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3AIA"M CTATHCTAYECKOrO CUHTESA CUCTEM ABTOMATHYECKOM
ONTMMABAINN MACCOORMEHHMX YCTAHOBOK.

B.A. WBAHEHKO, X.B. KAPAYEREI,
UHCTUTYT KNEEPHETVKH,
KHEB, CCC P,

I. B pane orpacieil NpoMHUJEHHOR TEXHOJOrHH AJAA NOAYYEHAA
YHOTHX MPONYKTOB WHPOKOE pacClpOCTpPAHEHHE MNOJYUHAR MACCOOCMEeH-
Hie (pexTHdAKauHOHHHE, alGCcOPOUAOHHHE ® 2D,) ycraaonull_a.

SHAYATEJbEHE SHEProO3aTPaTH, CBA3AHHHE C NDOBEAGHWEM Mac-
COOCMEHHOr0 mpouecca’, W BHCOKHE TpPeCOBAaHWA, UpEALABAAEMEE K
YECTOTEe MOJyyaeMHX NDOLYKTOB, IeXaDT BeChMa AKTyalbHOH 3amauy
ONTHMK3AUNK MACCOOOMEHHHX yCTaHOBOK, CAOEHOCTS 3TOK 3azadm
o0y cJOBIEHA HEeJHHEHHOCTHD XBpaKTEePHCTHE OCBEKTA H ero MHOro-
MEPHOCTHD, HAAMYMEM BOSMYMADUXX BO3AEHCTBHH, NPUBOAMMUX K
npefify sxcTpeMyma, ¥ CYHECTBEHHHM YDOBHEM MOMEX, ’

Omy TuMHEe TPYAHOCTH CBA32HH 3LecCh C NpOGAeMOi NOAydYeHHA
unfopuannu, HeOOXOREMOW RJA Uexei ynpammeHsa., Tax, HpUMEerRAe-
MHM Ha (paKTHKe METONAaM ONpeneleHHA COCTaBa HCXOLHHX H KOHEY-
HHX NPOIYKTOB pasielieHdA MNPHCYWH, KaK OPABANO, 3JHAUYMTEAbHWE
caydyaiinde omMOXHM W3SMEDEHHA, a B pANe CAYyYaep aHaAM3 cOCTaBa
HEKOTOpHY ODOLYKTOB He NDOH3BOLMTCA BoOOmeE,

3TH 0COGEHHOCTH 00BEXTa ynpaBAeHHA TpPeOyDT, eCTECTBEHHO,
MpHBIEYEHNA CTATHCTHYECKHX METOAOB IJA CHHTESAa CHCTEMH ABTOMAa-
taveckoi onTumusauuu (CAO).

JleTe pMHHUPDOBAHHAH I nonx015 K PEemeHHED 3anavyd ONTHMESANOHK
‘MaccoOOMEeHHOT0 mpolecca LONYyCTHM, C YYeTOM CKa3aHHOr'0 BHue,
A4UB B YACTHHX CAYYamx.

B auTepaType 10 HACTOAWEr0 BPEMEHH HET NpDHMEpPOB pEWeHEA
sazayd CTa2THCTHYECKOro cuHresa CAO MpHMEHHTEABHO K paccMaTpH-
BaeuuM npoueccad. OTrcyTcTBYyeT TakKke ILOCTATOYHO YeTKaA mocra =
HORKa sanayu. Taxoe noJoxeHue, N0 HameMy MHEHUD, CAEDXHBAET B
3HAUUTENLH0H CcTeneHd paspadOTKy # ONpoMEmIeHHoe BHezpeHue CAO
B LaHHOH{ o0xacTH. '

B HacTosuex IOKrane HCCJEAYETCSHS 3anava ONTHMH3aUMA CTalM-
OH2DHHX DEeEAMOR mpouecca,

B KauecTBe npuMeps PACCMATPUBRZELTCA LBE TUOHYHHY Maccool-
MEHHNY YCTEHOBRH: DeKTHMKAUMOHEEA KOJOHH2 00e30eH30JHBaHKA
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(pac. Ia) B npoWsBOACTBe 3THACEH30Xa® W nuuagaax KOAOHHA -
(puc. I6) B NpOH3BOLCTBE STHAOBOTO COHDTA’

BHXONHHMA NEPEMEHHHME B DEKTH(MKAUUOHHOH KOIOHHE ABAADT-
cA Beamuun X ¢ B X,p '/, KOTOpHE NPENCTAaBAADT COGOd KOH-
HEHTPALNN HemeXaTeXbHHX NpEMecedl B KOHEYHHX NDOLYKTAaX pasie-
ACHHA.

pR HEKOTODHX ZONYHEHKAX MOKHO CYUHTATh, YTO BXOXHHMH Ne-
peMEHHWME IpOueCCa SBAANTCA MApaMeTpH OTaTeAsHOd cueck F

X . (ocHopnse BosMymeHHs) W noroxd mapa Vw & Querms Lo
nozaBaeMHX - KOJOHHY.

SpPeKTHBROCTS Npoecca B KOAOHHE ONEHHBAETCA CTOHMOCTHD
mpolecca B eNMHALY BpeMeHn®:

W =a, Le+aa Xan (D
OpH YCAOBHH
Xoe < Xoe  (Xut =const). (2)

Yunrupas rneiicTBEe cAyvaiBEHX (PaxTOpOB B cucreme, 3PPexTRB-
HOCTh ZIAHHOI'O mpomnecca, Kak NMOKasaHO B padore”, HeJecoo6pasHo
suecto (I) ® (2) omesnmBaTh CTOHMOCTHD OpOLECCA B BUZLE:

= a.LLq,‘i‘a.d iX‘.dp— G(xwt) (3
B kavecte G (X, ¢) paccMOTpHM CTymeHuaTyD

0, npn Xwe < Xt (®)

G (Xye) = %
Go, npn Lwt >Awt

¥ raaakue QPyHkuumH “mrpada”

[+
C (xwﬁ);<aw"x’w£. (%)
Buxonuno# mepeMeHHO# B BHIApHOK KOJOHHE ABJAAETCA KOHHEHT-
pausn X, . Bxonmie uepemernse - mapamerpu F, X _ nurarexs-
HO# cuecu (OCHOBHHWE BOSMymEHMA) W MapoBoil moTox V, .

XIOCHOBHHB CBEIEHHA O INaHHHX YCTAHOBKAX MpuUBELEeHH B [IpUAOREHUH.

XX)Bce 0603HaYeHhnsA, MNpHMEHAEeMHEe B TEKCTe,NaHH B KOHUE ZOKJIazxa.
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JPPeKTH BHOCTS Opolecca B BHIADHO# KOJXOHHE TaKEe MOXHO
ONEeHHBATh CTOMMOCTHD fiponecca B enuHMIY npeuen7:

W = a, vW 25 S (6)

2. B pexTufMxanMOHHON# KOXOHHE OTCYTCTBYDT RaTUMKK BeAMYAH
AL wt & X4p o Haamuwe paxa HEKOHTPOAMPYEMHX BOSMyEeHHK, Ha -
KAazuBaeMsx Ha moroxku V, « L, , M BHCOKam 4yBCTBHTEABHOCTD
COCT2BOB KOHEYHHX OPONYKTOR K 3THEM NOTOKaM, TpeSyDT cTalWAx3a-
OHE TeMmmepaTyps Ha "KOETpoAmEHX'Tapeakax ty m t, , coormer-
CTBEHHO B yKpenasomeid ¥ #BcyepnuBavmell CeKHHH KOXOHHH,

SazaBaeMHe 3HAYEHHA STHX TEMIEPaTyp MOTYT DacCMBTpPHBATHCA
B KayeCcTBe yOpaBAADMUX BO3AeHCTBHH OpH pele'nlil sanavyM CraTH-
YecKOif ONTHEMESaUHK HOpoHecca.

[lpg 3TOM SABHCHMOCTS> OT yOpaBNeHHH # OCHOBHHX BO3MYHEHHiH
nepemeHo# X 4h , HaOpuMep, MOxXer OHTH NpeXcTaBIeHa B olmeM
cayvae, Kak:

xdh = xdh (tg,tu, F, i-:F) (7)

AHAJZOTrHYEHE SABACHMOCTH MOTYT OHTH SaNUCaHH TaKXe AKX Be-
auuun Lo ¥ Xwe, Bxommmux B (3).

[IpoBezeHHHE HCCAEZOBAHAA CTAUMOHADHHX DEEMMOB Hmpouecca
ocﬁe:;cieaso.uxaamu6 NO3BOJMAK MOAYYHTS HPOCTYD H TMPHIOZEYD XIA
nexeli cuATesa CAO MOZeAs CTAaTHKH Opomecca B BHIe:

Le =Qra, Ui+ @ U,, ‘
xwe = ﬁ“‘ Exp ("61/‘4 b c4 ui)’ (8)
gy = Ho-txp (Bopm + c, U.),

rze
Up=ty-ts. (9

B(8) a,,a,,a,, A, A, B, B, c, C, - xosgduuments,
3aBUCAmME OT pacxona nuTanua F . Beamumms IC;, e B t';
B (9) = KOHCTEHTH.

CTpYKTYpHaf CXeMa CHCTEMH YIpDaBIEHAA npoueccoM 00e36eH30~-
JI¥BAHAA C YYETOM BO3MOXHOCTH WSMEDEHHUSRA S /.4 HOJKHA HMMETH
BHE, OpDENCTaBIEHHH# Ha pUcC. 2a.

CucTeva REIFETCH KOMOMEWDOBAHHOHK., PeryaupoBanue MO OTKJIO-

/u‘= Lee - x’:(7 u1=t"‘_t""



HEeHAD HCIOJB3YETCA IJAA CcTaluJu3aUud KOCBEHHHX MOKazaredei
npouecca (remmeparyp t. , t, ) ® MO3BOJAAET HEHTPaNX30BATH
BIMAHKE BO3MYymEeHHH Z, , , OPHBOLAWNUX K H3MSHEHUD 10TOKOB L
# V B kozoune., KoumeHcaums OCHOBHHX BO3MyHemud [ , U mo
pacxony ¥ COCTaBy NHTAHAA NMPOH3BOLUTCA ABTOMATHYECKHM ‘onTmun-
saropoM AD HA OCHOBE MaTeMaTHyecKoi mozeau npouecca (8), (9)
TaKdM 06pa3oM, YTOOH BEAHYUHH L ¢+ Lyt, Xgn coorTBETCT-
BOBaJH ONTUMAJIBHOMY 3HAUYESHUD HEKOTOPOT'0 MOKAa3aTeJfd KayecTra.

B BHmapHO# KOJXOHHE yNpaBASKMUM BO3ACICTBUEM ABIAETCA
pacxor mapa V, .

CraTdyeckHe XapaKTePUCTHKH BHIIADHOM KONOHHH MOKa3HBavT,
4TO NpM MOCTOAHHOM pacXone NHTaHAA [ BuxOZHas nepemerHas
X, MOEeT OHTH, C XOpOWMM NDUCIUXEHHEM, NpENCTaBIEeHa B BuIe:

Xy = Aexp(bu+cl), (10)
rae

P=Le-2e, U=Vy-V,, (ID

B (I0) = (ID A, 6, R V,,: - KO3(QPULUEHTH, 3aBUCAHUKE
or pacxora nutamis F , a X, =~ KOHCTaHTa.

BeanyuHH F, K X, MOryT OHTH M3MEPEHH M COOTBETCTBY-
pEas 3TOMy cAyuyap CTPYKTypHas cxema CAO moxkaszaHa Ha puc, 20,
3rech o6paTHaA CBA3b 3aMHKAeTCA 10 BeJnyuHe X, , KOTOpaAz M3-
MEDAETCA B LUCKPETHHE MOMEHTH BDEMEHA  $ =ALT_. , THE . T =
BpeMA K AT - HHTEDBaA KBAHTOBAHUA, HaTuukom H ¢ morpem-
Hoctsd N, Ipuuem

(Yw)s = (Xw)s+ hs. (12)

Byzem CYuTaTh, YTO BO3MyWEHHE [ 0O pacxony NUTaHAA H3-
v epAETCA TOYHO. Ero xoMmeHcauusf Mpy STOM HE OPELCTaBIAET OCO-
(WX 3aTpPyNHEHW# ¥ Lajee He paccMaTpHBaeTcH.
CymecTBykm¥e METOLH ONpELEJEeHAA COCTaBa NUTAHAA CBA3AHH,
B 06OMX CIyYagX, CO 3HAYMUTEJNBHEMH OmAGKAauu uaMeperus E u B
% - MOMeHT BpemeHu B AO BBOZUTCA 3HaYeHUE

wsz/,‘s*‘es. (-[3)



BosujueHus 4  ABAAOTCA CAYYaiHHMA GyHELHAMK BDEMEHH,
KOTODHE C XOpOWAM NPUGAMEKEE/SM MOTYT OHTH ONMCAHH CTaUMOHAp-
HHM MapKOBCKHM upoueccou6'7. lipw oTOM, 24A 3HAuEHWH u B co-
cenHHe IMCKPETHHE MOMEHTH BpEMEHH NJIOTHOCTh BEPOATHOCTEH me-
pexona MMeeT BHIL:

TR O I4
P(/"‘”//“):s*:-v‘a?.-'”p{'#l e } ()

rze Ged <1

NorpemrocTs usMepenui#i N u € npercrasimpr coGofi no-
CAEZOBATEABHOCTH HE3aBMCHMHX CAy4YalHHX BEJMUMH, paclpeneeH-
HHX DO HOpDMaXbHHM 328KOHaM C HYJEeBHMH MATEMATHYECKHMH OXULA-
HAAMA X ZMCIOEpCHAMK 6: ' 6':‘ , COOTBETCTBEHHO.

B nanpHeiimem OyzmemM 0GO3HayaThs uepes Ws CTOUMOCTS
npouecca 3a NPOMEXYTOK BpeMEHH OT MOMEHTa S RO MOMEHTa
s+{ .

3, llepeiinemM HENOCPEACTBEHHO K 3aZavye CTATHCTHYECKOrO
CHHTE3a aBTOMATHYECKHX ONTHMH3aTOpOB AO, NMOKa3aHHHWX HA pHUC.C.

Bynem cuyuTaTs ONTHMaJBHOK CHCTEMY, B KOTODO# ZOCTHIaeT-
cA MUHEMYM (yHKIOMOHAXA

o ,
p=LlimL )" Ry, (15)
n-> o0 s=1
I'Le YLeJbHH# DHUCK Rs =M{ s} , M -~ cumBox maTemarsuec-

KOro OxMLamks, (  OpencTaBiser c0G0ii CpeZHOD CTOUMOCT® NpO-
gecca 3a OIMH TakT,

A. PaccuoTpuM cHHTe3 AO nJsA KOMOEHCALWH BO3MyMEHAA /,4
00 COCcTaBy OUTAHAA PeKTH(PUKALMOHHOK KOMOHHM.

3necs BO3MyMEHHE Ms _QCTaeTcA NOCTOMHHHM HA MPOMERyT-
K BpPEMEHH OT S 170 s+{ e H3uepeHHOe 3HauYeHHE W g BeE~
JHYMHH Mg BBOZMTCA B AO B MomenT S . AO BuGHpaeT ympas-
seuns U u U,s Ha OCHOBe Mmenue#dcA B MOMEHT S HHPOpMa-
LMK O BO3MYMLEHUHK /u‘ . MoxHO mOKaszars, YTO 2Ta MHPOpMaLusn
B LaHHOM CJy4Yae npu GOJBUMX ¢ ONpelneXseTcs LOCTAaTCYHHMH

x)HOCTOHHCTBO /s Hz OLHOM HMHTEDBaJE 00BACHAETCA HaJKYUEM
IDOMEXYTOYHHX EMKOCTEM MNUT2TEJIRHCHU CMECK.
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TDAaH3MTUBHHMM CTaTHCTHKamE Mg a 6, «x

exp {_ _(,a_m_l‘} " (16)

262

.49
Plpd = 5iae

C mouompD OCHOBHOI'O ypaBHEHHA MapKOBCKHX IpOINECCOB K
,opuyxn Bafieca anocrepuopune 3HaverEa M. x 6,,, wdocxe
HaGAcneHHa W ,,, ONpEZEeAADTCA B BUme:

ms“ - m:ﬂ 5: *wg.q'.(S,:‘)‘ ]
(6:’1).*? 5':' : (m
62, = (6cd): B

(6';:4)--2 + 6:' :

rie My, B (64..)%*- anpropuse x (s+{)-uy wary 3savenus
MaTeMaTHYeCKOr0 OXANAHHA W AMCIEPCHE BEAMYNHH /u,,,. nprues
me( = J’ ms,

(18)
(65'1)2=-L 6:*‘5: :
PacCMOTDHM yCAOBHHH# yAexbmHl puck Zg :
MW 737 ‘
- M [ ‘/mg,ss, u‘$:“35} E ~ (19)

— S Ws (/us. Uss, uas) P(/us/m‘.’s")’ d/d‘
(us) e : poie "
PHCK “[: c yuerou (3), (8), (I6) pames:
L= J'L'(ao‘"aq Uist azuzs)“l'd'exp(cz ZS*Bzm‘* -Q;Z-.i:)’ J’ (20)

rie J apu cryneuwuaroit (4) ¢yuxmmm “wrpada™ (cayuai I) mue-
eT BAL:

1=G.,aT- P [‘g—(‘&- n&EstcU)- Do ], (20

# npn raanxoit (5) gysxumu "wrpada” (cayuaid 2):

J = dy-exp[-pe,Uy - pB,m,+ EBLSL ] (22)



B (20), (21), (22):

At L.:= 4 04-8T, L.=A,,-AT

g P[] - nopuarsuas ¢ysxums pacupezexemus.
PaccuaTpuBaemans 3amaua sBiAseTCcA G6aikecoBOi K ONTHUMaIbHAN
CTpaTerus, MUHHUMM3MDYOHan Rs , ABAAETCA ne'repnurwpo:;armox’stfj
HeTpyaHO MOKa3aThs, 4TO MHHMUMyM T IOCTHraeTcs Ha TOH ®e cTpa-
Teruu, uTo W MuHAMYM R ¢ .
OnTuMaibHNE YNpaBACHAA B S -Hii MOMEHT BpEMeHH B OGOHX
cIyyanX paBHM:

*

Uy = (Gor)s = FurMs, - (23)

U, = (Gos)e = GoaMe, (24)
rae

W, ez, :

(§oue =+ (nucks - BLED) 8
Koogpumeenr (g.,)s  ® (23) sasucur mozoGmo (9o or

cratucTuks O . JAA cAyuasm CTyNeH4YaTOA WM raaxxoi QyHKUEM
"mrpada” 5Ta 3aBUCAMOCTS MMEeT pasHu# BuI.

