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THE SOLVING OF THE PROBLEM IN THE WORKING ZONE.
THE NUMERICAL CALCULATION OF THE MODEL
OF THE NIZHNEKAMSK REACTOR
FOR THE STYRENE PRODUCTION (PART-3)

Abstract. Heterogeneous catalytic processes conducted in axial or radial type reactors with a still catalytic layer
are some of the most important elements of the chemical technology. The attention of scientists and manufacturers to
the investigation and application of these contact units deals with the following advantages: a highly developed
surface of a phase separation, a possibility to provide a high flow velocity and hence to decrease sizes and a material
consumption, a construction simplicity and a reliability of an exploit. Improving an operation of contact units may be
achieved by refining present technologies, catalysts, disperse system structures and by creating new ones.
Nevertheless, in some cases large scale hydrodynamic heterogeneities in a working zone of the unit cancel out efforts
to increase an efficiency of chemical, heat/mass transfer and other processes. The exploration of reasons of the
hydrodynamic heterogeneities formation requires an investigation of liquid and gas motion physics features in
granular layers. A practice of a chemical reactors exploitation reveals that technical and economical indicators of an
industrial process are as a rule lower than the calculated ones, derived on a stage of the process design. Now it can be
considered proven that one of the reasons affecting the reactor output is the heterogeneity of a reagents flow in a
granular catalyst layer. The article deals with a mathematical modeling of an incompressible liquid flow in flat and
radial contact units with the still granular layer and a creation of numerical realization methods for the model

We propose a cycle of articles dealt with a model of a real reactor that consists of three parts: a distributing
manifold, a collecting manifold and a working zone, where the still layer of a granular catalyst is loaded. An input
and an output are made with a Z-shaped scheme. We consider processes and their equations in each reactor zone in
detail.

Key words: chemical reactor, still granular layer, catalyst, Ergun law, stream function, granular layer resistance
factor, Green's function, pressure field, velocity field, layer resistance.

The vast amounts of works are dealt with revealing the equations of an incompressible liquid motion
in the still granular layer. These equations are constructed by phenomenological and statistical methods
[1-4]. In the first case equations are written down phenomenologically and an interpretation of some parts
is conducted using the averaging of a microscopic model [1-2]. The statistical method is based on time,
ensemble and space ways of averaging correspondent micro-equations, that describe a continuous one-
phase medium motion and the motion of several one-phase media with account for boundary conditions
on inter-phase surfaces [3- 4]. For deriving the averaging equations the kinetic theory of a disperse media
and Vokker-Planck differential equation were applied. As a result of these approaches there were obtained
either different modifications of Darcy and Ergun equations or, as in a turbulence theory, non-closed
systems of equations that may be closed with account for a structure and physical properties of phases in
the mixture [5-7]. This is the main problem in modeling heterogeneous media.
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Contact units of a radial type with the still granular material are widely used in technological
processes of different industries. A chemical reactor with the still layer of a tableted catalyst that is used in
a large-capacity petrochemical industry can be mentioned as an example. One of the reasons that
decreases the efficiency of such units is a heterogeneity of a reagents flow in a reactor working zone. It is
known that the appearance of heterogeneities in a steam and raw mixture flow is caused by two factors.
The first factor is the heterogeneity of the catalyst layer structure, for example, its porosity (or density)
that appears during the process of a layer making (in filling the unit) [8-10] and during the further
operation as a result of packing by gravity, vibration, breaking catalyst granules and so on. The second one
is a bad choice of a ratio between geometrical and hydraulic parameters of a unit during its design.

It is considered that the heterogeneity of the reagents flow in the reactor working zone sufficiently
influences process indicators only if a chemical reaction takes place either near the catalyst surface or on
it. Indeed, at these conditions the velocity of reacting products directly defines the time of a contact with
the catalyst. Main characteristic parameters of the reaction depend on this time. If the reaction takes place
inside a porous space of catalyst granules then the contact time is defined by a diffusive reagents velocity
and does not depend on a flow velocity near the granule. In the case it is assumed that the flow
heterogeneity does not influence the chemical reaction kinetics.

Indeed, that is not so. The majority of practically using reactions are accompanied by heat
consumption or emission, so they are endothermic or exothermic. Hence if the reaction takes place in an
interdiffusive area then some heat should be brought in or out, because the efficiency of the reaction often
depends upon a temperature. To hold the specified temperature regime of the catalyst layer a neutral heat
carrier, for example an overheated steam, is added to source reactants. It is well known that the flow
heterogeneity of such steam-raw mixture causes an inhomogeneous temperature field and therefore leads
to an appearance of overcooled or overheated parts in the catalyst layer. In addition to decreasing the
output of a target product that results in sintering the catalyst or losing its catalytic properties.

