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Abstract

A mechanistic model was developed to study the industrial synthesis of the polyurethane
precursor, amine hydrochloride, in a confined impinging jet reactor (CLJR). Two chem-
ical reaction steps occur in a competitive-consecutive sequence which results in the
precipitation of two amine hydrochloride salts. The formation of the di-amine by-
product means loss of starting material and expensive reprocessing of highly insoluble
salts. The predictive, mechanistic model includes equations for chemical reaction kinet-
ics, nucleation, particle growth, and the first reported mixing model for the CIJR. In
our previous study [Maluta, F. et al. Comput. Chem. Eng. 2017, 106, 322.], we used a
full factorial design to determine physically realizable values of the eleven physical con-

stants involved in the model. In this study, we show the importance of using a mixing
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model to account for imperfect mixing in the impingement zone. The mixing model
treats the impingement zone as a radial jet and resolves the local mixing into 198 dis-
crete compartments. The model was able to predict an unexpected and sudden change
in the reaction product distribution as the reactant inlet concentration is increased.
Without the local mixing model, it was not possible to replicate this major trend in
the experimental results. The local mixing model allows us to determine the condi-
tions under which significant by-product formation will occur. A second industrially
important question is whether fine particles or larger particles will be produced. This
process outcome was also dominated by local mixing conditions in the impingement
region. The model results show a strong influence of local mixing on two key process

outcomes.



Introduction

The synthesis of polyurethane can include a series of undesired side reactions that result
in the formation of highly insoluble amine hydrochloride (AHC) salts. The production of
these salts means loss of starting material and costly reprocessing of by-product. From
an industrial perspective, it is very important to identify conditions when the formation
of precipitates is either mitigated or the size of the by-product particles being produced is
negligibly small.

The driving force for the precipitation of the AHC salts is their supersaturation. Su-
persaturation changes as a result of chemical reactions, given constant operating conditions
and limited solubility of the reaction products. In a more rigorous sense, supersaturation is
a function of the local thermodynamic activity of all compounds and intermediate reaction
products. If reactions occur faster than the growth of the precipitated particles, the local
supersaturation will increase rapidly, leading to extensive nucleation of fine particles.’ The
rate of supersaturation build-up depends on the reaction kinetics, the local mixing intensity,
and concentration of the reacting species, making the control of particle size challenging. As
noted by Tung et al.! the rate of addition of the reagents does provide a means to control
supersaturation globally in the reactor but not locally since reagents may be depleted near
the point of addition. High local supersaturation values are relieved by rapid nucleation of
small particles. When these particles enter the bulk of the reactor at a lower supersatu-
ration, they grow and reduce the supersaturation even more. The particles can also form
hard agglomerates as a result of particle collisions. If every collision led to agglomeration,
these agglomerates would reach sizes of microns and larger within seconds.” In contrast,
small particles/nuclei can also dissolve in the bulk if they are below the critical particle size
relative to local supersaturation in the bulk.

Successful operation of precipitation reactors depends on a balance between addition rate
of the reagents (local concentration), mixing (local supersaturation), global supersaturation,

particle growth rate, inter-particle forces, and local mixing conditions throughout the entire



reactor. Local processes occurring near the feed point are of major importance because in
most cases the production of particles takes place in this region. In the specific case of
polyurethane synthesis where particle generation is highly undesirable, being able to control
the local supersaturation levels will result in better control over the particle species, number
and size.

To determine the conditions when precipitation of undesired salts occurs, a simplified
reaction scheme was carried out in laboratory experiments.” The local mixing conditions
near the addition point are well defined in the confined impinging jet reactor (CIJR), which
is designed to achieve the high mixing efficiency needed to probe mixing effects. The reacting
components are (A side) a liquid mixture of monochlorobenzene (MCB) and 4,4-methylene
dianiline (MDA) and (B side) hydrogen chloride dissolved into MCB. On injection of these
two mixtures into the opposing inlets of the CIJR and mixing at the impinging point, two
chemical reactions occur in a competitive consecutive sequence that results in precipitation of
two types of amine hydrochloride salts: methylene dianiline monohydrochloride (or mono-)
and methylene dianiline dihydrochloride (or di-). The laboratory experiments by Ershad,®
carried out at constant room temperature and pressure, proved the existence of these two
types of amine hydrochloride salts. The type of the precipitating salt strongly depends on
the local concentration of reagents. As the concentration of the reagents in the A side inlet
stream increases, there is a rapid shift from di- particle generation to mono- generation. To
better understand the reason for this shift, a mechanistic model was developed and validated.

A wide range of models has been proposed to describe precipitation processes in various
systems. One of the main differences in the models is the level of resolution of the precipi-
tation environments: from an assumption of a perfectly mixed flow to full resolution of the
flow in the reactor. Consideration of a system as perfectly mixed leads to the solution of
a population balance equation (PBE) only in order to characterize the size distribution of
the precipitates. This approach was implemented in, for instance, early works for batch and

semi-batch crystallization of adipic acid® and calcium oxalate monohydrate crystals® where



the PBE was solved either with the methods of classes or the methods of moments. The focus
of these works was mostly to find a reliable and robust way to model complex precipitation
processes in which nucleation, growth, agglomeration, and breakage take place.®

In cases when the spatial inhomogeneity of the flow and the physical properties of the
system substantially affect the precipitation process, the solution of the PBEs must be
coupled with models that describe the flow within the reactor in some detail. This can be
achieved by dividing the reactor volume into the compartments, i.e. the compartment model
approach (CMA) or fully resolving the flow using computational fluid dynamics (CFD).

Several CMA-PBE models exist in the literature to describe precipitation in continuous
and semi-batch systems. They use multiple zones to account for the meso-mixing effects
due to the injection of reactants. Zauner and Jones™ used a segregated feed model with one
zone for each of the two feed plumes and the third zone representing the bulk to capture the
meso-mixing effects. Kresta et al.® and Kresta et al.” used the Lagrangian-type description
of the plume with nine distinct zones. In these works, the PBE was solved only in the bulk of
the reactors and not in the feed plumes where nucleation occurred. Schwarzer and Peukert1?
and Schwarzer and Peukert™! introduced a mixing model based on the engulfment model of
micromixing. Their model assumes ideally mixed zones: one containing only feed solution A,
one containing only feed solution B, and a contact zone. The contact zone itself consists of
two zones, one zone containing only feed solution A, and the mixing zone M containing both
solutions. This is a step forward in the description of a segregated plume, but it is limited
by an ideally mixed description of the mixing zone that does not allow flow gradients.

A detailed description of the precipitation environment can be achieved through a PBE-
CFD coupling. In detail description of turbulent mixing effects is presented by Liu and Fox"2
for consecutive-competitive reactions and Gavi et al.™¥ for parallel-competitive reactions.
Marchisio™* expanded the work of Gavi et al.™¥ describing the turbulent flow using large
eddy simulation modeling. These works do not consider the precipitation process, but paved

the way for successive works, ™ that included the solution of a PBE to obtain the particle



size distribution of the precipitate in micro-reactors (confined impinging jet reactor, T-mixer,
T-confined impinging jet mixer) and also in laboratory-scale stirred tank."®

The aim of our model is to explore the interactions of multiple physical processes si-
multaneously occurring in the reactor: chemical reactions, nucleation, particle growth, and
agglomeration. The complexity of this reaction and precipitation system does not allow
coupling with the fully resolved fluid flow as obtained, for instance, through a CFD analysis.
Therefore, the mathematical description of the flow was reduced to a simplified two-zone flow
model combined with a mixing model. In this case, we can still see the effects of mixing on
the process results; but, the computational demands of the model are significantly reduced.
Our study shows that the mixing model plays a crucial role in the capability of the entire
model to replicate a major feature of the experimental results. This means that mixing in
CIJR is not perfect and should be accounted for.

