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THE MODELING OF A FLOW IN FLAT AND RADIAL
CONTACT UNITSWITH ASTILL GRANULAR LAYER.
EVALUATIONS OF A CYLINDRICAL REACTOR WITH
A RADIAL GAS INPUT AND A FREE OUTPUT (PART 1)

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.

Keywords: 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 VVokker-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 [12-13].

The reactor model and the problem setting

Let us produce a scheme of a real reactor as a model that consists of three parts (figure 1). The
distribution manifold I is a cylindrical pipe of R; radius with a blind end and a perforated side surface. The
collecting manifold Il is made by a cylindrical perforated shell of R, radius and an outer wall of the unit.
The working zone Il is the still layer of the granular catalyst placed between two perforated coaxial
cylindrical surfaces. At PJSC "Nizhnekamskneftekhim" Z-shaped reactors are used for obtaining a
styrene, so an input and an output of a gas stream in the model is realized according to Z-shaped scheme.

The pressure drop in radial reactors is not large and it is about some tenth parts of an atmosphere, as a
rule. The velocity of the steam-raw mixture is about 1 m/s and Mach number M << 1, therefore the gas
passing the reactor is considered as incompressible.

divv=0 1)

A stream energy change in | and Il domains on account the gas outflow and inflow through perforated
surfaces considerably exceeds energy dissipation due to a viscous friction [14]. Hence the flow in I and 1l
domains is supposed to be potential:

rotv=0 2

Since gas velocities are about 1 m/s we assume a correctness of Ergun’s square law and write it down
in an invariant form:

gradp =—f|v|v (3)
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Figure 1 - The unit scheme with the radial gas input

We assume that the flow in units under consideration as axisymmetric, choose the origin and
directions of coordinate axis as it is shown in the fig.1 and write down equations (1) — (3) in cylindrical

coordinates: the continuity equation

i.%_;_% =0 (4)
r or oz
the rotor of the velocity vector
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oz or
Ergun’s law:
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In I and 1l domains the pressure is defined according to Bernoulli's principle:

()

2
'0;/ + p = const

In these equations:
vrand v, are the radial and axis components of the velocity correspondingly; p is a gas density;

_L75p(1-¢)
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is a factor of the granular medium resistance; d is an effective diameter of a granule; ¢ is a medium

porosity.
Let ¥ be a flow function, so we write the solution of the equation (1.4) as
1 oY
r = — 0 —
r oz
VZ — _l ° 8_‘{I (8)
r or

by virtue of the pressure mixed derivatives equality and in case of f = const we derive from eq. (6):
oY, V. oY, R A2

pe (1+V—'2)+ P (1+V—22)—28r6Z v +2v=0 9
At T'1 and T, boundaries (see fig. 1) between I — Il and Il — 1l domains correspondingly the
continuity conditions for normal components of velocities and pressure are obeyed:
V, =V, Vv, =V,
p® = ap, +pliD  ph = pUIn _ pp, (10)

where Api2 is a pressure jump on perforated walls of distributing and collecting manifolds, i.e. on I'; and
I'; boundaries, that equals

Apyp = 0-1,2177?1‘2 . (11)

According to [15-20] the resistance coefficient ¢ that corresponds to a midrange flow rate through the
side surface v1, may be expressed by a free section ¢1 2

O = §[¢1_21 (1 - ¢1,2 +

where 1 and 2 indexes are for I'1 and I", boundaries.

If the normal velocity component on I'1 and I', boundaries is set then the full determination of the
flow parameters can be conducted for all three domains separately and comes down the solution of
elliptical equations like (5) and (9) for the flow function in each domain. The determination of the velocity
normal component at I'1 and I'> boundaries are made due to the continuity condition for pressure (10) in
passing the boundaries. To accomplish this condition at specified velocity normal components a target
function is constructed that equals to the mean-square pressure jump at boundaries:

1- ¢1,2
2

)1, (12)

DV, v, ) = 1 j (PO — P _ AP)? dr e j PP _AP )iz, (13)
1N L " L 7
where L is a length of I'; and I'; (the unit height). The procedure of or and v, determination comes down to

minimization of the target function ®.
On eq. (7):

PO =p P2 4v2)
L) n 2

P —p —g(vfz +V2) (1.14)

