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Abstract

The paper presents the results of a theoretical study of heat and mass transfer in an intensified tubular continuous homophase
polymerization reactor with transverse periodic discrete roughness in the form of semicircular annular protrusions on the
reactor wall. Various ways of influencing the molecular weight characteristics of the polymer and the degree of conversion in
the reactor are considered. The ranges of change in the operating parameters of the polymethacrylate synthesis process are
determined, under which safe operating modes of the reactor are carried out.
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1. Introduction

At present, the main ways of development of
modern industries are determined by the
requirements for automation of production,
resource and energy saving, and minimization of the
risk of accidents in production. Significant savings in
material and, above all, energy resources at
industrial enterprises can be achieved by several
approaches, namely the development and
application of energy - saving heat - technological
schemes, as well as the intensification of
technological processes and apparatus, increasing
their efficiency and unit capacity. It is possible to
automate production and increase the efficiency of
equipment by reducing the number of batch
machines and switching to continuous production
schemes. At the same time, the automated process
control system used should contain the necessary
information about the nominal characteristics of the
process, which ensure the safe and efficient
operation of the entire process system. To do this, it
is necessary to take into account the entire range of
regime parameters of the technological process, the
design features of the working section, including the
rheology of the medium used. Reactive rheologically
complex and highly viscous liquids are often used as
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working media in production. Heat transfer
processes in such media moving at low speeds are
characterized by very low heat transfer coefficients
and low efficiency. Therefore, for those branches of
modern production where working media have
complex rheological properties, the creation of
intensified heat and mass transfer equipment, which
makes it possible to reduce material and energy
costs, as well as increase equipment productivity, is
the most urgent problem.

Currently, exothermic chemical reactions in
which unstable components are present are
common in chemical and petrochemical plants.
These reactions can proceed with the release of a
large amount of heat. Under conditions of
insufficient heat removal, significant heat release
during a chemical reaction can lead to a sharp
increase in the temperature of the reaction mass, self
- acceleration of the process and, as a result, either
to a sharp increase in pressure in the device and its
destruction, or to a decrease in the quality of the final
product and a violation of production technology. In
this regard, there is a problem of ensuring the
trouble - free operation of the equipment by
removing heat from the working area while
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maintaining all the necessary thermal, chemical
and hydrodynamic conditions for the
implementation of the technological process. The
slightest deviations from the production technology
can lead to unpredictable consequences and
emergency situations that cause a potential danger
of chemical production. Chemical plants use double
and triple protection circuits. However, the
complexity of non - stationary thermophysical and
chemical processes occurring in heat and mass
transfer equipment does not make it possible to
effectively predict the occurrence of accidents and
man - made disasters.

The practice of developing emergency situations
at most enterprises of the chemical and
petrochemical complex shows that the time taken to
perform effective actions to localize emergency
situations is limited to 2+5 minutes. Further, the
scale of the accident increases sharply.

According to statistics, including a review of
accidents in chemical plants for 1996 - 2008 and
literature sources, up to 40% of accidents in
chemical plants, accompanied by an explosion, are

2. Materials and methods

The creation of mathematical models of heat and
mass transfer processes during the flow of non -
Newtonian media is associated with great difficulties
associated with the exothermic nature of the
considered chemical reactions, the nonlinear

2.1. Assupmtions

When constructing the model, it was assumed
that:

the fluid flow is laminar, with a formed velocity

profile at the channel inlet;

the forces of gravity are negligibly small in

comparison with the forces of viscosity;

rheological media do not exhibit the properties of

elasticity and memory and can be classified as

generalized non - Newtonian fluids;

density, specific heat capacity, thermal

conductivity of the liquid and the coefficients of

mutual diffusion during the process change

cases of a chemical reaction going out of control.
Every two years, an average of five serious industrial
accidents occur, accompanied by an explosion
associated with the polymerization reaction getting
out of control. Analysis of the results of the
investigation of accidents that have occurred has
shown that among the technical causes of accidents,
the reasons associated with the imperfection of
technology, design flaws in technical devices and the
absence or malfunction of emergency protection
equipment prevail.

