH‘{eCKOfI CUJIbI TPEHUSA CKOJILKEHUA TBEPAOTO
MaTepuaja o JHO TPyOsI.

Kax yTBepknaercs B UCTOUHUKE [1], €AMHCTBEHHBIM YCIOBUEM, ONpPEAEISIOLUIUM KPUTH-
YECKUH PEXKUM ITHEBMOTPAHCIIOPTUPOBAHHS, SABJISIETCS] PABEHCTBO!

Tn =Ta. (1)

OTO ycnoBUE BBIPAXKAET MPEAEIbHOE AUHAMUYIECKOE PABHOBECHE MEXIY B3BECEHECYLINM
MIOTOKOM B LI€JIOM U CIUIOLTHBIM MIOTOKOM TBEPABIX YaCTHUL], IEPEMELIA0IUXCcs y 1Ha TpyOrr. O0-
nactu craduibHoro (II) m HecrabunbHoro (1) PEKMMOB THAPOTPAHCIIOPTUPOBAHUS M KPUTHYEC-
KUl PeXUM, Pa3fessomuii 5Ty o6NacTy, MPUBEAEHb HA PUCYHKe.2. 3mech xe uepes 1 u 17

0003HAYEHBI PEXUMBI C TIOJTHBIM U YaCTUYHBIM BBIMMAACHUEM TBCPAOTO MaTCpuaja B OCaO0K, COO-
TBETCTBCHHO.
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Usaua Uy Uep

Pucynok 2 — Cxema KacaTeJbHbIX HANPsOKEHUH Ha HIDKHEH CTEHKe TPYOBI:

Usqun — CKOpPOCTB BO31yXa B HAYAJIC 3aUJICHUA, qu — KpUTHUYCCKasA CKOPOCTb BO3ayXa,

U, — cpenHsisi CKOPOCTb BO3/lyXa B IpOLiecce TPAHCIOPTHUPOBAHUS

Ha ocHoBe paBenctsa (1) B pabote [1] monyueHa MaTeMaTuyeckasi MOJENb KPUTHYECKOTO
peXXrMa B BHIE CUCTEMbl HEJIMHEWHBIX alreOpanyeckux YpaBHEHUH, ONpenesieHbl 3HAUSHHs Ta-
pameTpos u,, u (AP/L),,.

C wenpr0 aBTOMAaTH3aLMHU BBIYUCIUTENBHBIX Pa0OT M MOBBIMEHUS] UX TOYHOCTH pa3pado-
TaHa TaK)K€ METOIMKA, AITOPUTM U IIPOTrPaMMHOE 00ECTIeUeHHE PacYeTOB KPUTUIECKONH CKOPOCTH
U YIENbHBIX MOTEPh JaBJICHUS, 00eCIIEUNBAONINX MUHUMAIIbHBIE 3aTPAThl SHEPIHH HA TPAHCIIOP-
tuposanue [1]. Ilpennaraemass MeTronuka pacueTa KPUTHUYECKUX PEXUMOB JaeT BO3MOXKHOCTb
MIPOBECTH YUCJICHHBIE HCCIEAOBAHUS KPUTUYECKUX PEKUMOB MPU PA3IUYHBIX YCIOBUSIX TPAHC-
MOPTUPOBAHMSIL.

Uto KkacaeTcs UCCIeNOBAHUS a3POAUCIEPCHBIX MOTOKOB MPU CKOPOCTSAX HECYIUEH Cpenbl
BBILIE KPUTHYECKUX, TO UX aHAJIHM3 MOKET OBITh BBIMIOJIHEH HA OCHOBE YK€ OTPaOOTaHHBIX METO-
UK pacdyeTa MeHee TPYAOeMKUMH MeTtofamu. [Ipumep Takoro ananusa NpeacTaBiIeH HUXKE.

Lens pabomut

[lenpro ucciaenoBaHUMN sIBJAETCSA ONpereNieHHne AMHAMHUYECKUX XapaKTepUCTUK U paspa-
00TKa MaTeMaTH4YeCKOIl MOJeNN HEYyCTAaHOBHUBILETOCs a3pOAMCIEPCHOTO MOTOKA B TOPU30HTAJb-
HOM TpyOKe IpU CKOPOCTSIX HECYIIEH CPebl BBILIE KPUTHUECKHX.