Heterogeneities in the catalyst layer structure may be removed by using special ways of loading
[10- 11] or by an application a modular catalyst, where it is possible. By now these ways of loading and
the technology of the catalyst module production have been already invented and continue to be
developed. The flow nonuniformity that is caused by the reactor construction may be investigated and
removed on the base of hydroaerodynamic calculations which allow to define the velocity and pressure
fields in the unit in dependence on its geometrical and hydraulic parameters [12-20].

In the /Il domain the equation (16) will be solved by numerical methods [21]. To construct a
difference scheme we use a relaxation method [20]. We put the elliptical equation (9) [22] into
correspondence with the thermal conductivity equation:

oy 2%y 2%y 2%y
o = At Bom 0o, 2D, )
where

) 2 _ o9% 2 CARY)
a=v?+v2 =222+ Dy,

) S 0N
B=v +vr=<—) +2( ),

or 0z
oY ov
Cz_vr'vz=5'£,
_ oy op2 = _2F[(A)? (912
b=v,v"= ar [(ar) +(Oz) ] 2)

The solution of the eq. (9) [22] coincides with stationary (0¥/0t = 0) solutions of the eq. (1) at the
same boundary conditions.

These conditions are determined by setting values of ¥ function on the /// boundary which are
defined by velocity normal components on the boundary up to a constant. On impenetrable boundaries
Y = const, an unambiguity and a continuity of ¥ along the boundary is provided by the full mass flow
through the boundary equals zero. An arbitrary constant the ¥ function is defined up to does not play any
role because equations (1), (2) contain only derivatives of W. To obtain the solution of (1) besides
boundary conditions it is necessary to set initial conditions, too. The form of the stationary solution does
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not depend on initial conditions but the time for the solution to go to a stationary value (at time-
independent boundary conditions) depends heavily on an initial approximation. The eq. (9) differs from
the eq. (10) in p.1 [22] only by the last term which does not contain highest derivatives. Hence neither the
equation type (elliptical) nor the solution method including a stability criterion of the difference scheme
-1

(see formula At <

[A%] + A% in [6]) do not differ the case of a plane reactor that is thoroughly

considered in p.1 [22].

The solving of a direct problem, i.e. the determination of a velocity field and an evaluation of a
pressure field in each reactor zone at specified velocity normal components on I'; and I's boundaries, does
not provide a fulfillment of boundary conditions for the pressure. To find the unique solution that is in
accord with all boundary conditions it is necessary to solve an inverse problem such as to find normal
components of the velocity on I'; and I's boundaries that make a minimum of the functional (8) [22].

An introduction of dimensionless variables is made with the help of eqgs. (16) and (6) [22]. The
reactor length L was selected as a characteristic size. Thus a dimensionless factor of a granular layer
resistance R, in Ergun’s law (6)[22] was equal to:

vi

Re=f3t 3)
or using the f'value (6) in [22] and (3):
R, =35 "3"L. 4)

A numerical calculation was carried out for a model of an industrial reactor for a dehydrogenation of
ethylbenzene on K-24 catalyst. The difference of the model from the real reactor was that the distribution
manifold of the reactor contains a body of rotation. The element of the side surface of the body was
profiled so that the normal component of the velocity is constant at entering the working zone. The model
does not have the body of rotation, but the other parameters that are input data for the evaluation are
adequate to the industrial unit. Geometrical sizes are: Lo =7 m, R; = 0,6 m, R> = 1,55 m, Ran = 1,85 m.

The pipe of the input manifold has a 30% perforation (¢ = 0,3) and the pipe of the output manifold
has a 3% one (¢ = 0,03). The factor of the catalyst layer resistance was defined experimentally, the
obtained value /= 8330 kg/m*. Results of an aerodynamic evaluation are shown in figures 1-2.

0,8 0,9 1,0 f'u‘-/ 0.4 0.5 ‘“1:2'/ 0,600,656 T,

0 ! I I TR—— L1 ! 1 I =

—
o
1

a) b) c)

Figure 1 — The influence of the layer resistance on the distribution of the velocity normal components
and the stay time on a height: a) the boundary of /-/II domains; b) the boundary of 7//-II domains; c) the stay time

Ne £, kg/m? Ap, Pa Mv,., % Av,,, % AT, %
1 3609 (balls d=5 mm) 617 39,9 33,2 33,2
2 4512 (balls d=4 mm) 771 29,1 26,1 25,9

9026 (balls d = 2 mm) 1543 14,3 12,1 12,4

0 =15000 m*h, Ap =1 atm, & =& = 0.
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Figure 2 — The evaluated pressure field and flow lines in the model of a radial reactor
f=4515 kg/m*; O = 15000 m3/h; Ap: = 0,0076 atm; Apan = 0,0080 atm.

