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ABOUT LIMITATIONS ON SIMILARITY MODELLING OF
CHEMICAL-TECHNOLOGICAL PROCESSES

Despite the abundance of research in the field of similarity modeling, when studying the
processes in chemical technology researchers are usually limited to theory and, in particular, to those
cases where the phenomena of continuity of flow, transfer of momentum, matter and energy are of de-
cisive importance.

This is due to the fact that the task of creating a model that satisfies an already large set of si-
milarity criteria for the geometric parameters of the model and the object, the processes of transfer-
ring by them the amount of motion, mass, and energy was extremely difficult to solve, given the chemi-
cal similarity requirements.

Moreover, this problem is especially challenging given the statement about fundamental im-
possibility of similarity in processes with chemical transformations taking place in reactors of differ-
ent sizes.

Presented paper shows the inconsistency of assumptions about fundamental impossibility of
similarity modelling of processes with chemical and physico-chemical transformations relying on so-
lutions to both the first and second situations, which gained wide popularity at the time.

Key words: similarity criteria, modelling, substance transfer, energy transfer, chemical
reaction.

Hessaoicaiouu na éenuxy xinokicms podim @ ob1acmi MoOeno8ants 3a 000600, Npu 6UGYEHHI
npoyecia XiMiuHoi MmexHoL02ii 0OMeANCYIOMbCsL Meopicio i, 0COOIUBO, NPAKMUKOIO MINbKU MUX GURAO-
Ki8, KOJU UPIWATIbHE 3HAYEHHA MAIOMb A6UWA HEPO3PUBHOCMI NOMOKY, NePEHECeHHs KIIbKOCMI PYXY,
PpeuosuHU i eHepaii.

L]e nosacuiwoemvbca mum, wo BUHAMKOBY CKAAOHICMb 3A80AHHS CINBOPEHHA MOOEI, W0 3A0080-
JIbHAE T De3 Mmo2o 8enuKoeo Habopy Kpumepiie NOOIOGHOCMI 2e0MEeMPULHUX nApamempie Mooeli i 00'e-
KMa, npoyecie nepeHocy 6 HUx KilbKOCmi pyxy, Macu i enepeii, npedcmaesisanacs npakmuiHo Hepo36's-
3HOIO Npu 0OJIKY We i 8UMO2 XIMIUHO20 NOO0OU.

bBinvw moeo, ocobauey cocmpomy yiei cumyayii 000ae meepoNCeHHs NPO NPUHYUNOBY HEMO-
JHcAuBicms NOOIOHOCMI NPOYeCcie 3 XIMIYHUMU NEPEemMBOPEHHAMU, WO 8i00Y8AIOMbCA 8 PeaKmopax piz-
HO20 pO3MIp).

Y oaniii pobomi na npuxiadi eupiuents 3a60amb, WO GIOHOCAMbCA K 00 REPULol, max i opy-
20l cumyayiti i ompumMany 8 c8iti 4ac WUpoKy HONYIAPHICMb, HOKA3AHA HECHPOMOICHICMb BUCHOBKIB
PO NPUHYUNOBY HEMONCIUBICb MOOENI08AHHS 3d NO00DOI0 Npoyecié 3 XiMivHumMu ma @izuxo-
XIMIYHUMU NEPemBOPEHHAMU.

Knwowuogi cnosa: xpumepii nodionocmi, MoOeno8ants, nepeHecerHs. peuosut, nepeHeceHHs
enepeii, XiMiuHa peaxyisi.

Despite the abundance of work in the field of similarity modeling, in studying the processes of
chemical technology the researchers are limited to theory and, in particular, to the individual cases
when the phenomena of flow continuity, transfer of momentum, matter and energy are crucial [1—6].

Attempts to introduce the criteria of similarity for chemical and physico-chemical transforma-
tions into the category of "physical criteria" are reduced to the work of Damkehler [7; 8, p. 462] and
G.K. D'yakonova [9, p.49—64; 10].
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This is explained by the fact that an extremely challenging task of creating a model that satis-
fies an already large set of similarity criteria for the geometric parameters of model and object, the
processes of motion, mass, and energy transfer was extremely difficult to solve, given the chemical
similarity requirements”.