JIisl BBITIOJIHEHHSI TIOCTABJIEHHON LI€M MOTYT OBITh MCIOJB30BAHbI METOMABI, NpeAsarae-
MBI TEOpHel aBTOMaTHuUecKoro ympasieHusi [6]. CormacHo 3To# Teopuu Jrodas TEXHUYECKas
cucTeMa MOXKeT ObITh MPEICTaBIeHa B BU/IE COBOKYITHOCTH CBSI3aHHBIX MEXAY COOOH M B3aMMO-
IEUCTBYIOIUX B OOIIEH CTPYKType CHUCTEMBbI SI€MEHTOB (3BEHbEB), OTIMYAIOIINUXCS CBOHCTBEH-
HBIMH KaXXIOMy M3 HHX IHHAMHYECKUMH XapaKTEePUCTHKaMH (MepeaaTOvYHbIMU (YHKLHUSMH),
yu4eT KOTOPBIX MPU aHAJIU3€ CUCTEMBI AaeT MOJOXKUTENIbHOE peleHue 3anadu. Ilocae onpenene-
HUSI 110 YIIOMSIHYTOM METOJMKE MepeNaTOYHbIX (PYHKUUH KaKIOro 3BEHA, CHHTE3HUPYETCs CTPYK-
TypHasl cxema BCel CHCTeMbl, HA OCHOBaHUM KOTOPON MPOU3BOAUTCS aHAIM3 €€ JUHAMHYECKHUX
XapPaKTEPUCTHK, MPU YCIOBHUH, YTO MPOLECC OMMChIBaeTCs AuddepeHunanbHbIMI YpaBHEHUIMU
NEPBOTO MOPsAIKA.

H3noxcenue ocnoenozo mamepuana

HTak, BBIIENINM U3 COCTaBa ITHEBMOTPAHCIIOPTHON CHCTEMBI TPAHCIIOPTHBIN TPyOOTIPOBO,
KaK JHHAMHUYECKOE 3BEHO U PACCMOTPUM HEKOTOPbIE €r0 TUHAMUYECKUE XapaKTEPUCTUKH.

[lycts mepenan naBnenus B TpyOomnposoae cocrasisier ( p — p,). B yctanoBuBmemcs mno-

TOKE 3TOT nepenag AaBJICHUA YPABHOBCIIHUBACTCA NMPUCYTCTBYHOIIUMU B CUCTEME CUJIAMU TPCHUSA
() u rpaBuTaLINH () CIEAYIOIIUM O0pa3OM:
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PPy =Apy+Apg, ()

rae Ap, u Ap, — rpajieHT CUJI TPEHHs U TPABUTALIUH.

Jlisi HeyCTaHOBUBIIErOCS a3POAUCIIEPCHOTO MOTOKA OaJaHC AaBieHUs mpeodpasyeM mpu
MOMOIIM BTOPOro 3akoHa HeroTOHA:

du dc
m—-+mp—=A(p,— p,)—A(Ap, + A
L (0 —p)—A(Ap, +Ap,), (3)

rIe m — Macca Bo3ayxa B TpyOompoBoe;
My — Macca TBepAbIX YacTHI B TPyOOTpOBOAE;
U — CKOPOCTb BO3yXa B TPyOONpoOBOSAE;
¢ — CKOPOCTb TBEP/bIX YaCTHLI,
A — ko3pPunmeHT.
[Ipn Hamuuuu B TPyOONPOBOAE KianaHa MM U3ruda, K MPUBEACHHOMY BbIIIE YPABHEHHIO
crienyer 1o0aBUTh COOTBETCTBYIOIINE TIOTEPHU IABICHHUSI.
B ycnoBusx HEyCTaHOBHUBLIETrOCs MIOTOKA €ro NapaMeTpbl CTAHOBATCS nepeMeHHbIMU. [le-
peMeHHOe 3Ha4YeHHe KaKAOro napaMerpa COCTOUT U3 BEJIMYMHBI €r0 CPeHero 3HaueHus B yCTa-
HOBHBLIEMCS] TOTOKE U €r0 NEPEMEHHOMN COCTABJISAIOLLECH:

P =P+ pi;

P2 = Pa+ Dh;
Ap, = Apf+Ap;;
Ap, = AP, +Apg;
u :L_t+u1;

1

2

(4)

c=cC+c

11
rae p,, P, — NepeMeHHas COCTaBJIAIOLIAsl JaBJICHNUS,

ApY, Ap, — miepemeHHas COCTABIIAIONIas NIePenaja IaBIeHHs;

11
Y, ¢ — IepeMeHHasl COCTaBJISIOIAsl CKOPOCTH BO3AyXa U TBEPBIX YaCTHULI.
Tak kak

D — P, =Ap,+Ap,,
ypaBHeHHe OanaHca AaByieHus (3) IPUHUMAET BUA:
du’ de!