As the figures show the profile heterogeneity at entering the layer is about 15%. The catalyst layer
and the 3% perforation of a shell ring at exiting slightly smooth this heterogeneity (not more than 3%). It
follows that at the constant along the reactor height catalyst layer resistance and at accepted geometrical
and hydraulic parameters of the reactor the applying of the rotation body and a low perforation degree of
the collecting manifold are scarcely advisable to use from the point of view of providing a homogeneous
flow in the working zone. This only leads to an increase in a metal consumption of the construction and a
pressure drop acting on the reactor, that is an unreasonable increase of economic and energy costs.

The operating experience of industrial units shows that with the time the resistance factor becomes a
function of a layer height and increases significantly in its lower part. It proceeds by a vibration of the
reactor during an operation first and by an accumulation of a catalyst and technological dust second [1]. It
is interesting to make a reactor evaluation with the variable in height hydraulic resistance of the catalyst
layer. Thus to describe the flow in /// domain instead of the eq. (9) [22] it is necessary to use the following
equation:

2%y 2%y 0%y alnf olnf
W2 +v7) oo+ WP+ VD) o = 20— + ZUZUZ(UT o T Uz ) =0 (5)

Assume that the resistance factor depends only on z and does not depend on 7. Then the second term

[UZ (a;—jf)] in circle brackets of the fourth term in the eq. (5) [22] turns into zero. An explicit form of

f = F (z) dependence is not known (in general case f may depend only upon the time f), therefore at
numerical calculations we take a linear dependence of fupon z. A numerical value of f'at z =—L was two
times greater than at z = 0.

The other model parameters were the same. A gas input in the distribution manifold was at z =—L as
in a previous variant. In the case the flow heterogeneity is maximal. After adding corresponding changes
in the algorithm for solving the problem the numerical calculation was carried out (figures 3 and 4).
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Figure 3 — The evaluated flow lines in //] domain and the pressure field in the model of Nizhnekamsk reactor with the linear
along the height layer resistance: Rg|,-¢ = 6500, Rg|,-; =13000, L=7 m, R1 =0,6 m, R2 = 1,55 m, Rsn= 1,85 m
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Figure 4 — The distribution of the velocity normal components and the stay time on the unit height at the linearly changing
layer resistance: Rg|,—¢ = 6500, R|,—; =13000, L=7m, R1=0,6 m, R2=1,55m, Ran=1,85m

Results. The evaluation results show that in the upper part of the unit (at z — 0) the radial component
of the velocity at entering the working zone and in the catalyst layer increases about 1,4 times and the
heterogeneity degree of the velocity profile in the layer is about 50%. This result should be taken into

consideration at designing chemical reactors.
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So, the hydraulic model and its realization algorithm for radial units with the still granular layer allow
make the evaluation of pressures and velocities in the case of an isothermal flow of the incompressible
liquid at the square law for a motion resistance.
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JK¥MBIC AUMAFBIHJIAFbI MOCEJIEHI HIEINY. CTUPO.JI AJNY YIITH HUKHEKAMCK
PEAKTOPBIHBIH MOJEJIIH CAHABIK ECEIITEY (3-BOJIIM)