Moreover, this situation is given specific sharpness by the statement about principle impossibili-
ty of similarity in processes with chemical transformations taking place in reactors of different sizes.

In the present paper, when considering both the first and second situations, the following pro-
visions are essential.

1. The speed of reaction

r=k-AC (1)
depends on the temperature exponentially, since the Arrhenius reaction rate constant is:
E
k=ko-e RT | (2)

and it also depends on the driving force AC, which is the product of multiplying power functions of
the concentrations of interacting substances (reagents):
AC=Cf-CyP ..., (3)

2. Chemical and physicochemical transformations occurring during the processes of chemical
technology are accompanied by the radiation or absorption of heat (thermal effect).

3. The temperature of the reaction mixture depends on the ratio between the heat of the chemi-
cal reaction and the heat which the reaction volume radiates to the external environment.

The most vivid example, "justifying" the need for partial similarity, we have found in [3,
p. 46], where they try to combine criteria of geometric( r-bo J , hydrodynamic (Re), chemical

M

(Da I) and thermochemical similarity (Da HI), limiting the inputs of the task to the use " of a sub-

stance with the same properties in the apparatus and model (density, viscosity, heat capacity, thermal
conductivity, etc.)."

Apparently, temperature must be considered one of the “other" properties of the stream sub-
stances, all the other above-listed properties always depend on it, and, as follows from the Arrhenius
equation, the rate constant of the reaction also does.

Moreover, replacing the rate of the reaction r by the rate constant of the reaction k in the ex-
pressions for the criteriaDal u Da III, the authors viewed the composition of the reaction mixture
among "others" terms.

In this situation criteria Da I and Da III degenerate, growing identical:

D D

o _ M

wO 6()/l/l
and at the same time losing their chemical and thermochemical value.
Thus, the formula’s form as follows

-2
kOZ(DOJ 'kMa
DM

arrived at with the use of mathematical expressions
koD, 'k, D, and koD, k,-D,

, ®,, w, 4t, w,, -A4t,

can not be considered.

* It is assumed that the complete similarity of the model and the object can be achieved only if the similarity
conditions are fulfilled simultaneously for them according to the criteria of geometric, hydrodynamic, mass
transfer, thermal and chemical similarity. In other cases [11 p. 37-38], we can talk only about partial (incom-
plete) similarity, which, of course, reduces the level of the model’s inductance.
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In this regard, the conclusion of authors that "... the speed of reaction in the model should be

2
[ v j times more than in the industrial apparatus" can not be attributed to the processes considered
M
in this case: here, to establish their similarity, it is sufficient to have the similarity of Reynolds crite-
rion in similar points of the model and the object (given all properties of the flows are assumed to be
the equal, all other similarity criteria will have the same values).

Let us consider the same problem, but without restrictions on the differences in properties of
substances and the characteristics of processes occurring in the industrial reactor (object) and model.

By the condition for geometric similarity we shall imply the proportionality of the characteris-
tic dimensions of the object ("o") and model ("u"):

L,=1"L,, 4)
which can be represented by diameter, radius etc.
The hydrodynamic similarity will be determined based on Reynolds criterion:

Po W, L Py @Oy L
(8] 0 0 — M M M , (5)
Ho Hu

kg

m-S€C

where p and x4 — density [—gJ and dynamic viscosity of the reaction mixture is ( j, respec-

m3

tively.
The chemical similarity corresponds to the condition of equality of the values in Damkehler
criterion Da I in the model and the object
"o 'Lo Ty 'LM

Po ®Do Py Wy

(6)

kg
m” -sec
The thermochemical similarity is confirmed when we observe equality of values of the Dam-
kehler criterion for the object and the model:

where 7, and r,, — are speeds of reaction, running in the object and the model,

9o 7o Ly _ G T L (7)

po'CZ'wo'To pM'C?f‘CUM‘TM

where g, and g,, — specific thermal effects of chemical reactions occurring in the object and in the

model, i; CIO, and C ;;4 — specific heat capacity of flow substances,

; T, and T, — tem-
kg . deg o M
perature in the object and in the model, deg.