The complexity of thermophysical and chemical
processes occurring in heat and mass transfer
equipment does not allow effective forecasting, the
occurrence of critical heat transfer modes, as well as
the creation of technical means and methods for
protecting equipment from emergency situations.

All this indicates the relevance of research aimed
at finding and determining the optimal regime
parameters that will reduce the risk of accidents and
man - made disasters in production and increase
equipment productivity.

dependence of viscosity on temperature and
deformation conditions, the kinetic features of the
processes under study, etc., as a result of which it is
often necessary to resort to various simplifications
or narrowing such problems.

slightly;

the transfer of heat, mass, and momentum along
the main direction of motion due to heat
conduction and diffusion is small compared to
convective transfer in the same direction;

In addition, the considered mode of the process is
characterized by the number Pr>>1, which means
that the hydrodynamic relaxation time is much
shorter than the thermal relaxation time, and the
velocity profile almost instantly adjusts to the
temperature profile.
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2.2. Object of the research

Figure 1 presents scheme and dimensions of the
area.

The calculations used the analytical formula for
the viscosity of the reaction medium, obtained on the
basis of regression analysis and experimental data
[1], taking into account the effect of temperature, the

(15, ,7)=0.000215 + 0.00016325 - exp(7 o+

where

Ty, To, T - temperature at the boundary, at the inlet
and the current temperature;

I> — the second invariant of the strain rate tensor;
n - degree of transformation.

degree of transformation and the second invariant of
the strain rate tensor on the viscosity curve during
the entire technological process of obtaining grade
"D"  10% polymethacrylate at the initial
concentration initiator 0.5 wt.%:

|

When comparing the calculated data and
experimental data on the value of the viscosity of the
polymerizing medium, the root - mean - square
error is 5%.

-7
_TO

Tg

2-\Tg

Figure 1
of the protrusion; S - knurling step

Geometric area of study, b - width of the protrusion; D is the pipe diameter; h is the height

2.3.Mathematical model

The mathematical model is based on the
fundamental system of continuum mechanics
equations: mass conservation, momentum transfer
and energy transfer equations. As well as the
geometric characteristics of the channels, this
system of equations, together with the boundary and
initial conditions, is invariant with respect to
arbitrary rotations around the 0z axis. This allows us
to postulate one more assumption: the distributions
of the velocity vector, the temperature fields of the

the initial condition for the temperature, which

characterizes the temperature distribution of the
liquid at the channel inlet: T‘z:o = fi(r)

boundary condition for temperature:

monomer concentration, and the initiator are
symmetric with respect to arbitrary rotations
around the 0z axis.

In connection with the assumptions made, it can
be assumed that the change in the physical
components of the velocity in the cross section is
much greater than the change in the same
components in the longitudinal direction.

To find specific solutions to the problem, it is
necessary to add uniqueness conditions:

In the vast majority of cases occurring in practice,
fi(r) is taken as

T\Z:O =T = const

)
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where tis time.
Temperature change on the wall over time may
reflect the real situation caused by a temporary

where K is the rate of temperature linear change.
e condition of symmetry of the temperature field on

where ris the channel radius.

Where V - velocity vector.

As a specific dependence Q(t), which is of interest
in practice, we note the case of alinear change in flow
rate

where @ is the flow rate, N is the rate of linear
change in the flow rate.

This situation can occur when a pump breaks
down or a deliberate increase in the flow rate of the
liquid, for example, in the event of a polymerization
reaction going out of control, in order to prevent

where V,, V, are the radial and axial components
of the velocity vector.

To obtain the vortex transfer equation, the
operation rot is applied to both parts of the equation
momentum transfer. Projection is taken of the
resulting equation onto the ¢ axis.

T|,q =Tg (1) )

change in steam pressure in the reactor jacket during
the polymerization reaction.

As a specific dependence of temperature on time,
consider the linear change

T(t) = Tg - [1+K - t], (3)
the channel axis
LI -
O le=0 @

Boundary condition for liquid sticking on the wall 9}

V.. =0
oQ (5)
the condition that determines the flow rate Q(t)

through the cross section

Q(t)=[[(v-mdQ
Q (6)

Q) = Q-[1+N - t] (7)
possible blockage of the reactor free cross section by
the polymer.