A second objective for the model is to understand how the particle size distribution is
affected by the local mixing and process conditions. It is necessary to outline the conditions
when the formation of the fine particles occur. The behaviour of the particle size distribution
was tracked by the solution of the full population balance equations. The description of
the physical chemistry, thermodynamics and particle interactions underlying this system is
only partially understood. The numerical solution of the system of governing equations is
challenging as well. In this paper, we provide a detailed explanation of the PBE model, the
governing equations, and the gaps in our knowledge.

The paper is organized as follows: Section ‘Experimental system’ describes the physical
system and the experimental conditions. The detailed model description is given in Section
‘Development of the mechanistic model’. The results are discussed in Section ‘Results and

discussion’. Section ‘Conclusions’ summarizes the paper and draws several conclusions.



Experimental system

The experiments® carried out prior to the present modelling work were driven by an industrial
challenge faced during polyurethane synthesis: a series of undesired side reactions which
result in production of sticky particles that cause loss of the starting material and expensive
reprocessing. It was first necessary to reproduce the particle precipitation in the lab and
identify the conditions under which it occurs.

A confined impinging jet reactor (CIJR) with a volume of 0.125 ml was used to perform
the experiments. In this small reactor, two streams emerge from opposing inlets, impinge,
mix rapidly, and leave through the outlet as shown in Fig. [I] Full dimensions of the CIJR

are given by Siddiqui™?.
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Figure 1: Confined impinging jet reactor (CIJR).

The precipitation of particles in the CIJR occurs in the following way. A liquid mixture



of monochlorobenzene (MCB) and 4,4-methylene dianiline (MDA) characterized by MDA
concentration, C%p, 4, is injected into the left inlet (A side). Hydrogen chloride (HCI) dis-
solved into MCB is injected into the right inlet in excess of the stoichiometric requirement
by HCleyeess (B side). As soon as the two streams get mixed down to the molecular level,

two chemical reactions take place in a competitive consecutive scheme as follows:

MDA+ HCl = MDA.HCI (1a)

MDA.HCl+ HCl = MDA2HCI (1b)

Inlet flow rates of @, = 50, 100, and 200 ml/min resulting in the inlet Reynolds numbers
Rei, = indin/v (Ui, is the mean velocity in the inlet tube of diameter d;, and v is the
kinematic viscosity of MCB) of 1598, 3196, and 4794, respectively, were tested. The HCI

excess is calculated as follows:

Actual injected HCl — Required HCI (Stoichiometric)
H lewcess - - — . 1
¢ Required HCI (Stoichiometric) x 100%

where the stoichiometric value of HCI concentration is twice the corresponding MDA con-
centration.

When the critical supersaturation of the reaction products in the liquid phase is reached,
two types of amine hydrochloride (AHC) salts can precipitate: methylene dianiline monohy-
drochloride (MDA.HCI) or mono- and methylene dianiline dihydrochloride (MDA.2HCI) or
di-. The presence of two types of salts was a significant finding of the experimental project.
To determine when and how the formation of particles occurs, several operating conditions
were varied: the inlet concentration of MDA, C%}, ,, referred to as blend strength, inlet
excess of HCl, HCl.zcess, and the inlet flow rate of the streams, @);,, that was kept equal
for both incoming round jets. The overview of the process conditions is given in Table |l A

detailed report of the experiments and analysis of products can be found in Ershad™.



Table 1: Process conditions for experimental studies

Blend strength, Ci, , wt % | Inlet flow rate, Q;, ml/min | HCI excess, HClopeess %
0.5 0
1.0 50 100
2.0 100 300
3.5 150 700
5.0

Development of the mechanistic model

Model overview

The particle size distribution (PSD) is a result of complex interactions between several pro-
cesses. To develop a predictive model, careful assessment of each step is required. Following

t40 a schematic chart of the precipitation process is depicted in Fig.

Schwarzer and Peuker

The AHC salts precipitation process involves multiple interdependent events: mixing,
chemical reaction, nucleation, growth, and agglomeration. The flow conditions define the
flow field within the device (two impinging round jets in confined geometry). In order to react
and produce mono particles the two colliding streams of MDA and HCI solutions have to mix
down to the molecular scale. Further reaction of mono- with HCI results in generation of di-
particles. Both chemical reactions occur in the liquid phase building up the supersaturation
of crystallizing species. When the critical supersaturation is exceeded, the particles nucleate.
At the same time, the particles grow and consume supersaturation. Being continuously
agitated throughout the reactor, particles collide with each other. Efficient collisions result
in the formation of agglomerates.

Supersaturation, nucleation, and growth of particles are strong functions of particle solu-
bility which depends on particle composition and thermodynamic activity. The composition

also determines the interfacial tension and inter-particle forces, thus affecting nucleation

and agglomeration. The agglomeration rate depends on particle collision rate and colli-
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Figure 2: Precipitation of AHC salts in CIJR and the key processes, parameters and prop-
erties influencing the particle size distribution.

sion efficiency. The competing time scales of each process also determine the output of the
precipitation.

It is important to note that since mixing is not instantaneous, it can affect the rate of
chemical reactions. For that reason, the development of a mixing model for the CIJR was
of primary importance to success of the mechanistic model. The rate of mixing is directly
related to the local turbulence and energy dissipation rates.

The following assumptions are made for the model development:

1. There are no particles at the very beginning of the process which allows us to assume

primary nucleation;
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2. The density and dynamic viscosity of the mixture are not affected by particles and

remain equal to the MCB properties;
3. The fluid flow is not affected by the particles (one-way coupling);
4. Temperature and pressure are maintained constant in the process;

5. Mono- and di- in the liquid phase are generated first (via chemical reactions) building
up the supersaturation. Then supersaturation is relieved by simultaneous nucleation

and growth;
6. Size-dependent growth is assumed;
7. Binary collisions are assumed for agglomeration;

8. The particles are spherical.

In the experimental campaign, rapid nucleation and agglomeration were observed and no
breakage of the AHC salts was reported. Mono- and di- salts had different morphologies and
complex shapes. Both agglomeration and particle morphology were set aside in this model.
It will be discussed later in the paper, agglomeration affects the size of the particles but does
not change the process outcome in terms of the type of particles produced. The uncertainties
related to the non-spherical shape of the particles are of secondary importance with respect
to other unknowns of the process such as kinetic constants, solubilities, and surface tension.

The governing equations for the mechanistic model are presented below.