The assumption of the geometric and dynamic similarity of the object and the model allows

via substitution of (4) into (5) to represent a relation of their sizes (L, and L,, ) with the characteris-
tics of the flow substances ( p,, 14,, P, » M, ) and the linear velocities of the latter (@, , oy, ):

_L_M pM /uo . (8)

It leads to the fact that for geometric and hydrodynamic similarity, the characteristic size of
the model must be related to the compatible size of the industrial reactor (object) by the relation:

L, = Po Hu P L,. )
Py Ho Oy
Since it follows from the requirement of profitability of the model that it should be much less
than the object (L,, << L, ), we define via (9) that for similarity both in geometry and in hydrodynam-

ics it is necessary to reduce L, by increasing the flow density (p,, > p, ), reducing its viscosity

(u,, < My ), increasing linear velocity w,, > @, in accessible value intervals.
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To make the model similar to the object geometrically, hydrodynamically and chemically, we
need to include the Damkehler criterion in the similarity estimate, for which we add (8) into (6):

7, L, _ ry Ly, (10)
PoF -y  py-wy
L
where F=20.Pu to (11)
Ly po Hu
By transforming (10) and taking into account (11) and (1), we arrive to:
k,-AC,
LM =L0\/ /’l/'\/l ._O o . (12)
k, -AC, Ho

It can be seen that the reduction in size of the model similar to the object, in criteria of geo-
metric, hydrodynamic and chemical similarity, is possible by reducing the viscosity of the flow mate-
rial in the model ( u,, << u, ) and also by speeding up the reaction via increasing the temperature and

using the catalyst (k,, >> k) (see equation (2)), as well as by increasing the driving force of the reac-
tion (AC,, >> AC,)) (see expression (3)).

We note that the recommended changes in the viscosity, participating in (9) and (12) are for-
warded in one direction.

And finally, in order to introduce the thermal effect of the chemical reaction to the characteris-
tics of the model and the object, we use the criterion of thermochemical similarity from Damkehler
Da III. To do this, taking (11) into account, we introduce (8) into (7) and obtain:

9o 1o Ly _ G To L (13)

po'C;'F'wM'To pM'C;})W'a’M'TM

We introduce (11) into (13), and after reductions we obtain:

M
I -1 . /‘M'Cp'TM ‘ko'ACo'qo (14)
M0k, 4G, - o.r

M M 4u :uo'Cp'To

It can be seen from (14) that it is possible to reduce the size of the model, keeping its thermo-

chemical similarity by reducing the value of viscosity u,, << 4, , heat capacity Cg’ << C;’, , and in-

creasing the specific thermal effect ¢,, >> ¢, .
As for temperature T ,,, in this case, its increase directly influences the characteristic size of

the model, and indirectly via heat capacity, viscosity, and, most importantly, via the rate constant of
the chemical reaction, decreasing L, exponentially. In connection with the latter, the temperature

should be increased.

It can be seen from (12) and (14) that, under the conditions adopted in [3, p.46] (... provided
that the apparatus and model use a substance with the same properties ...), such processes can be real-
ized in chemical and thermochemical terms only in reactors of the same size (L, =L,). It follows

from (9) that @,, = @,, so here we are not talking about similarity modelling, but about the exact re-

production of the object in the "model".

At the same time, equations (9), (12) and (14) indicate that similarity modelling with the
maximum, complete coverage of essential characteristics of the object and model, has no fundamental
limitations: the problem is reduced to overcoming the technical difficulties of constructing a material
model on which it is possible to simulate processes of chemical technology with definite properties of
substances, the speed and the thermal effect of the reaction, and under conditions that ensure the ful-
filment of in equation:

L, <<<L,. (15)

In this connection, the equality that follows from the comparison of (12) and (14) turns mean-
ingful:
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CA/I T
do 2 (16)
C9-T,  du

Returning to the assumption that the temperature of the reaction mixture is determined by the
ratio of the heat of chemical reaction and that of heat exchange with the surrounding environment, we
assume that as long as the main characteristics of the processes in the model and object depend on this
temperature, the abovementioned ratio of heats should be considered as a similarity criterion of proc-
esses with chemical reactions and physico-chemical transformations occurring in the object and in the
model.

Let the chemical technological process be carried out in a spherical reactor of V, volume,

bounded by a surface S, , with the radius of the sphere being R,, .
Assuming that the reaction occurs simultaneously in all points of the volumeV,, it is asserted

[4] that the magnitude of the thermal effect of this reaction (Qx.p‘ )0 is proportional to V.