11 1 1
m—+m;, —=(p; — - A(Ap,+Ap,), 5
Ji T (P —py)—A(Apy +Apg) (5)

IUTSL TATbHEHINEero aHanm3a ypasHeHue (5) npeobpasyem mo Jlammacy:
m| su(s)=u'(0) |+ my | sc(s)~c'(0) |= 4] pl(s)= Pa(s) |- 4] Ap}p () + Ap(5) ] (6)

rae s — nepemMeHHas mpeoOpasoBanus Jlamaca;
u(s), c¢(s) — uzobpaxenue mo Jlammacy MECTHOM CKOPOCTH;
Ap(s) — uzobpaskenue 1o Jlamaacy rpagveHTa qaBiIeHus.

Hanee mist onpeneneHus mepeaaTouHbIX (YHKIUH UCTIONB3YeM TOMOHUTEIBHBIE TTPEIO-
JIOKEHUS:
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1. Hpupasuusas #'(0) u ¢'(0) Kk HymO ¥ IPUHMMAS MEPHON IPABUTALMOHHBIX TIyJIbCA-
LU TPeHEOPEKUTENBHO MaJIbIM, UMEEM:

msu(s)+mysc(s) = A| pl(s)=ph(s) |- 4| Apy(s) | )

2. B cnydae, ecnu myJibCallii CKOPOCTH BO3yXa MEHBIIE MyJbCALIMA CKOPOCTH YaCTHUIIBL,
a MyJIbCAINK CKOPOCTH YaCTHULIbI MPeoOIanaroT Halx GPUKIMOHHBIMU KOJICOAHUSIMU, 3ATHIIEM:

AN,
mfsc<s)=A[p%(s)—m(s)]—{ ( = f)}c@). ®)
Orcrona Haiinem mapamerp c(s)
A pe-m|
«s)= mys + AX(Dp ) 1 ¢ ©)
3. Jlomyckasi, 4To Ap} = pl1 ($)— pé ($), monyuum:
osy  Aloc/a(apy) K
AL T+myps/ A@(Ap)/dc)  1+ts (10)

Takum oOpa3oM, HCXOAs W3 aHAIHM3a NMEPEAATOUHBIX (PYHKUMN, HAXOAMM MOCTOSHHYIO
BpEMEHU T PEAKLUU 3B€HA

m; | A
= A (11)
A(Ap ;)oc
u ko3¢ punment ycuneHust K
P i
Al adpy) (12)
Bripaxenue A(Ap, ) / Oc 3anuchiBaeM 4epes koahuument Tpenus [2]:
2
c” L

=% 1-g)—— 13

App=hzpr(1-¢) D (13)

rae A, — Ko3hpHUUUEHT TPeHUs a3POAUCIIEPCHOTO TIOTOKA,

Pr — IJIOTHOCTH MaTEpHasia YaCTHILI,

L — nnuna TpybomnpoBoaa;

D — nuametp TpydompoBoaa;

€ — KOHLIEHTPALUsI MOTOKA.
[Ipomuddepenumposas ypasuenue (13), nmeem

o), pr
oc ‘D

[Toncrasnsiem Boipakenus (13) u (14) B (11) u (12) ¢ HEKOTOPBIMU YIPOIUEHUSMH, KaK,

cL(1-¢). (14)

Hanpumep My = LA(1—€)pr, OKOHUATENBHO MONyYaeEM:
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T= LD
A C ’ (15)
4
K= :
A ,cp(l—€)LD (16)

Buieoowt

Takum oOpazom, METOIOM MEpeNaTOYHbIX (YHKIMHA ONpPEAeTIeHbl NUHAMHYECKUE Tapa-
METPBI THEBMOTPAHCIIOPTHOTO TPYOOIIPOBOAA: BPEMsI PEAKLIMH a3POANUCIIEPCHON CHCTEMBI U KO-
3¢ PULHEHT YCHUIICHHUS 3BEHA.