Ynpapienuau (23), (24) cOOTBETCTBYDT ONTHMANBHHE YCAOBHHE
PHCKH, DaBHHE

%, w050 -+ My (26)

 Koapgmwumenr (, nocrosmen, a - C. saBucHT or b¢ .
3nech Takke BHZ SABACHMOCTH pasaWyeH ILAm ciyvaes I m 2,
MUHAMaJBHOE SHAYeHHE YNEALHOTO DACKE R paBHO:

RY = | 20 (m,60) P (m.) dm,. €))
(ms)

T:k. m,., # 6. (I7) we samucar or ynpamrenmii (23), (24),
TO NOCJELHHE ABIADTCA ONTHMAIBHHMH ¥ B CMHCIE MHHUME3ALMK
PyHKuMOHaZA O (15).

3TOT (aKT, Kak M3BECTHO®, BCErLA HMEET MECTO B C/CTEMaX



aBTOMaTHYECKO# KOMIOEHCALUH .
Mpe s- e puUCK R, HMeeT npered, paBHHi

lim R =R = p" (28)

2

rae p° - MHHMMAIBHAA CPELHAA CTOMMOCTS Npouecca 3a OLHMH
TaKT.

JlorasareascTBO (28) KpaTKO CBOEATCA K CJelyDmeMy.

HeTpyZHO yOERMTHCA, YTO HOCAEROBATEABHOCTS 6 , Ompere-
aseman pupaxenusauu (I7), (I8), cxomuTcA K npereay, KOTOPHii
o6o3HauuM uYepe3 b o .

Kpoue TOro, MOXHO MOKa3aTh, YTO MOCJAELOEATEABHOCTS BEJH-
9dH M o6pasyeTr peryAsApHHi# MapKOBCKH# Mpouecc, MMELEui mnpe-
ZeaAbHOE HODMAXBHOE pacnpencleHHE C MATEMATHUECKAM OXULAHWEM,
pPaBHEM HYyJXD,

lipg aToM

R® = p~ = C3 (6). (29)

Korza 6, CTaHOBHTCA ZOCTATOYHO CJAA3KHM K 6. , DPERUM
CICNEHHA 33 BO3MymeHHeM M 0yneM Ha3HBAaTh CTaLMOHADHHM, a
CTpaTerup, COOTBETCTRBYDEYD 2TOMYy pEXuMy, - CTaUKOHAPHO# cTpa-
Teruei 0. ,

Tax KaKk BpeMsAi paCOTH CHUCTEMH 3HAYHTEABHO [PEBHWLAET BpPCMA
nmepexoaHOro npomecca 6, — 6. , T0 AO Hexecoo6pasHO pacCHh=
THBaTh TOJABKO HA CTAUMOHAPHHA pexMM cCJexeHuA. COOTBETCTByDLEman
9TOMYy cXy4Yal CTpPyKTypHas cxeMa AO OnpercTamBleHa HA puc. 3.

Ha puc. 4 moxasalH mHepeXOnHHi Mpomecc, CBA3AHHHI C U3Me-
HenueM G B Havaxe padors CAO. B kauecTse anpuopHoi* MHPOp-
MamH O BEJHuYMHE M B MOMEHT S =0 MpHHAT a6COJDTHH# 3a-
KOH pachpereleHAA M , Koropuit, ¢ yuerom (I4), seasercs
HODMAIBHEM C HyJEBHM MaTEeMaTHYECKUM OXUINaHMEL U IUcnepcuei

6. , paBHO
. 2
5; =_4%.Z—" i (30)
llepexonuui npouecc HpaKTHUYECKHM 3aKaHYMBAETCA 33 HECKOAb-
KO maros, '

lloxyyeHHHwe pesyJbTaTH, LAOT TAKEXE BO3MOKHOCTH OLEHMTH

3pPexT, mocTuraesmuii OT npuMeHeHum AO.
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B. Paccuorpum cuETe3 AO B cucTesme ONTHMHU3ALUAM BHIADHOH
koxount (puc. 20), Z2meckr OCOGHH MHTEpeC MpELECTABAALT NpOUECCH
IpoTexakinue B 3aMKHYTOX cxeme, IIA MUX M3YyYEHAA NPEANOJOEMM,
YTO Helh KOMOGHCAUAk M  OTCYTCTBYET W MoMexa .- Q.

Byrem cuuTaTh BO3MYyLEHHE Ms  TaKEe NOCTOAHHHM HA IPO-
MEEYTKE BpEeMEHM OT S EO s+1{ 5" H3uepeHHOE 3HaueHHE
(Yw)s = y, BeTuumEE (Xw)s = C; BBOZMTCA B AO B MOMEHT S+1,
T.e. B AO uMeeTcHA 3amas’nbBaHMEe HA ONUH TakT,

[lokakeM, YTO Kak ¥ B HOpenHAymeM cayuyae, uHfopmanuo 3 AO
O BOSUYWEHAM U B S -Hif MOMEHT BpEMEHM MOXHO onpeie-
JAATH C (DHEMIAEMOH TOYHOCTHO LOCTATOYHHMA CTATHCTHKAMH.

lycTs B MOMEHT S BHOOpa ynpaBIEHHA Ug B AO ®3BecTHO,
YTO Ha HHTEpBale OT S 1[0 S+{ BOSMOXHHE 3HAYECHHA BEJAWYMHM
M PacnpenejerH 0O HODMAAbHOMY 3aKOHY (16), xoTopuii Gymem
Ha3HBaTh AMNDUODHHM B S =M TaKTe.

K somMeHTYy s+{ B AO mocTynaeT uW3MepeHHe tj,s , paeHoe

Hs=ﬂ-exp(6/45+c us)-'- hs_ (3D

Juneapusys pupaxemue (3I) B Toyke Mg O I, npAMEHAA
Popuyay Baileca, MOXHO MOKa3aTh, YTO aNOCTEPHOPHOE paclpereXe-
ete Mg (nmocxe nauepenus {4s ) TakEe NOLYHHEHO HODMAI:HO-
My 38KOHy C MapaMeTpaMH :

= oy (Buds e 6 '
m. = s s s Os
. 6: +(BUE ° iy

§2 - _6: (Ba)3

E 62 + (6n)% °

rae
Yo = Poler M- -4, (33)
= 2 2 2
(Bn)s = s Bx (34)
"
Fs = 1 (35)
A-68- exp(&mgcus) -
YYST0 OTrouTUtuie B DACCMATPHBAEMOl 3aZave HE ABJAETCA NPHELE-
DHEIBHE .,



ji2

C moMombD OCHOBHOT'O yDaBHEHHA MApKOBCKHX MpPOLECCOB ompe-
Zeaseu, Laiee,QNDPHODHHH 3AKOH PACUpEASAEHHN BEAMUHHH Mg,
KOTOpH#, OYEBUAHO, ABINETCA HODMANBHHM C IapameTpamu

m,, =L M, (36)

S

ot U

S+t =

- Takum oGpaszom, uHPopMamus B AO O BOSMyMEHHH Hs B MOMEHT
S pHGopa ynpanieHns U, MOXeT OuTH onpeneldeHa HAOCTATOYHHMHE
TPaH3MUTUBHHMH CTaTHCTHKaMu Mg K 6 . Ecrecreemno, uTo
3TOT BHBOX COpDaBEAJMB MDH GOABEHX 8

Tak kak My, 4 D4, 3aBUCAT OT yOpaBJIeHKA HA NpPEXWLY-
meM mare, TO ynpanienHe Ug , MAHEMU3KDYDmee yneabHui puck R,
HE ARJACTCA Teneph ONTHUMAJBHHM B CMHCJE MHHMMM3aUMK QyHKUMOHA-
za p (I5).

3T0 OGCTOATEALCTBO ABIAETCA MNPOARICHAEM BOSMOXHOCTH aKTHB-
HOT'0 HaKOMJEHUSA nug)opuauuu B AO 0 RO3MymabmeM BO3LEHCTBUM B
3aMKHYyTHX cucTemax”.

OTHCKaHME B TAKHX CHCTEMaX ONTHMAaJbHO# CTpaTeruu, LOCTaB-
Aaone i MAHAMYM @Y HKOUOHAIY p » OKa3HBAaeTCA BecChMa TPy LHOK
3anavei.

OnuH 43 BOSMOKHHX OOLXOLOB K pEWEHUD 3TOH 3aZau¥ B CJIY-
yae MapROBCKHX OGBeKTOB ¥ (¢yHkuuoHaxa (I5) mMO®eT OHTH pas3BAT
Ha OCHOBe uIeM, M3JOXKEHHO# B padore—-,

IpennoJo%uM, 4YTO MPOUECC OKAHYMBAETCHA B MOMEHT BPEMEHH

s =S, BBemeMm OTCYET BDEMEHM OT MOMEHTa O B OGDaTHOM Ha-
NpaBIeHHH, TaKk 9470 K=9 - § .,
O6o3uaunm Yepes

UK = u(mK,BK) (37)
crparerno AO, a uepes V. (M., B., U) :

Ui (M, 6.,U)= M { i (Wa/mx,ﬁ,‘,u)} e

=1

MaTeMaTHYeCKOe OXMIAHUEe MOJHO# CTOMMOCTH Nponecca 3a K ma-

r'oB 1pu (UKCUDPOBAHHOK HEKOTODHM OGpa3oM crpateruu (37) u upw

YCROBAK, YTO K MOMEHTY K CHCTEM2 H2XOZLUJIack B COCTOAHUM
(my, 6.). B arom cayuae nan seasunss U, (M, O« U)

UMEET MECTO CJelLyklee PeKyppPEeHTHOe COOTHOWEHHUE:

(38)
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2 2 e
VK (mK,GK,u)= le exp(cuK*GmK 2 6 - BK) +‘Lv'vw-
5 (39)
- doUn + § Ui (Mt B tt) N (Mt D) dmie,
(Mg-4)
rie N ( MK.,,DK_.)- HOpMAXbHHM 38KOH pacnpenelieHHA NAOTHOC-

TH BEPOATHOCTH BEXMYMEH [T1,., C Ma3TEMaTHYeCKUM OXHIAHHeM
M.., ® zucmepcuedr D,.., ,

S B AT, =8 AT
( ay ¥ Ay - xoappuuments B (6)).

AcmunToTRYeCKOe mOBeneHne BeJruMHH Vi (M., 6., u) TPH
crparerud (44) H K- co MOXET GHTh NDENCTABIEHO B BHIE:

Uaim, 6. U)= p mx,ﬁx,u) (40)

rie | (M, Bk, U) = "BecoBan” gyuxums cocrommas M., 05
opu crparerns (37). s
Ha ocHose Bhpamenuii (39) u (40) MOXer OHTH CKOHCTDYHDO-
BaHa npouen%pa nocJenOBaTeJbHHX NPUCAUNEHUE B NMPOCTPAHCTBE
cTpaTerudi , odecOoeuyuBabmas CXOLUMOCTS K ONTHUMAIBHO# cTpaTe-
rax U"= U (m,6), xoropas coolmaer MHHHMAAbHOE 3HAYECHHE p“
BeJHYHHE P
OnHaKO ¥ NPH ZAHHOM MOLXOLE oNnpereleHWe ONTHMAIBHOH cCTpa-
TErdd CBA32HO ¢ OOJBmMM OOHEMOM BHUUCIECHHI, :
B HEKOTOpHX CayuyafX LOCTATOYHO XOopomee NpUGAMEEHHE K Of-
THMaJbHO# CTpaTers¥ MOXeT OHTH MOJYUYEHO, €CJH YyOpaBICHAM BH-
Gapars ® Bazel': '

U = U, (Mg, Bs)+ UL (Me,6:,8), (41)

rne u;(msﬁ,)- cocramnsiman ynpanienna U , BHOHpaeMan K3
YCJOBAS MUHMMM3ALMA yZEIBHOrO pHcka R, U: (mq, 55,9) -
cocrapasomas WUs , ofecneunBammas aKTWBHOE HaKOMIEHHE HHPOD-
manud B AO O BOBMYWEHUH,

lipn QuxcupoBaHHOM Buze GYHKLUM Us (ms,6,,8) sragenne
BEKTOpa OapaMeTpoB 8 , ONTHMAJIBHOE B CMHCJE MHHUMK3ANUK
¢y HKIxOHaN A P , MOEeT OHTH MHOI'ZA JErKO OnpeneleHo,



Hanpumep, 0pu

u: (ms,6,,8)=const=8, (42)
MO¥YD MOKa3aTh, YTO B paccMaTpUBAeMOil 3aMKHyTOd cxeme TMDE
ynpasnenus (4I), (42)

Lim Rg = p(8) = kv . gxp(cB)+

c
S = oo

+4Lv'vv::‘°['v‘(4 e‘n - = 6“(9))’

rre 0o (0) - mpemea mocrTaroyHOR CTaTHCTHKH O, opu s— oo,

OnrTHManrbHas BEeJUYMHA, d3ydakme i no6askd O onpeneJaseTcA
NyTeM MURMMU3ALAU P (8)

HexoTopwe pe3yJapTaTH BHIOAHEHHHX pacyeTOB (DUBEAEHH Ha
pucynkax. Ha puc. 5 u 6 mOKa3aHd, COOTBETCTBEHHO, 3aBHCHMOCTS
CTOMMOCTH MpoLecca M BHXOAHOH BEJHYHMHH OOCBEKTa OT YOpaBieHAA
U npu pasHHX 3HAYEHHAX M. PacueTs ONTAMAXbHNX 3HaueHui B
"wsyuamomei# 10Gamku" B mpousBOIMIMCEH LAA pasHHX 3HAUEHME LuC-
nepcuit 6Ff u 62 (pac. 7). Ha puc. 8 NOKa3aHa OTHOCHTENb-
HaA BeJHYHHA CHAKEHHA CTOMMOCTH MpOLE ca, BHDakEHHAA B MpOLEH-
Tax.

BBeneHne B aJTOpUTM YIpaBICHUA CHenuaibHOHK "u3yuaovuei 10-
GaBki" MO3BOJAET HHOT'LA CymeCT BEHHO CHU3UTH CPELHKD CTOMMOCTH
npouecca.

lipu cuHTe3e AO MH npeHedperajm BIMAHUEM [TOMEXH % (puc.26)
JYyeT 3TO# MOMEXH (DKM U3BECTHOM 3aKOHE ee paclnpelnelieHUA He Mpen-
cTaBiafeT 34ech NPUHLUUNKAJIBHHX TPYAHOCTEi,

Bume MH Takke ONyCTUJIM U3 DACCMOTPEHUF Lelb KOMMEHCaUuH
M . DomoxsuTenbHasas wuPopmauusd, mocTynarcmas B AO mo 3TO Lenw,
i3 OCHOBE DE3yJAbTATOR, KOTODHE MOJAYyYEHH B M. 3A, MORET OHTH
/4TeHa C .IOMOmBI IDPUEMOB, ONUCAHHHX B pacoTe I“.

4, U3noxeHHH# B LOKJane monaxom K cuHTe3y CAO mMaccooOMeH-
7HX YyCTAHOBOK 0as3upPyeTcAd HAa METOZAaX TEOpUM CTATUCTUYECKHX pe-
ieHdi, OH TpelyeT TmMaTEABHOr'0 IDPEABAPUTEABHOI'0 X3y4YEHAA OCBEK-
ra ynpamieHdA: BHOOpa {yHKUAM HEAM ¥ NHOCTDPOCHUA MaTemMaTuyec-
KX MOIEJe#, KOTODHE BKJIWYAKT TAKEE BEPOATHOCTHHE XapaKTepuc-
THKA HEU3MEpPAEMHX BEJUYUH ¥ NOrPETVHOCTEH M3MEpEeHUA.