Mixing model

It has been clearly shown by numerous experimental and numerical studiesZVH24 that
mixing plays a major role in the precipitation process, significantly affecting the final particle
size distribution. In the confined impinging jet reactor the relevant mixing scales are meso-
mixing at scales between the inlet pipe diameter and the intermediate eddy size; and micro-

mixing down to the molecular level where chemical reactions occur. Even though the CIJR

11



is characterized by a more uniform distribution of energy dissipation rate than conventional
stirred tanks,25 the local rate of energy dissipation in the area of impingement is significantly
higher than in the bulk of the reactor. For that reason, the reactor is split into two zones

with different mean mixing intensities and flow model equations as shown in Fig.

Qout = 2Qin

U

Qout = 2Qin

Figure 3: Flow model schematic (not to scale). The impinging round jets are colored in
yellow and green, the radial jet is colored in orange. Left: front view of the radial jet; Right:
side view of the radial jet. The differential control volume is shown in red.

The mixing model was defined based on the CFD analysis of the flow in a CIJR.I21419635
Two round jets enter the reactor volume from the nozzles on opposite sides of the reactor,
they collide and produce a radial jet perpendicular to the round jets. The modelled CIJR is
divided in two zones: the radial jet (orange color) produced by the impinging round jets and

the bulk (white color), which is the rest of the fluid volume. The volume occupied by the

12



two round jets was neglected, since it is only 3.02% of the total volume, as shown in Table
The radial jet is assumed to be two-dimensional in (x — y) plane and axisymmetric in the
third dimension (w-coordinate). The radial jet is assumed to mix rapidly and dissipate into
the bulk of the reactor before it reaches the walls, thus in Fig. [3| it is shown not reaching
the walls.

Table 2: Volumes of the reactor zones.

Zone Volume, [m?| | Percentage of the total volume
Reactor 1.25-10°7 100.00%
Radial Jet 2.28-107° 18.20%
Round Jets | 3.77-107° 3.02%
Bulk 9.85-107% 78.78%

Perfect mixing is assumed in the bulk zone of the reactor, meaning that, in the entire
volume of this zone, the species concentration, and the turbulent energy dissipation rate are
spatially uniform.

In the radial jet, the variables change as the fluids move away (downstream) from the
impingement region of the two round jets, both in the downstream and in the radial jet
width directions. At the beginning of the simulation, the bulk concentration is zero for all
species. The reactants are introduced in the reactor through the round jets. The radial
jet fluid dynamics is modelled at the steady state, so the formation of the radial jet occurs
instantaneously. As the reactants travel downstream in the radial jet, the reaction products
are continuously discharged from the radial jet into the bulk and the bulk fluid is engulfed
into the radial jet. Hence, the species concentration in the bulk and in the radial jet change
with time. Furthermore, the radial jet and the bulk are connected by means of an engulfment
stream that flows from the bulk to the radial jet and determines the downstream increase
in the radial jet volume. The engulfment flow rate is constant with time, whereas the
concentration of the species transported can change due to changes in the bulk concentration.

All the components eventually leave the reactor through the outlet pipe. The reactor reaches

13



steady state when there are no further changes with time.

Mass balance and mixing model in the radial jet

We determined the volume of the radial jet by a differential global mass balance in the radial

jet zone (Fig.

d(pV)

T = (PV)e = (pV)aras + (pdV)e + (pdV)s = (pdV)s (2)

where V' is the volume of the differential element or control volume (in red boundaries, in
Fig. , p is the fluid density, (pV)x is the mass flow rate entering the control volume,
<pV> s is the mass flow rate exiting the control volume (white arrows in Fig. , (p dV)E
is the differential entrainment mass flow rate (blue arrow in Fig. , and (p dV)S are the
differential exchange mass flow rates between the compartments (green arrows). Equation
can be simplified assuming steady state, constant density, and the fact that the flow rates
between the compartments are of equal magnitude from one side to another, resulting in the

following equation:

AV = Vipar — Vo = dVg (3)
The downstream volumetric flow rate can be written as:
. 2m y*(2)
V(z) = 2/ de/ vz (x,y)dy (4)
0 0

with d) being the depth of the control volume along the w axis (Fig. [3]), y*(x) the width
of the radial jet at the z position (black arrow at the beginning of the control volume, in
Fig.|3) and v, (z,y) is the velocity in the z-direction. For the derivation of eq. we assumed

all properties constant along w axis.

14



The engulfment flow rate is calculated as:

2m Tmax
Vi = 2/ IL‘dQ/ vpdx (5)
0 )

where x,,., is the outer radius of the radial jet.

As before, we assumed all properties constant along w axis, engulfment velocity, vg,
constant along the concave differential surface of the control volume and perpendicular to
dx (vg X dy = 0).

Assuming that the differential exchange volumetric flow rate, dVs, is perpendicular to dx

and has the same magnitude in both direction (@ — b equals a < b), we can write:
. 2
Vg :/ xdQ) vedx (6)
0

with vg being the exchange velocity, defined as a fraction Z of the engulfment velocity

Vg, €9. .
vs =27 -vg (7)

Substituting eq. and into eq. and applying Leibniz’s rule for differentiation

under the integral sign, we obtain eq. (8a]). Since it was assumed that the confined geometry

dy* ()

T
velocity can be calculated by rearranging eq. into eq. (8b).

limits the expansion of the radial jet, the derivative

is known. The engulfment

y* (@) v,
. ve— [ o—dy
dy” _ o Oz (8)
dx v (T, y*)
dy* . v 0v,
vE = o -va(Ty )+/O 5 W (8b)

Equations provide an expression for the downstream radial jet expansion, once an

x—velocity profile is defined.

15



In the same control volume, named ‘a’, the mass balance for the generic i'* species was
derived. The other compartment was named ‘b’. Assuming volumetric reaction, the species
mass balance in the radial jet compartment ‘a” with volume dV reads:

d(CidV),
dt

"

= (sz)az - (Civ)a,:c+dx + (hi7gdv)a + (CZEVE)CL + (Cip — Oi,a)VS 9)

where C; is the molar concentration of the i component, (C’J/)M is the molar flow rate
of the i*" component entering the compartment a, (C;V)q.444x is the molar flow rate of the 7%
component exiting the compartment a, (C; EVE)a is the molar flow rate of the ¥ component
engulfed in a, C;, and C;; are the molar concentration of i component in compartments a
and b, respectively, and (h;:/ng)a is the reaction term in the compartment a. The notation

"

n;,4 indicates the rate of generation of i" component [kmol-s~!], consequently, 7 lg represents

1y
the same quantity per unit volume [kmol - s™! - m™3].

The differential volume of the compartment a, dV,, is equal to:
2
av, = y*da:/ xdS) (10)
0

Substituting equations (), (5)), (6) and into equation (9) and writing it at the steady

state (% = O) we find:

d y* () o
% <C¢7a/ vmdy> = OZ"EUE + hi,gy* + (Ci,b - Oi,a)vg (11)
0

Applying Leibniz’s rule for differentiation under the integral sign we obtain:

dCiq (Cip — Cia)ve + (Cip — Cio)vs + n;ﬁgy* (1)

dx foy*(:r:) vady

This is the equation that describes the evolution of the concentrations of the species along

the downstream coordinate of the radial jet. Eq. is solved numerically for each side (a

16



and b) by discretizing the x—axis into 99 compartments. It should be highlighted that the
term C; g depends on the reactant concentration in the bulk, which is time dependent. The
steady state hypothesis is assumed to describe the fluid dynamics of the radial jet, whereas

the species concentrations change in time.

