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Abstract

Numerical simulations were performed to study tffecé of pulsation on the flow
dynamics of a 2D laminar T-jets mixer. Differentraségies, frequencies and
amplitudes of the opposed jets pulsation were destiening to assess its effect on the
mixing dynamics of the flow field. The pulsatiorefuencies were set in relation to
the natural oscillation frequencies of the flowldielt is found that out phase
pulsation of the opposed jets with frequency closdhe jets natural oscillations
frequencies@ enhance the order of the system resulting irow field with a well
defined repetitive generation of vortices. Impospugsations to the system that have
different frequency values from the non-forced fldynamics enhance its disorder.
The study showed that the amplitude of the osmltahas a strong effect on the flow
field, and that this effect increases with incragsamplitude up to the extreme case
where the imposed pulsation completely drives ghreachics of the system.
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I ntroduction

Reaction Injection Moulding (RIM) is a process whewo monomer streams,
generally polyol and isocyanate are contacted TRjets mixer, the mixing chamber,
at high velocities, up to 100m/s, but at low jetsyRolds number, 100Re<600, due
to the viscosity of monomers that ranges from 2AQ@00 mPa.s (Macosko, 1989).
Figure 1 shows the geometry of a typical RIM maemmxing chamber.

Previous works by the present authors research heam extensively studied mixing
mechanisms in RIM (Santost al, 2002, Teixeiraet al, 2005, and Santost al,
2005) and the mechanisms of jets natural osciliatiand its control (Xiaojiret al,
2007 and Erkoet al, 2007). Other RIM mixing studies of relevance weaeried out
by Leeet al. (1980), Tucker and Suh (1980), Kolodzigj al. (1982 and 1986),
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Sandellet al. (1985), Kushet al. (1989), Woodet al. (1991), Johnsoet al. (1996),
Johnson and Wood (2000) and Trautmann and Pie&®@l). From all the available
literature on mixing in RIM, the pulsation of thetg was only tackled in Bierdel and
Piesche (2001) that analysed the influence of polsamplitude on the quality of
mixing. Other authors used pulsation techniquesTgets and Y-jets mixers to
perturb the flow field and cause the onset of cotive mixing (Deshmukket al,
2000 and 2001, Zhongliangt al, 2002, and Ito and Komori, 2006), a technique
usually referred as active mixing.

In the case of this study, mixing is not engagemmnfithe pulsation, since the flow
field in the mixing chamber at the Reynolds numb&ue of 300 here studied has
natural advective chaotic patterns. The purpose i®to scrutinise the interaction
between the flow natural oscillations and the ingabgets oscillations, namely its
effect on the flow dynamics and on the shape amiugon of the natural advective
chaotic patterns formed downstream the opposedijgingement point.
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Figure 1 RIM machine typical mixing chamber geometng its 2D representation and respective hydradima
model here used for the CFD simulations.

CFD Mode

The flow field was simulated with Fluéft using a 2D model of the mixing chamber
shown in Figure 1 and previously described in Er&bgl. (2007). The 2D chamber is
rectangular, having 50 mm length and 10 mm widttmnected to 20 mm long
injectors whose centre is located at 5 mm fromdlose top of the chamber. The
injectors averaged Reynolds numbR¢, is defined for the 2D geometry as
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Re= pu,, W/ u eq. 1
where w is the injector width, which is 1.5 mny is the viscosity that here is
20 mPa.sp is the density that here is 1200 kg/amd Uy; =3.333 m/s is the time and
space average fluid velocity at the injectors. Dhendary conditions were set as no
slip in the walls, and the liquid leaves the chamftem a pressure outlet set at
atmospheric conditions. The dynamic simulationsenadways started from a steady
state solution of the flow field foR€=300. The pulsation of the jets is performed
according to the following equations:

on the left injector Uy (t) =Inj +A Im.sin(ZZTf t) eq. 2
on the right injector U, (t), = In, +A ImSin(ZHf t+¢) eq. 3
where A and A are the left and right pulsation amplitudes, retipely, f the

pulsation frequency ang the phase displacement between right and lefttoje
pulsation.

Results

The jets impingement point oscillates with a freqme¢ around 200 Hz for the used

fluid in the defined 2D geometry dR€=300. The tested pulsation frequencies are
f = ¢/2=100 Hz, f =¢ =200 Hz, and f =2¢ =400 Hz. The simulated cases are all at

R€e=300 and summarized in Table 1.