[Ip#a sTOM MOLXOLE MH MOJYy4YaeM BO3MOXHOCTH HE TOJBKO CHH-

33UDOBATH ONTUMAaNbHHHA aaropu™ AO, HO U OUEHUTH SKOHOMUYEC-

(43)
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Kuii abfexr, zmocrHraeMmui npu npudeHerud AO. Pa3BuTHE ITOr0 MOX-
X0Za MO3BOJHUT Ha 3Tale NPOEKTUPOBAHUA NPOM3BOLKTH OLUEHKY KO-
HOMHYECKO# HeAecOO0Gpa3sHOCTE TOr'0 HAX IPyroro BapHaHTa CHCTEMH
yOpaBleHUN MacCOOOMEHHHM MpOLECCOM MyTeM CPaBHEHHS ero C On-
THManbHOM CAO,

HeoOxonuMHe zaXbHelimue MCCAELOBAHKA B OCJACTH CTaTHCTH-
YeCKOr'0 CHHTEe3a CHCTEM YNpaBIECHUA MACCOOOMEHHHMH YCTaHOBKaMH
CBA3aHH C yYeTOM IMHaMHKK Hpollecca, OOCTpPOEHHEM ILOCTaTOYHO
HPOCTHX ¥ OOWHX 2JfA HEJOro KJacca yCTAHOBOK CTATHYECKHX H ZH-
HaMU9EeCKKX MOZeJel M M3y4YSHHEM Dpmma ADYyTHY BONPOCOB,

PesyapraTh pemeHnsA sanaud cuHTesa CAO, W3joxeHHHe B m.3A,
GHJM WCHOJB30BAHH NpDH paspaGOTKe K Baenpenuk B OpPOM3BOLCTBO
CHCTEMH aBTOMaTHYECKOIr'o yOpaBEEHAA DPeKTHIUKANMOHHONH KOJOHHE
00e30eH30AMBAHEA B LEXe 3TUACeH30Aa JHENMpPON3€PEAHCKOT'O XHMKOM-
onHara,

OIPAIOXEHHKE,

I. PekTu(MKkamnOHHAA YCTAHOBKA 00€3GEH30AHBUHAA B OPOH3~-
BOZCTBE 3THACEH30Xa NpeXHa3HaueHa IJAA BHIEAEHUA OeH30Aa H3
MHOT'OKOMIOOHEHTHOHl cMecH, COZepxameil Tarxe 3THACEH30X, H30OpPO-
ORACEH30J, IHATHIOEH30X ¥ MNOJHAAKHACEH30JH, [lUTaTEJbHAA CMECH
NOCTynaeT B YCTAHOBKY C ONHOX M3 TpeX eMKocTeil, MONKADYaEMHX
OOCJAENOBATEAbHO HA peKTWduxanub. Cpezauui cocras cuecw (B mox,
nL0oasAx) cAenyomuit: Oensox - 0,6, aTHAGEH3OX -~ 0,25, H30NPONKI-
6ensox - 0,06, mmaTuaGensoa - 0,07, DOJAMaIKKACEH3OAH - O,02.
YcTaHOBKA COLEPEAT PEeKTHPUKANMOHHYD KOJOHHY, MCHapUTedd, Tel-
JOOCMEHAUK IJA NOZLOTpeBa MUTATEJbHOH CMECH KYOOBHM OCTAaTKOM,
KOHZeHCaTOpH (npeZBapuUTEJbHHH M OCHOBHOHK) M (UIETMOBYD EMKOCTS.
Koxonna(zmamerpou I600 Mu) uMeeT 59 KOAMAYKOBHX Tapedok, [ATa-
HAE Ooraercs Ha 25 Tapexxy. WcoapuTesu DOOrpeBabTCA IAYXHM BO-
AAHHM OApOM,

2. Bunapras (GpaxHasd) KOJOHHA NpenHA3HAYEHA LAA MeperoH-
. KA COUPTOBHX Opaxex. OOmas XapaKTEepPHCTHKa KOAOHHH: HNUaMETp -
2000 MM, YHCJAO CHTYaTHX Tapelok - 22. KOJOHHA oGorpesaerca
OTKDHTHM [1apOM, MOLaBacMhM MOZ HAKHDD Tapeaky. lurande (Gpax-
Ka) NOCTymaeT Ha BEDXHDD TapeJdky. DBpaxka MOXeT paccMaTpHBaTh-
CA KaK OMHapHafs CMeCh 3THJAOBOIO CNUPTa H BONH. CpenHee CORep-
XaHHe 3TaHOXa B Opamke  8,5% OOBEMHHXw-

N w
"'" . Biatymstoku &
=)

\ &
< et

-
o
.
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0003HayeHuA: | - pacxon NATATeAbHOH CMecd, L - -10-
Tok opomenua ( L o - morox Queruu), V - naposoii noTox
(V. =~ norox mapa, mocTymaowero oz HAXHOD TapeJiky), X - KOH-
nenrpamus ( & - Bexkrop Kommenrpaum#t), t - remmeparypa,
d.,0g4, Q,, 0, - yaeasuue koappuuments cromsocrs, G, -
CTOHMOCTS B CAWHKIY BpeMeHM HOBTODHOH MepepaGOTKH KyGOBOro
ocrarka.

HHnexcH OTHOCATCA: F - K OHTATEABHOK CMECH, W =K
Ky 0OBOMYy OCTaTEy, d - K IACTHAXATY, L - k Gersoay,

h - K araadensoay.
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Introduction

Increased process efficiency and equipment capacity .are among the
benefits which result from controlled cycling of many of the operations
which are traditionally maintained in the steady state. Considerable
evidence supports this idea which was introduced by Cannon.2

The successful design and operation of a cyclic process demands a
good understanding of the dynamics of the process and its control sys-
tem. To gain an insight into the problems associated with industrial -
scale cyclic processes, & study was made of cyeclic distillation based
qPon a digital computer simulation of the process. Distillation was
selected as a specific example because of its commercial importance and
because results were available from a number of experimental studies7’
13,14,19 which could be used to test the validity of the simulation.
The results of this investigation will be presented.
Cyclic Distillation

In cyclic distillation, vapor and liquid flow alternately through

the column for short-time intervals. No vapor is supplied in the liquid
flow period (ILFP) and in the vapor flow period (VFP), no liquid is sup- -
~ plied.

Studies of cyclic distillation have been carried out by a number of

10
investigators. Theoretical analyses have been presented by Horn™,

Robinson and Engells, Sommerfeldzo, and Chienh. Experimental work has

13, Gaska and CannonT, McWhirter

and Lloydlh, Schrodtl9, and Gerster and Scull8.

been recorded by McWhirter and Cannon
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Three major criteria govern the operating efficiency of a cyeclic
distillation column. The contents of a tray should exactly replace those
on the tray below in the LFP without the presence of liquid mixing effects.
This is called the liquid plug flow condition. Flow periods should be ex-
actly defined with no liquid leakage in the VFP or vice versa. Axial mix-
ing and liquid entrainment in the vapor phase should be minimized. The
control objective is to maintain the column as close as economically pos-
sible to peak efficiency and maximum capacity.

Figure 1 shows the equipment which may be used in cyclic distilla-
tion. The section titled Simulation Results describes and discusses
various strategies which may be adopted in manipulation of the isolating
valves.

Schrodt19 employed perforated trays without downcomers in a 15-tray,
12-inch diameter cyclic distillation column. Despite unimpeded mixing of
liquid acceptable tray efficiencies were observed. This cyclic unit
proved superior in flexibility and throughput characteristics to the same
unit operated in a continuous manner. However, Schrodt observed that the
operation was hydrodynamically unstable with the lower trays draining in
the LFP before those higher in the column. Analyses of cyclic distilla-
tion behavior which give an intimation of such instabilities are not
available.

Gerster and Scull8 have described operating problems which are
different from those encountered by Schrodt. Studying the absorption of
ammonia into water from a carrier air stream, they observed excessive
liquid accumulations on the lower trays.

Mathematical Model of Cyclic Distillation

The dynamic model of the cyclic column used in this study to simu-

late single-cycle detailed behavior, consists of three parts:

1. Differential equations, based on the conservation laws, describe
for each stage the rate of change of certain state variables. For
the nth stage and the ith cdmbonent, the following equations apply
with the nomenclature listed at the end of this paper:

n :
it ~ Vn-1 - Vn g Ln+1 ¥ Ln % (1)
dac,
in /
dt n-1 yi'(n-l) - Vn yin 4 Ln+1 xi(n+1) e Ln xln (2)
— .-V _H . -V H +1L 1 (3)
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2. Physical property relations comprise a set of algebraic eguations
which relate the intensive variables (temperature composition,
pressure, etc.) for each stage at a given instant to the state
variables at that instant. For the ntl? stage, the following equa-

tions apply:
Composition A cin/xvn (4)
Specific enthalpy of liquid h = En/Nn (5)
Temperature il hn/ T x inchi) (6)
Vapor pressure . P, =F, exp = )‘i/Ren)' : (7)
Vapor phase composition Vin = (Pi/ wn) R (8)
Specific enthalpy of vapor B =17V, I:chi (en-eref) + xi] (¢)
Molal density of liquid Py = [z x; /0 1] -1 (10)
Molal density of vapor g = nn/Ren (11)
Molecular weight of liquid Moo= T ox, M (12)
Molecular weight of vapor My = Ty 2 Mg (13)
Head of liquid on tray Cod = Nn/DLr; Aq ()

Assumptions in the physical property equations include ideal thermo-
dynamic behavior of the fluids and constant specific and latent heats.
s Tray performance equations relate vapor and liquid flow rates leaving
each stage to the instantaneous liquid head on and the pressure dif-
ference across each stage.
Two tray performance models were considered: a simple heuristic
model (Model A) &a.wm 2 more detailed model based upon analysis of the
hydrodynamics of the tray (Model B). Each model will be described in

the following section with some comments as to its relative merit.

Tray Performance Equations Employed in Simulation
Tray Model A :

let P. =1 -7

i (
d n+1 n dLn ’In (15)

Then the flow through the holes in a tray is given by:
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ved, 8 Aoy V2 g, Py/oy when Py > 0 (16)
v=0 when Pd 3.0

and
1=0. 84, o Ve g, (8-2,) / oy when P, < B (17)
1=0 when Pd 2B

It is known that the simultaneous flow of vapor and liquid through
a tray can occur. The bias B is introduced to equation 17 to force this
to be the case in the model with no other physical justification. When
B is equal to zero, simultaneous vapor and liquid flow cannot occur.

In Model A, the bias becomes the determining factor for liquid flow
in the ligquid flow period. No physical intuition can be employed in selec-
tion of a value for the bias, and a more realistic model is desired. How-
ever, subsequent studies indicated that cyclic distillation can reasonably

be simulated employing equations as simple as those of Model A.

Tray Model B
A more detailed model was developed from ideas proposed by Prince
and Chan3’15. Four modes of behavior are possible for a particular

perforation in the tray:

a) Bubbling - passing only vapor in an upward direction.

b) Draining - passing only liquid in a downward direction.

c) Bridging - passing neither vapor nor liquid.

d) Simultaneously passing vapor and liquid.

It is assumed that only the first two modes are present and that
any hole may intermittently switch from bubbling to draining or vice
versa.

Schematically, the plate is illustrated in Figure Z where the
proportion of total holes which are bubbling vapor is B. Assume that
all holes which are draining carry liquid head d2 and holes which pass
vapor experience liquid head d 1 Orifice equations applied to each

zone of the tray surface give:

v Jd. A, B P N2 g, (a7 - p;)/oy (18)

1=7J A (1= - (
L B Ay (1-8) o N2 g, (dy = 49 0) (19)
Let these equations be contracted to

v =8 ‘I_'_'r - d.p. (20)
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1= (1-g) as ’ Am (21)
where v = v/J, # A \lQS
and 1 =1/3; f & V2 g o

Then it follows that
d - 4 = (1/n) (1%/(1-87 + v7/8%) (22)

Employ the assumption that minimizes (de-dl) as suggested by

Prince and Chza.n:‘z’l5 . Then it can be shown that:
}:O.b67
E: . . (
g min ;o 667 3 zo 667 (23)
The nominal head on the tray is T/ ]
= =8 (oL)
dL Bdl + (1=-8) d2 (24)

Another relation is needed to determine the rate of liquid weepege. In
the absence of experimental correlation, it is postulated that the fluid
mechanics of a perforated plate can be described by a behavior law of
the type:

Tixiv =K (d2-dl) (25)

Equation 25 assumes that a high flow of one phase corresponds to
a low flow of the other. The last equation also introduces a measure
of self regulation into the description of tray performance.

It is assumed that the time required to establish vapor-liquid
equilibrium is short compared with the time required for the occurrence
of significant changes in liquid composition and energy. So the pressure
above a tray is the vapor pressure of the liquid on that tray at its cur-
rent temperature and composition. Entrainment of liquid in the ascending
vapor is assumed to be negligible and liquids are assumed to mix instan-
taneously.

Method of Simulation

, The method of applying Equations (1-25) in the digital simulation
to advance the calculation one time-step from time tl to t2 = tl + At
involves:

(a) Based upon previously computed or initially assumed values of

the holdup, temperature and composition profiles at time tl’
use the physical property relations to compute the pressure
above each tray of the column.

(b) Solve the tray performance equations for the vapor and liquid
flows leaving each stage in the column. These flows are assumed

to be constant during

interval between t. and t..
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(¢) Numerically integrate the differential equations describing
the conservation laws to determine the temperature, holdup
and composition at time t2. This integration can be simply
carried out using Euler's method.

After performance of the last step, the computation is set for the
next pass and begins again with the first step. The simulation program
used in this work was written in Fortran IV; all computations were per-
formed using an IBM System 360/40.

In order to achieve numerical stability in the integration of the
differential equations, it was necessary to use relatively small time=-
steps (0.05 seconds).

Simulation Results

Tray Models A and B were used initially to study the following
five control configurations, employing the isolating facilities showm
in Figure 1 as they are required:

1. No isolation of either the condenser or the reboiler from the
colum in the IFP., Steam is supplied to reboiler and cooling

water to condenser only during the VFP. Figure 3 summarizes flow

profiles over a single cycle, which are typical of those from tray

Models A and B with reboiler and condenser dynamics neglected.

2. Reboiler isolated in the LFP. Otherwise similar to Configuration 1.

Figure 4 shows flow profiles from Configuration 2.

3. Condenser isolated in the LFP. Otherwise similar to Configuration

1. Figure 5 shows flow profiles from Configuration 3.

L, Isolation of condenser and reboiler in LFP. Otherwise similar to

Configuration 1. Results are plotted in Figure 6.

5. Configuration 1 with instantaneous pressure equalization in the

LFP. The manifold line on Figure 2 is assumed connected through

suitable valves to the space 'petween each pair of trays. !

Configurations 2 and 4 assumed that liquid falling from the bottom
tray is removed from the column ‘and there is no vapor pressure difference
across this tray. Thex'-efore, liquid flow through the bottom tray depended
only on the liquid head effect. This assumption had no effect on the
other trays in the column.

Schrodt:L9 observed that the bottom plates tended to drain completely
before the upper plates started to drain. The simulation of Configuration
2, which is similar to Schrodt's experiment, does predict that dead time
exists between commencement of liquid flow from adjacent trays. Thus,
liguid flow from the lower trays commenced before flow from the higher
trays during the LFP,
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Dead time before the start of liquid flow from a particulé.r tray
was observed during the switch from VFP to LFP in Configuration 1. Higher
trays in the column showed greater delay. Resumption of vapor flow was
slightly delayed when the column was switched back from LFP to VFP.

In Configuration 2, reboiler pressure during the LFP remained con-
stant and liquid flow from above caused a cooling of liquid on the bottom
tray. Consequently, the beginning of the vapor flow period showed a
sharp spike in the vapor flow to the first tray, which reduced the pre-
viously mentioned delasy in vapor flow resumption.

Configuration 3 showed a pressure buildup at the top of the column,
which tended to favor liquid flow. Liquid flow at the bottom followed a
behavior pattern similar to that in Configuration 1, 'a.n;i progressed up to
the middle of the column. As a result, in Configuration 3 liquid flow
occurs last in the middle of the column.

The simulation of Configuration 4 produced a combination of the
effects noted by the simulations of Configurations 2 and 3. At the start
of the LFP, liquid flow activity began at both ends of the column and pro-
gressed to the middle after a slight delay. At the start of the VFP, a .
preésure difference existed at both ends of the column, which accelerated
resumption of vapor flow.

Condenser isolation, as shown in Configurations 3 and 4, helps
eliminate early drainage of the bottom trays. The two configurations are
nearly alike, but if heat exchanger dynamic'effects were included, Con=
figuration 4 would have proved best.

Configuration 5, as used by Robinson™', indicated that removal of
the vapor pressure gradient allows liquid to flow under its own influence
and stabilizes operation. All pressure manifold valves were open through-
out the LFP, The manifold valves were closed in the VFP to permit normal
operation. In this simulation, no account ‘was taken of pressure equali=-
zation dynamics within the manifold, which would have a delaying ¢ffect
on pressure profile destruction. However, the result was indicative of
the beneficial effect of such a manifold, if it can be satisfactorily

operated.

17

The long-term operation which shows the progress of composition
disturbances over many cycles and which simulates the in-tray mixing
phenomena, was not considered in this work.

Conclusions Regarding Cyclic Distillation

Experimentation with the simulation showed that it was apparently

not possible to establish a constant liquid flow from each tray without
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the deliberate destruction of the vapor pressure profile, as in Configur=-
ation 5. It appeared that cyclic distillation naturally maintained an
approximately constant vapor pressure profile throughout the LFP when no
manifolding facilities were employed. This lead to an unbalanced opera-
tion.

Furthermore, it appeared that tray free area adjustment could do
little to stabilize all the liquid flows at a constant value throughout
the column. Thus, it has been tentatively concluded that a physical
method of maintaining tray level is required in place of the natural
regulation hitherto presumed to exist.

Over short, one=cycle time intervals, Models A and B can be employed
to simulate cyclic column behavior. The presented models are convenient
tools which may be used for study purposes in parallel with the develop-
ment of cyclic process technology. It is clearly established that close
attention to both control and process design considerations is needed to
insure that a cyclic distillation unit operates in a stable manner.

Conel Remarks

Liquid=-liquid extraction is another process which promises to benefit
from the introduction of controlled cycling. Belter and Spea.kerl described
the advantage of introducing controlled cycling to the multiple stage
extraction column. Stevens and B:mt:ve.n21 have studied the controlled
cycling of centrifugal liq_uid-'liquid extraction equipment and demonstrated
significant capacity and efficiency improvements. ;

Other studies have been published about periodic chemical reactor
operaa.tion5 , dynamic batch processing , chromatographic rea.ctorsg, pulsed
disti]_la.tionu, crystal pu:rificaticmlz and size sepa.rationls.

It becomes apparent in reviewing this field that the most suitable
cyclic processing equipment may be quite different from that used generally
for steady state processing. For instance, the contact condenser, where
a spray of cool product into the overhead vapor stream causes condensation,
is well suited for cyclic distillation. Such a condenser is readily
switched "on" and "off" and the condenser cold zone is greatly reduced in
extent. Also, large scale fluidic devices may find extensive application
in replacing the on-off valves generally used at the present time. There
are numerous novel and practical approaches to controlled cycling pro-
cessing available for consideration.

Before the introduction of controlled cycling, a control objective
was to eliminate dynamic phenomena. The concept of controlled cycling

proposes to use dynamic phenomena advantageously. The idea is well
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supported practically and theoretically and presents a rewarding and
challenging area for joint process technology and process control de-

velopment.