Species balance in the bulk

The equations that describe the changes in time of species concentration in the bulk are
derived in this section. The mass of the species in the bulk changes due to the discharge
from the radial jet, the engulfment from the bulk to the radial jet, the outflow from the
reactor, the reactions, and the precipitation. Thus, the mass balance for the bulk zone

reads:
d(C% lk) . . . L
# = VeCie — VeCi — Vi.Ci + 1y Vi, (13)
where C; is the concentration of the i*" component in the bulk, Vj.; is the volume of the
bulk, V, is the volumetric flow rate exiting the reactor, V. is the volumetric flow rate at the

end of the radial jet. Therefore "/'66*@-76 is the molar flow rate of the i"* component discharged

by the radial jet in the bulk, moreover:

Vo=V, + Vg (14)
We can rewrite eq. (|13)):
dC’i Cl e C’L L
= ) 1
dt Thulk Mg (15)

where we defined 73, as the residence time in the bulk which is equal to

%ulk
Toullk = — 16
bulk V.e < )

17



Constitutive equations for the radial jet velocity

Once the governing equations are derived, an expression for the velocity in the z (down-
stream) direction in the radial jet zone should be outlined. A 2D model for free turbulent

radial jets in the vicinity of its origin (i.e. for small x) is used“® to calculate the velocity

3K, 1
o
8mxg 0 VT — X

sech?(n) (17)

Ve =

where z is the radius of the inlet round jets, o5 ! the initial spreading rate of the turbulent

radial jet and K, the kinematic momentum flux which is equal to
K. = 47T:L‘0/ v2dy = const = drrobyvy (18)
0

where by is the initial half width of the radial jet and v is obtain dividing the inlet volumetric
flow rate (Fig. [3l Qotin = 2Qin), by the impingement area:
Qtot in
Vg = ———— 19
0 27TIO : 2b0 ( )
According to“?, the initial spreading rate of the turbulent radial free jet is identical to that
of the two-dimensional turbulent plane jet for which the spreading constant oy has been

obtained experimentally by Reichardt, see,“" to be 7.67. 7 is a non-dimensional constant

containing both x and y, equal to:

Y

=0p——— 20
n=0o (SL’ _ JJO) ( )
Given these premises, the maximum velocity is
3K, 1
(21)

v = o
omar =\ 8ray /T — 20
and it goes to infinity as (xr — xy) approaches 0. To overcome this singularity, we found

18



the x coordinate where the maximum z-velocity is equal to vy, (A), and we defined a new

downstream variable (see Fig. [4)):

= (r—x9)+ A (22)

Ua:.,ma,a: / Vo

Figure 4: Non dimensional maximum velocity trend and meaning of the constant A.

Therefore, the downstream velocity becomes:

2
0
1.5 - by v? O’O = sech”( (23)

where it should be noted that the (z — xy) coordinate was used in the expression of 7,
instead of the scaled coordinate z*. Since the aforementioned equations were derived for the
free radial jet, we imposed a fixed angle of expansion to take the confinement into account:

from experimental observations, the expansion angle, ¢, was found to be approximately 5°,

therefore:
y* = (v — x0) - tan(e) + by (24)
and
" _ 25
L~ tan(o) (25)

19



It was hypothesized that the confined geometry only affects the y—spread of the radial
jet, while the maximum x—velocity remains the same. Then, it was imposed that, at the
edge of the confined radial jet (y*), the z—velocity was 1% of the maximum velocity at
the corresponding downstream coordinate. Consequently, we defined a new non-dimensional

variable, containing both x and y, in the same form of n:

Y P :
o ) 26
'+ 0y tan(g) <£17 — o+ tazﬁ) "

with Cy and Cy being constants, p = arcsech(1/0.01) , so that the z—velocity at y* reads:

p  (x—x0) tan(¢) + by
tan(o) (x ~ oy + b0 )

tan(¢)

V2(Z, ¥") = Unmaa sech2(9*) = Upge Sech? = 0.0l vppae  (27)

Coupling of the mixing model and the population balance equation

The mixing model derived above is next coupled with the solution of the population balance
equation that describes the evolution of particle size and number. The general form of PBE
was modified to take into account the mixing model. Different sets of PBEs were derived for

the radial jet and bulk regions.

Population balance in the radial jet

To model the distribution of states of the solid particles in the radial jet, the population
balance equations were derived. A differential control volume over an abstract state space
was used. The state space is characterized by the diameter of the solid particles (mono-
or di-), £. According to the classic monodimensional PBE formulation, it was hypothesized
that the characteristic diameter increases due to growth and agglomeration, new particles
are produced, through nucleation, with the smallest dimension ¢, (critical nuclei size). The
balance was implemented for the generic radial jet semi-compartment, hence particles are

constantly convected to and from the semi-compartment. A schematic representation of the
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processes through which particles can enter or leave the control volume is shown in Fig. [5

Flux in by convection

Flux in by agglomeration

S _

Flux out by agglomeration

| >/
fo T |
Flux in by growth Flux out by growth

{+df

Flux out by convection

Figure 5: Control volume and fluxes in the /-space.

Let the distribution we seek be n, (£), [#/(m? - m)], we defined n,(¢) such that:
n,(¢)d¢ = Number concentration of n-particles in the population for which the characteristic
diameter takes a value between ¢ and ¢ + d/.

The number concentration of n-particles inside the differential control volume is n(¢,,),d?,

and the particles balance reads:

Aoty (V1aD) = (Vrna(0)

T r+dx
— d‘g nltn.a ‘g - n'tn,a E
- o + Gotna0); = Gomna s
Vi Vs
+ Baggndl — Daggndl + v, N, g ()dl + v, (10,5 (€) — nna(€)) dl

where dV, indicates the differential volume of the compartment (eq. (L0)), G, is the
growth rate of the n-particle, By, and Dgg,, are respectively the birth and death terms
of n-particles due to agglomeration. The last two terms on the right hand side of eq.
are the engulfment term and the exchange term; n,(¢)gdl and n,(¢),d¢ are the number
concentration of n-particles with characteristic diameter between ¢ and ¢ 4 df respectively

engulfed from the bulk to the semi-compartment a and in the semi-compartment 5. Writing
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eq. (28) at the steady state and simplifying it with the same assumptions used to derive eq.

(11), we obtain eq. (29a]) that can be rearranged in a form similar to eq.

o dnge(0) d<G”n”»a(€)) B Vg Us
B (1) _Bagg,n—Dagg,ﬁE(nn,E(e)—nn,a<5))+E(nn,b(z)—nn,a(@)
(29a)
it 11(Gm0)
e w, dl
(29b)

(70,5(0) = 7100(0) )0 + (€)= 10a(0)) U + (Baggn — Daggn)y’
foy*(x) dey

where y* is the width of the radial jet, vp the engulfment velocity, vg the exchange velocity

and v, the y average of the downstream velocity, equal to:

1 y* ()
T —*/ v dy (30)
Yy Jo

With the nucleation term the balance becomes:

dnn.(0) @ (Gn nn,a(@)

= (%
Bl(0) T+ = Buggn~ Daggn (702(0) = 7a(0)) o
Us
2 (706(0) = 10 (0)) + { Bt}

where B,,,q,, is the source term accounting for the nucleation of the n—particles. The
nucleation term is taken into curved brackets to highlight that this term is relevant to nuclei
only - the particles with characteristic dimension between ¢y and ¢y + d/.