Table 1 Summary of simulated cases

Case Number Pulsation Strategy Amplitude and Frequency
1 No Pulsation A=0
2 Only one jet is pulsed A =050 f =¢
3 On-Phase A=A=050,f=¢¢=0
4 Out-of-Phase A=A=025f=¢¢p=my
5 Out-of-Phase A=A =050,f=¢¢g=g
6 Out-of-Phase A=A=1.00,f=¢,¢=1mg
7 Out-of-Phase A=A =050,f=2¢.¢=2m
8 Out-of-Phase A=A =050,f=¢2,¢=rm?2

All simulations were performed dynamically usindixed time step of 10s. For
each time step, thecomponent velocityy, was recorded in the axis of the chamber
at the following distances from the tg=5 mm (at the impingement point, P22
mm (P2); andz=33 mm (P3). The simulations were started from Iprateady
solution for ReE=300, and ran for a period of 2 seconds of oparafidie data from
the first 300 milliseconds of the operation wasnghiated, and the power spectra were
obtained from the data of the remaining 1.7 s.
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Figure 2 shows the streamlines at some selected tmstants of the dynamic
simulations of the eight defined cases. The same flehaviour previously reported
in Santoset al. (2002 and 2005) of the formation of a vortex dt@@vnstream the
jets impingement point is observed for the eigldesa Some differences are yet
observable between the flow fields:

* The vortices in Cases 2 and 3, corresponding tosafe oscillation and on-
phase oscillation, are more distorted, less roundledn the case of no
pulsation.

* The cases with out-of-phase pulsation present greagularity of the vortex
streak, namely Cases 4, 5, 6 and 8, except for Casehere pulsation
frequency is Z .

Case 7 Case 8

Figure 2 Streamlines of flow field in the mixingazhber from the dynamic simulations at average Re~3§i6ig
different pulsation strategies.

For a clear image of the pulsation effect on floynamics, the simulations time

histories and its power spectra are presentedré-gshows the time history of the
component of the dimensionless velocity = ux/u. at the impingement point, P1,

inj

for the eight simulated cases, and Figure 4 shbevpower spectra obtained from the
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Figure 3 Time histories olf’X at the impingement point.
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Figure 4 Power spectra at the impingement poimhfilee dynamic simulations at average Re=300 usififigy elint

pulsation strategies.
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Table -2 Maximum energy levels from the power $@ecfu, aroundi=200Hz, at the impingement point

Case Number Max Energy, m
0.00843
0.0247
0.00168
0.0571
0.0530
0.583
0.000921
0.894 *

O (N|O|OAWNF

* taken at 100Hz

FFT of these time histories. The highest spectnargy values around the typical
oscillation frequency of 200Hz are presented inl@ &b

For Case 1, where there is no pulsation imposetheosystem, from the power
spectra, a general great spread of energy arouadjetis typical frequency of
oscillations, ¢ =200Hz is observed. The amplitude of the jets oscillatisnalso much
less than for the cases of forced pulsation, asbeaseen from the time histories of
Figure 2 and Table 2, where the maximum energyevatound the 200Hz frequency
is seen to be almost one order of magnitude less flom the out-of-phase pulsation
cases withf =¢.

As one of the jets is pulsed, the appearance ofvarl frequency peak, between 50
and 100Hz, is observed, as can be seen in Figanel Zable 2 for Case 2, which will
be later identified on the analysis of downstreanins, z=22 and 33 mm, by the
passage of fully developed vortices.

The on-phase pulsation, Case 3, presents the |@mesgy peaks, since both jets are
pulsated simultaneously, their strengths keep bathrand there is no significant
disturbance of the jets oscillation. When a jeefo#s strength, it is not compensated
by the opposed jet, which is also retracted, anenadhjet increases its strength, it will
not be able to push the other jet as its strergthatched-up by the opposed jet. The
decrease on the jets dynamics is clear from theepspectra where the energy peak
aroundg is the second lowest of the eight studied casesaade seen in Table 2,
and the lowest of the five cases with the applieddencyf =¢.

The cases promoting the highest dynamics of ttegstillations are the ones with
out-of-phase perturbations, mostly the ones withe thighest amplitudes.

At A =A =1.00, as can be seen from the time histories, thegstillations are

mainly determined from the imposed pulsation, wiifethe other cases there is a
strong interaction between the flow field naturatidations andmposed oscillations
by pulsation. This result suggest that the flowldfisomehow preserves its own
dynamics that emerges from the unsteady balant®edivo opposite forces: the jets
that have a velocity of 3.333m/s and are stoppednogher jet in a distance of 5mm,
up to pulsation values of 50% of the inlet flow eratThe cases where
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A =A =050, Cases 2, 3, 5, 7 and 8, all show periods whelsafon imposes