Nomenclature

AT area of tray

B "bias" differential pressure, psi

CpL specific heat of liquid phase (molal basis)

va specific heat of vapor phase (molal basis)

C total molal quantity of component on tray n

d‘L liquid depth on tray

E total internal energy of J.iquid;pha.se

F constant in vapor pressure equation

g, gravitational constant

h, H specific enthalpy of liiluid and vapor phases

JVJL dimensionless flow factors for vapor and liquid
flow rates

K constant

1 mass liquid flow rate

i normalized liquid flow rate (Tray Flow Model B)

L molal liquid flow rate

M molecular weight of pure components

ML’ M, molecular weights of liquid and vapor phase
mixture respectively

N total molal holdup of material on tray

Pd pressure difference across holes in tray
(see Equation 15)

vapor pressure of pure components

gas constant

mass vapor flow rate

normalized vapor flow rate (Tray Flow Model B)

molal vapor flow rate

liquid and vapor mole fraction respectively

&

fractional part of free tray area passing vapor

fractional free area on tray

4 e m» B <Id 4 W W

total pressure

vapor pressure difference causing vapor flow

=g
> 3

heat of vaporization
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P % molal density of liquid and vapor mixture
respectively

o pure component molal density
] temperature

Suffixes

. pure component i

ot tray number in column

5 R liquid

v vapor

ref reference condition

min minimm value

Tray oumbering convention

Suffix n+l tray above tray n in column

Suffix n=1 tray below tray n in column

References

g Yo Belter, P. A, and S. M. Speaker
Ind. Eng. Chem., Process Design & Dev., 6, 36, 1967
2. Cannon, M. R., 0il Gas J., 51, 1952
3. Chan, B. XK. C. and R. G. H. Prince, AIChE J., 12, 232, 1966
4, Chien, H. H., J. T. Sommerfeld, V. N. Schrodt, and P. E. Parisot
Separation Science 2, 281-317, 1966
5. Douglas, J. M.
Ind. Eng. Chem., Process Design & Dev., 6, 43, 1967
6. Evangelista, J. J. and S Katz
Ind. Eng. Chem., 60, 25, 1968
Te Gaska, R. A. and M. R. Cannon
Ind. Eng. Chem., 53, 631, 1961
8. Gerster, J. A. and H., Scull
"Performance of Tray Columns Operated in the Cycling Mode"
Referenced facts are as orally presented at 60th Annual Meeting of
AICKE, Nov. 26-30, 1967
9. Gore, F. E. %
Ind. Eng. Chem., Process Design & Dev., 6, 10, 1967
10. Horn, F, J. M,
Ind. Eng. Chem., Process Design & Dev., 6, 30, 1967
11. MeGurl, G. V. and R. N. Maddox
Ind. Eng. Chem., Process Design & Dev., 6, 6, 1967

12. McKay, D. L. and H. W. Goard

Ind. Eng. Chem., Process Design & Dev., 6, 16, 1966



14,

15.

16.

17.

19 .

20.

31

McWhirter, J. R. and M. R. Cannon

Ind. Eng. Chem., 53, 633, 1961

McWhirter, J. R. and W. A. Lloyd

Chem. Eng. Prog., 59, 58, 1963

Prince, R. G. H. and B. K. C. Chan

Trans, Inst. Chem. Engrs. (UK), 43, 1965

Robertson, D. C. and A. J. Engel

Ind. Eng. Chem., Process Design & Dev., 6, 2, 1967 :

~ Robinson, R. G.

"A Theoretical Analysis of Controlled Cycling Mass Transfer Opera-
tions and an Investigation of Oxygen Absorption in,Controlled Cycling
Apperstus", PaD Thesis, Penn State University, Dec. 1964

Robinson, R. G. and A. J. Engel

Ind. Eng. Chem., 59, 25, 1967

Schrodt, V. N., J. T. Sommerfeld, O. R. Martin, P. E. Parisot, and
H, H. Chien, "Plant - Scale Study of Controlled Cyclic Distillation".
Chemical Engineering Sciene 22 (5). T59-767. 1967

Sommerfeld, J. T., V. M. Schrodt, P. E. Parisot, and H. H. Chien
Separation Science 1, 245-279, 1966

Stevens, J. E. and D. R. Brutvan

Paper 51C, 60th Annual Meeting AIChE



32

CONDENSER e
ACCUMULATOR
————— - DISTILLATE
CONTROL
VALVE BENEN.
FEED —&—&—u CYCLIC COLUMN
isoLative L _ |
VALVE

R —

Figure 1 - General equipment configuration for cyclic distillation.

VAPOR PRESSURE EQUALIZATION
FLOW MANIFOLD FOR CONFIGURATION 5

IR I
i B | I
Foj===n1 " P L d> |
T o i |
-&~——!—— - —— -‘r-‘a-i-i-.i-.‘.- ___i_ I

A3 -8 |

|
I
I
I
I
I
|
I
I
|
I
I
|
[
|

med for flow model




33

0.02

s
= s
RS 1

0.0l

VAPOR FLOW
MOL /SEC—»

1 TIME
o SECONDS

o
re

A

a4
4

LN

1] o %] BOTTOM TRAY
0.01 LN ! ==t | #5 TOP TRAY
* ihose

. \ I | *eo overHEAD
*t Tuses (& R REBOILER

LIQUID FLOW
<4—-MOL /SEC

1

3
.Y
i
LUX

g ! - REF
0.02L—

—_—f 11 - -

Figure 3 - Configuration No. 1 - No reboiler or condenser isolation.

0.02 7 . — 72—

g2
-~

o
=

VAPOR FLOW
MOL /SEC —»

|k \ sfer Rl

7 8 -9 1o SECONDS

73257 400 ERA GRBARSSRAE Eabunnunn:

0.0l Fi—

KEY SEE FIG. 3

I I N

LIQUID FLOW
<4— MOL/SEC

0.02 r

Figure 4 - Configuration No. 2 - Reboiler only isolated.



VAPOR FLOW

LIQUID FLOW

VAPOR FLOW
MOL/SEC ¥

LIQUID FLOW

MOL./ SEC-»

<4 MOL/SEC

< MOL /SEC

0.02

0.01}

0.01 -

0.02

0.02

0.0t

0.01

S
IS EnRRnRaTEE i
RANS AnS NN N EREN AN - TIME
:1[&;“-»«;4—; - tp SECONDS
=u B T T
{ et TLEL LTS .__H.
T
[ 71T KEY SEEFIG.3 ]
H T
0 T,
figure 5 = Configuration No. 3 - Condenser only isolated.
!
] - TIME
b SECONDS
i I \
| #3 B “"‘""',“f
g i T I Il KEY SEE FIG.3
| HEEE RS o B EEuNs aRE

=+

+ 4 = Reboiler and condenser isolated.



35

CONSTRAINT CONTROL ON DISTILLATION
COLUMNS

by

A. Maarleveld and J.E. Rijnsdorp
Koninklijke /Shell-Laboratorium, Amsterdam
(Shell Research N.V.)

I. NTRODUCTION

The modern trend in automatic control is to incredse profit in the most
direct way possible, whether it be by increasing the production rate, reducing the
specific costs or any other means of "optimization". Over the last few decades a
number of techniques aimed. at achieving this optimization have been developed.
They range from simple off-line manual calculations to complicated on-line com-
puter calculations. So far, however, most of the applications in industry have been
of the static type; and it is only recently that the results of studies on dynamic
optimization seem to have come within the reach of the process control engineer.

The beau idéal of a control engineer considering optimizing control is
a process with only a small number of degrees of freedom (preferably one) that
will have any significant effect on the total profit. When there is only one such
degree of freedom the relation between it and profit P is often depicted as in
Figure l(a) . The "top of the hill" should neither move so slowly that automatic
hill-climbing is meaningless, nor so fast that the top is never reached.

The probability of encountering such an ideal process is small. We
ourselves have found that in the first place the frequency of the disturbancés and
the dynamics of the process are often so badly matched that on-line hill-climbing
is too slow. Furthermore, it is not uncommon to find that the optimum cannot be
reached without some plant constraint being violated (see Figure 1(b)). For instance,
when heavy fuel oil is combusted with the optimum (stoichiometric) amount of air,
usually too much smoke is formed, with the consequence that the critical constraint
here is the smoke density in the flue gas. Finally, there are quite a number of
instances where the optima are so flat that it does not matter very much whether
the operating point is at some distance from the peak or even on one of the neigh-
bouring constraints (see Figure l(c)).
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A similar reasoning also applies to cases with more than one degree
of freedom. If the relationships P = P(Vl, o .Vn) and Ci = Ci(vl’ R Vn) are not
too non-linear, the point of most economic operation will usually be found at the
intersection of as many constraints as there are degrees of freedom (see Figure 2

for n = 2).

If the constraints for the most economic operation are always the same,
automatic control is very simple: one uses as many control loops as there are
constraints, each control loop being associated with a particular constraint. If
there is severe interaction some form of non-interacting control can be applied. °
It may incidentally be noted that for not too large disturbances such a control
scheme is optimal in the dynamic sense alsol. More interesting are cases where
the point of most economic operation lies on different constraints for different
operating conditions (different throughput, feed composition, etc.). Then control
has to be switched automatically from one set of constraints to another. It is this
type of automatic control which we mean in talking of "constraint control", and
which we shall seek to illustrate in this paper, taking a simple distillation process

as our example.

II. DEGREES OF FREEDOM IN A SIMPLE DISTILLATION PROCESS
The distillation process considered here is the one shown in Figure 3.

Feed flow rate and composition will be considered to be independent variables.
There are seven control valves in all. Five of these are not available for optimi-
zation purposes:

Hw, the amount of feed bypassed around the first feed preheater. Since, in the
example chosen, waste heat is recovered, closing the bypass is the optimum
solution, and the control valve can be omitted.

D, usually, as in the example, used for accumulator level control,

B, usually used for bottom level control,

R and HB’ used for top and bottom quality control. One is always used for keeping
the most valuable product at its quality constraint; the other can be used in the
same way for the other product, or, which is more often the case, is used to
set an optimum reflux or reboil ratio. (This i3 an example of the flat optimum
shown in Figure 1(c).)

The remaining degrees of freedom for optimization are:

Hyg, valve in the heating medium line to the second feed preheater,

C, valve in the cooling water line to the condenser. It could equally well be any

other valve influencing condenser cooling. This valve can be used for pressure
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control, in which case the column pressure P (set point of the pressure con-
troller) is the actual degree of freedom.

What now are the effects of HF and P on the economy of operation ?

Regarding HF’ or better the distribution of heat over feed preheater and reboiler,
it could be saidthat heat introduced via the reboiler is used more efficiently in that
it increases the vapour flow, and so improves the separation, on all the trays,
whereas heat transferred via the feed preheater increases the vapour flow in the
rectifying section only. However, one must consider the total cost of heating, and
not simply the heat requirement expressed in thermal units. It could well be that
the specific cost of feed preheating is lower than that of reboiling, and it will
depend on the ratio of these specific costs as well as on the location of the feed
inlet (the lower the feed inlet, the more efficient the feed preheating) whether it is
in fact more profitable to make as much or as little use of feed preheating as
possible.

As for the column pressure P it is generally true to say that separation
is easier (requires less vapour flow) at lower pressures because the relative vola-
tilities of the components are higher*. On the other hand, decreasing the pressure
generally increases the heat of vaporization, which means that more heat is needed
to generate the same vapour flow rate. For columns operating at low reflux ratios,
this second effect can be more significant than the first, because the (fixed) top
product flow rate constitutes the major part of the vapour flow rate. However, in the
case of columns operating at not too low reflux rates it has been found that the first
effect is the more significant, thus making it profitable to aim for the lowest pos-

sible column pressure.

One way in which operation at a lower pressure than the design pressure
can be accomplished arises out of the fact that in the design of a distillation column
less favourable conditions are assumed than in fact prevail on average during
actual operation. The condenser, in particular, is made so large that the design
throughput will still be guaranteed if the cooling water gets heated and when there is
dirt and scale inside the tubes, even though for most of the time, in actual opera-
tion, conditions will be less severe and the condenser will have a surplus capacity.
It is by utilizing this surplus capacity that the column can be operated at a lower

: pressure. A similar situation can exist with respect to the other degrees of freedom.
* This might not be true where chemically unrelated components have to be sepa-
rated, but the same concept of constraint control can still be applied, albeit in the

opposite direction (increasing pressure).
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III. COST AND CONSTRAINT DIAGRAM

The effect of the two degrees of freedom on the economy of operation
can be determined quantitatively and plotted in a diagram as shown in Figure 4. In
drawing up this diagram the following assumptions have been made:

(a) Both products have to be kept just at the specification limits. For a given feed,
this virtually fixes the amounts of top and bottom product.

{(b) Cooling and pumping costs are negligible. Hence, economy of operation is com-
pletely determined by the total heating costs in feed prehea\:er and reboiler
together.

(c) The specific costs of feed preheating (in the second preheater) and reboiler
heating are known, or at least their ratio. They are not significantly affected by
changes in the operation of the column.

(d) The pumping capacity is always ample.

It should be noted that these particular assumptions are not essential to the method

of approach described here.

The dotted lines in Figure 4 are lines for equal total heating cost
(expressed in arbitrary units). Feed vaporization is expressed as the increase in
column vapour flow passing through the feed tray per unit of feed. It appears that,
in the example given, the specific cost of feed preheating is not very low and the
feed inlet is not close to the bottom, otherwise the slope of the cost lines would be

infinite or even positive.

It follows from the figure that the optimum operating point is some-
where in the lower left-hand corner of the diagram: as little (expensive) feed
preheating as possible and column pressure as low as possible. However, there is
generally only a limited area of the diagram within which operation is feasible.
The limits are formed by the maximum capacity of the reboiler and of the con-
denser, the maximum and minimum capacity of the second feed preheater, and the
maximum loading of the trays in the stripping and rectifying sections of the column.
These form constraints, which can be depicted in the same diagram as the cost
lines (see Figures 5 and 6). These constraints are derived as follows:

Hp max: The heat flow m the reboiler is dependent on the temperature difference
between column bottom and heating medium. The column temperatures increase
with column pressure, with the consequence that the heating medium valve has to
be opened further to introduce the same amount of heat. But there will come a
point, at a certain column pressure, when the heating medium valve cannot be
opened any further, i.e. the constraint will have been reached. The constraint

line has a positive slope, because more feed preheat involves less reboiler heat,
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and thus a higher column pressure can be tolerated. If the feed flow increases,
then the column vapour flow has to be increased accordingly. But this will be
possible only if the temperature difference in the reboiler is increased, and hence
the column pressure is decreased. This thus means that on an increase in through-
put the constraint line will shift to the left.

Cmax: The heat flow in the condenser is dependent on the temperature difference
between column top and cooling water. In this case, therefore, the constraint is
reached when the top temperature, and hence the column pressure, is low. If the
feed preheating is increased, however, the column vapour flow will increase due
to less economical use of the total heat (see Figure 4), and the condenser con-
straint will be reached at a somewhat higher column pressure. On an increase in
throughput the constraint line will shift to the right. The location of the line is,

of course, also dependent on the cooling water temperature. In winter the minimum

column pressure is lower than it is under summer conditions.

Hp min and Hp max @ There are two constraint lines related to the second feed
preheater. Firstly, if the heating medium valve to the preheater is closed, then
the feed temperature (and feed vaporization) will depend on the usage of (cheap)
waste heat. Let us now assume that under these conditions the feed enters the
column below bubble point, so that feed vaporization is negative. Clearly, the
higher the column pressure, the more the feed will be subcooled. Consequently,

the HF T
valve is fully open, the feed may be assumed to be above bubble point. If now the

-line will have a negative slope. Secondly, when the heating medium
column pressure and hence the column temperatures increase, the difference
between feed and column temperature will become smaller, so that feed vaporiza-

tion will tend to zero.

Rmax and S : When the column pressure is changed, there are two effects on

the loading of the trays, working in opposite directions:

(a) If the pressure is decreased, the relative volatility will be increased, and
hence the internal column flows can be decreased, as shown in Figure 7. This
has an unloading effect on the trays. Consequently, upon an increase in pres-
sure the internal liquid and vapour flow rates in the column have to be
increased to keep the products on specification. In the neighbourhood of the
convergence pressure of the mixture this increase in the column flows, and
hence in the tray load, will be very marked.
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(b) With a decrease in pressure the vapour density Py decreases. To maintain the
same (mass or molal) vapour flow therefore the velocity Uy has to be increased
in the same ratio, which means that, being mainly determined by the kinetic
energy of the vapour, pV.U‘z, , the tray load is increased.

This means that tray constraints are found both when the pressure is
increased and when it is reduced. Furthermore, if the feed preheating is increased
the vapour flow in the rectifying section will be larger, and hence the range of
column pressures allowing feasible operation will be smaller. When the rate of
feed vaporization is increased still more the trays.in the rectifying section will be
overloaded irrespective of the pressure. A similar reasoning holds for the trays

in the stripping section and for a subcooled feed. The tray constraint lines are
given in Figure 6. If the column throughput increases, the feasible area shrinks.
For a column operating at point A, the maximum throughput increases with

increasing pressure; for point B it increases with decreasing pressure.

IV. CONSTRAINT CONTROL SCHEME
The cost lines of Figure 4 and the constraint lines of Figures 5 and 6

can be combined in one diagram. The result, for different column throughputs, is

given in Figure 8.

The point of optimum operation is denoted by Q. With a low through-
put the trays are not loaded to capacity, and Q lies on the intersection of C, .
and HF nate (Fig. 8(a)). This means the valve in the cooling water line to the
condenser is completely open and the valve in the(relatively expensive) heating
medium to the feed preheater is closed.

If the throughput increases, all the constraint lines will shift towards
the cenire of the diagram, but the tray constraints will move faster than the
others. At throughput Fy (Fig. 8(b)) the optimum operating point is found when the
top cooling is still maximum but the feed preheater valve has had to be partly
opened to unload the stripping section trays. If the throughput increases even
further, the condenser valve will have to be partly closed and operation will be at
its optimum point when all trays are just loaded to capacity (Fig. 8(c)).

In the control scheme shown in Figure 9 the switching from one set of
constraints to another is performed automatically. The loading of the trays is
ascertained by measuring the pressure difference over the two sections. Since the
tray load control is critical, the differential pressure controllers must manipulate

a control valve which has a rapid and strong effect on the vapour flow. Their out-



41

puts pass to the high-pressure selectors H; and H,, which allow the higher of the
~ two signals to pass on. When the actual pressure difference is smaller than the
maximum difference tolerated, the dPC outputs are both minimum, in which case
3 psig. is passed to the cooling water valve, just sufficient to keep it wide open.
Further, the balancing controller BC is forced to keep the valve Hp closed. This
is the situation illustrated in Figure 8(a).

