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THE CRITERIA OF CHEMICAL SIMILARITY REVISITED

This paper presents new criteria, taking into account the fact that ‘“‘chemical” similarity
should be based on the nature of change in the amount of substance and heat over time and space
depending on the conditions of the process, including the temperature, pressure and composition of
the reaction mixture.
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B yiti pobomi ompumani HOGI Kpumepii 3 Ypaxy8aHHsM mMo020, WO «XiMIiuHa» NOOIOHICMb
NOBUHHA CRUPAMUCA HA XAPAKmMep 3MIHEHHA 6 4acl I 6 NpoCmopi KiIbKOCMI peYoSUHU i Meniomu 6
3ANeAHCHOCMI 8I0 YMO8 NPOBEOEHHs NPOYECy, Wo BKAIOUAMb MEeMNepamypy, muck i ckiao peaxkyitiHol
cymiwi.

Kntrouosi cnosa: mooenv, nodionicms,; kpumepiti, WeUOKICMb peakyii.

To assess the possibility of transferring the results from the model onto a real chemical-
technological object, it is necessary to establish the similarity of the TCP running in them not only by
geometric and hydrodynamic parameters, characteristics of mass and heat transfer phenomena, but
also by characteristics of chemical transformations.

Analyzing the equations that are supposed to be structurally similar for similar processes
according to the definition of similarity, they reduce mathematical modeling to constructing
generalized variables (similarity criteria) that have equal numerical values at similar points of the
object and its model.

This allows to enter into the model not the original values but their sets, "where the structure
reflects the correlation of various values" [1,¢.27].

Damkehler [2] derived the criteria of "chemical" similarity from the differential equations of
mass and heat transfer, considering the speed and thermal effect of the reaction as internal sources of
matter and heat”.

At the same time, obviously, the “chemical” similarity should be based on the nature of the
change in time and space of the amount of matter and heat, depending on the conditions of the process,
including temperature, pressure and composition of the reaction mixture.

In this regard, when deriving the criteria for "chemical" similarity, we use a kinetic equation of
the form:

I"j ZkIACI —k2AC2, (1)

where &y and k, and are the rate constants, and AC; u AC, and are the driving forces of the direct

and counter reactions (the driving forces are determined by the law of effective masses by the products
of the power functions of the concentrations of the interacting substances).
This allows to present the mass transfer equation of j-component as follows:
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* Examples of practical application of Damkehler criteria can be found in [3—13].
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In equation (2), in order to simplify the similarity transformation we replace C;” by pj,

which is quite legitimate, because: m = p -V and

C’.”z_fz’oj'Vzp.
J vV vV J:

Since the volume can vary with temperature, pressure and as a result of chemical
transformations, in the general case the density p; and the concentration of j-component of the flow
should be considered as variables.

In addition, the expression in parenthesis on the left side of equation (2) (the description of
convective mass transfer) and the first term of the right side of this equality (description of the

discrepancy (divergence) in components of the flow velocity vector) are obtained by differentiating

the products of two variables C}" by w:

m m
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Similar expressions can be written for the projections wy and wz. This allows to present

equation (2) as follows, after replacing C ;” by pj and dividing by dV :
. olo-w . 2 2 2
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Now, assuming that the processes of mass transfer in the model and in the object are similar,
we describe them via these equations:

o0 [olpy-a) oloi-) dpjal)] [0 Pp) P

or o' o oz a(x')z a(y')2 a(z')z

T L N R R S [ T AR,
! X ay" oz -

o NGRS

Expressions of flow characteristics in the object through flow characteristics in the model:

+hy-ACy =k - ACy;  (4)

+hky - AC| —k» - AC5. (5)

pjjl:@p‘p}; T":@T‘T!; xll:@L.xl; y":@L‘yl; Z":@L‘Z!;
a)x =@w'a);c; a))', =@w-a)'y; a)Z =@woa)'z;
D :@DD, kl :@kl‘kl; Acl:@ACI'ACI;
k2 =@k2‘k2; ACQ ZQACZ'ACZ.
We now enter these expressions into equation (5):
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In order for equations (4) and (5) to be identical (the mass transfer processes in the model and

in the object are similar), the relations between similarity constants must be equal. We are writing this
equation, numbering its members:

+@kl ‘@Acl 'kl 'ACI _@kz '@ACZ 'k2 'ACz. (6)
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We divide the elements of equation (7) one after another and we obtain the following
correlation of similarity constants:
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Typically, since the relations of similarity constants, located on opposite sides of the diagonal
consisting of figures, mirror each other, we consider only ten of the twenty complexes, from which we
exclude the interdependent, i.e. those that can be obtained by multiplying and dividing independent
criteria.