If we consider the surface of the sphere to be the heat exchange surface of the reaction volume
with the surrounding (external) environment, then for the same reasons we arrive at a conclusion that

the heat exchange temperature (Q,, , ) , is proportional to the square S, .

Observing geometric similarity, we take the sphere-shaped reactor model with radius
R, <<R,, the volume V,, and area of the confining surface §,, .

Running the same reaction in the model reactor, we expect that the thermal effect (Qx. ». )M is

proportional to V,,, and the heat of heat exchange ( m‘o_) is proportional to S, .

M
Now, as a similarity criterion for chemical technological processes, occurring in the model and
industrial reactors, we can take the ratio

Qx.p =1idem, (17)
o 0.,), (0:,), (18)

©Ono)y ©Omo),

Further, taking into account the assumption on the proportionality of the heats to the volume
and surface of the sphere, expression (18) is rewritten in the form:
14 14

M o
=" (19)
S.M SO
As long as the volume of the sphere is
4 =§ > (19.1)
and the surface is
S=4n7r? (19.2)
(19) results in
R,=R,. (20)

As can be seen, this equality contradicts the necessary condition, ensuring the cost-efficiency
of the model:
R, <<<R,. (21)
On this basis, it is concluded that the condition (17) leading to equation (20) can not be ful-
filled, thus the following is always true for chemical technological processes occurring in the model
and in the object (reactor):

Qx.p.

m.o.

#idem . (22)
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Here, however, it is worthwhile to return to the assumption about proportionality of the heat of
the chemical reaction to the volume of the reactor and the amount of heat exchange — its surface area,
which served as the justification for the transition from expression (18) to expression (19).

Despite the evidence of this statement, we find that during the mentioned transition the main
property of the similarity criterion is lost — namely its dimension lessness: in contrast to the dimen-
sionless relations in (18), the relations in (19) have a unit of length measurement.

This is already enough to prove the erroneousness of the expression (22) and, besides, the as-
sumption about impossibility of chemical similarity between the "model" and the object.

Returning again to (18), let us note that the introduction of volume and square into this equa-

tion must be carried out taking into account the dimensional constants &, , and «,,, , which estab-

lish the equivalence between the units of measurement of heat and length:
Qx.p. =0y p. Vv (23.1)
and Omo. = %o " Smo. (23.2)

where, judging from the units of measurement, o — specific heat (specific heat effect) of chemi-

X.p.

cal reaction, L ; Oy, — specific amount of heat exchange, L
m3 -0- m2
By introducing (23.1) and (23.2) into (18), we obtain the condition of «chemical» similarity
as follows:

M 0
Oy p. Vi _ Oxp. Vo

% o."Su ) Um0, " S,
After introducing (19.1) and (19.2) into (24) and reducing measureless values we obtain an

expression:

24)

o

M o

a o

PR, =—P R . (25)
M M 0 4

am.o. am.o.

Thus, processes with "chemical" thermal effects occurring in the object and in the model can
be modelled and, on this basis, investigated by methods of similarity theory.
For example, with (25) it is possible to determine the size of a transductive model to study an

object in terms of the processes occurring in them:
o

o D, aM
R, = ())Cp ' r’r:/l.o. ‘R, . (26)
Om.o. Cxp.
For later we shall bear in mind
2{./1/[ ’ ’
Q}%o. = §_M(Z;)40 _t(}‘./tc.)' S};‘f.o. 'T}:;t.o. (27)

where 2" and 6" — coefficient of heat conductivity ( j and the wall thickness (m) of

m -sec- deg
the model reactor; tlﬂj .. and 1)'. — the temperature of the model wall from the side of the reaction

. . M .
mixture and from external side, deg; 7,,, — duration of heat exchange, sec.