8blX

where pin and pout are the full pressure at entering | domain and at leaving Il domain, correspondingly, at
v12 = 0. Since the pressure is recovered up to a constant po, the constant should be entered in the number
of the target function parameters and po should be determined from the minimum condition, assuming that

pUD = py + . (15)
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We select the units of the pressure and velocity measurements so that

Pex — Peoix = 1
VB _ 2( pBX B pBb[X =1 (16)
\} P
and set the value
q1 = Pin — Do 17)

and rewrite eq. (13) in account for (11), (14) and (15 - 17) as

(D(vrl,vrz):%;‘: [[7+(1+&1)vé+vzzl—ql]zdx+ -

%j [p+(1-6,)v2 +v2 —q+1] dz
I,

20,,

where &, = is a dimensionless coefficient of a perforation resistance, that in general case may be

a function of z.

Results. So, the problem solution method is a searching for v, and v, that make a minimum of the
functional (18). The solution of the direct task in | domain (the distribution manifold) is shown in [17] and
looks like:

z+h 5 z+h )2
T I A iy g o
T A +(2-7)° r 0L Sh AT+ (2-17)

(19)
2h ov,
t—e |Z:z
T 0L
This equation allows to reach an accuracy O(h?) in the determination of the velocity tangential
component and pressure on boundaries of I, 111 and 111, 11 domains.
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AFBIH/IbI KO3FAJIMAMUTHIH TYAIPIHIKTI KABATBI BAP )KA3bIK JKOHE PATAAJIJIbI
BANJIAHBIC AIIITIAPATTAPIA MOJEJIBJEY. I'A3bI PAJIUAJIABI EHI'I3YMEH
7KOHE EPKIH HIBIFAPYMEH HWJINHAPJIK PEAKTOPAbI ECEIITEY (1-5OJIIM)