Jna GyHOAMEHTANbHBIX HCCICIOBAHUN JUHAMHYECKHX XapaKTePHCTUK ITHEBMOTpPAHC-
MOPTHBIX CHCTEM LeNIeCOOOPa3HO HCIIOJIB30BAHNE METONOB TEOPUU aBTOMATHUECKOTO PEryJInpo-
BAHUSI.
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M. M. Qaﬂbuesl, B. Il T apacosz, b. € Byeaﬁosl
1 — Asmomobinvno-ooposcniii incmumym /{BH3
«Aoneupkuii nayionanvruii mexuiunui ynisepcumemy, m. I'opniexa;
2 — AnmaiicoKuil oepiicasnuil mexuiunuil yHigepcumem, m. Anmaii
AHaJi3 THHAMIYTHAX XapaKTEPHUCTHK MMHEBMOTPAHCTIOPTHHX CHCTEM METOAAMH
Teopii ABTOMATHYIHOTO YIPABJiHHSI

CKIazeHo MaTeMaTH4HY MOACTb ACPOIAWCIIEPCHOTO IMOTOKY B ITHCBMOTPAHCIIOPTHOMY TPYOOIPOBOL, IO
BKJIIOYAE JTIHCAPHW30BAHI PIBHAHHA MAPAMCTPIB HECTAJNOTO Mpouecy. BHKOHAHO aHAMTI3 1€l MOACTI METOOAMH TCOPil
ABTOMATHYHOTO YIPABIIHHS 3 NEPETBOPCHHAM BUXITHHUX PiBHSIHG Jlammaca, moOyI0BOrO IepenaBatbHUX (DYHKIIH Ju-
HAMIYHHX JJAHOK 1 BH3HAYCHHAM AWHAMIYHHX XaPAaKTCPUCTHK ITHEBMOTPAHCIOPTHOTO MOTOKY, IO BH3HAYAKOTH CTIH-
KICTh CHCTEMH. BH3HaUCHO cTaiy vyacy peakuii MOTOKY HA MOMUIIMBI 30yPEHHS, a TAKOX KOC(IMIEHT MOCHICHHS IO
THCKY. 3POOJICHO BUCHOBOK IIPO JOUIIBHICTh BUKOPHCTAHHI METOAIB TCOPii aBTOMATHYHOTO VIPABIIHHS U1 aHATI3Y
JUHAMIYHHX XapaKTCPHCTHK THEBMOTPAHCIIOPTHHX CHCTEM.

MHEBMATHUYHUM TPAHCIIOPT, HECTAJIMM [IPOLIEC, METOAWU TEOPII ABTOMATHUYHOIO
YTIPABJITHHSA, IMHAMIYHI XAPAKTEPUCTHUKI
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Analysis of pneumatic conveying systems dynamic characteristics
by automatic control theory methods

Load variations in pneumatic piping cause flecting transients that do not have the ability to self-leveling and
lead to an unstable regime until clogging the pipeline. Effective pneumatic conveying primarily associated with the
organization of sustainable modes of transportation, through the development and use, the time-optimal automatic
control systems, excluding the possibility of loss of particles from the flow.

A mathematical model of a pneumatic conveying installation, based on the principles of design and methods
for describing the systems used in the theory of automatic control. The model includes a system of linearized equa-
tions of unsteady process parameters pneumatic conveying through a horizontal pipeline.

The analysis of this model using the theory of automatic control methods with the Laplace transformation of
the original equations, the construction of the transfer functions of dynamic elements and determining the dynamic
characteristics of pneumatic flow in determining the stability of the system. The time constant of the flow reaction to
possible disturbances, as well as the gain coefficient in pressure have been determined. The conclusion about the
practicability of the automatic control theory methods use for analyzing the dynamic characteristics of pneumatic
conveying systems.