One of the most convenient forms of equations
describing the flow of incompressible media in the
absence of given boundary conditions for pressure is
the form of equations obtained by introducing new
variables, the vortex - current function wy, ¥:

oV, 0V,
, [
? ez or
loy loy
Vi=———V;=———=
r oz ror (8)

As aresult, the problem of heat and mass transfer
in the case of laminar fluid flow in channels with
periodic transverse discrete roughness on the inner
surface for the boundary conditions of liquid sticking
on the wall in the formulation of the vortex stream
function is as follows
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where
2 2 2 2
I, =2]2 5(15‘//) +2(3‘/'j N 5(15!”}3(13‘@ +25(15V/)
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Boundary conditions:
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oyl _
or a0
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07 |50
(15)
r=n:M=J=0,T=T,(t)
(16)
t=0,z=0:1 10, M=Mo J=Jo
(17)
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(18)
= L: 671// = aﬁ = 0
oz (674
(19)
z=1L: GM = 87‘] = al =0
oz o1 oz
(20)
Here: transversely with a certain step along the length of
P acy - density, thermal diffusivity, and | the channel.

specific heat capacity if the liquid;

Ty(t) - custom function, for example (3);

M - monomer's concentration;

] - concentration of the initiator;

m - order of the reaction of polymerization;

n - order of the reaction of initiator
decomposition;

cm - molar heat capacity;

¢ - coefficient of dynamic viscosity;

Dugy, Dy - interdiffusion coefficients of
monomer and initiator;

kio - constant of the initiator decomposition rate;

E; - activation energy of the decomposition
reaction of the initiator;

E - activation energy of a chemical reaction;

Qo - thermal effect of a chemical reaction;

Ko - chemical reaction rate constant;

L - reactor length.

Mathematical model (1) - (20) is built for
roughness of an arbitrary cross - sectional shape and
allows you to study heat and mass transfer and
hydrodynamics in channels with periodic transverse
discrete roughness on the walls.

Transverse discrete roughness can be formed by
knurling any arbitrary cross - sectional shape on the
inner surface of the channel, inserts of rectangular,
triangular, drop - shaped and other cross - sections.
In this case, we will consider the unifying moment
that the knurling, inserts or grooves are located

It is known from the literature that the best
indicators of thermal - hydraulic efficiency
correspond to intensified channels with discrete
roughness on the wall in the form of smoothly
outlined low protrusions compared to smooth
channels and discrete roughness of another type [2,
3].

Therefore, in order to improve the qualitative and
quantitative characteristics of the final product
obtained at the outlet of the reactor, we propose a
tubular polymerization reactor with a flow part in
the form of a tubular channel with low semicircular
annular protrusions on the reactor wall.

It is known that the intensification of heat
transfer by destroying near - wall liquid layers is
used in the laminar flow of weakly concentrated
polymer solutions, the viscosity of which does not
exceed 0.4 + 0.5 Pa-s. This corresponds to the
viscosity of the reaction medium in the process of
homopolymerization of methacrylic acid esters in a
continuous tubular reactor with the parameters
below:

Monomer concentration (etherizate) Mo = 100

wt.%;

initiator concentration (benzoyl peroxide) Jo = 0.5

+ 4.5 mass%;

solvent concentration (toluene) Py = 10 wt.%;

initial medium temperature 353 K, temperature

limit value 375 K, reactor radius 0.05 m.
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2.4. Solution method

The solution of the problem (1) - (20) cannot be
obtained in an explicit form due to the complexity
associated with the nonlinear nature of the
operators corresponding to the highest derivatives
of the equations of the system, the nonlinearity of the
convective terms of the transport equations and the
uncertain value of the channel length. Therefore, the
search for a solution to such a system was carried out
using numerical methods, while the algorithm was
built on the basis of iterative methods. As an initial
approximation for determining the length of the
thermal initial section in discretely rough channels,
the value of the length of the thermal initial section
in a round pipe with a diameter corresponding to the
diameter of the widest part was used. The solution of
such a problem was carried out based on a
"parabolized" system of equations for the transfer of
momentum, continuity and energy transfer.
Obviously, the initial approximation of the length of

3. Results and discussion

In this work, a theoretical study of the complete
heat and mass hydrodynamic problem was carried
out, taking into account the mutual influence of
hydrodynamic, heat and mass transfer, rheological
and macrokinetic parameters on the polymerization
process (1) - (20). This study was carried out with
regime parameters corresponding to the continuous
technological scheme for the production of
polymethacrylate at JSC Dzerzhinskoye Plexiglas.