Each iteration, the population balance equation is solved in each compartment on
both sides of the radial jet, i.e. 99 x 2 = 198 PBEs are solved in the radial jet. The iterations

are repeated until the steady state concentration in the bulk is achieved.
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Population balance in the bulk

Similarly to what was done for the derivation of the PBEs in the radial jet, it was found:

dnn(g) d(Gn nn(€)> <nn,e(€) - nn(€)>
_I_ e —|— Bagg7n - Dagg7n + {Bnucl,n} (32)
dt drl Thulk

with n,.(¢) being the n—particle density discharged from the end of the radial jet into
the bulk. Once again, the nucleation term was only calculated for the n—particles with

characteristic dimension between ¢, and ¢y + d¥.

PBE constitutive models

The PBEs presented in Eq. and Eq. need constitutive models in order to be solved.

In this section, the models representing nucleation, growth and agglomeration are presented.

Nucleation

Following experimental and theoretical predictions of Mersmann“Y, primary homogeneous
nucleation is assumed to be the dominant mechanism of particle formation at high supersat-
urations. This assumption is widely applied among researchers to model nucleation for both
organic and inorganic species."%1*2 The nucleation rate is calculated according to classical

nucleation theory:2!

167 o \?* V2
B = 15D (CND -2 V. exp| — m
1= 1.5Dap(CNa) \ &sT Vmexp 3 \kpT ) (vp InS)? (33)

here Buq, [m™3 - s71] is the primary homogeneous nucleation rate; Dap, [m? - s71] is the

diffusion coefficient of the supersaturated species of the total concentration C, [kmol - m~3];
N4 = 6.023 - 10% kmol ™' is Avogadro’s number; T = 298 K is the temperature; kg =
1.382-10723 J.K ! is Boltzmann constant; o, [N-m~!] is the interfacial tension; V,,, [m®] is the

molecular volume; vp = 1 is the dissociation number (set equal to one for non-electrolytes).
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The diffusion coefficients were estimated using the Stokes-Einstein relation and their
values are equal to 3 x 107 m?/s for both mono- and di-.

It should be noted that the nucleation rate has a strong dependence on the interfacial
tension which appears in the exponential term to the third power. A 20% increase in o
results in a decrease in the nucleation rate by several orders of magnitude. Schwarzer and
Peukert™ demonstrated the importance of tracking the interfacial energy of the solid-liquid
interface for better prediction of nucleation. Either theoretical predictions as described by
Schwarzer and Peukert™ to calculate o or high quality experimental data is needed.

Since only a rough estimate of o = 0.02 N/m for mono- and di- particles is available, in

the present study the interfacial tension is calculated using the widely used equation:2t

KO(CCNA)W?’ln(%) (34)

O- JE—
kgT

here C, [kmol/m?] is the molar density of the solid particles, K, [kmol-m~3] is the solubility,
and K, is the interfacial tension constant.
The supersaturation is defined as the ratio between the nucleating species concentration
and the species solubility limit:
C

The mono- and di- solubility limit values are chosen from the experimental trend domain“"

and they are factor H and I, respectively, in Table [3| The buildup of supersaturation takes
place due to chemical reactions which increase C, and nucleation occurs when S exceeds the
critical supersaturation, S..;;.

As a result of nucleation, nuclei are produced with the critical nucleus size, ¢..;;, that can

be calculated using the following relation:*

0 40V,
erit = VDkBT lIl(Scm't)

(36)
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The critical nucleus size is a highly nonlinear function of supersaturation and interfacial
tension. The unknown critical supersaturation for mono- and di- was estimated as S..;; = 1.5
giving a critical nucleus size of several nanometers.

The concentration change due to nucleation for mono- is given by:

ac
at — B, nMDAHC 37
< dt )nucl A el ( )
where the number of moles of particles is calculated based on the volume of one nucleus:

Nnucl = CC‘/cm't with V. = m g3

6 crit®

Growth

In the present study, the growth rate is assumed to be mass transfer limited due to the
relatively high supersaturation levels typical of precipitation reactions. The growth rate is

calculated as follows:?L

_ 9 _Sh-Dap-KS—1

G(K’S(t)) ot Ce /

(38)

where Sh is the Sherwood number (dimensionless mass transfer coefficient) of the particles.

The concentration change due to growth is calculated as follows:

he. s
s — 3, / C(E)n(t, )G, )t (39)
growth

4 min

where n(¢,t) is the number density, G(¢,t) is the growth rate, and k, is the shape factor.

Agglomeration

Agglomeration of particles due to binary collision is modelled for two collision mecha-

1121

nisms: collisions resulting from random Brownian motion, terme erikinetic’, an
11 1t f d B tion, t d ¢ kinetic’, d

shear-induced collisions, termed ‘orthokinetic’. For perikinetic aggregation, the collision
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rate can be calculated according to eq. (40a), while for orthokinetic aggregation eq. (40Db))

is applied.
2kpT (£ + \)?
3u 2\

8 5 [€
Beott,ortho = 1/ B L+ ) \/: (40b)

where ¢ and A\ are the sizes of the two colliding particles, and ¢ is the energy dissipation

Bcolhperi = (40&)

rate.

The collision kernel used in the PBE is the sum of two kernels Beou = Beoli peri + Beoli,ortho-
In order to obtain the agglomeration kernel, it is necessary to multiply the collision frequency
by the agglomeration efficiency, «(¢, \), which describes the probability that a collision is

successful and is determined by the particle interaction forces:

Bagg (67 )‘) = Bcoll(& )\)OJ(& )‘> (41)

In this study, the collision efficiency was held constant and equal to 1 meaning that ev-
ery collision results in agglomeration. This assumption provides the worst case scenario
where particles agglomerate rapidly and form large agglomerates. A complete model would
need to estimate interparticle forces in order to quantify the agglomeration efficiency more
accurately. 202223

It is expected that in moderate turbulent conditions the agglomeration of particles, par-
ticularly those at the scale of nuclei, will be dominated by the perikinetic mechanism. In
highly turbulent flows such as the impingement point in a CIJR, shear-induced agglomera-

tion can also have an effect, especially for larger particles. Both collision kernels should be

considered due to variation of flow conditions in CIJR and the rapid growth of particles.
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Summary

Once the model was developed, values for eleven factors (nine physical constants and two
model parameters) were required. A full factorial design search on the model highlighted the
factors that have the highest impact on precipitation in the CIJR and narrowed down the
range of reported literature values for the full set of physical constants to those which would
yield physically meaningful model outcomes.”Y The eleven factors and the values determined

from the previous study are presented in Table

Table 3: Model constants and their unoptimized best value from the full factorial design
search

