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Fine chemicals and pharmaceuticals are still
dominantly produced in batch operated stirred-tank
reactors. However, global market competition, inc-
rease in energy and other production costs, dem-
ands for high quality products and reduction of
waste are forcing pharmaceutical, fine chemicals
and biochemical industries, to search for radical
solutions [1-3]. One of the most effective ways to
improve the overall production is transition from
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CFD ANALYSIS AND FLOW MODEL
REDUCTION FOR SURFACTANT
PRODUCTION IN HELIX REACTOR

Article Highlights

e Helix reactor is suitable for slow reactions in surfactants production due to good flow
pattern

e Secondary flow (Dean vortices) in Helix occurs in the laminar regime with Re even
less than 100

o The axial dispersion model represents surfactant laminar flow in Helix better than the
pure convective one

o Number of Helix coils strongly affects the development of (secondary) flow pattern

e Peclet number is considered variable to account for viscosity change and number of
coils effect

Abstract

Flow pattern analysis in a spiral Helix reactor is conducted, for the application
in commercial surfactant production. Step change response curves (SCR)
were obtained from numerical tracer experiments by three-dimensional com-
putational fluid dynamics (CFD) simulations. Non-reactive flow is simulated,
though viscosily is treated as variable in the direction of flow, as it increases
during the reaction. The design and operating parameters (reactor diameter,
number of coils and inlet velocity) are varied in CFD simulations, in order to
examine the effects on the flow pattern. Given that 3D simulations are not
practical for fast computations needed for optimization, scale-up and control,
CFD flow model is reduced to one-dimensional axial dispersion (AD) mode/
with spatially variable dispersion coefficient. The dimensionless dispersion
coefficient (Pe) is estimated under different conditions and results are anal-
yzed. Finally, a correlation relating the Pe number with the Reynolds number
and number of coils from the reactor entrance is proposed for the particular
reactor application and conditions.

Keywords: CFD simulation, flow pattern analysis, axial dispersion
model, process intensification, batch to continuous.

batch to continuous processes. Intensified conti-
nuous reactors, e.g., micro/milli-reactors, oscillat-
ory flow, static mixer etc., radically improve mixing
properties and thus allow a reaction to approach its
intrinsic kinetic limits. This directly relates to imp-
roved productivity and selectivity and reduction in
energy consumption and waste generation [3-5].
The case of interest is production of commer-
cial surfactants, for which continuous operation is
considered and investigated. The reaction is relati-
vely slow, thus classical continuous tubular reac-
tors would be impractically long for flow regimes,
which provide sufficient heat transfer and narrow
residence time distribution. Furthermore, the com-
mercial manufacturing of the particular surfactant
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requires large capacities, thus microreactors are
not suitable due to their size and numbering-up
issues. Therefore, the selected reactor is TNO
Helix, which is designed as a helicoidal tube (Fig-
ure 1). This type of reactor enables very good
radial mixing of fluid, due to the presence of so-
called secondary flow - Dean vortices in a spiral
tube, as illustrated in Figure 1 [6,7]. In the Helix,
plug flow is approached with low Re numbers
which correspond to laminar regime in a straight
tube. The Dean vortices enhance mixing enabling
high mass and heat transfer rates [6,7]. Further,
the Helix’'s compact design and the use of moder-
ate diameters (cm scale) could provide sufficient
capacities, making it potentially suitable for indus-
trial-scale production.
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Figure 1. TNO Helix reactor. Typical construction and an
illustration of the secondary flow (Dean vortices) inside the
helicoidal tube (adapted from ref. [7] with permission).

However, in the case of particular surfactant
production, relatively low Re numbers are to be
applied (lower then 100), since necessary resi-
dence times are quite long, and viscosity is rather
high. Furthermore, viscosity increases during the
reaction, thus Re number is decreasing. Moreover,
for moderately low number of Helix coils, which
could be expected for this application, the desired
flow pattern may not be fully developed. For the
reasons listed, the flow pattern in Helix is complex
and may deviate from plug flow, which is inves-
tigated in this work via detailed numerical comput-
ational fluid dynamics (CFD) simulations. Given
that 3D simulations are not practical for fast com-
putations needed for optimization, scale-up and
control, the goal of this work is to reduce CFD flow
model to one-dimensional axial dispersion (AD)
model with spatially variable dispersion coefficient.