PNEUMATIC CONVEYING, TRANSIENT PROCESS, AUTOMATIC CONTROL THEORY METHODS,
DYNAMIC CHARACTERISTICS
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ANALYSIS OF PNEUMATIC CONVEYING SYSTEMS
DYNAMIC CHARACTERISTICS
BY AUTOMATIC CONTROL THEORY METHODS

The linear mathematical model of the gas-solid unsettled flow in the conveying line is made
up with the use of the dependences known in the pneumatic conveying theory. The model analysis
by the methods of the automatic control theory with the basic equations Laplace transformations,
transfer functions plotting and determination of the dynamic characteristics effecting the system
stability is carried out. The time constant of the disturbance member reaction time and the pressure
gain coefficient are determined. The automatic control methods are used for the pneumatic convey-
ing systems analysis.

Key words: pneumatic conveying, unsettled process, automatic control theory methods, dynamic
characteristics

Introduction

One of the pipeline pneumatic conveying system peculiarities is the devices comparatively
simple design along with the complexity of the processes occurring in them. The processes are
characterized by the variety of components involved in them and gas-solid flows kinematics com-
plexity. Furthermore, the analysis of the processes occurring in the system separate elements,
apart from each other, does not allow consider their interaction and value the system operation
stability in general. Thus most of the known pneumatic conveying systems design and engineering
models and techniques are based on the process stability condition [1, 2, 3, 4, 5].

Meanwhile choosing conveying rational modes requires information about gas-solid flows
dynamic characteristics as the most cost effective modes are realized on the edge of stability.

As an example, the typical phase diagram of steady gas-solid flow in the pipe D = 50 mm
[1] for coal dust pneumatic conveying is given in figure 1.

Coal dust is used here as the conveyed material.

The phase diagram is AP /L = f(u) plotted (specific pressure losses depending on the air
mean velocity). The continuous lines in the diagram stand for experimental curves, the dashed
lines — for design results. The phase diagram inflection points characterize the critical mode for
different values of coal dust flow rate. The dust parameters: dispersibility dy = 50 mkm ; the coal

density pg =1600 kg/m® .

As seen from the diagram, the critical mode is characterized by the least pressure losses
and minimal power consumption for conveying. The critical mode essential characteristic is its
being the stability limit. At the velocities above the critical one (on the right of the critical velocity
in the diagram) particles flow in the suspended state, the conveying process is stable. At the air
velocities in pipes below the critical one the aerodynamic forces are not enough for maintaining
the flow in the suspended state resulting in the particles forming the settled layer on the pipe low-
er wall. The flow stability is disturbed and the pipeline blockage may occur.

© Chaltsev M. N, Tarasov V. P., Bugaev B. E., 2012
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Figure 1 — Phase diagram of the gas-solid flow in the horizontal pipe [1]

It was experimentally proved that in the lower highly concentrated flow layers the viscous
and turbulent shear stresses of the mixture are essentially small in comparison with the force of
solids mechanical friction with each other and the pipe wall. Thus in the pneumatic conveying
critical or close to it modes averaged shear stresses in lower highly concentrated flow layers are
determined by means of the mentioned mechanical friction.

Let us assume that T/ and T, are gas suspension average shear stress on the pipe lower
wall and the stress of solids average sliding friction force with the pipe bottom.

As stated in the source [1], the only condition determining the pneumatic conveying
critical mode is the equation:

=T, (1)

The condition expresses the limit dynamic equilibrium between the gas suspension flow all
in all and the solids moving at the pipe bottom continuous flow. The areas of hydraulic conveying
stable (II) and unstable (I) modes and the critical mode, separating the areas are given in figure 2.

Here the modes with the full and partial solids saltation are denoted with I' and I’ .

I:H /

-
——t |

Usaltar ucr_ Uspean

Figure 2 — Lower wall shear stress scheme:
U, — air velocity in the beginning of saltation, #,, — air critical velocity,

U,.., — mean air velocity during the conveying process
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The critical mode mathematical model in the form of nonlinear algebraic equations system
and u, and (AP/ L), parameters values were determined on the basis of the equation (1) in the
work [1].

The critical velocity and specific pressure losses, ensuring minimal power consumption for
conveying [1] technique, algorithm and software were engineered with the purpose of computing
works automation and their accuracy increase. The suggested critical mode design technique ena-
bles carrying out numerical studies under different conveying conditions.

Regarding gas-solid flows studies at the velocities exceeding that of the carrier medium
one their analysis can be performed on the basis of the developed less labour intensive design
techniques.

Purpose of work

The research purpose is in determining of the dynamic characteristics and the mathemati-
cal mode engineering of the unstable gas-solid flow in the horizontal pipe at the carrier medium
velocity exceeding the critical ones.