Factor | Symbol Value Units Equation
Expansion angle of the jet A 10) 5.0 © 4]
Initial half width of the jet B bo 2.0-1074 m
Coefficient for the exchange velocity C Z 1% %VE
Equilibrium constant for reaction 1 D Krono—eq | 5.0-107° | kmol - m™
Equilibrium constant for reaction 2 E Kd_iﬁq 1.0-107° | kmol - m™3
Reverse reaction rate for reaction 1 F Emono—r 0.1 s71
Reverse reaction rate for reaction 2 G kai 5.0-1073 571
Solubility of mono- H Kopono— | 5.0-1077 Y%mol
Solubility of di- I K 1.0-107 %mol
Coefficient for the surface tension of mono- J Ko mono— 0.37 [—]
Coefficient for the surface tension of di- K Koy ai- 0.33 [—]

It should be noted that the factors in Table [3| are not optimized or tuned to fit the
experiments. This set of factors was chosen in a previous work?” from a domain in which
for any combination of the factors, the predictive model can reproduce the experimentally
observed trends. No attempts to improve the agreement of the model results with the
experimental data were made since the goal of the model was to reproduce the experimental
trends and uncover the dominant mechanisms driving by-product formation. This set of
factors is used for all simulations. The full factorial design®’ was performed for the pure

growth, i.e. agglomeration of particles was neglected. Inclusion of agglomeration results

requires at least two more constants — the agglomeration efficiencies a (see eq. (41))) for
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mono- and di- in addition to those in Table [l The choice of these constants is not trivial

and goes beyond the scope of this study.

Discretization of the population balance equations

The systems of equations and that describe evolution of concentration of species
in radial jet compartments and in the bulk, respectively, should be discretized in time only.
The fourth-order Runge-Kutta method (RK4) is used. The fixed time step is used which
value is based on stability requirements of the PBE solution.

The population balance equations and were discretized using high resolution
schemes for the growth term and the pivot method by Kumar and Ramkrishna® was used
to discretize the agglomeration terms. This idea was originally proposed by Vale and

.49, It was demonstrated by Gu-

McKenna“® and then successfully used by Gunawan et a
nawan et al.?’ and then confirmed by Bouaswaig and Engell®V that the high-resolution
methods significantly reduce the numerical diffusion associated with low order methods and
avoid spurious oscillations that are observed when higher order methods are used.
Hyperbolic nature of the PBEs along with sharp gradients of the particle size distribution
make the solution of this equations challenging. Hermanto et al.®! showed that first-order
methods require small bin size to mitigate numerical diffusion (i.e., smearing); while higher
order methods introduce numerical dispersion (i.e., spurious oscillations), leading to negative
values of particle size distribution. The computational methods used to solve the population
balance equations must be sufficiently accurate to ensure that the behaviour of the numer-
ical solution is not affected by the choice of the numerical method. At the same time, the
simulations need to be efficient in terms of computational demands. A conservative finite
difference scheme is used in this study to solve the PBE.®2%4 The details of the discretiza-

tion of population balance equations are given in Supporting information. Verification and

validation of the numerical scheme can also be found in Supporting material.
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Results and discussion

The results are presented in three parts. First, the effect of mixing model to predict experi-
mental trends is shown: we compare numerical predictions with the experimental trends in
terms of the mass fraction of mono-particles produced as a function of blend strength and
also as a function of percent excess HCl. We also discuss the effect of agglomeration. It
will be shown that the proposed model is able to replicate experimentally observed trends,
provided that mixing is not considered as perfect. The requirements for a more realistic
agglomeration model are considered.

Then we explore the effects of process conditions. Given that mixing is not ideal, the
distribution of particles throughout the vessel is provided as a function of flow rate and feed
composition. This gives some initial insight into operations.

In the third part, the particle size distribution is analysed. Detailed comparison of the
particle size distribution for both species and their evolution through the volume of the
CIJR are shown. The implications of varying blend strength and percent excess HCl and
the interactions between these two variables and the resulting PSDs are discussed.

As a summary, considerations on the model observations and their potential impact on

operations are presented in the discussion section.

Effect of local mixing

Experimental and numerical results for the production of mono- particles are compared
in Fig. [f] Note that the experimental mass fraction of mono- (markers with fill) is based on
elemental analysis. Numerical results (markers with no fill) are also given as the mass fraction
of mono- particles relative to the total mass of particles produced. In the experiments,
increasing the inlet concentration of MDA (blend strength) from 1 to 2 wt % leads to a shift
from di- to mono- particle production (Fig. [f] (a)). The model trend correctly follows the

experimental results. The shift from di- to mono- production occurs rapidly in experiments,
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and happens more smoothly in the numerical results. The difference between the results is
within 10% with the exception of one point at 2% MDA. A similar deviation is observed in
Fig. [6] (b) where the effect of HCI excess on mono- production is given. The model captures
complex experimental trends in this case as well. Given our limited knowledge of key physical

constants for the system (see Table , these results are very promising.
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Figure 6: The mass fraction of mono- scaled to the total mass of particles produced at an
inlet flow rate of ;, = 100 ml/min as a function of (a) MDA inlet concentration at a fixed
HCI excess of 300% and (b) as a function of HCI excess at C? 4, = 5.0 wt % shows a good
agreement between model and experiments. An expanded scale is used in Fig. 6(b).

Agglomeration of particles is assessed next. The maximum size of agglomerates measured
experimentally is 30 um. This is the only data we have to guide our selection of the agglom-
eration efficiency (a) of the particles. To show that the choice of « substantially affects the
size of agglomerates, we performed simulations for the case characterized by the following
set of process conditions: Q;, = 50 ml/min, OV, = 0.5 % wt, and HCleyeess = 0%. In this
case, only di- particles are produced. We first set &« = 1 meaning that all particle collisions
result in agglomeration. The resulting particle size distribution is presented in Fig.

With a = 1, the simulation ended before the steady state because the maximum particle

size permitted (30 pum) was exceeded. This shows that a simple model with 100% collision
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Figure 7: Di- particle size distribution for the case with process conditions: @Q;, = 50

ml/min, C¥p 4 = 0.5 wt %, and HCI excess — 0 %. The results for pure growth and growth
+ agglomeration are shown.

efficiency cannot correctly predict agglomeration. The model predicts experimental trends
correctly with growth alone suggesting that agglomeration affects the particle size distribu-
tions but not the composition of the product. The rest of the results in this paper present
the case with growth alone.

Experiments showed a clear shift from di- to mono- particle production but the reason
for this shift was not clear. The next set of simulations was designed to probe the effect
of mixing on product composition at varying feed concentrations. As outlined in Fig.
there are numerous interrelated physical phenomena occurring simultaneously. A way to
substantially modify model complexity is by changing the level of resolution of the flow. A

straightforward simplification is to assume perfect mixing in the CIJR, i.e. once the round
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jets collide, they mix perfectly throughout the entire reactor. To check if perfect mixing can
be assumed to model the system under consideration, we removed the mixing model and
ran simulation cases for the simplified case of perfect mixing. The model predictions with
perfect mixing at Q;, = 50 ml/min are shown in Fig. [8l The main objective of Fig. [§ is
to show the impact of the mixing model on the ability of the mechanistic model to predict
the major experimental trend which is the shift from di- to mono- particle production with
increase of the blend strength. To facilitate the visualization of this shift, the mass fraction
of mono- (markers with no fill) and the mass fraction of di- (markers with the fill) are both
depicted on each plot as functions of the blend strength (inlet concentration of MDA). The

increasing HCI excess is shown by arrows.
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Figure 8: Mass of mono- or di- particles scaled to the total mass of particles produced at
inlet flow rate of Q);;, = 50 ml/min and different HCI excess values as a function of the blend
strength with perfect mixing assumption.