NUMERICAL EXPERIMENTS - CFD SIMULATIONS
OF HELIX REACTOR

The objective is to investigate the flow of
moderately viscous fluid in spiral Helix and to exa-
mine the influence of fluid velocity, tube diameter
and number of coils on the radial and axial mixing.
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For this purpose, three-dimensional CFD simul-
ations of surfactant flow in Helix have been perfor-
med. It is anticipated that radial mixing is excellent,
due to the presence of secondary flow and Dean
vortices [6,7]. Therefore, the focus is on axial mix-
ing and CFD simulation results are used to extract
step change response curves (SCR). These num-
erically obtained SCR curves are the base for the
CFD model reduction to one-dimensional AD
model and derivation of Peclet (Pe) numbers - dim-
ensionless axial dispersion coefficients. Further,
the influences of flow conditions (velocity) and
reactor geometry (diameter and number of coils)
are analyzed. Finally, an empirical correlation that
relates Pe numbers with Re and number of coils is
offered, which could be used for one-dimensional
modeling of surfactant production in Helix reactor.

Kinetic viscosity of the reaction mixture for the
surfactant production increases as the reaction
propagates, starting from around 0.008 Pa s and
ending at 0.03-0.042 Pa s. Obviously, liquid vis-
cosity decreases with the increase of temperature.
The change of viscosity along the reactor due to
reaction propagation is taken into account in the
CFD model, through an empirical correlation. The
dependence of viscosity on reactant conversion
and temperature is investigated experimentally.
The apparent viscosity of the reaction mixture was
measured using Brookfiled LVT viscometer in a
stirred tank operating at 30 or 60 rpm. Viscosity
was measured at different reaction conversions,
from 0 to 100%, and different temperatures, from
22 to 70 °C. The Arrhenius type empirical correl-
ation was set:

E
Z,T)=u,exp| aZ +— 1
M(Z,T) =ty p( RTJ (1)
where Zis reactant conversion, / is gas constant
and 7 is temperature. Experimental results have
been used for the estimation of parameters in
gPROMS and resulting values are:

Mo =1mPas, a=151 E =5229 J/mol

Correlation is validated by the comparison of
calculated and measured viscosities under given
experimental conditions. The agreement is fairly
good, with the average relative error of 9.8% and
standard deviation ranging from 0.001 to 0.007.
Estimation results passed optimization tests - fit
test with weighted residual and correlation matrix.
The results show that predicted viscosity is slightly
overestimated, especially for higher temperatures.
Nevertheless, it can be used with acceptable confi-
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dence for the simulation of the particular flow in the
Helix.

The reaction kinetics is not included in the
CFD model. Nevertheless it is assumed that vis-
cosity is changing along the reactor as in Eq. (1)
and that it reaches the value that corresponds to
100% conversion at the end of the reactor (no
matter how long it is). This assumption implies that
the reactant conversion is changing linearly along
the reactor length and thus at the end of the reac-
tor, full conversion is achieved (Z equals to the
dimensionless position along the reactor, ¢&). This is
a rather rough approximation for the reaction pro-
pagation, but for viscosity it gives an acceptably
good physical picture. Further, CFD flow analyses
are carried out at isothermal conditions and phys-
ical properties at 50 °C are used (density is 989.3
kg/m3). Figure 2 shows the 3D Helix geometry
model and how viscosity changes along the reac-
tors with 3 and 12 coils (windings).

The CFD model is computed using CelSian’s
software package X-stream, with a solver based on
finite volume element method, solving Navier-Stokes
equations in laminar regime (details in references
[8,9]). The grids in the X-stream are 3D multi-block
structured, body-fitted, and the code is fully paral-
lelized [8]. The 3D geometry and mesh is cons-
tructed in Gambit, with a dense mesh consisting of
230,000 cells per winding (coil). TNO Helix stan-
dard geometry ratios, between tube diameter, coil
diameter and coil pitch have been used [6]. The
current model, geometry and mesh are formulated
on the basis of previously developed Helix models
[9,10]. Overall, 11 numerical experiments are per-
formed. In order to study the influence of the para-
meters on the flow pattern, different inlet velocities,
tube diameters and number of coils are used,
according to Table 1. Table 1 also presents inlet

(a)

and outlet Re numbers corresponding to the
chosen velocity, diameter and viscosity (calculated
using Eq. (1)). The conditions have been selected
to cover ranges of Re numbers and reactor lengths
that provide sufficient residence time needed for
the surfactant production. Furthermore, in the
tubes of different diameters, flow similarity is kept
(same Re number profiles), which would be a
reasonable scale-up strategy.