Dimensional form of this equation:

1
;._.deg.mz .sec=J.
m-sec-deg m

Hence:

[a,’;flol ]z Lz , which corresponds fully to the expression (23.2):
m
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Ui o = ﬂ-(t’” —t ) T (28)
m.o. 5}1/! p.c. 6.C. m.o. *
By introducing (28) into (27), we obtain:
ag, Ry, M
Ry = MX.Q—OO'_M ’ (tj;l.c. - tg.dc.)' lenw.o. : (29)
Axp. " %mo. J
With (29) we define:
M _ M afp. ai%.o. oM R, 10
tg.c._tp.c._ ° T R_ (30)
Ox.p. AT Tm.o o
Dimensional form of the equation (30):
J. S
3 2 m m
deg = deg— 1" -— =deg,
m3 m -sec- deg
confirms the correctness of the abovementioned.
Relying upon
Oxp. =4xp. Txp. " Txp.- (1)
where ¢, , — is specific heat effect of chemical reaction, ki; ry.p. — speed of chemical reaction,
g
3kg ; Tx.p. — duration of chemical reaction, sec, let us assume that
m” -sec
Aip. =q%.p.> (31.1)
e =15 p.s (31.2)
Tip =Tap. (31.3)
This permits to suppose that
a)jcw. p. = Cx.p.
and reduce (30):
ay , 0™ R
t?:.c. _t;‘.dc. zrjr:l.o.—M‘_M‘ (32)
A “Tm.o. 4

It is seen from (32) that with increasing differences in the dimensions of the object and the

R : . -
model —*- — 0 and, as a consequence, the temperatures from different sides of the wall grow similar,
o

which displays a decrease in the amount of heat exchange in the model.
Another boundary for the driving force of heat exchange in the model corresponds to the

equality of model and object dimensions, where —* =1, so that the left side (32) is determined only
o
by the thermophysical characteristics of the model and object walls.
It follows that in the interval
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Qx.p.

the similarity of the model to the object with the criterion is attained by creating the tempera-
m.o.
ture of the external medium, the value of which is determined from (32).
Additional possibilities here are also related to the selection of the material, thickness and de-

sign (multilayer structure) of the model wall.
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PO OBMEXEHHS HA MOJAEJIOBAHHA IO NOAIBHOCTI
XIMIKO-TEXHOJIOT'TYHUX IMTPOLECIB
Bapcobkuii B./1., KpaBuenko O.B., I'yasieB B.M., fAkoBieB-bapcbkuii 1.B.

Pedepar

He 3Bakaroum Ha BENWKY KUIBKICTH pOOIT B Taay3i MOIETIOBAHHS MO MOMIOHOCTI, MpU BU-
BYEHHI MPOIECiB XIMIiYHOI TEXHOJOTii 0OMEXYIOThCS TEOPi€l0 1, OCOOIMBO, MPAKTHKOIO TiITBKH THX
BUTMA/IKIB, KOJHM BUpIIIANbHE 3HAYEHHS MAlOTh SBUINA Oe3MepepBHOCTI MOTOKY, MEPEHOCY KITbKOCTI
PyXy, pEIOBHHH Ta EHEPTIi.

Le mosICHIOETBCST THM, IO BUKJIIOYHO CKJIaJHA 3a]1a4a CTBOPEHHS MO, IO 3a/{0BOJILHSE i
0e3 TOro BEMTUKOMY Ha0Opy KPHUTEpiiB MOAIOHOCTI FeOMETPHUYHHMX HapameTpiB Mojemi Ta 00’€KTa,
MIPOIIECiB TIEPEHOCY B HUX KUIBKOCTI pyXy, MacH Ta €Heprii, cCTaBaia MPakKTHIHO HE BUPINITYBAHOIO MTPH
BpaxyBaHHI e i BUMOT XiMi4HOT MOIIOHOCT.

Binbm Toro, oco0nMBy rocTpoTy 1i€i cuTyauii npuaae TBEpHKEHHS PO MPUHIUIIOBY HEMOXK-
JUBICTh TIOJIOHOCTI TIPOIIECiB 3 XIMIYHIMH TIEPETBOPEHHSAMH, IO MPOTIKAIOTh B PeakTOpax pi3HOI Be-
JTWYHHH.