32



The mixing model has a dramatic impact on the quality of the prediction. When there is
no excess HCl and mixing is perfect (Fig.[§)), the production of di- decreases with the increase
of Ci% 4 meaning that more mono- is produced at the higher blend strength (almost 50/50
ratio at C4 4, = 5.0 wt %). This can be explained by the fact that there is not enough
HCI to react with mono- to produce di-. As the HCI excess increases under perfect mixing
conditions, the production of di- increases drastically: mono- instantaneously reacts with
HC1 producing di- such that even at C¥p, > 2 wt % there is no shift from di- to mono-
production. This result is at odds with the experimental results shown in Fig.[6] We conclude
that perfect mixing cannot be assumed in CIJR, for the materials and process conditions
considered in this work. The mixing model is needed to capture sensitivity to local mixing

conditions resulting from the competitive-consecutive nature of the two chemical reactions.

Effect of process conditions

Model predictions for the same flow conditions as Fig. 8 (@, = 50 ml/min) and varying
HClyeess with the full mixing model are shown in Fig. [9] where the mass fraction of mono-
and di- particles is plotted as a function of C¥7,,. The shift from di- to mono- production
occurs for all values of HCI, and as HC'l, ,..ss increases the shift is more abrupt. Similar
results were obtained for the other two values of the inlet flow rate. With an increase of the
inlet flow rate Q;,, to 100 ml/min and 150 ml/min (not shown), overall trends are the same
and the shift occurs at higher values of the blend strength (in the range 2 to 3.5 wt %). This
mixing model is able to accurately replicate experimental observations.

In Table [4] the mass fraction of mono- and di- particles in the radial jet and in the bulk
is given.

Mass fractions of mono- and di- in the radial jet and in the bulk show the distribution
of particles in the vessel. More particles precipitate in the radial jet with an increase in
the amount of reagents fed (increased blend strength and/or HCI excess). An increase in

the inlet flow rate results in a slight decrease of particle production due to the reduction
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Figure 9: Mass of mono- or di- particles scaled to the total mass of particles produced at
inlet flow rate of Q);;, = 50 ml/min and different HCI excess values as a function of the blend
strength with the radial jet mixing model.

in residence time. Note that the radial jet is a combination of fresh feed, production, and
entrained particles from the bulk, so the mass fraction of particles is always lower in this

part of the vessel.

Analysis of the particle size distribution

The mechanistic model also predicts the full particle size distributions (PSDs) in different
regions of the reactor (99x2 compartments in the radial jet + 1 in the bulk).

It is important to highlight that neither the experimental campaign nor the industrial
partners could produce AHC salts PSDs, therefore, the model predictions with respect to
the full PSDs presented hereafter are presented without validation. This lack of data is
clearly one of the limitations of working with industrially relevant materials rather than
model materials. The goal of the model is to uncover the role of the process variables on
the production of the salts and variation of the PSDs in order to identify next steps in
expanding our understanding of this difficult process. Readers who may be familiar with

industrial operations will know that production of fine particles is a desireable state for
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Table 4: Results of the simulations in terms of the distribution of particles (mass fractions)
in the vessel at flow rates 50 and 150 ml/min and varying blend strength and HCI excess.
Trends are the same for @;;, = 100 ml/min.

. in Jet, wt % | Bulk, wt %
Inlet flow rate, Q;, ml/min | HCI excess, % | Cp.4, wt % mono | di | mona | di
0.5 0.0 9.1 0.0 90.9
1.0 1.2 7.8 | 125 | 785
0 2.0 4.3 4.9 | 42.5 | 785
3.5 5.5 3.71 53.9 | 36.9
50 5.0 7.5 20| 70.2 | 20.3
0.5 0.0 9.1 0.0 90.9
1.0 1.6 79| 124 | 78.1
700 2.0 155 | 2.1 | 66.5 | 15.9
3.5 21.5 0.8 | 72.3 5.4
5.0 235 04| 73.1 3.0
0.5 0.0 9.2 0.3 90.5
1.0 0.6 8.5 6.0 84.9
0 2.0 5.8 3.3 584 | 325
3.5 6.7 24| 66.8 | 24.1
150 5.0 7.0 221 69.5 | 21.3
0.5 0.0 9.0 0.0 91.0
1.0 0.0 9.1 0.0 90.9
700 2.0 6.0 43| 47.3 | 424
3.5 149 | 1.2 | 726 | 11.3
5.0 187 |1 0.6 | 75.1 5.6

re-dissolution if the solubility is high. In cases like this, where the by-product solubility is
relatively low, dissolution may not occur and the resulting large numbers of fine particles
can be very difficult to process. To this end, the PSDs predicted by the model are discussed
in terms of trends and controlling variables.

The spatial development of the PSDs in compartments of the radial jet for the ‘a’ and
‘b’ sides separated into mono- and di- particles is shown in Fig. for Q;, = 50 ml/min.
The arrows indicate the PSDs starting from compartment 1 to 99, as the radial jet expands
from the impingement point in the radial direction.

Starting from the first compartment right after the impingement point, the PSD in every

7th compartment is shown (i.e. 1, 8,15, ..., 99). The limiting values of the process variables
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Figure 10: Spatial development of PSDs in the jet at ();, = 50 ml/min separated into mono-
and di- particles. Low and high correspond to the lowest and highest values of the process
conditions: (a) C¥5, = 0.5 wt % (low), HClepeess = 0 % (low); (b) Citpy = 5.0 wt %
(high), HClepeess = 700 % (high); (c) Cp, = 0.5 wt % (low), HCleyeess = 700 % (high);
(d) C s = 5.0 wt % (high), HClepeess = 0 % (low).
are presented in the following way: ‘Low’ refers to C’iM"DA =05 wt % or HClogeess = 0 %,
‘High’ denotes Cp4 = 5.0 wt % or HClepeess = 700 %. All four combinations of these
variables are shown.

The process variables significantly interact and affect the shape of the PSDs. Low values

of process variables (Fig. [11|(a)) produce a small number of small particles (mass of mono-

is negligibly small).
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Figure 11: PSDs of mono- and di- particles in the bulk at @, = 50 ml/min. Low and high
correspond to the lowest and highest values of the process conditions: (a) Ci%,, = 0.5 wt
% (low), HClezeess = 0 % (low); (b) Ctpa = 5.0 wt % (high), HCleyeess = 700 % (high);
(¢) Ciipa = 0.5 wt % (low), HCleyeess = 700 % (high); (d) C¥pa = 5.0 wt % (high),

HCleyeess = 0 % (low).

High blend strength and HCI excess result in a large number of small particles (Fig.[LT|(b)).

At low Cip, 4 and high HCI excess (Fig. [L1|c)) only di- particles are produced in relatively
small amount. High blend strength and low HCI excess (Fig. [L1|(d)) noticeably broaden the
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PSD and produce particles of larger size. In all cases, the maximum size of mono- particles
is larger than of di- which matches experimental data.