Table 1. Conditions for CFD 3D simulations of the flow pattern
in Helix reactor

Diameter No. of

Inlet velocit
Exp.No. nietve OCI_1y Inlet Re Outlet Re

mm coils Wy /mms
1 16 3 5 135 3.0
2 16 3 7.5 20.2 4.4
3 16 3 10 27.0 5.9
4 16 3 15 40.5 8.9
5 16 3 30 81.0 17.7
6 5 3 314 27.0 5.9
7 50 3 31 27.0 5.9
8 16 6 10 27.0 5.9
9 16 9 5 13.5 3.0
10 16 12 10 27.0 5.9
11 50 6 3.1 27.0 5.9

As mentioned above, the goal is to obtain
step change response curves out of the CFD sim-
ulations. Thus, numerical dynamic tracer experi-
ments are performed with a step change in con-
centration of the “tracer” (from 0 to 1) at the inlet.
Obviously, the “tracer” has identical physical pro-
perties as the “basic” fluid, for which stationary flow
simulation was done before the introduction of the
tracer (initial conditions). After the step change,
concentration of the tracer is registered in time at
the reactor exit, for each experiment. Figure 3 pre-
sents selected cross-section profiles of tracer con-
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Figure 2. Viscosity profile for the surfactant production in Helix with: a) 3 coils, b) 12 coils.
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centrations at the exit, at the theoretical mean
residence times of the tracer (= L/ugy).
Concentration fields in Figure 3, as assumed,
confirm existence of the secondary flow, visible in
the graph, even with low Re numbers and laminar
flow conditions. Comparison of Figure 3a and b
show that higher inlet velocities (higher Re) create
the secondary flow (Dean vortices) more inten-
sively, as it may be expected. Figure 3c demons-
trates that a high number of coils (12) provides
much more homogeneous concentration field than
the Helix with 3 coils (Figure 3b). Thus total num-
ber of coils in Helix appears to be an important
factor. Concentration fields in Figure 3d and e are
almost identical, which proves that a coil diameter
does not influence the mixing, if the same Re pro-
files are applied at different scales. Comparison of
subplots 3f and 3e confirms that a higher number of
coils (6 against 3, for the same flow conditions and
diameters) provides more effective radial mixing.
As the objective of the work is to offer a one-
dimensional flow model, further analysis concen-
trates on axial dispersion, which would lump the
non-ideality of the flow. Therefore, SCR curves (F
curves), as the responses on step change at input,
are obtained at the exit, for each experiment. F
curves are also gathered at more axial positions
through the reactor (every half of a coil, after a first
coil) in order to get more information. F curves are
obtained by spatial cross-section averaging of the
tracer fraction at a certain point. Figure 4a and b
present F curves obtained from CFD simulations
for all 11 experiments, at the outlet of the reactors.
The S-shape curves presented in Figure 4 confirm

that there is considerable axial mixing, and that
axially dispersed plug flow model could be suitable
for the flow model reduction.

CFD MODEL REDUCTION TO AD MODEL WITH
VARIABLE DISPERSION COEFFICIENT

Numerically obtained (CFD) F curves have
been used for estimation of the axial dispersion
coefficient (D) and corresponding dimensionless
mixing number - Peclet (Pe) number - for the axial
dispersion plug flow model. The higher the Pe
number, the less axial mixing is present and the
flow approaches the ideal plug flow pattern. Further
on, the influences of flow conditions and reactor
design characteristics on estimated Pe numbers
are analyzed. As demonstrated earlier, spiral design
of tubes facilitate plug flow pattern behavior. How-
ever, for relatively small number of coils and low
velocities characteristic for this study, it is anti-
cipated that axial dispersion decreases along the
tube as the fluid passes through the coils. Further,
the viscosity increases along the reactor, thus the
Pe number is considered to be axially variable.

