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SCALE-UP UNDER CALCULATING A WORKING ZONE
OF CHEMICAL APPARATUSES WITH ACCOUNTING
TO THE DISTRIBUTION OF PHASES

Abstract. In this work, the new approach to modelling the scale factor under the calculation of an efficiency of
mass transfer in the reactors has been submitted. The approach is based on the dividing the apparatus work volume
into zones with different ratios between interacting phases streams. The expressions obtainedcan be applied to the
design of chemicalreactors with allowance for the scaling phenomena.

Keywords: scale-up, chemical apparatus, packing, degree of conversion, mass transfer.

Introduction. Numerous experimental studies and experience of industrial exploitation show that
when calculating devices of large unit capacity from experimental data obtained from small-scale expe-
rimental installations, it is primarily to ensure the calculated efficiency of their operation. It is established
that this efficiency tends to decrease with an increase in the sizes of the apparatus [1, 2]. This phenomenon
has been called the scale effect and has recently become the subject of research by many scientists [1-3].

The presence of stagnant zones, recirculation sites and areas with a complex hydrodynamical struc-
ture in the apparatus volume creates major problems in the development of mathematical models. Ho-
wever, even a workable model is not always correctly used in the design of an industrial device due to the
noted problem of a scale transition, since the structure of the streams can change with a change in the
overall sizes of the apparatus and its power [4, 5].

This paper deals with an approach to this problem, based on some ideas proposed in [2], which
makes it possible to give a fairly simple technique for estimating the influence of the scale factor on the
mass transfer efficiency, suitable for use in engineering calculation methods.

The approach is based on the idea that the entire volume of the apparatus has divided into zones with
different ratios of interacting flows. It is assumed that the structure of the streams in the isolated small
volume cell of the reactor corresponds to the structure of flows in the laboratory apparatus with the same
flux ratio and uniform phase distribution [2].

Mathematical model. In order to take into account the uneven distribution of flows, it is assumed
that each volume element can be associated with the local value of the bulk mass transfer coefficient
obtained on laboratory installations of small size with a known flow structure [6, 7].

The equations for the interaction of phases in elementary volumes are as follows:

oY oX

= (z,7) = (1)
oY dy
-~ =K A

= ,(z2,7) R )
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where X,Y are the dimensionless concentrations of the reacting reagents; K, — volumetric mass trans-
fer coefficient; z — longitudinal coordinate; » — radial coordinate; y — degree of conversion; V' — volu-

me of the reactor; L is the ratio of the fluxes of the interacting phases.
In the linear approximation, we can put:

N kx-v, 3)
dVv ‘

where k, is the rate constant.
Then system (1), (2) can be reduced to the following

2
0 }2/ —D(Z,r)a—Y =0,
R 82 62 (4)
0 )2( —| D(z,r)- oinL) o _ 0.
0z 0z 0z
The effective diffusion coefficient reads [4]:
D(z,r)=M+KV(K—1), (5)
0z
where A is the mass transfer factor [2]:
h==k,L (6)

Since the average value A does not depend on the distribution of fluxes and the one is constant along
the length of the reactor, the average value of the mass transfer coefficients can be calculated from the
formula:

]?V ZLIJKV(L)df 7
I

After some rearrangements, we obtain the equation of the process line of the mass transfer in the
apparatus

1 A-1 7= k, A-1 7 —
Y= YOﬂl:(l_iZ)eXp[J—Yf-([KVdsJ_i@_l)}_XO P 1|:1—6Xp[ 7, f.!KVdsJ] (8)

The formula for calculating the degree of conversion of substances in the reactor when there are n
successive sections in the apparatus with different phase flow structures can be derived as follows:

y I
exp| —— K,.ds |-1
p( J fzj' V(l) j 1 kstXO

Y i=l ¢

L P it J @
kexp(JijK,,(i)dsj—l

Y i=l

An analysis of the mathematical model for the distribution of the dispersed liquid phase in the reactor
shows [4, 5] that there is a certain characteristic radius R at which the average intensity of the liquid flow

is stabilized, and this radius is set at a certain distance H  from the reactor inlet cross-section.
The following estimates are obtained for the indicated radius and average intensity:

R, = @m(ﬂj , (10)
2 na
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- [ hR?
= J |22 expl i | 1
77N H, p( 2a2HJ (n

Thus, in carrying out the estimated calculations, the entire volume of the apparatus can be
conditionally divided into two zones: a zone of stabilization in height H ¢, within which the region of in-

tensive mass transfer occupies only a certain part of the volume of the working zone of the apparatus, and
a zone of steady-state mass transfer in which the local mass-transfer coefficients reach, on average,
optimal values in the entire volume of the reactor.