If the column throughput increases, dPg will increase and the output of
dPSC will start to rise as soon as dPSmax is reached. The cooling water valve
will then be partly closed, and since the two inputs to BC will not now be equal, the
HF valve will be partly opened. This has the effect of unloading the stripping sec-
tion trays, until a new equilibrium is reached. Then the two signals to BC will be
equal to 3 psig., so that the output of Hy will be minimum again and the cooling
water valve will be fully open. This is the situation illustrated in Figure 8(b).
It is also important to note in this connexion that initially the tray load is controlied
by valve C, which ensures fast and powerful action, but that this function is later
taken over by HF’ which has a slower and weaker effect on tray load.

If the throughput increases further, the trays in the rectifying section
also might become overloaded. Then the output signal of dPRC will increase. The
ultimate result will be that BC will eventually adjust valve Hp in such a way that
the outputs of the two dPC's are equal again (both sections just loaded to capacity)
and that valve C will be partly closed. This corresponds to the situation shown in
Figure 8(c).

Summarizing, we see that always the relevant set of constraints is
selected, and that the transition from one set to another is smooth and safe (initial
action with a fast valve, final adjustment with a slow valve).

The scheme can easily be extended if the process 'involves more con-
straints than are mentioned here, such as a minimum and/or maximum column
pressure, or maximum reflux pump capacity4.lt can also be simplified if, within

the range of throughputs considered, certain constraints are never reached.

V. EXPERIMENTAL RESULTS
Figure 10 gives the results for an actual refinery column: a deisopen-
tanizer at the Shell Nederland Refinery. Pernis. The numbers by the (dotted) cost

lines represent the cost per unit time expressed in arbitrary units. Two con-

straint lines are given for the condenser, one for average winter conditions and

one for average summer conditions. For throughputs below 2000 tons/day the tray
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constraints do not play any role. Here, in fact, the "constraint control scheme". is
simply a matter of keeping the cooling water valve fully open and the feed pre-
heater valve closed. With throughputs above 2000 t/d, however, the trays in the
stripping section might become overloaded. Then a control scheme like the one
shown in Figure 9 is applicable. If there is no danger of the trays in the rectifying
section becoming overloaded dPpC and H, can be omitted.

The omission of any form of pressure control was not found to have a
detrimental effect on the operation of the column. However, good automatic
quality controlz’ ’ proved to be essential in order to reap the full benefits of con-
straint control.

VI. CONCLUSION

For many processes optimal operation means operation on or close to
a number of constraints. If the relationships are not too non-linear the optimum
operating point is at the intersection of as many constraints as there are degrees
of freedom left for optimization. This simplifies the optimization procedure con-
siderably, with the result that in place of a hill-climbing technique, a number of
conventional feedback controllers can be used. However, when the constraints are
liable to shift significantly during operation, a slightly more elaborate control
scheme is required.
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OPTIMUM BANG-BANG OPERATION OF TWO
COMPONENTS DISTILLATION COLUMNS

F. De Lorenzo, G. Guardabassi, A. Locatelli, V. Nicolyd,
S. Rinaldi (°)

I. Introduction

In some two components distillation columns the pur
pose is tc get a top product having a concentration of the mo
re volatile component that meets the customer's requirement.
Such a requirement_is usually expressed as a value, that will
be indicated with c,of the concentration which the column must
perform. Generally speaking, the required concentration ¢ is
obtained by operating the column with a suitable constant re
flux flow  rate R.

However a circumstance concernir- the transient be
havior has to be noted: the top-product ccicentration beha-
vior for a step change of the reflux R from level R' to le-
vel R" depends only on the pair (R', R"), provided that the
column is operated between ng §teady state conditions. More
over, it has been observed '~ ’- that, for suitable operating
conditions, the transient is faster when going toward higher
levels than when going toward lower levels of reflux.

A question arises: is it possible to perform a di-
stillate with concentration equal to T using a mean reflux
Rp lower than R by taking advantage of this circumstance ?

A positive answer would mean that for the same amount of
heat to the reboiler a higher mean value of distillate flow

rate is produced.

The idea is to alternate periodically (1) the re-
flux in a bang-bang mammer between the levels R{1 and Rp
with Ro>R>Rq. If T4 aad T, are the intervals of time
during which Rq and R, must.be respectively held, the opti
mization problem consists of determining the minimum of Rp
with respect to thg four variables Rq, Rp, T4 and Ts.

As a consequence of the bang-bang operation, the
distillate concentration will oscillate with the period
(°) De Lorenzo, Guardabassi, Locatelli and Rinaldi are with
Istituto di Elettronica, Politecnico, Milano, Italy.
Nicold is with C.S.M., Roma, Italy.
1) This idea can be seen as imbedded in the more general
philisophy of opfimal periodical operation introduced
by Horn and Lin *
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T, + T,, so that to smooth fluctuations a tank of grezter
capacity when stronger filtering action is desired will be
needed (Fig. 1). In order to keep the plant within reasona-
ble dimensions, some devices can be used: for instance an
auxiliary tank able to hold the product of a complete period

T,+ T_ can be set up. At the end of each period, the con-
centration ¢, in the auxiliary tank equals c. Then, the au-
xiliary tank must be emptied into a storage tank where only
product of concentration ¢ is allowed. Such an expedient wi
thout claiming to be effective from a technical point view,
nevertheless tuhs out to be extremely suitable for an easy
description of the theory developped in the following.

This paper has been arranged in sections as follo
ws. Section II is devoted to the mathematical statement of
the optimization problem, that is to the careful pointing
out of the performance index which must be extiremized, of
the four indipendent variables with respect to which the
optimization must be carried on and of all consiraints which
must be taken into account looking for the solution. The op
timization procedure has been splitted into two main phases.
Section III is concerned with the optimization with respect
to T, and T,, while Sect. IV deals with the optimization
with respect %o R, and R,. A particul case has been treated
in Sect. V. Some concluding remarks can be found in Sect.VI.

II. Problem Statement

The feed flow F (Fig. 1), the feed concentration
and the condensate flow V are assumed to be constant. The
last assumption consists with constant heat to the reboiler.
Moreover all other parameters affecting the column behavior
are supposed constant. The only variing input of the system
is the reflux flow rate: its waveform is prescribed to be
rectangular (Fig. 2a). Since for distillate D the equation:

D= V-R
holds, the waveform of D is rectangular too. Variations of
distillate composition result from reflux variatioms; fur-
thermore it is assumed that each transient is exhausted be
fore next change in reflux occurs. Such a condition ensures
the transient to depend only upon the pair (R',R"). The wa-

- veform of the distillate concentration is drown in Fig.2b

and it is assumed to be of exponential form at each inter-
val. Such an assumption, however, is not far from
physical reality and does not bring a loss of genera-
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lity of results (2).

In Fig. 2b, ¢, and c, are the steady state concen
trations corresponding %o R, and Ry which can be determined
from the steady state characteristic:

¢c=c (R) . Pt (%)

Besides, owing to the fact/the transient depends

only on the pair (R', R"), i. e.on the pair (R', AR),

AR = R" - R', the time constant T is still function of R'
and AR:
T=7T(R',AR). (2)
Therefore, the two time constants T, and T, indica
. . : 1 2
ted in Fig. 2b are given by:
T,= T (Ry, B, - Ry) (3)
T2.—. T (R2, By- R2).

For the above assumptions about the nature of the
transients of the distillate concentration, the time inter-
vals t, and T, have to be chosen sufficiently large. The-
refore %he constraints:

t, >k T
i el 1
(4)
T, =k T,
must be fulfilled.

In egs. (4) k is a suitable constant which has to
be big enough in order that the transient could be practi-
cally considered exhausted. On the other hand a great value
of k implies certainly a large period T, + T_ of opera-
tion: therefore the dimensions of the auxiliary tank in-
crease. As a conclusion, small values of k consistent with
the above assumptions are to be preferred. In practice,va-
lues of k ranging between 4 and 5 seem to be appropriate.

If such an assumption is not met,an equivalent exponen
tial transient between the same levels will be conside
red: the equivalence is here taken in the sense that
the areas subtended by both the real and equivalent
transient are equal.
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The value c.of the concentration of the distillzte
in the auxiliary tank at_the end of a period 11 + 12 must
equal the desired value c:

T
[t1 jT& +Ls
5 (V—Rz) c(t)dt + T, (V—R1) c(t) dt = g
cT = =c (5)

(V-R,) T, + (V-R,) T,

Eq. (5) implies that

R.lsﬁ

R2 >

(€)

=e]]

Since
V-FKRCYV

it follows from eq. (6)

V-F<R <R

R<R2<V .

These inequalities determine in the plane (R1,R )
'a closed region L) . Nevertheless other circumstances might
impose different types of constraints, so that the region ()
where it is possible to choose the values R, and R2 turns
out to be generally smaller tham the region J’M'

The minimum of the mean value R of the reflux is
searched: this means that the ratio of distillate flow rate
to heat flow to the reboiler is maximum.

The mean value Rm of the reflux is given by:

R, T.+R, T ;

Rm - 2 1 ger e (1)
> 'C1 +.’C2

Therefore, the following minimization problem will

be investigated:

RS = min {R}= min {-2 (8)

: S
RysRy RysBy ' T+ T,

3
T 11T
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where R, and R, belong to {L , U1 and T _ satisfy eqs (4)
and (5) is taken into accountl(3l This op%imization problem
can be conveniently solved in two steps, as it is shown in
Fig. 3 where the specific symbolism of Structural Programming
has been adopted. Then the minimization procedure will follow
the sequence of sections S, and 32 drawn in Fig. 3 where the
condition ¢ = T is entai¢e& by the fact that both S1 and 32
cut the arrow representing c,.

According to Fig. g,the first step of problem solu
tion consists of finding the minimum of Rm with respect to
and 't2, regarding R1, R2 and Crp as prescribed, i.e.:

g
R. T, +R, T
1
R _ = min { R } = min z .2 £ } (9)
mt m
T3>k T 'c1>kT1 ‘c1+ 1:2

T27k Ty Tozk Tp

The values of T, and T which are the solutions
of eq.(9) will result, of course, t6 be functions of R1 and
R2: - -

T = T (R1, R2)

1 1 (10)

~

Next step (section S, of Fig. 3) is the minimiza-
tion of Rm with respect to R1 and 32:

v A A
T
RS = min {R }= min {R‘tﬁ oh '-—-}(11)
(RysRy)eR (R,sR,)e0 G+Ty
value:
Therefore, tHE\R% and Rg which solve eq.(11) and

It is to be noted that even a small decrease of reflux
mean value might correspond to a high increase of the
ratio of distillate m& flow rate D_ to the distillate
flow rate D of the constant reflux operation. In fact
it turns out that D = 1+(1-R_/R)R/D) hence for colu
mns' with high values of the reflux ratio it is possi-
ble to get, by means of the bang-bang operation, consi
derable increases of distillate mean flow rate at the
desired concentration 3, even if the value of R_ is not
- = m
very different from R.




55

the corresponding values T¢ and TS derived from eqgs.(10)
are the sclution of the op%imization problem described by
eq.(8).

III. Optimization vs. Time Intervals

The first step of the opiimization problem is pre
sented in this section. Therefore, egs.{10) must be found,
regarding the values of R,, R, and c_ as prescribed.

According with the above aSsumptions about the wa
veform of c(t) and the values of t, and T,, the following
approximation can be done: ‘

- —'b/T1
(V-8,) e(v)at 2| (V-8,) [ep=(epmepde ~ lat..

The same approximation is valid also for the seme
integral appearing in eq.(5) which therefore becomes:

0

(V-r,) [0, T,~(e,-¢,)1,] +(V-R,) [c) T, (cycy)T

=c (12)
(V-R,) T, + (V -R,) T,
From eq.(12) it follows:
T,=x T, +f3 (13)
where 3
| o ) (6= ®)
(v-R,) (¢ - c,) o

[T,(7 - &) = T,(V-R,)] (cpmcy)

(V-R,) (¢'- ¢c,)

Substituting eq.(13) into eg. (7) one obtains:

“

(15)

R =R. + (R - R )
m 1 2 1 ’C1(1+o<)+/3

E Then the minimization can be carried out with re-
spect to T, only, provided that T, and T, satisfy the

constraints given by egs.(4) which,in sight of eg.(13), beco
me:
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LW 18 g

(16)
ik k To- /3
1 I

Moreover, since at this stage R, and R, must be reg
garded as prescribed, the value of t1 minimizing the follo-
wing expression:

Ty
2(Ty) = = (17)
1(1+ X))+

yields also the minimum for eq.(15). Hence,from what stated
above, the optimization problem becomes:

[

n’lt:‘i:l { 7-'1(1+°<) +/3 }

#mhere T, is constrained by egs. (16).
Since f( T,),as given by eq.(17),is a monotonic
increasing function of T 1? it turns out that the optimal va

lue of ‘C1 is:

A k TZ—/S
T, = max{k T1,——} (18)
«
and, consequently,
A
’52= max{k“l\l +[3 2 kTZ% s ¢18")

In order to obtain eqs.(10) it is necessary to sub
stitute in eqs. (18') and (18") the expression of T1, T2, «
and /5 as functions of the reflux levels R, and R,.

In conclusion, once R, and R, have been fixed, eqgs.
(12') and (18"),with eqs. (14) and ( 37 taken into account,
determine the values of T, and T , corresponding to the op
timal bang-bang operation of the coEumn giving the prescri-
bed value ¢ of the concentration c,.

The results given by eqs. (18') and (18") can also

N

be presented in a different way. With thjain]\ithe operation
adopting
T, = k 7T
1 1
(19)
T, = k T

2 2
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| is now considered. Moreover let c¥* be the concentration in
the auxiliary tank at the end of & period, resulting from

the operation defined by egs. (19). Depending upon the va-
lues R1 and Rz,one of the following situations might occur:

a) cX < ¢ : then,in order to satisfy eg.(5),the first time
interval <« 1 must be increased. The optimal choice is

e el

5 C e

(20)

A
t2 =K T2

b) c§>3 : then T, must be increased, i.e.: g

Q>
L}

k T1

(21)

Q>
L]

k o« T1 +/5

¢) c¥ =c : in this particular case eq.(5) results already
satisfied. Hence the equality:

kT=kq’T1+/$ : (22)

2
holds.

; £
The locus | of points satisying eq.(22) constitu
tes the boundary between the regions A and B where situati-
ons a) and b) respectively occur (Fig. 4). In the following
the subsets of {) belonging to A and B will be called l"A
and _fl. i.e.:

_Q_Lg_ﬁ_nA

..Q_B=-O-f\B.

It can be easily seen that the point (R,R),repre-
_sentative of a steady operation,belongs to g
From a physical point of view the optimal solu-
tion admits some comments.
It is interesting to p01nt out that at least one
of the twe time intervals t1, t2 must be the shortest
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possible with regard to the constraints expressed by eqs.(4).
' Taking into account the linear relation between <
znd T, given by eq .(13), it follows that, among all possi-
ble bang-bang operations between two levels of reflux which
give the required concentration, the optimal one has the mini
mum period T.,+ T

The circumstance that at least one of the two time
intervals T , and T, has to be minimal, implies that Ry is
2 monotonic inecreasing function of k. Hence, also for such a
reason, smaller values of k are to be preferred, provided that
the assumption previously stated be satisfied.

IV. Optimization vs. Reflux Levels

The results of the preceding section are completely
general. Infact,no assumptions have been done about the natu-
re of the functions given by egs. (1) and (2). For further
investigations such assumptions can not be omitted. Substitu
ting egqs. (18') and (18") into eq.(7) with egs.(14), (1) and
(3) taken into account, the optimality criterion R_ turns out
to be a function of R, and R, only. Because of themcomplexity
of functions (1) and 12) the optimization problem stated by
ea. (11) can not be solved in an analytical way.

On the other hand, it is alwys possible to solve it
numerically through : a suitable seeking method. The here pre-
sented procedure comes out to be really effective if egs.(1)
and (2) are known. Usually, the greatest difficulties are met
in getting the function T (R', A R) so that sometimes it is
better to approach the whole problem from a different point
of view. For instance,a direct simulation of column behavior
can be employed' then the unknown values of the four varia-
bles 1 - t and t2 can be reached by means of an appro
priate seeﬁlng method. 4

If this is the case, in order to reduce the compu-
tational complexity, it is obviously suitable to use dynami-
cal models of the distillation column with a low number of
state variables.

Since only some what particular operating condi-
tions (step changeg of the reflux) must be simulated, even
extremely simple models can fit the reality in a satisfac-
tory way.

V. rarticular Case

ith the aim of showing how the optimal pulsed ope
ration can be more advantageous than the constant reflux ope
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ration, it is now presented and extremely simple particulsr
case.
The eqs.(1) and (2) are specified under the assux
ption that eq.(1) is linear and that the time constants T,
and T2 (see Fig. 2b) depend only upon the sign of refiux
variation. These two assumpiions dc not seem to be very clo
se to the reelity; however, they can be thought velid in so-
me cases as first rough approximetion. Moreover, as it is
shown in the seouel, theyentail extremely simplie and meenin
gful results which can be utilized, for instance, as ster-
ting point for & more scphisticated search of the true opti
mum.
In wnhat follows the parameter which plays an es-
sential role is: Y.
-2 ey
S’ = s (23)

1

It can be easily proved ¥ that, in the particuilar
case now considered, for all point of the region A the fol-
lowing relation holds:

aﬁmt /
e (24)
IR,
while,for all points of the region B,the relation:
9 Fue 5t (25)
832

is valid.

Such properties imply that the optimal working
point in (1 belongs to the set ¢ consisting of the
"right boundary" ¢, of the region {1l , and of the
"inferior boundary" ¢ of the region "()j, obtained
from the region £) as Fig. 4 shows, where a very strange
region L) nas been chosen for the sake of better clari-
fying the determination of é .

The problem of the determination of the optimal
point Q on theline-¢$defined (see Fig. 4 where @, = X;s )

4>P-_-4>nf'



is now approached.