The dynamic material balance for a tracer is
set and Pe numbers are estimated at different posi-
tions, for different experimental conditions. For any
given experiment j characterized by a superficial
fluid velocity (u,,), given measurement point k
characterized by a certain length from the reactor
inlet (L), the tracer material balance is:
mz_Lm.‘_ﬂaXﬁk (2)

fraction of tracer

0.75
205

:0.25

fraction of fracer

0.75

£0.25

0.5
I

0

Figure 3. Tracer concentration profiles at the Helix exit at the theoretical mean residence times; experiments: a) 2, b) 5, c) 10,d) 6, e) 7
and f) 11 (conditions given in Table 1).
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Figure 4. Step change response curves (F) for Helix reactor obtained from CFD 3D simulations, under different conditions presented in
Table 1. a) experiments 1-6,8, b) experiments 7,9-11.

Uav,'Lk
Pe;, ZD—J (3)
ik

For the axial dispersion model, Danckwerts’
boundary conditions are applied. For step change
at reactor inlet, the condition is:

an,k,in (4)

D,
X =1+ —2—
Uav,ij ag

jkin =

For the reactor exit, the boundary condition is:

oX,
j,k,out — 0 (5)
o&

The axial dispersion coefficient (Eq. (2)) and
subsequent Pe number (Eq. (3)) are estimated
after the inlet zone, where the flow pattern is still
not developed to be represented by plug flow with
axial dispersion. This inlet zone spreads to the end
of the first coil. Parameter estimations are done in

39



N.M. NIKACEVIC et a/: CFD ANALYSIS AND FLOW MODEL REDUCTION...

Chem. Ind. Chem. Eng. Q. 21 (1) 35-44 (2015)

gPROMS software, using specific toolbox for para-
meter estimation (dynamic optimization program).
Overall, 78 Pe numbers were estimated from 11
experiments, under the conditions given in Table 1.
All estimations passed necessary optimization
tests (fit test with weighted residual, #value confi-
dence test, variance-covariance matrix) and the stan-
dard deviations were in the range from 0.62 to 0.9.
The estimated Pe numbers are presented in
Figure 5a-d. In Figure 5a, Pe numbers are plotted
against Re numbers for the first five experiments,
with the same diameter (16 mm) and total length of
3 coils. The lines connect Pe numbers at different
positions along the reactor - after 1 coil, after 1.5
and so on. It is noticeable that the Pe number
slightly increases with the increase of the Re num-
ber. To reiterate, Re numbers are decreasing along
the reactor due to the increase of viscosity. Figure
5a also shows that the distance from the inlet has

a)
19.00
+N=1
= N=15
17.00 A
N=2
N=25
15.00 1
- N=3
© 13.00
o
/A -
11.00 4 .
. = Ll —
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14

Pe

Pe

more effects on Pe number than Re number. This
is more evident in Figure 5b where the Pe numbers
for three experiments with the same inlet velocity
(10 mm/s), and diameter, but different total number
of coils, are presented. It is visible from Figure 5b
that the Pe number increases down the reactor,
even though the Re number is decreasing. It
should be noted that the reactor inlet corresponds
to higher Re numbers (right hand side of the plot).
The influence of the axial position from the
inlet and number of coils on the Pe number is also
displayed in Figure 5c. In this figure, the line con-
nects experiments with the same velocity at the
same reactor diameter (16 mm). Figure 5¢c demon-
strate a sharp rise of the Pe number with the inc-
rease in the number of coils - positions from the
inlet. Almost all experiments follow the same trend.
Only the results for experiment 9 deviate signific-
antly and Pe numbers were unexpectedly high.

27.00 1 3.u=001m/s,N=3
#-8.u=001m/s,N=6
22.00 ~-10.u=0.01 m/s, N = 12
17.00 \r—\
/—/‘.\—;
12.00 \/ \'\‘
7.00 v : T v . v
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-6-11.u=0.0031, d =50 mm, N= 6 o
15.00
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11.00
9.00 o
7.00 . . . . . .
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Figure 5. Estimated Pe numbers vs. Re numbers (a and b) and vs. position along the Helix (c and d). a) Lines connect different positions
in the three-coil reactors. b) Lines connect positions in different reactors - inlet is on the right hand side (same diameter, different number
of coils). ¢) Lines connect positions along the reactor (same diameter, different inlet velocities). d) Lines connect positions along the
reactors of different diameter and number of coils.
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Since these Pe numbers fall far out of the region of
the other experimental values they were not consi-
dered for deriving the Pe number empirical correl-
ation.