AnHoTanusi. XVMUSUIBIK TEXHOJIOTHSIHBIH MaHBI3/IbI JJIEMEHTTEPiHIH Oipi KaTalu3aTOpAbIH KO3FalIMaiThIH
KabaTbl 0ap aKCHaJIbAl HEMEce paiMaibl TYpJAEri peakTopiaplia iCKe achIpbUIATHIH T€TEpPOTreH/li KaTalnTHKAJIBIK
npouectep Oonbinm Tabbutaabl. FampiMaap MeH eHIIpyIIUIepAiH Ha3apblHa OCHIHAAH OaiylaHblc KYpBUFBUIAPBIH
3epTTey MEH KOJJaHyFa OipKaTap apTHIKIIBUTBIKTAap cebem OoiraH: Qaszamap OeniMiHIH KOFaphel JaMbIFaH O€Ti,
aFBIHIIAP/IBIH KOFaphl KBULIAMIBIKTApbIH KAMTAMAaChI3 €Ty MYMKIHIIr1, 1eMeK, rabapuTTep MEH MaTepual ChIHbIM-
JBUIBIFBIH a3aiiTy, KOHCTPYKIMSHBIH KapanaibIMABUIBIFGI Menaiinananyaarbl ceHimainmik. baiiimaneic ammaparra-
PBIHBIH KYMBICHIH JKaKcapTyFa KOJJAHBICTAFbl TEXHOJOTHSUIAPABI JKETUINIPY JKOHE jKaHa TEXHOJIOTUSUIapIEL,
KaTanu3aTopiap MeH AUCIEPCUSIIBIK KYHeIepaiH KYpPbUIBIMIAPEIH KYpy ece0iHeH KO XKeTKi3inyl MyMKiH. Auaiina,
Oipkarap skarmaiiapa ammapaTThIH JKYMBIC alMarblHAa ipi MacmTaOTHI THAPOIUHAMHUKAIBIK OIPTEKTI eMeCTik-
TepIiH 00Jybl XUMHSIIBIK, JKbLIy-Macca aaMacy *oHe 0acka Ja MPOLECTePAiH THUIMAUIINIH apTThIpy OOMBIHINA ic-
OPEKeTTI JKOKKa IIbIFapajbl. [ MapoIuHaMHUKaibIK OIpTEKTI eMec KYObUIBICTap/IbIH Maiga 00y ceOenTepiH aHbIKTay
TYHIpLIKTI KabaTTapia CYHBIKTHIK MEH Ta3JiblH KO3FaJIbIC (PU3MKACHIHBIH €PEKILIENIKTepiH 3epTTey Il Tajlall eTel.
XUMHSIIBIK peakTopiiapAbl Maijanany ToKipnoeci @HepKaCINTIK MPOLECTIH TEXHUKATBIK-OKOHOMHKAJIBIK KOPCETKIII-
100
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Tepi, oeTTe, OCHI MPOLECTi Kobajlay CaThICHIHIAA aJBIHFAH €CENTIK MOHAEPAEH TOMEH CKeHIITIH KyoJaHIBIPAbL.
Kasipri yakpITTa peakTopIsH eHIMALIIriHe 9cep eTeTiH cebenTepaiH 6ipi TYHipIIiKTI KaTann3aTopAbIH KaOaThIHIAFbI
peareHTTEp AaFbIHBIHBIH OIPTEKTI eMECTLTiri OOJBIT TAaOBUIATHIHBI JIOJEIACHTCH el caHayra Oosambl. JKymbic
KO3FaJIMaiThIH TYHIPIIIKTI Ka0aThl O0ap a3blK XKoHE pajualibl KOHTAKTLI anmnaparTap/ia KbICbUIMalThIH CYHBIKTBIK-
TBHIH aFbIHBIH MaTEMATHKAJIBIK MOJICIICYTC JKOHE OChI MOJICIIBI CAHIBIK ICKE achIpy 9MICTEPIH KYpyFa apHaiaFaH. Y1l
OeJIKTEH TypaThlH HAaKTHl PEAKTOPJBIH MOJENI OOHMBIHINA >XYMBIC LUK YCHIHBUIABL TapaTymIbl KOJUIEKTOD,
JKMHAMTBIH KOJUIEKTOP JKOHE TYHIPIIIKTI KaTaJM3aTOP/IbIH KO3FaJIMaNThIH KabaThl XKYKTENETiH KYMBbIC aiiMarbl. ['a3
arbIHBIH MOJENbIe €HTi3y JKoHe InblFapy Z - OeifHeni cxema OOMbIHINA JKy3ere achlpbuianbl. PeakropabiH apOip
alfMarbIHIAFBI IPOIIECTEP MCH OJIAPIBIH CHIIATTAHTHIH TEHACYIIEPIi eTKel-Ter keI KapacThIpalbIK.

Tyiiin ce3jep: XUMHSUIBIK pEakToOp, KO3FAJIMAaWTBIH TYHIpIIKTI KabaT, KaramusaTtop, OpraH 3aHbpl, TOK
(OYHKIHSACH, TYHIPIIIKTI OpTaHBIH Keaepri ¢akTopsl, ['puH QYHKIUACH, KBICBIM 6pici, KBUIIaMIBIK opici, KabaT
Kezeprici.
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MOJIEJIUPOBAHUE TEUEHUS B IIVIOCKUX U PAJIMAJIBHBIX KOHTAKTHBIX AITITAPATAX
C HEIOABM)KHBIM 3EPHUCTBIM CJIOEM. PACUET IWINMHAPUYECKOT'O PEAKTOPA
C PAIMAJIBHBIM BBOJIOM I'A3A U CBOBO/IHBIM BBIXO/JIOM (YACTD 1)