With this aim the line I is first considered. As
far as marking the values of R & alogg the line I is con
cerned, the following propertymholds . In any point of I
the mean reflux R S increases with the distance from the
origin of the plane (R ,Rz) of the straight line with slope
equal to -¢ passing through 'such a point.

According to the above assumptions about egs.(1)
and (2) and substituting eqs. (14) and (23) into eq.(22),
the following equation for I is obtained:

(k-1) ¢ R? +(1+9) R1R2+(k—1 )Rg - { v [1+(k-1) g] +k§’ﬁ} R1-
- {v [(k-1)+9]+ k E} R, + kV(1+¢ )R = 0 .

_ _Therefore, the line lMis a conig which in the
point (R,R) has tangent with slope given = by:

r
a R, g0
dR1 e P+ k-1

Since, for ¢ > 1, this function assumes values
larger than - ? .,then, in view of the previously mentio
ned property, the optimal point P in{)l_, which, in view
of eqs.(24) and (25),is surely on [, is the point T in
which the tangent ?E) has slope equal to - § provided
that such a point belongs to £ y (Fig. 5a); otherwi-
se, P is the intersection of I" with the upper or left
boundary of L y (Fig. 5b). Since the line [ is a conic
and the value of Ry, for any point of " is an increa-
sing function of the distance from the origin of the stra
ight line with slope equal to - @ passing through such a
point, it turns out that Ry 1is a convex function on
in L0 y attaining its minimum value in P. For this rea-
son, going back to the problem of finding the optimal
point Q in ér it is possible to conclude that if Pedp
then Q =P, while if lizér then Q is one of the intersec
tion points oflwith .

The line " has two points where the tarngent has slope
equal to-¢ . Nevertheless one of these points is al-
ways the point (V,V) which does not belong to.O.n.
Therefore here and in what follows only the other
point is considered.
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Once the optimal point Q in ¢, has been determined,
before going on in the search of the optimal point S in §- ¢ ,
it is possible, taking into account egs.(24) and (25), to eli-
minate some subsets of (b - d),.. As an example, consider
Fig. 6 where ¢ = 12\1{23\.1)"24 and ¢, = {Z.Let
the point 3 be the optimal one in ¢r. Therefore, mov1&g onl”
from (R,R) to the point 3, the mean reflux Ry e decreases. Hen
ce the operations corresponding to each point of and

4 are not<be examined. If on the contrary, the optimal
p01n% on ¢r is the point 2, the search of the optimum must
be extended also to | 1 and { 4"

In conclusion,%he procegure for the determination
of the optimal point in £ may be summarized in the symbolic
flow chart of Fig. 7. :

As far as the determination of the point Q is con
cerned, it is useful to remind that the mean reflux Rp,
is a convex function on ' in .flm with a minimum in P.
Furthermore it is worth noting that in order to determine
the set ¢ -, , once the points Q. and Q are known, it is
not necessary (Fig.8a) to plot the line [T , provided that
a trial carried on by means of egs. (18'), (18"), (20) and
(21) has estabilished which ones of the subregions of
not intersected by [ belong to the region A or B. Finally,
taking into account the property stated in egs.(24) and
(25) is then possible to reduce further on the set ¢-—¢p
(Fig.8b). Once the optimal point in KL has been found, it
is necessary, in order to implement eventually the bang-
bang operation represented by such a point, to compare it
with the constant reflux .operation: with this aim, it is
worth to consider, inside L y, the region L) 7 where any
optimal bang-bang operation has mean reflux R . lower
than R. In order to determine such a region i% is suffi-
cient to plot in the regions A and B the contour line with
Bpr = R. In the particular case here esamined, such a line
turng out to be composed by the two straight lines defi-
ned by: 3 E
-p(k-1) R, + ¢ (kR -V) +V
3
§

R,

By

- % (k-1)R, + 7 (k R-Vv)+v

Hence, since the optimal bang-bang operation has
to be determined among the ones which have mean reflux lo-
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wer than R, the subbegions of L1 not belonging toﬁ).ﬁ must
be eliminated; in the above outlined procedure (see also
the flow chart of Fig. 7) the region () is then substitu-
ted by the region L * defined by:

_Q*: 0On ﬂﬁ -

This last consideration holds also for the gene-
ral case where the region (L 5 is not determinable in such
a simple way.

VI. Concluding Remarks

This paper has been devoted to the determination
of the optimal pulsed operation of a two component distil-
lation column. The mean value of reflux (distillate) flow
rate has been chosen as performance index to be minimized
(maximized) provided that the distillate has the prescri-
bed concentration. In this work it has been done the assum
ption that the only input to the system were the reflux,
chosen varying in a bang-bang manner between two levels R
and R,. Furthermore, the transient behavior of top produ-
¢t concentration for a reflux switching has been conside-
red of exponential type and exhausted before the next chan
ge have occurred. Under these restrictions,the problem of
finding the optimal values of the reflux levels R, and R
and of the time intervals T, and <t , has been reduced to
the much simpler problem of %he determination of only the
two reflux levels R1 and R2 in the region L) of their ad-
missible values.

In a particular case it has been possible to sol
ve the problem completely, or, at least, to reduce the
region {) , inside which the optimum operation point has
to be searched, to a set of lines.

Having discussed the possibility of producing
2 distillate with the prescribed concentration, operating
the column in a not classical way, is, afterall, the es-

QW
o
3 -

wmn in a periodical manner in_stead of in a stationary
one. » 5 .

The determination of the optimal periodical ope
ration  would have required an accurate dynamical model of
the distillation column and the solution of a variational
problem. For the particular class of periodical operations
here considered (bang-bang operation between two levels of
reflux) it has been in_stead possible, selving a much sim-

pler problem of extremizing a function, to determine the
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optimal periodical rumning without the knowledge of the com
plete dynamical model of the distillation column: only the
behavior for steps in reflux has been infact considered
known.

The particular case examined in Sect. V has howe-
ver pointed out that often the optimal periodical operation,
among the ones considered, has to be preferred to the clas-
sical one. It should therefore be desiderable to pursue the
investigation in order to ascertain the eventual further
advantages connected to other kinds of periodical operations.
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CLOSED-LOOP PREDICTIVE DIGITAL CONTROL
OF THE INDUSTRIAL DISTILLATION COLUMN

by
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B., SEMPE - Telemechanics Society, CROLLES, France

I - PROCESS DESCRIPTION

Studies considered in the present paper concern the indus-
trial superfractionate distillation column. The column /Fig,I/
consisting of a hundred of plates, admits a mixture of two hy-
drocarbons with very close ebullition points, differing from
one another in a few centigrades only, The device’s aim is to
furnish a distillate with more than 99,5% of the lightest hy-
drocarbon, The column bottom level is controlled by means of
the recuperator heating medium., The feﬂux thank's level is
controlled by intensity of the mixture outlet from the column
bottom, Finally, the pressure at the column top is by-pass
controlled by a condensor, :

According to the small temperature difference between the
column top and the bottom, a precision management was necessary
to operate the column, while so called sensible-plate method
could not be applie'd. Thus an operator was obliged to read over
a chromatograph to control the reflux flow intensity and the
mixt(lre outlet from the column bottom, keeping in this way the
distillate composition in acceptable bounderies.

Dosage of these control quantities was difficult to

appreciate by the operator, Besides, the column dynamics rea
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sults in the transient processes' duration time lasting of few
hours,hence every change of the operation regime was affficult,
too.

In such conditions the full efficiency of the installation
was practically impossible to obtain. Only 95% of the nomi-
nal production capability had been reached, while obtaining
from the column bottom a product with 75% concentration of a
volatile component. That was the reason to search for a fully

automatic control.

The control objective is to keep the distillate composi-

Bl el Do s i e et s M B o s i N e b L e o e R

|
!

tion X over or on X = 0,995 1level.
D Do

Evidently, from the economical standpoint the control
objective is to keep deviation X - XD as small as possible.

D o
Disturbances actuating on the componsition are of a double

type.

a/ Measurable disturbances, which static and dynamic in-
fluence on the distillate can be quantitatively deter-
mined,

b/ Unmeasurable disturbances actuating on the distillate
which can be estimated in virtue of the controlled
quantity only, In particular, it concerns to the column
- environment heat exchange,

The influence of the first-type disturbances can be eli-

minated by the process résponse prediction when mathematical
"model of the process is known,

In contrary, the second-type diéturba.nces can be compen-

sated by the closed-loop control only. Thus, already in the

first phase we are obliged to consider static as well as dyna-
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mic mathematical models,

In the second phase the closed-loop control has been
developed.

11 STATIC MATHEMATICAL MODELS

A static model is described in form of the relationship
between dependent variables /here the composition XD of the
distillate/ and independent ones.

Independent, measurebles variables are of double type.

The disturbances - in the considered problem they are:
the pressure P, the composition Xp and intensity of the input
product flow F,

The control variables are: intensity of the reflux flow
Lp and intensity of the mixture outlet from the bottom W,

Studies of the static model have been carrieé out in few
stages, In the first one the thermodynamic balance at one pla-
te was considered, It enabled:to’determine the vapor composi-
tion ¥ and the plate temperature T depend upon the liquid
composition X and the pressure P,

Afterwards, the Lewis-Sorel method provided facilities
for global studying of the column, plate by plate. For the
n-th piéte it yields in the following relations

X=hy +B; Y=Y +E(Y-¥ )

In the above relation.X  denotes a primary fraction
composing the most'volamile part of the 1liquid, Y denotes a
primary fraction composing the most volatile part of the vapor
at the n-th plate, A and B denote coefficients determined from
a mass-balance for the section considered, For the concentra-

tion section it yields
" Le+p

: D-
Az e 3 B= XD

A
L‘J

a
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For the exhaust section we have
L4+ F( I-Tkw T N
Az R H PR S A A e L
L+ F(I-2) L+ F(1-2)
where D denotes the distillate outlet intensity and T denotes

the evaporation coefficient of the feed,

The method utilized is interestiag on account of the
Murphree efficiency E existing in the previous method. It was
determined from data gathered in experimental measurements, as
a function of the input product composition-and flow-intensity,
as well as of the reflux pressure and flow-intensity /Fig,2/.

At last stage of the model development the characteristics

o =1’<LR ) were obtalned for a whole set of admissible
F F

values of the parameters P and XF . One of the characteristics,
using point by point linear interpolation was fed into computor
storage as a reference curve, Statistic point corresponding to
ovtimal disturbance level can be calculated by homography /Fig.3/
Accuracy of the obtained -model is of the 2% order when compa-
ring with exprimental data.

Importance of the model discussed consists in simultaneous
taking into account of the experimental data indirectly resul-
ting from the efficiency =nd of the theoretical data resulting
from plate by plate calculstion. Purely experimental determine-
tion of the such model could virtualy be possible, but tough
to practical realization because cf necessity for extremely long
experiments unacceptable in industrial practice.

Instead, the purely theorectical determination could not
assure desired accuracy.

Principal role of the .static model yields in guidance for

automatic operation, Given feed iIntensity, the model
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enables to establish desired values for the regulators of the
mixture outlet intensity-from the bottom and of the reflux
intensity, when the input oroduct's pressure and composition
are determined,

Existing degree of freedom can be useful for static op-
timization ourpose. Accepted economical criterion is a mini-
mum of the production unit cost.

In our probleg, for production imposed, the cost is
given by o F'PF + V-PV-'r R-PR - W-Pw

D
where V and R denote flow intensity of the heating and

refrigerating media, respectively, Coefficients P denote
unit costs for each of the product:z considered,

The optimization resuts in extremum seeking of the fun-
ction of two variables ___ER_ and _¥__, with following
constraints: ¥ 9

X, » 0,99 *

F ¢ F__ (maximm feed)

LR < LM (maximum reflux intensity correspon-

ding to the one in use)

III, CLOSED.LOOP CONTROL
If the system under investigation was purely static and

if all disturbances were known, then ideal control could be

achived when using the results of the previous paragraph only.

In reality however, to assure precision control of the
iistillate composition, it proved necessary to apply closed-

-loov control,

It turned out then, to be convinient to utilize the in-
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tensity of the mixture outlet W as a control variable associz-
ted by a feedback with XD . In reference to the control loop,
the predictive controls F and LR represent disturbances to be
compensated,

For the compensation purpose as well as for the control
loop realization, the appropriate system transmittances should
be known,

These transmittances were experimentaly determined for

three couoles of variables: X —F j p-Lg s X~ W . They

hold for small variat:uns around the system' s operating
regime.

The experiments were carried out for a certain number
of the operating points chosen inside the whole domain of the
possible variables' variations, It was achived by applying
steps of the main desired quantitdies F, Ly and V.

One can obtain convenient approximations of the transmi-

tances in the form:
| -U-p

B4 (p) " Ki ‘e
I+T 1P
The coefficients Zi and T 4 8are practically unsensible
in the operating regime at which the system dynamics has been
determined, The values obtained are given in the following
table,

’Cf = 20 min. '.1:'f = 130 min,
7, = 10 min, T,.= 50 min,
z\'i = 40 min T = 200 min.,

W
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In contrary, gains Ki depend closely on the cosidered
regime, The gains result from graphic representations of the
static model /Fig.4/, when using following relations applied
to the considered static regimé:

K X
£

oF

&y = 20

, =

G = 2D
Gl
First, let' s consider the feedback loop, Direct-loop

transmittance is of the from:

=Ly P
£ ()= Ky
I+Ty'p

To assure the closed-loop stability, we shall apply
a corrector C (p), such that sufficient stability margin and
zero steady-error at the operating regime were guarantied,
One may consider the system as equivalent to a cascade of a

closed loop containing pure integration ( I ) and of a
TI- i)
dAirect loop, equaled to pure delay /Fig,5/,

The corrector C (p) is determined by the relation:

o WP C (p)Hy (o)
I+ TP I4C (p)‘aw(p)

This yields in:
I+ Tw'p

Kw I4Tpp-e” ™P

Q
~
‘g
N
]
{
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One should notice, that the total transmittance is of .
the low-frequency filter type. Thus, it is particulary ada.
pted for compensation of the low-frequency disturbancesj in
particular it regards to variations of the variables. In the
control loop under investigation the compensation of the pre-

dictive controls F and L is accomplished by adding to the

F°“w (P)+F'Hr‘(p)=°
RH\v(P)“‘L p)=0

It results in the .following compensation transmittances:
W B (p) kg —(Tp =Ty)p I+Typ

= p— e » S e a———
) Ky I+Tep

and

Pr(p)e (P _ =% (TR -T)e IiTyp
H (p) Kw I+TF~p
Notice a considerable advantége of the such compensation

yielding in application to.whole spectrum of the considered
signals, Fig.6 shows the total system.dia.g_ram.

Practical applications of the described control mode
demand for the computer programming of the correctors P 1(p)
and C(p) as well as for proper choice of the corresponding
variables, For example, the corrector C(p) establishes a
functional relation between error variable £(t) and the con-
trol one WA(t)

This relation is of form:

Kv {I{WA (t) - ¥, (t‘Z)]d"-+ g * M (")}= T E®)+ &) - at

To discretize the relation for programming purposes a

numerical integration method should be utilized; in particulsar,
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the trapezoid method was chosen.

For the closed-loop control, to comply with initial con-
ditions of the integrators, a steble initial state of the
system has been assumed, i.e. an error equaled to zero.

Note, that quantities occuring in the control algorithms
are obtained from data processing and recording systems. In
particular, at certain control modes the interier reflux is
considered as a disturbance. It can not be directly measured
but one can calculate it from the reflux temperature and
from the vapor temperature at the column top,. :

The destillate composition was simply appreciated on the
ground of a corresponding peak height furnished by a chroma-
tograph. The output product composition at the column bottom
can be appreciated by evaluation of the peaks' area corres-

ponding to each of the both product components.

IV_ . SYSTEM ACTIVATING - RESULTS

All the operations discussed above were effectively re-
alized by using of a digital computer, »

The operation-diagram presented in Fig.7 shows different
possible program routines, The programs can be brought into
affect only when switchéd on by operator at the computer' s
monitor,

Global measurements cyéle lasts ten minutes plus, accor-
ding to time-demands for the chromatographical analysis, It :
covers data acquization, measurement corrections, calculation of
of the control and predictive variables, printing of the twenty
system quantities and analyzing of some alarm signals, The

computer MAT OT / lors-Télémecanique / equipped with 4098
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word store enabled for the program execution.

The described control mode, according to permanent pro-
cess computer contx"ol,resulted in a great stabiiity of the
process.,

Furthermore, one can easily change process 'operating
point, resulting only in slight perturbations of the product
composition at the column toh.

For example, the composition variations in response to
step variations of the mixture outlet intensity at the column
bottom are illustrated in Fig, 8 ,

From exploitation standpoint the results have prooved
to be excellent., The production capabilit;y of the column
could be progressed for I5% while the volatile product con-
centration equaled to 40% only,

1 The improvements were obtained due to the fact, that
disposing of the all quantities in use at every time instant
and knowing the proccess operation regularities, the compu-
ter can permanently evaluate desired.values for the process'
regulators_.

These operations) as demanding pretty large computation
capabilities as well as continous attention of the operators,
are impossible for manual controllir;g. )

It is worth while to say that researches prior to the
automation stage were progress~stimulating themselves because
firstly, they permitted for a better quantitative understanding
of the process and secondaly, they motivated for the process'

instrumentation improvemént »
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CALCUL D’UN ETAT STATIQUE (modéle simplifié)

Données: F (_V?V_)i 5 gy Wi
@[]
@ = @
b=t [ (£ ]
)
il g(?L')o]
(B (B[ oA e ]
- A
non_;
Lr=Fx(F),
! [E=t(R)]
A(Xg)= -1,1+ 400(Xg -0,8875)1 (TE')] - (7%")2
L [__>_

[]
- () - 20

(8 ()

]
Calculs de Lg W

'

FIN

Fig.3 Static state computation /simplified model/

Variables given: F, (W X P
ar g ’(-H‘l ’ Do ? xF’
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CALCUL DES COEFFICIENTS DES CORRECTEURS

Donnée : Xp  ; Mesures : Xp , F. Lp.P.

E:f.(LR)

—— Oui

vers correcteurs

Fig.4 Computation of the correction roefficients

Variables given: XD 3 Weasurement: X_, F, L_, P
g " !