The influence of reactor diameter can be anal-
yzed with plots in Figure 5d, which displays Pe
numbers vs. position along the reactors of different
diameters (5, 16 and 50 mm) and two total num-
bers of coils (3 and 6). The inlet velocities in differ-
ent-sized reactors are set to give the same Re pro-
file in reactors (flow similarity). It can be seen that
the diameter has modest influence, if the same Re
number profile is applied at different scales. This
figure also demonstrates that the influence of the
position from the inlet diameter is the most signific-
ant factor. Therefore, a reactor diameter will not be
included in the Pe number correlation directly, as it
has a minor influence. Obviously, it is included in
the Re number, thus appearing indirectly.

The presented analysis results in a dimen-
sionless “empirical” correlation for Pe number,
which is variable along the reactor position (&). It
relates the Pe number with the axially variable Re
number and the number of coils from the inlet. A
non-linear regression was performed in MATLAB
and the resulting correlation is:

Pe($) = 6.42Re(&)™ N(&)™* (6)

The number of coils, A, is related with the
position, for a standard design of Helix reactor, as:

&L
N(E)=—= 7
(9] T22d (7)
where dis reactor diameter and L is overall reactor
length. Reynolds number is calculated as usual:
u,.d
Re(¢&) =~ (8)
u(&)
where p is the average density, and viscosity
depends on axial position (conversion) as defined
in Eq. (1). The correlation holds for the following
range of variables 3 <Re < 80, 1 < V<12 and 5 <
< d < 50 mm. In an overall reactor model, the Pe
number for a first coil needs to be calculated as well.
Therefore, for the first coil, Eq. (6) is reduced to:

Pe(¢£) = 6.42Re(&)™Y 9)

The correlation has an A value of 0.97, aver-
age relative error of around 7% and standard devi-
ation of 4.2, and it is also validated by simulations.
The flow through Helix was simulated using AD
model defined in Egs. (2)-(5) with variable Pe num-
ber, calculated by Egs. (6) and (9) under particular

experimental conditions. The resulting F curves
were then compared with experimental CFD curves.
Moreover, additional F curves were calculated
using a pure convective laminar flow model (CON)
in order to compare models and to justify the
choice of the axial dispersion model. The pure con-
vective model would be suitable for the particular
surfactant flow in a straight tube, as the viscosity is
considerably high, molecular diffusion coefficient is
rather low and Re numbers are in laminar regime
[11]. However, the presence of the secondary flow
in the Helix ensures good radial mixing and thus
the following analysis demonstrates that convect-
ive flow model is less accurate than AD model. The
simple equations for F curve calculation according
to CON model can be found in ref. [11].

Selected results for RTD curves are pre-
sented in Figure 6a-c. Figure 6a shows the com-
parison of F curves for three experiments perfor-
med in the same sized reactor (d= 16 mm, N = 3).
So-called experimental curves (numerical CFD 3D)
are plotted with dashed lines and labeled as 3D.
The agreement between experimental curves and
simulated curves using Pe correlation and AD
model (solid lines, labeled as AD) is good for all
experiments. Convective laminar flow model was
presented for experiment 1 (dashed-point line,
labeled CON). It can be seen that the AD model
predicts the flow pattern better, especially after the
initial period. At the beginning of RTD curve, the
AD model predicts more axial mixing then it was
obtained through rigorous CFD simulation. In this
region, the convective flow model fits better, how-
ever, after that it considerably deviates from the
CFD curve.

Similar trends are demonstrated in Figure 6b,
where the results for three experiments are pre-
sented. Again, a 16 mm dimeter reactor is simul-
ated, with the same inlet velocity, but different
lengths (number of coils: 3, 6 and 12). Figure 10
demonstrates that agreement between AD model
simulations and rigorous 3D model simulations is
acceptably good. The discrepancy increases for
the longer reactors, with more coils, where reduced
AD model predicts more axial mixing than 3D
model. This is a conservative result and as such
can be accepted for the overall reactor modeling,
especially as the discrepancy for the CON model is
much higher, as it can be seen in Figure 6b.

Good agreement between reduced AD model
and full 3D simulations are demonstrated for larger
size Helix in Figure 6¢. Again, the agreement is
decreasing for the larger number of coils. In con-
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Figure 6. Comparison of F curves obtained from CFD simulations (label 3D), reduced AD model (label AD) and pure convective laminar
model (label CON). a) Same reactor size (diameter and number of coils) and different velocities are used. b) Same reactor diameter (16
mm) and velocity, different number of coils are used. c) Same reactor diameter (50 mm) and velocity, different number of coils are used.

clusion, this graph proofs that the correlation (6)
can be used for a prediction of a flow pattern in
different sized Helix reactors (within investigated
diameters), which is important information for
scale-up.