In this case, in the first zone the so-called mass transfer loss coefficienty, equal to the ratio of the
mass-transfer coefficient in this zone to the optimal one according to experimental data [1, 2], can be
introduced.

For the minimum local intensity of the flow of the disperse liquid phase, we obtain the estimate
based on the stochastic walk model:

| = 12
Linin N 4, (12)
P 4a

Here, the initial distribution of the disperse phase has characterized by some conventional step
between point sources of irrigation d o and a characteristic longitudinal size @ of the reactor's elementary
volume (for example, the size of the packing element) has been introduced.

The graph of the dependence on the ratiod,, / a of the minimum local flux density to the total initial
irrigation density i, /7 is shown in figure 1.

min

dy
8 a
g
o]\
c L\
4

1 ‘\

1

0,25 0,50 0,75 1,00 1,25 1,50 1,75 2,00

Figure 1 — Graph of solutions of equation (12)

Methods of calculation and discussion of the results. Based on the above models, the calculated
ratios for the degree of conversion of substances in the reactor, taking into account the presence of zones
in the reactor with a different distribution of phase flows in the zones have been obtained:
for A #1:

— 120 ——
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exp(kG_lFl?[H—(l—y)]HSJ—l
Kexp(lé?lﬁgﬂf—(l—yﬂng—l.

x= (13)

For A=1:

SRl
’= (14)

LRI (-, +1.

In ratios (13), (14), F isthe total cross-section of the apparatus, G is the intensity of the flux of the
continuous phase (gas).

If the idea of the height of the unit of mass transfer will be used to estimate the efficiency of the
apparatus with accounting to the uneven distribution of flows in the volume [8, 9], then the calculation of
the corresponding characteristic can be performed using the formulas

h=h"+Ah, (15)
Ahzm , (16)
N
A-1 \1-Ay

where A" is the height of the unit of transfer for a uniform distribution of fluxes (according to expe-
rimental studies on a laboratory bench).
Then it is possible to introduce the integral factor of the scale effect in the form:

A=l &
o =Q—F2Kg(i)Hl. (18)
g =

Factor (18) links the following physicochemical characteristics: (1), mass-transfer indicators of

intensity (X, ), as well as scale indicators of the process, namely: geometric characteristics (£ and H)

and load value (Q,).
Then the expression for calculating the total degree of absorption in the countercurrent of the
contacting phases acquires a compact form:

exp(®)-1 _,BC,(O) exp(d)-1

= 19
T exp(@)-1 C" Jexp(®)-1 (1)
And for concurrent flows the conversion degree reads:
exp(®)-1 C'” exp(®)-1
ey = P( ) BC, p( ) (20)

_ﬂexp((l))—l C(:,O) Aexp(®)-1

Figures 2 and 3 show some results of numerical experiments.

In accordance with the method described above and with the numerical experiment, the height of the
calculated section in the packed column is related to the main geometric parameters of the packed column,
namely: with the diameter of the column and the characteristic dimensions of the packing bodies, and also
with the conventional number of irrigation points by the ratio [4]:

D2
a’y (k)
— 121 ——
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where
4.64 +1.76 k
k)= (22)
4 ( ) (k N 1)2

.g A
oF § 5
g ° :

@ 3
iﬁg b=
‘g S 2
E % i /?‘_!'w I
5 - |
é s | - k
2 >
g 2 4 6 8 1o 2 14 16 I8
5 Conditioned number of irrigation points per cross-section unit
=

Figure 2 — The degree of extraction at three conditional parts of the column
with changing along the height an average mass transfer coefficient. Countercurrent case.
Countercurrent case. Irrigation densities, m/s: 1 —0.5-107; 2 — 1.25:107; 3 -2.0-107; 4 -2.75-107; 5 - 3.5-10"

ml'ﬂ

g A

&

o

g 3

&% a 5
S o — S
71 el

g 8 /7 2

B o 1

w onamrer=]