AHHOTanusi. XUMHUSUTBIK TEXHOJIOTHSHBIH MaHBI3/bl 3JEMEHTTEpiHIH Oipi — KaTaau3aTopblH KO3FaJIMaHThIH
KabaTbel 0ap akcHaIbAl HEMece paJuaigbl TYpAEri peakTopiapla iCKe achIpbUIATBIH T€TePOTeH/li KaTalnTHKAJIBIK
yzepictep. Fansimaap MeH eHaipyluiiep Ha3apblHa OCBIHAAN OalaHBIC KYPBUIFBUIAPBIH 3€PTTEY MEH KOJJaHyFa
OipkaTap apTHIKIIBUIBIKTap cebern OosraH: (azanap OeliMiHIH JKOFaphl JaMbIFaH OeTi, aFbIHHBIH JKOFaphl JKbIIIaM-
JIBIFBIH KAMTaMachl3 €Ty MYMKIHJIr, sSIFHU rabapuTTep MEH MaTepuall CHIMBIMJIBUIBIFBIH a3alTy, KOHCTPYKIUSHBIH
KapanaibIMIBUIBIFBI MEH TaianaHyiarel ceHiMIUIK. baiianbic anmmaparTapblHBIH JKYMBICBIH KaKcapTyFa KoJsia-
HBICTaFbl TEXHOJIOTHSIIAP/IBI KETUIIIPY JKOHE KaHa TEXHOJOTHMsUIAp/bl, KaTaln3aTopiap MEH IMCHEPCHSUIIBIK JKyHe
KYPBUIBIMIApBIH KYpy eceOiHeH KOJI KeTKi3iayl MyMKiH. Auaiina Oipkarap jkarjgaiiapla anmaparThlH >KYMBIC
aliMarpIH/A ipi MACIITaOThI THAPOJMHAMUKAIBIK OIpTEKTI 00JIMaybl XUMUSIIBIK, JKBLUTy-Macca ajaMacy jkoHe 0acka na
yZepicTep THIMAUITIH apTThIpy OOMBIHIIA OPEKEeTTi KOKKa IIbFapajabl. I mapoanHaMUKaIBIK OipTEKTI eMec KyObl-
JBICTapABIH Taiina 0oy ceOenTepiH aHBIKTAy TYHIpIIIKTI KabaTTapia CYHBIKTHIK IICH Ta3lIbIH KO3FAIBIC (DU3UKACKI-
HBIH EpeKIIeNIIKTepiH 3epTTeyai Tajan erefi. XHUMHSJIBIK peakTopiapAbl MaijanaHy ToKipuOeci eHepKacinTik
YZIEPICTIH TEXHHUKAJIBIK-9KOHOMHUKAIIBIK KOPCETKILITEPI, 9/IETTE, OCHI YAEPICTI jK00asay caThICHIH/IA aJbIHFaH ECEITIK
MOHHEH TOMEH eKEHJIT'iH pacTtaiinsl. Ka3ipri yakpITTa peakTop eHiMIUIriHe acep eTeTiH cedenTepaiy Oipi TyHipIik-
Ti KaTanu3aTtop KabaThIH/IAFbl peareHTTEp arbIHBIHBIH OIpTEKTI eMECTIri TaIeNIIeHTeH Aen canayra Oomasl. JKymblc
KO3FaJIMAMTHIH TYHIPIIIKTI KaOaThl Oap *Ka3bIK KOHE paJuaiIbl KOHTAKTUI anmaparrapia KbICBUIMANTEIH CYHBIKTHIK,
aFbIHBIH MaTEMaTHUKAJIBIK MOJEJBAEYTe JKOHE OChl MOJENbAl CaH/ABIK iICKE achlpy OMICTEpiH KypyFa apHajfaH. YII
OeJIIKTEeH TYpaThIH HAKTHl PEaKTOp MOJIeJi OOMBIHIIA )KYMBIC IIMKJI YCHIHBUIIBL: TapaTyllbl KOJJIEKTOP, XKHUHANTHIH
KOJUIEKTOP oHE TYHIPIIIKTI KaTann3aTopAbIH KO3FaIMaiThIH KaOaThl )KYKTEJIETiH XKYMBbIC aliMarbl.

I'a3 arbIHBIH MOAEJbIe EHTi3y XoHe mbIFapy Z - OeliHeni cxema OOWBIHINA JKY3€re achIpbliazpl. PeakTopabiH
opOip aliMaFbIHIAFHI YPEIicTepi MEH CHIIATTaWTBIH TEHICYIIEpl erKei-TerKeiii KapacThIPbIIIbL.

Tyiiin ce3mep: XUMHSUIBIK PEaKTOp, KO3FaIMAMTHIH TYHIpIIIKTI KabaT, KaTauu3artop, ODpraH 3aHbl, TOK
(yHKIMSICHI, TYHIPIIIKTI OpTaHbIH Kenaepri Gaxktopsl, ['puH (QYyHKIMACH, KBICKIM epici, KbUIIaMIBIK epici, KabaTt
KeJeprici.
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PEIIEHME 3AJAYM B PABOYEN 30HE. YACJEHHBIN PACUET MOJEJIA
HNXHEKAMCKOI'O PEAKTOPA JUISI HOJTYYEHUSI CTUPOJIA (HACTD 3)