E’
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Fig.5 Equivalent.system obtained by application of the

corrector C /p/.
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MATELHALTYECKAA s04udib | OHTHLNSALA [TPOHECCA
M0 LuwliCALD @EHONO-QOPLALDALTIILINX CHOX.

E. I JyAuuRoB
T.0l.MalikoB
M.C./!BaHOB
MIXH

MOCKBA

ccee

(CCIEZ0BAJXCH HEMPEPHBHHA Nponecc MOJIMKOHAEHCAaOu¥ HOBOJIAY-
1HX JeHOIO—(OpMalbAeTNAHNX CMOJN, OCHOBAHHH{f HA. OHCTDOM BHBEZE- -
Hii CUOJNH U3 30HH peaxquy MO Mepe ee oOpasoBaHMA. PeHO:, (fop-
M3IBAEeTU ¥ KaTaZu3aTOp (ConfHAH KUCIOTA) HENMPEPHBHO IOZa-
LICH B NepBYD CEKLUD MHOTOCEKIMOHHOTO peakTopa (puc.I).Kpoue
TOTO, LATAAU3ATOP AOMONHUTENBHO MOZAETCH B KAKAYD W3 NOCHEAYD-
qux cexuuif pearTopa. Peaxnus NMOJMKOHZEHCAUuM NPOTEKaeT NpH aT—
LOCHePHOM ASBIEHNMY K TeMuepaType KUNEeHUsA DEaKLUOHHOH cMecu
(100°C). ilepenemiBaHile PEaKIUOHHON MaCCH OCYLECTBIAETCHA TOJHKO
32 CYET HUNEHWA. B pe3yapTaTe peaxkuud oOpasywTCHA ABe xunxne
J23u: HAZCMONBHAA BOZA M CMONA. [IpM STOM CMOJA, WMERNAR GOIb -
JASenbHH{ BeC, GHCTPO BHBCAUTCH U3 30HH DEAKLUM.

DHAY COCTABJIGHH ypaBHEHUA, XapaKTepusypuue IpoLecc INOoju-
©1eHCAlUE B NEepBOR ¥ MOCHEeAYNMMX CEKIUAX peaxkTopa ..H3 ypas-
HEHUA MaTepualbHOTO OanaHca mo (eHony Aaa I-oif cexnum,zomyckas
UTC P CEKIMN MMEeeT MECTO DEeXNM WUZEealbHOTO CMEleHMd,M YUUTHBAsS

TUARLMD (EHONA CMOJO, OHIO MOJYYEHO CIEAyhIee ypaBHEHUe

A, - d
—= =k,-Dj A%

= ki
K,=¢'

Y, = /——~1/+(R i-1)§1
.0Clie O'Ipe,u.eﬂeﬂﬂﬂ HEW3BECTHHX Boab)(DMuHeHTOB YPaBHEHNE

BUZ
Ao
2?: =417 A

7 05? (1)

rae
Z{ i Z}‘D; 3
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AHanoT¥YHOe ypaBHEHHE LJIA (ODMANBAEIHAA 3&IMCHBAETCH

0,42 112
ZsA

(2)

[pu cocTapieHuM ypaBECHH{I N0 (EHONY ¥ QOpMAIBAETHUAY LIA
NOCHEeLYyWUYX CeKIWii OHIO0 CAEJAHO JONYyWEHUE, YTO B 3TUX CEKLUAX
ofecneyuBaeTCqd PeXHUM VZACANbHOT'0 CMENEHNA ANA HaZACMOIBHOI BOZH
¥ UZAeallbHOT'O BHTECHEHMS ZAJA CMOJNH . B OTAWYNE OT IEepBO{ B mo-
CISLynINX CEKNUAX NPOMCXOAUT BHZENEHUe (eHosNa U (Oopuabieruza
U3 CMOJH B HAZCMONBHYD BOZY. Torzia ypaBHEHME MaTepuarbHOTO Ga-
IaHca N0 (QeHony AAA HAZCMONBEOH BOZH B N —oif (Rpoue nepsoit)
CeKIuy uMeeT BUZA:

n-;("ﬂ'?o 'An{"f)'?o +?’(’4.cn ’Rn'An)'vn =

-
=Kn-Dn'Ap B2V, (3)

rzZe ACn-cpennﬂn KOHIEHTpauua (eHoJIa B CMOIE.
YpaBHeHHe OanaHca MO0 PeHOmy AN CMOJH

‘ a'/4cn +9(4m Rn-An) =0, S

rie A, -Texymas xonueuwpannﬂ @eHona B cMole,

S -Texymee BpEMA KOHTAKTa.

B peaynpTaTe MpEeOGDPAa30BAHMA ypaBHEHMH (3) u (4) n mocue-
Zybuero pacuéTa Ha LBl OHJO MOJYUYeHO cleZybuee ypaBHEHHE IO
(peHONY

Ap. < dn B
; / =Kn‘Dn‘/4nr! n”’ (5)
% ‘
rze el
n*= Wn ! A
Un=FRn. =Ry 7)1~ exp(—_a)],
% A Yo

c v > =
Tlpu MOACTaHOBKE HARAEHHHX KO3(Q(UIKEHTOB.ypaBueHne (5)sa-
NHCHBaeTCA
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An—/ 1 ,4 1, 16 0,8
=14
z, 4 ' (6)
The Zn = Zn 'Dn A
\7a70THYHOE ypaBHEHUE AJA QOpMaIbAeruna UMeeT BUR
Bn-¢ 0y 1,36
Zn = 9‘/4n’ ¢ Bn . (7)

BaXHEM [@paMeTpOM, XapaKTEepU3YLUUM KauyeCTBO HOBONAYHOI
ClCJIE, ABIAETCA CTEINEeHb MOAMKOHZEHCAUMM, KOTOPYHW KOCBEHHO MORE-
OUEHUBATEH II0 BA3KOCTU CMOJNH. DHia HajiZeHa clezyomas 3aBUCU-
CCTE

Mp =3,02 + 1,18-2, -0,056 A, +0,3 By, (8)

Tic M, =BA3KOCTH CMONH B /) =-oif cerumu (BaskocTh 20% pacTBopa
cyueHEOil cMOmH B cmupTe), [ cm].
B3KOCTH HOBOJIQUHOH CMOJIH 3azaeTcd B Hpelenax 4-5 Lcn]
N03TOMY UCIONB3yA ypaBHeHue (3) MOKHO 3aNNCaTH

0,98< 1,18 2, ~0,256 A +0,3-Bn< 1,98 (2)

AsexBaTHOCTH ypaBHeHuit (I,2,6-8) 3KCIEpUMMEHTANBHHM Z3HHHM
IpOZepaANachk N0 KpuTepuin Quumepa.

Tonyueurne ypaseerus (I1,2,6,7) u HepaBeHCTBO (9) mO3BOASA-
HOT ONTUMU3NPOBATH MPOLECC NMOJYUYEHUs HOBOJNAUHHX CMOJI.

B xayecTBe KpUTEDUA ONTMMANBHOCTY NDPUHIMAIACH CyMMa KOH-
ueHTpaunit deHonma ¥ QopManbZeruza B HaZCMOJBHON BOZE Ha BHXOAE
43 nociezHeit cexuuu peakrTopa G =A,tB, . 3azava ONTIMU3ALUK

ArJKyallack B MUHUMU3AUUM 3TOTO KPUTEDPUS.

[Jifl TPEXCEKIVOHHOT'O peaKTopa OWJa pelleHa cileiyluas 3aia-
Ya. 2 OCHOBe ypaBueHufi cBasu (I,2,6,7) C yueTOM OTpaHUUEEUA
) g BASKOCTH CMONH HAiiT! pacnpeZeiieHue CPeZHET0 BPCMEHH
DCOHMB3HNA U KOHLEHTPAUMU KaTaiusaTopa MO CEeKUUmi, MUHIMAH3UPY-—
DUAT TP 38/laHHNX HAUANBHHX KOHIEHTDAUMAX (EHONA U (OpMAbAc-
TUZE CYMMY UX KOHUEHTpauuMidi Ha BHXOZE U3 peakKTopa NpH 3aJaHHOM
H{ONIYECTBE CMOJH.

Cco0enHoCTh 3TOf 3aZaud ABAAETCA TO, 4YTO CHauaja OIpe=-
LenfeTCs ONTVMAJBHOE pacHpeielieHne BeauunHH Z (NpousBezZeHue
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.CpCAHEer0 BpeMeHN NpeOHBAaHUA Ha KOHIEHTpANul KaTaansaropa), a
3aTeM BHOMpapTcs onTimambEHe { u D . lpn atou ¢ wmomHO mpuiy-
MaTh MOCTOSEHHM ZJfA BCEX CEKIUii, T.K. DKOHOMMUYECKHU OOJIee Bi-
TOZIHO ZeJNiaTh PEaKTOPH OZUHAKOBOI'C 00BEMa, HOOUBafCh TOTO He
CaMOT'0 3HAYEHWUA KPUTEDPHUs ONTUMAIBHOCTY COOTBETCTIBYyWUEil mozauel:
KaTanu3aTopa.

llocTaBIeHHan 3aZaya OHJa pelleHa MeTOZOM AMHAaMMUECKOTO IIpo-
PpaMMMPOBaHM38’4. lipmMeHeHre ZUCKPETHOT'O IPUHLUIIA MaKCHMYME B
3TOM CIyyae 3aTPYAEEHO TPeCOBAHWEM X KaueCTBY CMONH, BHpaxe:-
HOMY HepaBeHCTBOM (9). ,

lipuBezem ypaBuenus ceasu (I,2,6,7) k any, HEOOXOZ M 0L Y
IpY DeULEHMM 3a7ay¥ METOZOM AMHAMUYECKOTO NDOTPAMMIIDOBAHUA

206
A{ =0,003 W L) (IO)

1,29
Bo’

B,:/B#-————————-,
4 40,77 (II)
Z, 0,52 Ao

1,08
A, -ugw, (12)
h n-1
5092 ; ;
B, = 0,64 —Z—'—.-—o,?? . (I3)
n “An-q
Ha OCHOBaHUN 3THX YDaBHEHWil, ONMCHBAKWUX HEPEXOZ CHUCTEMH
W3 OZHOTO COCTORHMA B Apyroe (OT OZHO# CEeXuuM K ZPYroit) ,MOXHO
3amicaTh OCHOBHHE PEKYDDEHTHHE COOTHOMEHNS AN 3-X CEKUUOHHOTO
DeaKTopa.
JlIsi mOCTeZHelt CeKmuH PeaKTopa

ﬂ (/4?, 52) = n;l'n G(A3 ,53):

5 (I%)
Ag B2
% pnd 2
=min (1,49 ————— + 0,64
. 0 ’ 0,32
75 2034 oS Z06 9 S0 052).

Jig BTOpOfi CEKLMM peaxTopa
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fo(A11By) = mm/,(Ag By) =

ixg g (15)
= mzfznf,(/@ T"BT“’OQI z,0¢5Ao.’,2)

HaxoHen, ANA NEPBOH cemmn peaxTopa

)(5 (Ao +Bo) = ';7“”)(2('41’8/) =
1

2,06 1,29
= Min /2(0 003 ———r 1,84y ——— ) (16)
’ 1,01 ,1,05 7 % 0,7
/ Zf . Bo 2,0'52‘/40' 7 ) -

Ha ocHoBe cooTHomeHuit (I4-I6) pemaeM DOCTaBISHHYD 3azayvy,
HauuHag C TpeThell CeKmMM. CTPOMM CeTKY Ha IIOCKOCTH II€DEeMeHHHX
Ap= Bye [N KAEROTO y3JNa 3TO{l CETHH.3aZae Da3NUYHHE Z3 u Haxo-
ZVM 3HAUEHUSA KPUTEPUA ONTUMAJBHOCTH, IIPU 3TOM MUHIRIAABHOE 3HA=
yeHie min @ I 3HAUeHue Z_,, 3amoMuHaeM. [Ipy TaxoM crocode
peleHUs JerKO BHIIONHANTCA YCIOBUA OTPAHMUEHHUA Ha BA3KOCTh. LC-
JIU 7JA-KaKOTo-IM00 y3jia CeTKM HAIOReHHHE OIPaHUYEHUA HE BHIOI-
HANTCA, TO 3TOT y3eX He paccMaTpuBaeTCH. [Ipy mepexoze KO BTOpO#
CeKLMY IponeZypa pPeleHUsA AHANOTUYHA,TONBKO B 3TOM Ciyyae AJA
HEROTO y3ja CEeTKU HA ILIOCKOCTH Ay — By HAXOAUM MUHIMATBHOE -
3HAUYECHNE KDUTEpUA ONTUMAIBHOCTY yEe IJNA ZABYX MOCICAHUX CEeKIuii,
3HAUEHUA Min G4y Zp U Z3 3zanouuHaeM. PaccuuTaB aHAJOTUYHO NEepPBYD
CeXUMD, MH NONYYMAM CETKY HaUYaIbHHX KOHLEHTpauui A, - Bo’ Ias
[2E0T0 y3Ja KOTopo#f HallZleHH MMHUMANbHHE 3HAUECHUA KDUTEDUA ON=
TIMATBHOCTH Min G U COOTBETCTBEHHO ONTMMAaNbHAA MOCIELOBATENb=
HOCTD BEJMWMH 24 , Zp M Z3 .

Pacuetr npoBozuica Ha UBM "Ypan-2". 3HaueHUsA HavaJlbHHX KOH-
HTpaUil deHona M GOpMaNbAETUAA JeKamu B NmpeAenax A =45-65
BEC ] By=8-1I5 [Bec.t] « B raGmmme T HDI’BuZ{SHH 3HaYeHUsA
mnG 1 Z zxm A= 35(Bec.%].
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JCIOBHHE OBO3HAYEHNA

- COOTBETCTBEHHO KOHIEHTpauusa (eHoNa U (OpMAaNbAeTuna B

ucxonHoft cuec, [sec.? ]

KOHIEHTpanug Qenona ¥ QopManbZeruza B HaZCMONBHO# BC—
ze, [Bec.% 1 o

KOHIEHTDalNa KaTalu3aTopa B HAZCMOJIBHOH Bone,[Bec.ﬁ 7,
oluas BecoBas CKOPOCTH cuecn'[xr./qac}.

KO3(DPUINEeHT, XapaKTepusyomuli ZOJ0 pacXoZa EMAKOH CLOi
B o0ueM pacxoZe,

KOINYECTBO DEAKINOHHOW CMecH B cexunn,ler,

cpeZHee EBpeMs npedusanna,[qac] L

yZenbHAA KOHCTAHTa CKOPOCTH XUMUYECKOH peakuuu ,

I L d+ ]
yac (Bec.%)*'P
NOKa3aTenb CTENEeHM NpPU KOHUNEeHTpaunu geHona um dopMans -

30(QeKTNBHAH KOHCTAHTA CKODOCTH AUGPysumr @eHosia u3 cMo-
JH B HAZCHONBHYD Bonx[-?%‘c—%]
DaBHOBECHHI KOSQPULIMEHT paclnpefieneHua (eHoua,

padounit kK0SPOHUUNEHT pacnpeselcHus (eHoua,

[lEzerc N 1mpy COOTBETCTBYLIEM YCIOBHOM OCO3HAUEHNM 03Ha—
Y2eT HOMED CEKLUM.

Ta6nuua .
Bt B amss K. o %o 7,
55 8,0 I1,I5 1,4 I, 4 1,6
f 10,0 1,29 Yoe - 5 I 5
n II I,84 I;2 1,2 1,2
" I2 2,00 1,0 I,I I,2
" I3 2,11 I,0 I,I1 I,I
& IS 2,08 0,8 0,8 I,

Ha viic. 2 TMOKAs2HO ONMTIMANbHOt DACHDeAeNeHHe KaTalusaTo—
pa MO CexuusM TpHM CpeiHel Bpeueiu npeCwsamus  =0,5 [uac]nas

cexuun npu A= 35 [Bec.?].
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OPTIMAL CONTROL OF FLUID CATALYTIC
CRACKING PROCESSES

L.A. Gould, L.B. Evans and H. Kurihara*
Massachusetts Institute of Technology
Cambridge, Massachusetts, U.S.A.

INTRODUCTION

Although there have been great advances in the theory of optimal
control, its application in the design of control systems for realistic
chemical processes has been limited. This paper demonstrates use of
the theory in design of a control system for a hypothetical fluid
catalytic cracking (FCC) process. This proceés which is of great
economic significance in the modern petroleum refinery is also a typical
example of the type of multivariable, nonlinear system which challenges
the control system designer.

The emphasis in this paper is upon the method of applying the
optimal control theory and upon the results achieved from application

to a realistic process. Although considerable effort was required to
develop a dynamic model, to carry out simulations using the digital
computer, and to compute numerical solutions to the optimal control
problem, space does not permit describing these aspects of the work here.
The details are available elsewhere.10

Description of the Process

The FCC process shown in Figure 1 consists of two fluid bed reaction
vessels; the reactor and the regenerator. The feed to the unit is a
high-boiling, high molecular weight fraction of distilled crude known as
gas 0il which reacts endothermically in the reactor to form gas, gasoline

cycle oil, and two types of carbon which are deposited on the catalyst.

)

. cycle catalytic additive
(gas 011)-—)(ggs)‘+ (gasoline) + ( oi;_L-F ( ) + ( e o

\ carbon

product ;;pors deposited‘bn catalyst

The product vapors pass,overhead to the fractionator. The spent catalyst
is circulated to the regenerator where it is contacted with air to burn

the carbonaceous deposit off the catalyst as H,0, CO, and CO,; the

2% 23
combustion products are vented overhead. The regenerated catalyst, heated
by the exothermic burning reaction, is returned to the reactor where
it provides the heat required for the cracking reactions and feed

vaporization.