2

= >
g 2 4 6 8 10 12 14 16 18
§ Conditioned mumber of irrigation points per cross-section unit

Figure 3 — The degree of extraction at three conditional parts of the column
with changing along the height an average mass transfer coefficient.
Concurrent case, m/s: 1 —0.5-107% 2~ 1.25-10%; 3-2.0-10% 4 -2.75-10% 5 - 3.5:10°

From here, the inverse problem was solved, from which an expression for calculating the conditional
number of irrigation points necessary for achieving uniform irrigation at a given height has been obtained:

2
k:(0.88_1)+ (0'88—1j 464 @3)
r r r
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where I is the dimensionless complex geometric parameter of the packed column:
2
e H.a
hD?

Further, according to the described method and dividing the height of the column into three
conventional sections described, the change in the total conversion rate was calculated as a function of the
integral factor (18). At the same time, the dependence of the degree of extraction on the regime parameter,
namely, on the volume density of irrigation per unit cross-section of the apparatus (figures 2 and 3) was
studied.

Figure 4 compares the results of the application of the developed scaling methodology to the

calculation of the efficiency of the capture of ammonia and carbon dioxide (i.e., the important impurity
biogas components) and experimental data obtained earlier in columns with chordal packing [4].

(24)

L

V=

Height of the transfer unit, m

A A A
2
\“—-_-__
——— — ind —
D —— =
1 2 3 8 15

Specific conditioned number of irrigation point under gas velocity 1.25 m/s

Figure 4 — Comparison of calculations for the model and generalized experimental data
for the processes of ammonia capture by water and carbon dioxide capture by NaOH-H,O system [4].
The average density of irrigation: A — 0.25 m*h; — 0.75m*/h; —1.25 m*/h. Solid lines — calculated values

The known experimental results [4] show that the effect of the uneven distribution of the liquid phase
on the efficiency of the absorption process is very strong. This is especially true for higher irrigation
densities and in the case of concurrent liquid and gas phases.

At the same time, at lower irrigation densities, an increase in the conditional number of irrigation
points leads to decrease in irrigation densities in many areas of the column packed section. This pheno-
menon and the increase in the degree of uniformity of irrigation are two competing factors.

A numerical experiment shows that improving the uniformity of irrigation leads to an increase in the
degree of conversion. This effect will be most pronounced in the case of highly soluble gases [9, 10]. In
this case the contact surface of the phases plays a decisive role, and the influence of the integral factor of
the scale effect manifests itself more sharply [2, 11, 12].

Conclusion. The main aspects of the problem of large-scale transition in the design of flowing
chemical apparatus have been scientifically substantiated. It is shown that the nature of the scale effect in
this case is of a complex nature, having both regime technological aspects and hydrodynamic causes.

The developed approach makes it possible to use the results of laboratory studies on small-sized
installations and the relationships obtained by mathematical modeling of the distribution of phases in the
volume of the apparatus and on their basis to calculate the industrial apparatus.

— 123 —/——



Uszeecmus Hayuonanvuot akademuu nayk Pecnyonuxu Kaszaxcman

REFERENCES

[1] Levenspiel. Chemical Reaction Engineering. John Wiley and Sons, 1999. 684 p. ISBN 0-471-25424-X

[2] Sakhmetova G.E., Brener A.M., Balabekov O.S. Mathematical modelling of scale-up effect in wetted columns //
Reports of National Academy of Science of the Kazkhstan Republic. Almaty. N 1. P. 62-67 (In Russian).

[3] Reinhold G., Merrath S., Lennemenn F., Marcl H. Modelling the hydrodynamics and the liquid — mixing behavior of a
biogas tower reactor // Chem. Engin. Sci. 1996. Vol. 51, N 17. P. 4065-4073.

[4] Brener A.M. Adaptation of random walk methods to the modelling of liquid distribution in packed columns // Advances
in Fluid Mechanics, IV. Southampton, Boston: WIT Press, 2002. P. 291-300. DOI 10.2495/AFM020261

[5] Ghimire A., Frunzo L., Salzano E., Panico A., Esposito G., Lens P.N.L., Piozzi F. Biomass enrichment and scale-up Impli-
cations for dark fermentation hydrogen production with mixed cultures // Chemical Engineering Transactions. 2015. 43. P. 391-396.