In the polymerization of macromolecular
compounds, the main criteria for product quality are
its average molecular weight (MW) and molecular

the initial thermal section obtained in this way has
an overestimated value, which is subsequently
refined using computational procedures.

In this case, the length of the initial thermal
section zp chosen as a criterion for determining the
length of the initial thermal section. It is the
condition of smallness of the maximum relative
difference of the main required variables of the
problem T, wy, ¥ from solving the same problem
under the assumption of formed temperature
profiles and hydrodynamic characteristics, T, wy, ¥
starting from some value of the independent variable
Z = Zo.

Such solutions can be obtained from the main
system of equations (1) — (20) under the condition of
their periodicity, using implicit difference schemes
for this, which ultimately reduce to the methods of
alternating directions and the usual or cyclic sweep
described in Samarsky A.A. [4].

weight distribution (MWD). Therefore, it is of great
interest to analyze the effect of various parameters
of the synthesis process on the molecular

parameters of the polymer.

The results of numerical studies of the operation
of a polymerization reactor with an intensified inner
surface were obtained for the following geometric
parameters:

e S/D=0.38;
e h/D=0.1.

Figure 2.

Izolines % atS/D=0.8,h/D=0.1and Re=4:1-0.0006; 2 - 0.04; 3-0.08;4-0.12; 5-(

-0.04); 6 - (- 0.08); 7 - (- 0.012); V - average flow velocity
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This was due to the fact that these geometric
characteristics have the best thermal - hydraulic
efficiency in the flow of Newtonian and non -
Newtonian fluids, as determined in [5]. The final
length of the reactor L is taken as the length of a
smooth tubular reactor, at which the average
conversion over the cross section is 77 = 0.97.

The flow in channels with discrete roughness is
characterized by the presence of a radial component
of the velocity vector, which takes on a maximum
value in the region of the ledge (Figure 2). The
change in the longitudinal component of the velocity

vector when flowing around a ledge of discrete
roughness is not so significant (Figure 3). It should
also be noted that V; is much less than V.

One of the important characteristics describing
the hydrodynamics of a viscous fluid in pipes with
discrete roughness is the circumferential component
of the vortex vector w, . Figure 4 shows graphs

representing the calculated lines of equal values of w,
in the longitudinal section of the channel with discrete
roughness. Values w, increaseabove the roughness
ridges, gradually fading away in the area behind the
ridge.

rT_z. — -

Figure 3. Distribution of the longitudinal component of the velocity vector % atS/D=0.8,h/D=0.1
and Re=4:1- 0.16; 2 - 0.49;3-0.82;4-1.14;5-1.47

Figure 4. Lines of equal values of the circumferential component of the vortex vector ;—;’; in the

longitudinal section of the channel at S/D = 0.8, h/D = 0.1: 1 - 0.0032; 2 - 0.0026; 3 -
0.002; 4 -0.0014; 5 - 0.0009; 6 - 0.0003; w¢ - average value wy

It was found that as the reacting mixture moves
along the reactor, a polymer is formed, which leads
to an increase in the effective viscosity and the
manifestation of non - Newtonian properties of the
system. The increase in viscosity in the near - wall
layers leads to stretching of the velocity diagrams.
Toward the end of the reactor, there is an increase in
the polymer in the flow, the reacting medium

becomes more homogeneous and, accordingly, the
velocity profile gradually “flattens out”.