AHHOTa].ll/lﬂ. O,ZIHI/IMI/I N3 BOKHCHIINX 3JIEMEHTOB XUMHYECKOU TEXHOJIOTHHU SIBIISIOTCS TE€TEPOTCHHBIC KaTalIu-
THYCCKHUE TIPOLECCHI, PCATU3YEMBIE B PCAKTOpPax AKCHAJIBHOI'O WM paauajibHOTO THIa C HEMOABMKHBIM CJIOEM
KaTaian3aTopa. Banmanme y‘{éHLIX 1 NMPOM3BOACTBEHHWKOB K HMCCIICJOBAHUIO U NPUMCHCHHUIO TAKUX KOHTAKTHBIX
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YCTPOICTB 00YCIIOBJICHO PSZIOM MTPEUMYILECTB: BBICOKOPA3BUTOM IIOBEPXHOCTHIO pa3eina (a3, BO3MOXKHOCThIO obec-
MEYCHUsI BHICOKUX CKOPOCTEHl MMOTOKOB M, CIEI0BATEIbHO, YMEHBUICHHUS ra0apuTOB U MaTepHaIOEMKOCTH, ITPOCTO-
TOW KOHCTPYKLMH M HAI&KHOCTHIO B AKCILTyaTallMH. YJydileHHe paboThl KOHTAKTHBIX allllapaToB MOXET ObITh
JIOCTUTHYTO 3a CYET YCOBEPIICHCTBOBAHUS CYIIECTBYIOIIMX M CO3/IaHUS HOBBIX TEXHOJIOTHH, KaTalM3aTOPOB U
CTPYKTYpP IHCIEPCHBIX cucTeM. OMHAKO B pSAAE CIlydaeB HANWYHE KPYMHOMACIITAOHBIX THAPOINHAMHYECKUX HEOJ-
HOpPOJTHOCTEH B pabodell 30HE ammapara CBOJUT Ha HET YCHJIMS IO TOBBIMICHUIO 3(P(GEKTUBHOCTH XUMHYECKUX,
TEIUIO-MAaCCOOOMEHHBIX M IPYTHX MPOIECCOB. BBRIACHEHHE MPUYMH BO3HHUKHOBEHUS THAPOAWHAMHYECKHX HEOIHO-
poaHocTell TpeOyeT M3ydeHHs OCOOCHHOCTEH (M3MKH JBWXKEHHS JKHIKOCTH M Ta3a B 3epHUCTBIX Ciosix. OmbIT
AKCIUTyaTalli XUMHYECKUX PEAKTOPOB CBUAETEIBCTBYET O TOM, YTO TEXHHMKO-3KOHOMUYECKHE IOKa3aTelH IIPO-
MBIIIUIEHHOTO TpOIiecca KaK MPaBUJIO HIDKE PacUETHBIX 3HAUEHHH, MOTYYEHHBIX Ha CTaJWU MPOECKTUPOBAHUS ATOTO
mporecca. B HacTosimee BpeMs MOXXHO CUMTATh [OKa3aHHBIM, YTO OJHOW W3 NPUYMH, BIMSIOUINX HAa IPOU3BO-
JTUTEITFHOCTh PEaKTOpa, SIBISIETCSI HEOTHOPOIHOCTH MOTOKA PEareHTOB B CJIO€ 3€PHUCTOTrO KaTanm3aTtopa. Pabora
MOCBAIIICHA MAaTEMAaTUYECKOMY MOJEIHPOBAHUIO TEUCHHSI HECKMMAEMOW JKHUAKOCTH B IUIOCKHX W PaIdallbHBIX
KOHTAKTHBIX aIlllapaTax ¢ HETOABIDKHBIM 3€PHUCTHIM CIOEM M IMOCTPOEHHIO METOJ0B YHCIEHHON peayln3alliil 3TOH
monend. [IpemmokeH mukiI paboT MO MOJENH PEeasbHOrO PEakTOpa, COCTOSIIEro M3 TPeX YacTel: pa3faromiero
KOJUIEKTOPa, COOMPAIOIIETO KOJIEKTOp U pabodell 30HbI, B KOTOPYIO 3arpy’KaeTcsi HEMOABMKHBIN CJIOH 3€pHHCTOrO
Karanuzaropa. BBoI M BBIBOA ra30BOrO MOTOKAa B MOJENH OCYIIECTBIIEH MO Z - oOpasHoi cxeme. PaccMoTpum
MOJPOGHO MPOLIECCHI U OMKUCHIBAEMbIE UX YPABHEHHUS B K&XKOH 30HE peakTopa.

KuiroueBble €J10Ba: XUMHUYECKUN PEAKTOP, HETOIBWKHBIA 3EPHUCTBIA CJIOH, KaTaiu3aTtop, 3aKOH OprasHa,
(dyHKUMsT ToKa, (aKTOp CONPOTHUBIICHUS 3€PHUCTON cpepbl, GyHKIMs [puHA, TOJe IaBJICHUM, IMOJEe CKOPOCTEH,
COTIPOTHUBIICHHUE CIOSI.
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