B 1iit po6oTi Ha npuKiIaai BUPINICHHS 3334, 10 BIIHOCITHCS SK JI0 MEepIIoi, Tak 1 J0 Apyroi
CUTYaIllil, Ta SKi OTPUMAaJX B CBil Yac MIUPOKY BiIOMiCTh, IOKa3aHA HECITPOMOXKHICTh BUCHOBKIB TPO
MPUHITUIIOBY HEMOJXKIIUBICTh MOMCITIOBAaHHS IO MOMIOHOCTI TpOIECiB 3 XIMIYHUMH Ta (Pi3HUKO-
XIMIYHHMH TIEPETBOPEHHSIMHU.
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[TokazaHo, 1o Mpu BiAMiHI 0OMEKEHb, 110 CKIAAIOTHCS 3 BUKOPUCTAHHS «B amapati i MoJeni
PEYOBHHHM 3 OJTHAKOBHMH BIIACTUBOCTAMH (IIIBHICTIO, B’ I3KICTIO, TEIDIOEMHICTIO, TEIIOMPOBIIHICTIO
Ta IHIIE)», TEOMETPUYHA, T1IPOAMHAMIYHA, XIMIYHA Ta TEPMOXIMIUHA MOAIOHICTh MOJKJIMBA, SKIIO BHU-
KOHYIOTBCS HACTYTIHI CMiBBiTHOIICHHS MiX PO3MipaMu 00’ €KTy Ta MOJETI:

LM:pO.luM.a)O 'LoaLM:Lo' /’ljl/l ‘kO'ACO ,
Pu Ho WOy kM‘ACM Ho
L 1 CyTh kyAC, g,
M 0 .

ky-AC, gy ,UO'CZ -1,

Li piBHSIHHS BKa3ylOTh Ha T€, IO MOEIIOBAHHS IO MOMIOHOCTI 3 MaKCHMaJIbHUM, 3 TTOBHHM
OXOIUICHHSIM ICHYIOUHX XapaKTePUCTHK O0’€KTa 1 MOJENi, He Ma€ HiSKUX IMPHHIMIIOBUX OOMEKCHD:
3aJa4a 3BOJIUTHCS JI0 MOI0JIAHHS TEXHIYHUX TPYAHOIIIB TOOY/I0BH MaTepiaibHOT MOJIEN, Ha SKiid MO-
*uBo peattizyBaTi XTI 3 BIaCTHBOCTSMHU PEYOBHH, MIBUAKICTIO Ta TEIUIOBUM €()EKTOM peakilii Ta B
YMOBaX, 1110 3a0€31e4y0Th BUKOHAHHS HEpiBHOCTI L, <<< L, .

B po06oTi Takok, BUXOISUHM i3 MOJOKEHHS TPO Te, M0 TEMIIepaTypa peakmiiHoi CyMilli BH-
3HAYA€THCA CIIBBIJHOIIEHHSIM TEIUIOTH XiMIYHOI peakuii 1 TeI1000MiHy 3 HAaBKOJMIIHIM CEpelOBH-
IeM, ITOKa3aHo, 10 Yepe3 He3aJeKHICTh OCHOBHHX XapaKTePHCTHK MPOLECIB, M0 MPOTIKAIOTh B MO-
neri 1 00°€KTi, Bif i€l TEMIIEPaTypH, 3rajlaHe CIiBBIAHOMIEHHS TEIUIOTH CIIiJT PO3TIISAIATH K KpUTEPii
noiOHOCTI POLECiB 3 XIMIYHUMH peakisiMU i Pi3UKO-XIMIYHUMH NEPETBOPEHHSMH, 110 MPOTIKAIOTh
B 00’€KTI 1 B MOJIENI.

M 0
Uy p. Ux.p. . . .
OTpI/IMaHO BHUpa3: M . RM = P . RO , 110 BCTAHOBJIIO€ CITIBBIJHOUMICHHA MK pO3MiIpaMH
%m.o. %ino.

00’eKTa 1 MOZIENi B 3aJIeKHOCTI BiJl BEIMYMH MUTOMOI TEIUIOTH XiMi4HOI peakuii i TerooOMiHy 3 Ha-
BKOJIMIIIHIM CEPEIOBHUIIIEM.

3po0JIeHO BHICHOBOK: TIPOIIECH 3 «XIMIYHHMH» TEIIOBUMH e(eKTaMH, IO IPOTIKalOTh B
00’€KTI 1 B MOJIeJTi, MOXKYTh MOJICJTIOBATUCH 1, Ha Iil OCHOBI, JOCIIIXKYBAaTHUCS METOJIaMH TeOpil mo/Ii-
OHOCTI.
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