We are determined to view well-known criteria of homochronicity (I1.2), the diffusion Fourier
criterion (1.3), the inverse diffusion Péclet criterion (I1.3) as independent. Now

—we multiply I11.4 by 1.2 and we get 1.4:
kl'ACI'L a)-z'_kl-ACl-r_
p-o L p
—we multiply I1.5 by 1.2 and receive 1.5:
kz'ACZ'L a)~7_k2-AC2-T.
P L p
—now we multiply 1.4 by III.2 (Pep) and obtain I11.4:
ky-ACy-L w7 k-AC,-I*

2

Lo D D-p
—we multiply II.5 by III.2 (Pep) and obtain IIL.5:
kz'ACz'L . a)-r_k2~AC2-L2

P D D-p
From the results obtained, it follows that of the seven criteria, including the kinetic
characteristics of the reaction, four are dependent. Moreover, by multiplying 11.4 by IV.5, we obtain:
ky-ACy-L  ky-ACy  ky-ACy-L

B

L@ ky - ACy p @
thus, criterion I1.5 turns to be dependent as well.

Let us call independent criterion 11.4 “the chemical criterion” (CC), and criterion IV.5 “the
chemical non-equilibrium” (CNE).

Hence, the similarity of mass transfer processes requires that at similar points of a model and
an object the following criteria have the same values:
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— homochronicity T = Ho;
e o D-z
— Fourier diffusion criterion 2 =Fop;
, . . . w-L
— Péclet diffusion criterion Ny =Pep;
ky-ACy - L
— chemical kinetic L=l = ok ;
w-p
_ i —equilibri —~= <2 =CNE.
chemical non-equilibrium k- AC,

When modeling CTP with model-to-object similarity, it is typically necessary to take into
account the thermal effects of the direct and counter reactions. In this case, we consider as similar the
thermal processes described by the same differential equation.

In this regard, the similarity criteria of two thermal processes are derived from the Fourier-
Kirchhoff equation in the same way as the hydrodynamic similarity criteria are derived from the
equations of continuity of the medium and motion of Navier-Stockes.

The equation of heat transfer, after dividing all its members by pC,dV, is represented as

follows:
2 2 2
8_T+ wx@_T+wy8_T+w26_T =a 8T+8T+8T +—4 k1 AC) — 12 "k AC,, (8)
ot ox oy oz ox? o’ &) pC, p-C,

where ¢; and g, — are the specific thermal effects of direct and counter chemical reactions, J/kg.

It can be observed that all members of the equation (8) have the same units of measurement
and reflect the rate of temperature change due to heat transfer in the flow of the reaction mixture, the
where the interaction of components is accompanied by thermal effect.

For flows satisfying the thermal similarity condition, the equations of the form (8) can be
represented as follows:
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Having defined similarity constants with the expressions:
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and substituting them in (10), we find that in order for equations (9) and (10) to completely match it is
required that all the coefficients of equation (10) formed by the similarity constants, are equal to each

other:
&_@w‘@T_@a‘@T_@fh'@ﬁ _@Cu'@”z
12) o, o} 0, 0c, 6,0, (11)

T
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(in order to simplify the presentation here and above we take 7, instead of k£;4C; and instead of k,4C,

we took 7, ).

Just like in the case of similarity in mass transfer processes, by dividing each of the elements
of equation (11) by any of them, we obtain the following relations:

When dividing
by I: 1 - Op O _ O, -0, _ @ql '@rl O, _ @qz '@r2 -0, :
O, @g o, ~@Cp -Or o, -@Cp -Or
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0, 0, 0, 0 @p'@cp'@w'@T @p‘@Cp'@w‘@T
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It can be seen that relations of similarity constants located above the diagonal, made up of
units, are as mentioned before inverse functions of the relations located below this diagonal.
Therefore, we can consider only ten of the twenty similarity criteria, having previously assigned
numbers 1, 2, 3, 4 and 5 to the columns of the above mentioned matrix:

Taking the criterion of homochronicity (1.2), thermal Fourier criterion (I.3) and inverse
thermal Peclet criterion (I1.3) as independent criteria we find the dependent similarity criteria:

1.4, by multiplying 11.4 by 1.2:

g ki -AC L -t _qy -k -AC T
p-Cp-wT L p-Cp-T

1.5, by multiplying I1.5 by 1.2:

go -ky-ACy L w7 _q-ky-AC-T
p-Cp-owT L p-Cp-T

1.4, by multiplying I1.4 by II1.2 (Per):

g1k AC L o L gk -AC L
p-Cp-w-T a p-Cp-T-a

IIL.5, by multiplying IL.5 by II1.2 (Per):

qpkp-4Cy-L  @-L gy -ky-ACy I? )
p-Cp-w-T a p-Cp-T-a

I1.5, by multiplying 11.4 by IV.5:
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91k AC L 4y ky-ACy gy ky ACH L
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It follows from the obtained results that in addition to the known thermal criteria for the
similarity in heat transfer phenomena, in the processes with chemical transformations we should take
into account independent criteria I1.4 and IV.5, which we previously called, respectively,
thermochemical kinetic (TCK) and chemical nonequilibrium (CNE) .

Thus, the full set of similarity criteria in CTP, occurring in the model and the object, and
described by the same differential heat transfer equations, includes the following correlations of
physical values — the criteria of:

0T

— homochronicity ——=Ho;
. a-t
— heat, Fourier L_2 =For;
-L
— heat, Péclet @0z Per;
a
q-ki-AC, -L .
— thermochemical kinetic =TCK ;
p-Cp-oT
ky - AC,
o . _ g . P R — CNE .
chemical non-equilibrium k- AC,

Extending the effect of Lavoisier-Laplace Ist law of thermochemistry (1780—1784) to our case
we received the last two criteria, accepting g =g, = |q| .

In equilibrium, when k1 4C| = kp AC, , the criterion CNE — 1.

It is observed that for an almost irreversible (with maximum permissible deviation from
equilibrium) process, when k;ACy >>> k, AC, , the value of the criterion CNE — 0.

Thus, the domain of definition of the similarity criterion for chemical-technological processes
according to the degree of their disequilibrium is defined by the inequation:

0<CNE<I1,
similar for phenomena of both matter and heat transfer.

For the sake of completeness, let us note that it is only with CNE =0 (an irreversible
process) that the rate of CTP is determined by the speed of direct reaction and the criterion
CK matches the Damkeler criterion Dal , while the criterion TCK — the criterion Dalll.

In addition, the criteria obtained by us are in tune with the criteria suggested by
G.K. Diaconov [14,15].

Thus, in order to confirm the transferability of the model to a real object one needs to make
sure that the TCP running in them are similar not only in traditional criteria, but also in correlations of
speed of direct reaction to the flow rate (CK ), the change rate of thermal effect of the reaction to the
change rate of heat flow, as well as in the remoteness of the process from the state of chemical
equilibrium.

Undoubtedly, taking into account the criteria of chemical similarity complicates the
development of the material (physical) model of an object, but it does not impose any fundamental
restrictions on the similarity modeling of chemical-technological processes [16].
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II[E PA3 ITPO KPUTEPII XIMIYHOI IIOJAIBHOCTI
Bapcobkuii B. /1., KpaBuenko O.B., I'yasies B.M., fIkoBieB-bapcbkuii /1.B.

Pedepar

Jnsi OWiHKH MOIJIMBOCTI MEPEHOCY pe3yNbTariB 3 (i3W4HOI MOAeNl Ha pealbHUH XiMiKo-
TEXHOJIOTIYHUI 00’€KT BCTaHOBMIOIOTH moxAiOHicTe XTII, mo mnpoTikaroTh B HHUX, BPaxOBYIOUH
TEOMETPUYHI 1 TIAPOJAMHAMIUHI TIApaMETPH, XAPAKTEPUCTHKH SBHUII Maco- 1 TEII0 TEPeHOCy Ta
XIMIYHHX TTEPETBOPEHb.

Jocmimxyroun piBHSHHS, SIKi MO BU3HAYEHHIO MOAIOHOCTI TMOBWHHI OYTH CTPYKTYpPHO
OJHAKOBUMH [UI1 TOAIOHMX MpOLECiB, MaTeMaTHYHE MOJEIIOBaHHSA 3BOIATH 1O IOOYIOBU
y3aralbHEeHUX 3MIHHUX (KpPHUTEpiiB MOMIOHOCTI), IO MAarOTh PiBHI YHMCENbHI 3HAYEHHS B CXOXHX
TOYKaX 00’€KTa Ta HOT0 MOJEII.