AnHoTranusa. OJHUMHM U3 BaXKHEMININX D3JIEMEHTOB XHMHUYECKOM TEXHOJOTMM SBIIAIOTCS TI'eTEPOreHHBIE
KaTaJIUTHYECKUE IPOLECCHI, pealu3yeMble B PEaKTOpax aKCUAJIBHOTO WIM PaJHalbHOTO TUIA C HEMOJBUKHBIM
CJIOEM KaTalnu3aTopa. BHUMaHHMIO y4Y€HBIX M TPOM3BOJCTBEHHHMKOB K HCCIICIOBAHUIO M TNPUMEHEHHMIO TaKHX
KOHTaKTHBIX YCTPOMCTB OOYCIIOBIEHO pSAOM IIPEUMYILNECTB: BBICOKOPA3BUTOW IOBEPXHOCTHIO pasiena (a3,
BO3MOXKHOCTBIO OOECTIeUeHHs BBICOKHX CKOPOCTEH IIOTOKOB H, CIJI€OBATENBHO, YMEHBIICHHS TabapuTOB U
MaTepHaTIOEMKOCTH, TIPOCTOTON KOHCTPYKINHU U HAJEKHOCTBIO B SKCIUTyaTallUH. YIIydlIeHHEe PaOOThl KOHTAKTHBIX
annapaToB MOXKET OBITh JOCTUTHYTO 3a CUET YCOBEPLIEHCTBOBAHUS CYLIECTBYIOIINX U CO3/IaHHS HOBBIX TEXHOJIOTHH,
KaTaJlM3aToOpOB M CTPYKTYp AMCHEPCHBIX cucreM. OIHAaKO B psie CIydaeB HAIWIWE KPYHMHOMACIITAOHBIX
TUAPOANMHAMHUYCCKUX HeO}IHOpO}IHOCTeﬁ B pa60qeﬁ 30HC arrmapara CBOJUT Ha HET YCWJIHA IO IMMOBBIIICHUIO
3(1)(1)GKTI/IBHOCTI/I XUMHYCCKUX, TEMI0-MaCCOOOMEHHBIX U JAPYTHUX ITPOILECCOB. Briacuenue IMPUYUH BO3HUKHOBCHU
THJPOJMHAMHYECKUX HEOJHOPOJHOCTEH TpeOyeT u3yueHHs: 0COOSHHOCTeH (PU3MKU JABMIKEHHS >KUIKOCTH M ra3a B
3epHUCTBIX cH0AX. OMBIT JKCIUTyaTalliM XHMHYECKHUX pPEaKTOPOB CBUAETEIBCTBYET O TOM, UYTO TEXHHKO-
HSKOHOMHUECKHE MTOKa3aTeIN IPOMBIIIIEHHOTO NpolLecca, KaK MPaBMIIO, HIDKE PACUETHBIX 3HAUCHUH, TOTyUYeHHBIX Ha
CTaJluy MPOEKTUPOBAHUS ATOTO Ipolecca. B HacTosImee BpeMs MOXKHO CUUTATh JOKAa3aHHBIM, YTO OJHOW U3 MPUYMH,
BIMSIIOIUX HAa MPOM3BOAUTEIBHOCTh PEAKTOpa, SABISAETCS HEOJHOPOJHOCTh MOTOKA PEAreHTOB B CIIOE 3€PHUCTOrO
KaTanu3aropa. PaboTa mocBsieHa MaTeMaTHYecKOMY MOJICITUPOBAHHUIO TEUEHHs HEC)KHMMAaeMOH JKHIKOCTH B
IUIOCKHX W paJualbHBIX KOHTAaKTHBIX amllapaTax C HEMOIBIKHBIM 3€PHHUCTBIM CIOEM M IOCTPOCHHIO METOIOB
YHCIEHHOHN peanu3anuy 3Toid Mojenu. [IpemtoxkeH muki paboT MO MOJENN PEaIbHOTO PEakTopa, COCTOSIIETO U3
TpeX dYacTeW: pa3Jarollero KOJUICKTOpa, COOMpArOmIero KOJUIEKTOp M paboueil 30HBI, B KOTOPYIO 3arpyxkaercs
HETIOJIBMDKHBIN CIION 3epHUCTOrO Karanum3aTopa. BBoJ M BBIBOJ ra3oBOrO NMOTOKA B MOJAEIHM OCYIIECTBJIEH MO Z -
o0pa3zHoii cxeme. PaccMoTpuM 1ogpoGHO MPOIIECCH U OMICHIBAEMBIE X YPABHEHNUS B KaXKJOM 30HE PeakTopa.

KiroueBble cjI0Ba: XMUMHUYECKHH DPEaKTOp, HEMOJIBMKHBIM 3€pHUCTBIM CJIOH, KaTaium3aTop, 3aKOH Oprasa,
(yHKIMST TOKa, (aKTOp CONPOTHBICHUS 3€PHUCTON cpenpbl, GyHKIMs ['puHa, TMoJie AaBJICHUM, IOJEe CKOPOCTEH,
COIPOTUBJICHHE CIIOSI.
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