[6] Kreutzer M.T., Bakker J.J., Kapteijn F., Moulijn J.A., Verheijen P.J. Scaling-up multiphase monolith reactors: Linking
residence time distribution and feed mal distribution // Industrial & Engineering Chemistry Research. 2005. 44(14). 4898-4913.

[7] Tufvesson P., Fu W., Jensen J.S., Woodley J.M., Process considerations for the scale-up and implementation of biocata-
lysis // Food and Bioproducts Processing. 2010. 88(1). P. 3-11.

[8] Brener A.M., Bolgov N.P., Sokolov N.M., Tarat E.Ya. Application of methods of grid statistics in describing liquid
distribution on stacked shelf packing // Theor. Found. of Chem. Eng. 1981. 15(1). P. 62-67.

[9] Nauman E.B. Chemical Reactor Design, Optimization, and Scale-up. John Wiley & Sons, New York, USA, 2008.

[10] Sherwood T.K., Pigford R.L., Wilke C.R. Mass Transfer. McGraw-Hill Book Company. 1976. 677 p.

[11] Zondervan E., Shan M., De Haan A. Optimal design of a reactive distillation column // Chemical Engineering Trans-
actions. 2011. 24. P. 295-301.

[12] Katsoulakis M.A., Vlachos D.G. Mesoscopic modeling of surface processes, Dispersive Transport Equations and Mul-
tiscale Models // Springer. New York, 2004. P. 179-198.

9. C. Myparos, I'. E. CaxmeroBa, JI. T. Tomimos, A. M. Bpenep
M. Oye3oB ateiHnarsl OKMY, Isivkent, Kazakcran

®A3AHBIH KOJIEMAI BOJITHYIH ECKEPE OTBIPBIII AFBIHIbI XUMUAJIBIK
KYPBUIFBIJIAPJBIH )K¥MbBIC AUMATBIH ECEINITEY KE3IHIAET'T AYKBIMbI AYBICY

AHHoTanus. Makanana peakTopiapia Macca TachIMalIayIblH THIMAUIITIH ecenTeyAe ayKbIMIBI oCepAi MO-
JIENIbJICYTe JKaHa JJIIC CUIATTalFaH. byJl ollic KYPBhUIFBIHBIH OapIIbIK KYMBIC KOJIEMIH ©3apa opeKeTTeceTiH (hazanap
aFBIHIAPBIHBIH Op TYpPJi KaThlHACTaphl Oap aiiMakrapra OejyiHe Heri3jieireH. AJIbIHFAH OPHEKTEPIi XHUMHSIIBIK
KYPBUIFBLTAP/IbI €CENTEY MPAKTUKACHIHIA KOJIIAaHyFa O0IaIbl.

Tyiiin ce3aep: ayKbIMIbI dCep, XUMUSIIBIK KYPBUIFbI, CAlITaMa, IIbIFapy JIOPEXKECi, Macca TachiMaliay.

A. C. Myparos, I'. E. CaxmeToBa, JI. T. Tamumos, A. M. Bpenep
IOKT'Y M. M. Ayesosa, llIsiMkenT, Kazaxcran

MACHITABHBINA NEPEXO/I ITIPA PACUETE PABOYEN 30HbI TPOTOYHBIX
XUMHUYECKHUX AIIITAPATOB C YYETOM OBFBEMHOI'O PACIIPE/IEJIEHUS ®A3

AnnHoTtanus. B paboTe omrcaH HOBBIH MOIX0A K MOJEIHPOBAaHUIO MacIITaOHOTO 3 dekra mpu pacuere d3pdek-
THUBHOCTH MAacCOOIEpeHOca B peakTopax. ITOT MOAXO0J OCHOBAaH Ha JIEJICHHH Bcero pabodero odbeMa ammapara Ha
30HBI C Pa3INYHBIMI COOTHOLICHHAMH IOTOKOB B3auMoneicTByromux ¢a3s. [losydeHHbIe BEIpaXKEHHUS MOTYT HAHTH
NpUMEHEHHE B IIPAKTHKE pacyeTa XUMUYECKUX allllapaToB.

KnroueBble cioBa: mMacmtaOHbIA 3¢ (GeKT, XMMUYECKHH alapaT, Hacaaka, CTENeHb W3BICUCHUS, Maccolle-
peHoc.
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