Ile nmo3Bonsie BBOAMTH B MOJETb 3aMICTh IEPBICHUX BEIMYMH IX KOMIUIGKCH, «B CaMii
CTPYKTYPI1 SKHUX BiOOpa’keHO B3aEMOJIIIO PI3HUX BEITMIHUH.
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Bimomi xpurepii «xiMidHOI» TOMIOHOCTI, BHBeneHi i3 MU(EpEeHIIHHNX pPIBHAHH Maco- i
TEIJIONIEPEHOCY, B IKUX IMBUIKICTH 1 TEIUIOBUH e€()eKT peakilii po3rsINaloThCs SK BHYTPIIIHI Kepea
PEYOBUHH 1 TEIUIOTH.

B wmiii poboTi oTpuMaHi HOBI KpuTepii 3 ypaxyBaHHSM TOTO, IO «XiMiYHa» IMOAIOHICTH
MMOBHUHHA CIHMPATHCS Ha XapakTep 3MIHEHHS B Yaci i B MPOCTOPi KUTBKOCTI PEYOBHHH 1 TEIUIOTH B
3aJIeKHOCTI BiJI YMOB TIPOBEJCHHS IMPOIECy, IO BKIOYATh TEMIIEPATypy, THCK 1 CKIaJI peakIiiHol
CyMilIi.

B 3B’sa3ky 3 UM mpu BUBOJII KPHUTEPIiB «XIMIYHOI» IMOAIOHOCTI BUKOPHCTAaHO KiHETHYHE
PIBHSHHSI, TITO BKJIIOYAE€ KOHCTAHTH IIBUAKOCTI (K TEMIEPaTypHi 3aJICKHOCTI), PYIIiHHI CHIIH MPSMO] 1
3BOPOTHOI peakiliii (pymifiHi CHJIK 3a 3aKOHOM JIIFOUYMX MAaC BU3HAYAIOThCS JTOOYTKAMHU CTEIICHEBUX
(hyHKIIi#1 KOHIIEHTpAIlill peYOBHH, 110 B3aEMOIIIOTH).

B pesynprari mokazaHo, moO O0’€KT 1 MOIENh € TOMIOHUMH, SKIIO B IX CXOXI TOYKax
ONMHSIOTHCS PIBHUMH 3HAUEHHS HE TUIBKH KPUTEPIiB TOMOXPOHHOCTI, AWQY3IHHUX 1 TEIUIOBHX
kpurepiiB @yp’e i [lexie, a i kpuTepii:

.. . ky-AC -
—  XIMIYHOTO KiHETHYHOTO ko AGL XK
w-p
.. . -ky-ACy-L
— TEPMOXIMIYHOT'O KIHETUYHOI'O ) et B ¢ )
p-Cp-0-T

KpiMm ToOrO, BHWICHOBKH, M0 0a3yloThcsa Ha audepeHIiHHNX pIBHIHHIX HE TUIBKH
MacoIepeHocy, a 1 TEIIoNepeHoCcy, MPUBEIN JI0 OJHOTO i TOTO K KPUTEPIlO:

— XIMIYHOTO HEPIBHOBaKHOTO

Takum 4MHOM, JIJIsl TBEPKCHHS PO TPAAYKTUBHICTH MOJIENI pealbHOMY 00’ €KTy Tpeba, 1mob
XIMIKO-TEXHOJIOTIYHI TMPOIECH, 10 MPOTIKAIOTh B HUX, OyNM MOJIOHI HEe TUIBKH MO TPaaUIliHHUM
KpUTEPisiM, a 1 10 CIiBBITHOIIEHHSAM IIBHUAKOCTI TMPsSMOI peakilii g0 mBuAKocTi MOToKy (XK),
MIBUJKOCTI 3MIHEHHS TEIUIOBOTO e(eKTy peaklii M0 IIBUAKOCTI 3MiHEHHS KiJIbKOCTI TEMJIOTH B
MOTOIIi, & TAKOXK TI0 BiJIaJIEHOCTI MPOIIECY BiJ CTaHy XiMiYHOI PiBHOBArw.
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