Ath Toa Nenryo Yogyc K.K., Tokyo, Japan
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The relationship between the important variables which desecribe
the behavior of a FCC process is shown in Figure 2. There are four
independent variables which the operators may adjust at least indirectly:

the total feed rate,Rt £ the feed preheat temperature, the air

.,
rate, Rai’ and the catalyst circulation rate, ch. The iiincipal
disturbance which affects the operation of the process is the carbon
formation factor of the feed Fcf' This results from the ungvoidable
necessity of processing several different crude-oil stocks during a
relatively brief period. Of the dependent variables, only the regenerator
temperature, Trg’ the reactor temperature, Tra’ and the oxygen content

of the flue gas, Ofg, are continuously measureable. The ultimate
performance of the process depends upon the rates of production Rgs of
gas, Rgl of gasoline, and Rco of cycle oil.

Safe operation of the process requires that O_ and Trg must be

maintained below certain specified values to preveig afterburning of

CO in the flue gas to CO2 which would result in rapid and excessive
temperature rises in the exiting flue gas. The control problem is,
therefore, to manipulate some or all of the independent variables in
order to maintain satisfactory performance in the face of disturbances,
while restricting the variables within allowable ranges. The highly
interactive nature of the process demands great skill on the part of the

operators with present methods of conttol.5

DYNAMIC SIMULATION

Mathematical Model

A dynamic mathematical model of the process was developed by writing
energy balances and material balances on "additive carbon' around the
regenerator and reactor, and by writing a material balance on 'catalytic
carbon" around the reactor. (All of the '"catalytic carbon" which enters
the regenerator is assumed to be completely burned off). Some of the
important idealizations were: 1) both fluidized beds are perfectly mixed
with respect to spent and regenerated catalyst; 2) gases pass through
the beds in a plug-flow manner with a negligible time lag; 3) constant
pressure is maintained in both vessels; 4) the heat capacities (per unit
mass) of reactants and products are equal and constant in each vessel;

5) catalyst heat capacity is constant; and 6) activation energies, heats
of reaction, and heat of vaporization of the feed are all constant.

~ " 2 ; Gn Lt B
Empirical relations were used for the rate of carbon formatiom, ’ 7’

12 ok 6 |

the rate of carbom buraing, the rate of cracking, and for the

yields of gas, gasoline, and cycle oil. The details of the derivation
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10
have been presented by Kurihara. The resulting mathematical model is a
system of nonlinear ordinary differential equations that define five

state variables coupled with a system of nonlinear albegraic equations
that define four additional output variables. The equations are of the
following form. ’

State variables:

rg = fl(Trg’Crc’Tra’Rai’th) @
Crc = fZ(Trg’crc’csc ai’ ) @

ra fB(Trg’crc’Tra’ccat’ch’Tfp'Rtf) 3
Csc = fé(crc’Tra’csc’ccat’Fcf) *)
Ccat = fS(crc’Tra’ccat’ch) : )

Output variables:

g " 51 8 (TpgrCreRyy) 6
R 8Z(Tta rc’ ccat’Rtf) N
Rgl = g3(Tta re’ Ccat’Rtf) ®
R A(Tra Crc Ccat’Rtf) &

A typical method of controlling the process that is frequently
described in the literaturea’13 and is referred to herein as the
"conventional control scheme" is indicated in Figure 2. In the
conventional scheme, reactor temperature is controlled by catalyst
circulation rate and oxygen level is controlled by air rate using
ordinary feedback coﬂtrollers with proportional plus integral modes.

The equations describing the action of the controllers are

t
s % s
ch ch * KPT(Tra-Tra) * KI'l' Jﬂ (Tra Tta)dt (10
. t
s S
Ryt ™ Bay +Fpg 0p,0p) + 5y, jo (0, ~0g,)dt (L)

where KPT’KIT’KPO’ and KIO are controller parameters; the superscript s

denotes a steady-state value.

Simulation of the Conventional Control Scheme
The dynamic behavior of this FCC process with the conventional

control scheme was illustrated by simulating the process and its control

15

system on the digital computer using DYNAMO (a general purpose

simulat®in program). DYNAMO effectively integrated Equatioms 1 through
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11 by Euler's method. Initial steady state operating conditions were
chosen that satisfy equations 1 through 9 with the time derivatives set

equal to zero. These values are shown in parentheses in the section on
NOTATION. :

Figure 3 shows the response of the system to an initial perturbation
in carbon level slightly above its steady-state level. The performance
with the best controller parameter tunings (selected by trial-and-error
adjustment) is shown by the solid lines. The parformance for other
controller tunings is also shown by broken lines. Figure 4 shows the
response of the system disturbed from an initial steady state condition
by a step increase in the carbon formation factor of the feed (resulting
in a 2.5% increase in the rate of carbon production). This dynamic
behavior is explained by the following step-by-step aﬁalysi%:

1. The increased carbon production results in an increased carbon

content.

2. The increased carbon content tends to increase the conversion
of oxygen. Then, because of the decreased oxygen level, the
oxygen controller raises the air rate.

3. The increased air rate, together with the increased carbon
level, results in higher regenerator and reactor temperatures.

4, Beca;se of the increased reactor temperature, the temperature
controller reduces the catalyst rate, and hence accelerates the
regenerator temperature increase.

5. The increased air rate, together with the high regenerator
temperature, tends to decrease the carbon level which, in turn,
tends to increase the oxygen level.

6. The increased oxygen level reduces the air rate and so on.

The disadvantages of this conventional control scheme are summarized

as follows:

1. This control scheme cannot eliminate the relatively large
variation in the regenerator temperature and the oxygen level.
These phenomena are extremely undesirable when the regenerator
is operated at an allowable maximum temperature.

2. This control scheme has a relatively small damping ratio or
small degree of stability and ti: tunings of controllers are not
trivial but require great care.

3. The period of oscillation is relgtively long; in other words, -
the control system is very sluggish, and a quick recovery from
an upset condition cannot be achieved.

Thus far the general background and conventional means of control

of catalytic crackers has been described. Next the results of the

optimal control study will be discussed.
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2,9,14,16

The theory of optimal control assumes a plant described

by a set of ordinary differential equations:

k = £(x,u) (12)

where x represents a vector of state variables and u represents a

vector of control variables. An objective functional J is defined as

1
I = f L(x,u)dt a3
0

where L may be any arbitrary function of x and u. The objective
functional is a measure of the performance of the plant du.ing the
period of operation fromt =0 to t = tl and may be based on profit,
cost, or some artificial measure of performance. Optimal control theory
asks how should u(t) be chosen for 0 < t < t, to make J a maximum (or
minimum)? Once the problem is posed, the necessary conditions which
must be satisfied by u(t) can be derived by mathematical techniques,
sucir as the calculus of \(ariation,8 or its extension, the maximum
principle of Pontryagin.14 In general, for plants described by nonlinear
differential equations and for all but a few specialized types of the
function L, analytical solution for u(t) is not possible. Techniques
have been developed, however, for calculating u(t) by numerical iterative
procedures and, although the computations are nontrivial, the techniques
have been successful in a number of applications.6’9’16
For many ciemical processes there is a unique optimal steady-
state operating point which maximizes the value of L with a set of
constant (steady-state) values of u = Es and x = Es. If the time &
of operation is effectively infinite, then the optimal control policy
will shiow how u(t) should be selected to bring the plant from any
arbitrary initial state x(0) to the steady-state optimal state 5? and

the control policy will have the property that lim  u(t) = gs. As a

it 0
practical matter it has been found that tl needtnot be infinite; if it
is significantly larger. than the settling time for the process, then
the optimal control policy u(t) over the interval of time during which
the nrocess is brought to its optimal steady-state condition is
effectively independent of tl.
Che u(t) determined from optimal control theory is an o

control policy, since it gives u as an explicit function of t. In
principle, if a process is disturbed away from an optimal steady-state

rating condition, the explicit optimal control law could be used to
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restore the process to its steady-state operating point in the optimal
manner. This control policy will depend only on the initial condition
x(0).

The optamal control policy can be expressed in an alternate form
by using the principle of optimality, namely--Whatever the previous
state and previous decision, the remaining decisions must constitute an
optimal policy with respect to the state resulting from the previous
decision. This principle states that the explicit optimal control law
which determines u(t) and the resulting x(t) along the trajectory as
the process is brought from x(0) to 5? also determines a unique implicit

relationship between u and x which can be expressed2’7 as

u=h ' s (14)

This relation, if it exists, is called a closed-loop structure of
the optimal control system, and may be considered an implicit solution
(or optimal control law). :

This closed-loop structure essentially has the following advantages
over the open-loop structure:

1. A closed-loop structure does not require extensive on-line
computations to implement it in a real-time operation.
According to Equations 12 and 14, ‘the plant should,oéey the
differential equations:

x=f {x,hx®} " i (15)
and the resulting behavior corresponds to optimal operation.
An open-loop structure requires an optimizing computation for
an operation with a different initial condition.
2. Generally, real plant performance will be affected less by
disturbances and by errors in the mathematical model when a
closed-loop structure is implemented than when an open-loop

structure is implemented.

The application of the approach outlined above to the problem of
designing a control system for the catalvtic cracking process will now

be discussed.

OPTIMAL CONTROL OF THE FCC PROCESS

An outline of the optimal control study for this hypothetical fluid
catalytic cracking unit is shown diagrammatically in Figure 5. TFirst,
the original mathematical model (ilodel No. 1) will be reduced to a

simpler one (liodel No. 2) involving only two differential equations, in
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order to reduce the computing time required to solve the dynamic
optimization problem. The optimal air rate and catalyst rate will be
determined as two functions of time for a given initial condition to
give the optimal open-loop control policy. UNumerical solutions will
be obtained by the method of steepest ascent of the Hamiltonian (or
gradient method in function space) which has been used successfully

8,3, 46 Second, the optimal open-loop coatrol

by a number of workers.
st}ucture will be converted into a closed-loop structure. Finally, an
alternative control scheme will be designed by simplifying the optimal
feedback control laws. The performance of this control scheme will be
tested by using the original mathematical Model No. 1 with disturbances.
The simpler mathematical Model No. 2 was derived by assuming that,
since the catalyst holdup in the reactor is considerably smaller than
in the regenerator, the unsteady parts of the differential equations
(Equations 3-5) for the reactor can be set equal to zero and the resulting

algebraic equations solved for T__, C__, and C as functions of the
ra’ “sc ca

t
tvo remaining state variables '1‘rg and th and the control variables
ch and Rai' All of the other independent variables are assumed specified

at the steady-state operating point.
The integrand L of the performance functional is defined as

L = - -
Pig Pel Pe2 il

the instantaneous gross profit rate minus two penalty functions which
impose an artificial penalty for exceeding the allowable regenerator
temperature or oxygen content in the flue gas. The instantaneous gross

profit rate is defined as

P, =(P

ig gs Rgs *

R

Pgl Rgl + Pco e ™ L Rtf)/za a”n

where Pgs’ Pgl’ and Pco are the economic values assigned to
gas, gasoline. and unconverted gas oil respectively leaving the process

and Pcf is the cost of feed to the process.

The penalty functions to constrain the regenerator temperature

and oxygen in the flue gas were defined as follows:

my
Pel(Trg) = j' G1 {Trg - (Trg)max ; = Trg>(Trg)max (18)

|
~0 1£.T. <(T o)

rg: rg’ max
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i =
= # }
Pe2(0fg) i GZ tofg (of.g)max‘r it Ofg>(ofg)max
y 0 if Ofg:(ofg)max (19)

where G1 and G2 are large positive constants and o and m, are integers
which must be selected carefuly.

The optimal steady-state operating point for this particular FCC
unit which was investigated corresponded to T: = 1L§0°F and Csrc = 0.60,
K,y = 400 M 1b/hr,R_ = 40 ton/min, T . = 930°F and Ogy = 0-20 mol percent.
The optimal control pol -y was determined for the case in which the
regenerator temperature was at its steady-state value, but the carbon
content Crc was slightly above its steady-state value at t=0. The
resulting solutions for Rai and ch as functions of time are shown in

Figure 6 together with the corresponding values of Tra and O If one

compares these solutions with the results of dynamic simulatfgn of
the conventional control scheme, as shown in Figure 3 (considering the
difference in time scale), then one can see that the dynamic optimization
results in considerably improved performance, since th returns to the
optimal steady-state condition very quickly without causing an
excessively high Trg'

This optimal control solution with initial condition No. 1 can be

plotted in the phase plane O, vs. T_ , as shown in Figure 7 by

trajectories denoted by circigs wichrghe numeral 1 inside. Point S in
the figure represents the optimal steady state. The output variable 0fg
is plotted in the phase plane instead of the state variable crc’ since
it is very difficult to measure crc directly. Dynamic optimizations
with different initial conditions were solved in the same way and
the solutions are plotted in Figure 7 by trajectories denoted by
circles with the numerals 2,4,5,6 and 7 inside. Starting from several
initial conditions, the trajectories move to an optimal steady state
in an optimal manner (maximizing the objective function). A trajectory
starting from any initial condition never crosses a trajectory starting
from any other initial condition. In other words, an optimal trajectory
is unique and depends only on the initial condition. This fact is
known as the principle of optimality, as discussed before.

Now for points along any trajectory on this phase plane, it is
possible to plot an optimal solution for Rai as a function of 0fg and
:rg' For example, from Figure & this functional relatiom at t = 0.1

is R .
al

square) can be plotted in Figure 8. By plotting similar values at

% 1,165 and Ofg 2 (.14. Thus, one data point (shown by a
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other times, one can obtain a sufficiently clear picutre of Rai as a
function of Trs and Ofg, as shown by contour lines in the figure. In

a plot of Trg vs. ofg’ a mountain is apparently located in the southwest,
and a sea the northeast. A similar functional relation for th

is shown in Figure 9. For a plot of Tr vs. Ofg, a mountain is apparently

located in the northeast and a sea in tﬁg southwest. These functional
relations between control variables and ;tate variables are called
optimal feedback (or closed-loop) control laws.

Now we can design an alternative control scheme for this fluid
catalytic cracker. We know the optimal feedback control laws, 'at
least approximately. All that we have to do is to utilize the result of
this optimal control study. First, we linearize the optimal control laws
around the optimal steady state. This is done directly by measuring

slopes around an optimal steady-state point of Figures 8 and 9, to give

s S S -
K g =R, = -1.0('rr8-'rrg) - 100(ofg,-ofg) (20)
s S S '
R.R." O'S(Trg"T:g) + 5°(°fg'°fg) (21)

where a superscript s represents optimal steady state. Secondly, we
investigate the contribution of each term in Equations 20 and 21 to the
overall performance of the optimal system by comparing the performances
with and without each term. By neglecting the second term on the right 2
side of Equation 20 and the first term on the right side of Equation 21,
a new control scheme referred to as the "alternative control scheme'

was developed.

A dynamic simulation (with Model No. 1) of this alternativé control
scheme, where the initial carbon level is slightly higher than the
steady-state level, is shown in Figure 10. If this performance is
compared with that of the conventional control scheme shown in
Figure 3, considering the differepce in time scale, then one can see
that the alternative control schéme results in a considerably better
performance, since Crc :reaches an optimal steady-state condition very
quickly without causing any excessively high Trg' If this is compared
with the optimal control solution shown in Figure 6 then it can be
seen that they are very similar.

Figure 11 shows the case where the carbon production is suddenly
increased by a certain mechanism, which is due to feed composition

variation. The resulting dynamic behavior will be explained by the
following step-by-step analysis.
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1. The increased carbon production causes the carbon level to
increase.

2. The increased carbon level causes the regenerator temperature
to increase and simultaneously decreases the oxygen level.

3. The decreased oxygen level causes the catalyst rate to decrease
by action of the oxygen controller, and simultaneously the
increased regenerator temperature decreases the air rate by
action of the temperature controller.

4. The decreased catalyst rate compensates for the increased
carbon production.

As shown in the figure, this scheme is practicaliy insensitive to
this disturbance in carbon production. If this is compa;ed with
Figure 4, the superiority of this scheme over the conventional one
will be reconfirmed. :

CONCLUSIONS

A method of applying optimal control theory was demonstrated for
the design of a control system for a hypothetical fluid catalytic
cracking unit and resulted in an entirely different control scheme
from the one that is typically used in refinery operation. The
performance of the new control scheme was demonstrated by dynamic
simulation to be significantly better than the conventional system.

The new design approach was found to have significant advantages
over conventional trial-and-error methods, because it is systematic,
and because it provides information to evaluate the desirability of
each design step, since the ultimate performance of the system is

known from the optimal control theory.
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NOTATION
Ccat = Catalytic carbon on spent catalyst (0.9) wt. %
Crc = Carbon on regenerated catalyst (0.6) wt. %
Csc = Carbon (total) on spent catalyst (1.5) wt. %
F = Carbon formation factor of the feed (0.0) (¥ 1b. carbon/hr.)/

(21 bbl./day)
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G = Constant (5 x 107)
G, = Constant (1.0)
K;O = Integral gain for oxygen controller (-10) (Mlb. air/hr.)/
wel % oxygen,hr.
Kip = Integral gain for temperature controller(ton cat./min.)/
(-0.1) °F, hr.
&PO = Proportional gain for oxygen controller (M 1lb. air/hr.)/
(-40) mol 7 oxygen
K = Proportional gain for temperature controller (ton cat./min)/¥
(-0.2)
m, = Integer (2)
m; = Integer (1)
;g = Oxygen in flue gas (0.2) mol 7%
(Ufg)max = Allowable maximum oxygen in flue gas (0.2) mol %
% = Price of cycle oil (3.42) S/bb;.
Pel = Penalty function for regenerator temperature M$/hr.
a2 = Penalty function for oxygen in flue gas M$/hr.
sz = Price of gasoline (4.59) $/bbl.
Pgs = Price of gas (0.0112) $/1b.
Pig = Instantaneous gross profit rate M$/ur.
Pis = Price of total feed (3.15) $/bbl.
Ry = Air rate (400) M 1b./hr.
- = Cycle oil production rate bbl/day
Rgz = Gasoline production rate bbi/day
Rgs = Gas production rate 1b/day
R = Catalyst circulation rate (40) ton/min
Rtf = Total feed rate (100) M bbl./day
t = time . hr
£5 = Feed preheater temperature (700) °p
T = Reactor temperature (930) .
‘rg = Regenerator temperature (1,160? °F i .
(ng)max = Allowable maximum regenerator temperature (1,160) “F
u = Vector of control variables
b3 = Vector of state variables
Superscript

3 = Steady-state
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