The shape of the PSD loses its symmetry around the impingement plane (‘a’ and ‘b’ sides
of the radial jet) at high values of the process variables due to changes in local concentrations
(HCl-rich versus MDA-rich). When the blend strength is high, more small mono- (and di-)
particles are produced at the ‘a’ side (see Fig. |[10| (b) and (d) left set). At high C%, and
low HCloyeess, a slight increase of the production of small di- particles is seen (Fig. (d)).

The first compartment of the radial jet has a volume of 2.28 - 1072 ml and the residence
time is 2.74 - 1072 s at a flow rate of Q;, = 50 ml/min. As the process moves from the
impingement point along the radial jet, more particles are produced and they grow in size.
After the last radial jet compartment, the particles are released into the bulk.

Fig. [11{ shows the PSDs of mono- and di- particles in the bulk for the same four process
conditions as shown in Figure for the radial jet. The PSD in the first compartment in
the radial jet also defines the shape of the PSD in the bulk. Due to the larger residence
time in the bulk, particles have more time to grow, resulting in slightly wider PSDs than in
the radial jet. In comparing Fig. [I0] and Fig. [L1], we conclude that it is primarily the local
conditions of the process variables at the impingement point which defines the shape of the

PSD in the bulk.

Discussion

The results of the model (Fig. and guide us in selecting process conditions to
either minimize the production of the particles or decrease the reprocessing costs. The
highest values of the process variables lead to production of the largest amount of smaller
particles of both types (Fig. 11| (b)). This case is considered as the most favorable: since
particles are small, they will dissolve faster; the size of both particle types is the same, thus,
the same reprocessing approach can be applied. An alternate condition is low blend strength
and high HCI excess (Fig. [L1| (c)). In this case, a relatively small number of di- particles is

produced, i.e. small particles of one type (less than half of the amount than in the previous

38



case). The worst case scenario is high blend strength combined with the low HCI excess. In
this case, a large number of bigger particles of both types is generated. Between the two
process variables: the blend strength (C%V%,,) and the HCI excess (HClqpeess); the former
dominates the type of the particles being produced while the later affects the number. It is
also noted that di- particles are consistently smaller than mono- particles which is consistent
with experimental results (see ref.”).

The mechanistic model has allowed us to study the effect of process conditions on the
particle size distribution. The influence of the blend strength on the PSD at two limiting
values of HCI excess for Q);, = 50 ml/min is shown in Fig. [12|for mono- (left) and di- (right)
particles in the bulk.

At low HCl excess, low C47 , , means less by-product formation and low overall production
of particles. As O, , increases, the production of particles increases. There is a noticeable
transition in the shape of the distributions with the increase of the blend strength at high
HCI excess. This transition is quite sudden (not smooth). In all cases, it is complete by 2
wt % which is consistent with the shift of di- to mono- production that happens at blend
strength values in the range 1 to 2 wt %. The same is true at low % excess HCI, but is
somewhat less pronounced. Based on these results, we conclude that variation of the blend
strength is the most efficient means to control local concentration of reacting species, and,

therefore, the production of mono- and di- particles.
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Figure 12: PSD of mono- and di- particles in the bulk for for different blend strength values
at Qi = 50 ml/min: (a) mono- and (b) di- at HCl.peess = 0 %; (¢) mono- and (d) di- at
HClgeess = 700 %.

Conclusions

A mechanistic model to describe the production of amine hydrochloride salts (mono- and

di-) in a confined impinging jet reactor (CIJR) is reported. The model couples population
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balance equations (PBEs) that track the particle size distributions (PSDs) with equations for
chemical reaction kinetics, nucleation, particle growth, agglomeration, and a mixing model
that accounts for spatial inhomogeneity of the flow and concentration within the CIJR. The
numerical schemes and computational methods for the solution of the model are presented
in detail, verified, and validated by comparison of the numerical results with experiments.

The mechanistic model proved to be successful in predicting major experimental results.
The key finding of this study is that perfect mixing cannot always be assumed in the CIJR.
Based on the fundamental equations that govern the development of the radial jet as a result
of a collision of two round jets, a mixing model was derived that is the core element of the
mechanistic model. The mixing model must be included in order to predict the shift from di-
to mono- particle production as the inlet concentration of MDA (blend strength) increases
past 2%. In experiments, this shift occurs abruptly when C%?, , is in the range 1 to 2 wt %
and is independent of the inlet flow rate value ();, and HCI excess HCl zcess. In numerical
simulations, the shift is smooth and occurs over a wider range of the blend strength (1—3.5)
wt %. This difference could be due to a non-optimal choice of the physical constants of the
model that were determined in our earlier publication?, or it could be due to the limited
number of experiments that were available to define the experimental curve.

The mechanistic model predicts full particle size distributions in different regions of the
reactor. The shape of the PSD is shown to be set in the localized region near the impingement
point. The PSD shape undergoes minor changes as the reactants flow from the radial jet
to the bulk. These changes are defined by the growth of the particles. The blend strength

i 4 strongly affects the shape of the PSD which changes suddenly as C?,,, passes 2 wt
%. The percent excess HCI influences the amount of particles being produced and has minor
affect on the shape of the PSD.

One of the main goals of the model is its ability to outline the process conditions such
that the production of the salts is either mitigated or well controlled. Based on our results,

we conclude that high values of the blend strength and the HCI excess lead to the production
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of large amount of small particles of both types which may lead to faster re-dissolution and

similar reprocessing treatments.
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Nomenclature

(A) z coordinate where the maximum x-velocity is equal to vg, [m]

U, (x) y-average of the downstream velocity, [m/s]

1"

iga Tate of generation of the i component per unit volume, [mol/(s - m®)]

n
V' Volumetric flow rate, [m?/s|
Ve  Engulfment volumetric flow rate, [m?/s

V. Volumetric flow rate discharged from the radial jet in the bulk, [m?/s|

V,  Volumetric flow rate exiting the reactor, [m?/s]

14 Characteristic diameter of the solid particles, mono- or di-, [m)]
n Non-dimensional constant containing both z and y, [—|
Q Depth of the control volume along the w axis, [rad|

) Expansion angle of the radial jet, [°]

p fluid density, [kg/m?]

o Spreading constant of the turbulent radial jet, [—|

Twur Residence time in the bulk

0 Non-dimensional constant containing both z and y, [—|

bo initial half width of the radial jet, |m]

C Concentration

C;  Concentration of the " component in the bulk, [kmol/m3|

Cio molar concentration of the i component in the semicompartment a, [kmol - m~3]
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ny(€)

Vo

VE

molar concentration of the 7" component in the semicompartment b, [kmol - m=3]

molar concentration of the i"* component engulfed from the bulk entering the semi-

compartment a, [kmol - m ™3]
kinematic momentum flux, [m*/s?]

Number density of n-particles in the population for which the characteristic diameter

takes a value of exactly ¢, [#/m3 . m|
Supersaturation

volume of the differential element in the radial jet, [m3]
Average velocity at the beginning of the radial jet
Engulfment velocity, [m/s]

Exchange velocity, [m/s|

Velocity in the z-direction, [m/s]

Volume of the bulk, [m?]

Radius of the inlet round jets, [m]

Outer radius of the radial jet, [m)]

Width of the radial jet at the = position, [m)]

fraction of the engulfment velocity that defines the exchange velocity, [—|
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