Various methods, offered by the automatic control theory [6] can be used for achieving the
stated purpose. According to the theory any technical system can be expressed in the form of the
group of interconnected system elements (members), differing from each other in dynamic char-
acteristics (transfer functions), taking into account which during the system analysis gives the
problem positive solution. After each member transfer functions determination by the mentioned
technique the whole system structure diagram is generated. The system dynamic characteristics
analysis is carried out on the basis of the generated diagram provided the process is described with
differential equations of the first order.

Basic material presentation

Let us point out from the pneumatic conveying system the conveying line as the dynamic
member and consider some of its characteristics.

Let the pressure drop in the pipeline be ( p; — p,). In the settled flow the pressure drop is
balanced by the forces of friction (f) and gravity (g) the following way:

PPy =Apy+Apg, ()

where Ap, and Ap, — gradient of gravity and friction force.

For the unsettled gas-solid flow the pressure balance is transformed by means of the New-
ton’s second law:

m%ms%:/l(pl—pz)—A(ApﬁApg), (3)

where m — air mass in the pipeline;

mg — solids mass in the pipeline;

u — air velocity in the pipeline;

¢ — solids velocity;

A — coefficient.

If there are any valves or elbows in the pipeline, pressure losses should be added the equa-
tion given above.

Under the conditions of the unsettled flow its parameters become variable. Each parameter
varying value consists from its mean value in the settled flow and the variable component:
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n=n+p
Pr=Dr+ D)
Ap;=Ap,+ A
Ap, = AP, +Ap,, ®)
u:_+f;
c:E+J,
where pll, pé — pressure variable component;
Ap', Apy, — pressure drop variable component;
u', ¢! — air and solids velocity variable component.
As
DI~ P, =Ap,+Ap,,
the balance equation (3) takes the form:
1 1
St L= (pl = phy= A + 40} ©)

for the further analysis the Laplace transformation of the equation (5) is used:
m [su(s) —u! (O)J +my [sc(s) —! (0)} =4 [pll (s)— pé (s)] -4 [Ap} (s)+ Ap; (s)} ,(6)

where s — Laplace transformation variable;
u(s), c¢(s) —local velocity Laplace representation;

Ap(s) — pressure gradient Laplace representation.

Next for transfer functions determination we use supplementary assumptions:

1. Equating #'(0) and ¢'(0) to zero and taking gravity fluctuation as negligibly small we
have:

msu(s) +mse(s) = A| pl(s)=py(s) |- 4] Apy(s) | ™)

2. In case if the air velocity fluctuations are smaller than the solid velocity fluctuations and
the solid velocity fluctuations dominate over the friction fluctuations we will write:

Apy)
myse(s) = A[p%(s)—pﬁs)]—{ . }(s). ®)
C
Hence we will find the parameter c(s)

4] pl(s)- ph(s) |
c(s) = : ©)

mgs+ A0(Ap )/ dc

3. Assuming that Ap) = p;(s)— pj(s), we will obtain:
o(s) A—lac/a(Apf) K "
AP L+mgs| A@(Apy)/dc) 1+1s (10)
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Therefore according to the transfer functions analysis, we find the member reaction time
constant T

mg [ A
= . (11
Ap ;)oc
and the gain coefficient K
1 oc
K=—(—) 12
A o(ap)) (12
The expression J(4p,) / Oc we write in terms of the friction coefficient [2]:
L (13)
= 7\1 ; l— e —_—, 13
Ap f zPs(1—€) > D
where A, — gas solid flow friction coefficient;
py — solids material density;
L — pipeline length;
D — pipeline diameter;
e — flow concentration.
Having differentiated the equation (13) we have
o(Ap ) P
Tf:kz BSCL(I—S). (14)

Inserting the expressions (13) and (14) into (11) and (12) with several simplifications such
as mg = LA(1-¢)py, we finally obtain:

D
Ac (15)
4
K= :
A, cp(l1—€)LD (16)

Conclusions

Hence pneumatic conveying pipeline dynamic parameters are specified the transfer func-
tion method: the gas-solid system reaction time and the member gain coefficient.

For pneumatic conveying systems dynamic characteristics fundamental researches the use
of automatic control theory methods is reasonable.
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