CONCLUSIONS

The Helix reactor could be suitable for slow
reactions, characteristic for fine chemical and phar-
maceutical industries, as it exhibits good radial
mixing with low superficial velocities, which corres-
pond to laminar regime. In the case of surfactant
production, with changeable viscosity during the

42

reaction and low Reynolds numbers, CFD simul-
ations of Helix demonstrated that there is still con-
siderable axial mixing. The detailled CFD model
was approximated with one-dimensional axial dis-
persion (AD) model, with spatially variable Peclet
number. The Pe numbers, estimated from CFD
results, depend significantly on the number of the
coils from the entrance (M) and slightly on Re num-
ber. The first effect is caused by the slow formation
of Dean vortices as the fluid passes through the
coils. A correlation for Pe dependence on Re and
Nis proposed (holds for V< 12 and Re < 100). The
investigation showed that, if Re profiles are kept
constant at different scales (diameters 5-50 mm),
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the flow pattern would stay the same, which is an
important fact for scale-up. The correlation is veri-
fied by the comparison with CFD obtained F curves.
The comparative analysis confirmed that AD model
outperforms a pure convective flow model, which is
suitable for surfactant flow in straight pipes.

Nomenclature

a coefficient for viscosity dependence on reac-

tant conversion, Eq. (1)

axial dispersion coefficient (m2/s)

reactor diameter (m)

coefficient for viscosity dependence on tempe-

rature (J/mol), Eq. (1)

step change response curve, fraction of a

tracer at the output

L reactor length (m)

Pe dimensionless axial dispersion coefficient,
Peclet number, Eq. (3)

R universal gas constant (J/molK)

Re Reynolds number, Eq. (8)

7 temperature (K)

t  time(s)

U,y average superficial velocity (m/s)

X tracer dimensionless concentration, tracer
fraction

Z reactant conversion

M M T

Greek letters

4 dynamic viscosity (Pas)

to dynamic viscosity at 293K and zero con-
version (Pas), eq. (1)

p  density (kg/m®)

¢ dimensionless position

Subscripts

J  experiment j conditions given in Table 1

k  measurement 4 at different positions along the
Helix reactor

in inlet

out outlet
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NAUCNI RAD
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CFD ANALIZA | REDUKCIJA MODELA STRUJANJA
ZA PROIZVODNJU SURFAKTANTA U HELIX
REAKTORU

U radu je ispitivan nacin i slika strujanja fluida u spiralnom Helix reaktoru, za primene u
komercijalnoj proizvodnji surfaktania. Krive odziva na stepenastu promenu lrejsera su
dobifene pomocu numerickih eksperimenata koriscenjem rigoroznih metoda kompjuterski
simulirane dinamike fluida (CFD) u trodimenzionalnom (3D) modelu. Simuliran je inertni
tok bez hemijske reakcife, ali je viskozitet uzet kao promenjiva u pravcu strujanja, u skladu
sa njegovim povecanjem tokom odvijanja reakcije (eksperimentalno odredena zavisnost).
Geometrijske karakteristike i radni uslovi (precnik reaktora, broj zavojnica i ulazna brzina)
su varirani u CFD simulacijama, kako bi se ispitali njihovi efekti na sliku strujanja. S
obzirom na to da su 3D simulacife spore, te neupotrebljive za brze proracune koje se
koriste u optimizaciji, uvecanju razmera i upravijanju, CFD model strujanja je redukovan u
1D model aksijalne disperzife (AD) sa promenjivim koeficijentom disperzife u pravcu toka.
Bezdimenzioni koeficijent aksijalne disperzije - Peclet broj (Pe), je odreden na osnovu
numericih eksperimenata. Na osnovu rezultata i analize, predloZena je korelacija koja
povezuje Pe broj sa Reynolds brojem i brojem zavojnica od ulaza u reaktor, koja se moze
efikasno primeniti za dati hemijski sistem u ispitivanom opsegu geometrijskih i radnih
uslova.

Kiljucne reci: CFD simulacife, analiza slike strujanja, model aksijalne disperzife,
Intenzifikacija procesa, prevodenje Sarznih u kontinualne procese.
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