It was found that, on the one hand, the dynamics
of the change in the pressure gradient along the
length of the reactor is affected by the heating of the
system due to the supply of external heat and
dissipative heat release, which leads to a drop in oP
/ 0z, and, on the other hand, an increase in viscosity
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leads to an increase in oP / 0z , and the second
circumstance prevails. In this case, the increase in
the pressure gradient for pipes with discrete
roughness is much higher.

In the polymerization of macromolecular
compounds, the main criteria for product quality are
its average MW and MWD. Figure 5 shows the
calculated values of the degree of conversion 1 and

width of the MWD spectrum (5W/F_’n)along the

length of the reactor [6].

When comparing the calculated data and
experimental data Nazmeeva Yu.G. [7], according to
the degree of conversion (Figure 5, curves 3, 5), the
root-mean-square error is 11%.

Depending on the degree of conversion, the value
of the number average degree of polymerization in
an intensified reactor increases and, at a degree of
conversion equal to 0.88, it takes a value of 1.04 of
the number average degree of polymerization in a
smooth reactor.

The width of the MWD spectrum decreases from
1.05+1.09 in a smooth reactor to 1.03+1.04 in an
intensified one. The maximum degree of conversion
achieved in an intensified reactor is also higher than

in a smooth one (Figure 5, curves 3, 4). At the same
time, calculations showed that an increase in the
spacing of protrusions and a decrease in the height
of discrete roughness leads to a decrease in the
degree of transformation and homogeneity of the
polymer (width of the MWD spectrum, MM). A
decrease in the spacing of the protrusions and an
increase in the height of the discrete roughness leads
to higher indices for the width of the MWD spectrum,
MM, and the degree of conversion. However, at the
same time, the energy costs for pumping the liquid
increase, the polymer adheres more intensively to
the reactor walls, stagnant zones form, and the flow
rate of the central layers of the liquid increases,
which leads to slippage of unreacted layers of the
reaction liquid, difficulties in its further purification.
This leads to the fact that, in the near wall region of
the reactor, the MWD characteristics and the degree
of conversion will be high, and the output is a
polymer with low conversion rates and low
uniformity and molecular weight. Calculations made
for different geometrical sizes of discrete roughness
made it possible to choose the most acceptable
variant for the studied polymerization reaction in a
continuous reactor S/D = 0.8, h/D = 0.1.

s= P, | P, Ny
l e —1
1,4 ‘%3)/;,/_"—-'—— 0,8
4
1,2 {K/’i—jﬁs L 0,6
4;!\?1
1I"'2/\\ 2L Loa
0 0,4 0,8

Figure 5.

Change in the degree of transformation n (curves 4, 3, 5) and spectrum width MWD

(lsw/lsn) (curves 1, 2) along the length reactor (2, 4 - intensified reactor S/D = 0.8, h/D

=0.1; 1, 3, 5 - smooth reactor)

Figure 6 shows the effect of the linear heating rate
k (k = Ko-E/R-To> ) on the dimensionless
temperature 0 (8 = (E/(R: To?)) x (T - To))in the
reactor.

As shown by the results of numerical calculations,
in the case of linear heating of the reactor wall, the
rate constant of linear heating k plays the role of the
determining time factor for the occurrence of a
progressive increase in temperature (Figure 6).
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Figure 6.
time 7= t/to for various k values

0.5 0.75 T

Dependence of the dimensionless temperature 6 on the pipe axis on the dimensionless

It can be seen from Figure 6 that with an increase
in the rate of linear heating (k = 0.5), the low -
temperature time interval decreases, i.e. a
progressive increase in temperature will be
observed at an earlier time interval.

4. Conclusion

As a result of a numerical study of homophase
initiated polymerization in a flow tube reactor, it was
found that the use of periodic discrete roughness is
an effective way to improve the heat and mass

With linear heating of the pipe wall, there is a
constant accumulation of heat in the flow from
internal sources of heat and external heating. In this
mode, after a certain period of time, a high energy
density appears in the flow, leading to a sharp
increase in the temperature of the liquid.

process. It was found that during linear heating of
the reactor wall, heat is constantly supplied and
accumulated up to a certain critical value, after
which a progressive increase in temperature occurs.

transfer characteristics of the polymerization
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