over natural oscillation and vice versa, as casdsn on short periods of some time
histories shown in Figure 3, where two differergdy of oscillation can be observed.
For the cases of out-of-phase pulsation whegethree cases were tested, Case 4, 5,
and 6, with 25%, 50% and 100% amplitude, respdgtiviche jets oscillation energy
peak aty is higher than from Case 1 with no pulsation, bnespnts a small evolution
from 25% to 50% amplitude, as can be seen fronvalhees in Table 2. On the other
hand, the energy peak in the 50 to 100 Hz rangacdl of the fully developed
vortices, continuously increase with the pulsatimguency, presenting the highest
value for 100% amplitude as can be seen from Figuréhe imposed dynamics is
only observed to dominate when pulsation reachegdituies of 100% of the inlet
flow rate, with the energy peak af =¢ raising one order of magnitude in

comparison to 25% and 50% amplitude pulsationd) wisingle oscillatory behaviour
being identifiable from the time history of Casdn6Figure 2. For Cases 4 to 6,
streamline maps of Figure 2 show the earlier agpear of fully developed vortices,

that for Case 6, whe® = A =1.00, the vortices are generated at the jets inlet

region, which is the reason for the increase ofahergy peaks in the range of 50 to
100Hz.

For the double frequency oscillations, whére 2¢, the natural flow oscillations

and the imposed oscillations interact in a comjéeskion cancelling the high energy
peaks above 100 Hz. Previous works that engagengiki steady flows from
pulsation also observed that, after a certain f#aqy, pulsation loses its dominant
role over the flow field dynamics. Zhongliangt al. (2002) used an external
electrokinetic flow control in a Y-jets mixer toterleave two streams, but increasing
continuously the modulation frequency, it was obedrthat instead of smaller layers
of each stream, two segregated streams were otitdile et al. (2006a) pulsed the
flow along a microchannel from lateral ports (Niuak. 2006b), and reported the
amplitude versus frequency values generating fciigiotic flow regimes. From the
work of Niuet al.(2006a) it is observed that, for a fixed pulsa@onplitude, the flow
regime becomes steady with increasing pulsatiagquéacy. The pulsation amplitude
and frequency have to be increased simultaneooskeép the flow regime fully
chaotic. On the other hand, for a fixed pulsati@gfiency, increasing the amplitude
was observed to increase the mixing and flow dynarby Niuet al. (2006a). The
increase on pulsation frequency is thus, turning ithposed perturbations to the
system too fast to cause a clear impact, and théavte a dominant role on the flow
dynamics, its energy, i.e. amplitude, also hastinbreased.

The highest energy peak is obtained with a pulsatiequency of/2, where the

pulsation frequencies are close to the frequenoie®scillation caused by the

evolution of fully developed vortices and sets Wele system into resonance. From
the streamlines in Figure 2, the earlier formabbthe fully developed vortices at the
impingement point occupying the entire mixing chambidth is clearly observed for

Case 8. These fully developed vortices were presloreported as the main mixing

structure in RIM (Santost al, 2005).
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To assess the effect of pulsation on the downstridiyn developed vortices, the
power spectra ob, for the eight defined cases was computed and shaswn for

z=22 mm (P2) in Figure 5, and fa=33 mm (P3) in Figure 6. The fully developed
vortices generate a frequency pe#éik,between 50 and 100 Hz, of which the

maximum spectral energy values for P2 and P3 agepted in Table 3. The highest
energy corresponds to the cases where vorticebatter defined or more regularly
generated.

Case 7, where the pulsation frequency is not in dhme range of any natural

oscillation of this system, i.e. it is not resongtiwith the system (Williamson and

Govardhan, 2004) but imposing to it, presents #moid lowest energy and along
with Case 3 generate the streamline maps with misterted vortices as can be seen
from Figure 1. Case 3 and 7 present a drop onpeetiml energy of the highest peak
around ¢/ frequency in comparison with Case 1, which hasimposed jets

pulsation.

Case 3, although the pulsation frequency Was ¢, has the lowest energy peaks in

the range of 50 to 100 Hz, due to the previouslseoked fact that the opposed jets
forces are kept symmetrical and so the introdugstlitbance is not imposing to the
flow field but annihilating itself.

Table -3 Maximum energy levels between 50Hz andH¥(OPequency at 33mm and 22 mm down the mixing
chamber axis

Case Number Max Energy, m
Z=22 mm Z=33 mm
1 0.285 0.351
2 0.254 0.448
3 0.126 0.238
4 0.192 0.208
5 0.412 0.720
6 0.979 0.941
7 0.204 0.238
8 1.98 0.654

For the one side pulsation, a clear differencehensipectral energy arouggd is not
observed when compared to the one with no pulsa@@se 1 power spectra. The
main difference is observed in the P2 power speiftfagure 5, where the introduced
perturbation frequency, 200 Hz, still causes a mnede effect, which almost
completely fades at P3 in Figure 6.

The maximum energies were obtained for the casesrewlthe pulsation was
performed as out-of-phase, but only for amplituelg@sal or greater than 50%, Cases
5, 6, 7 and 8. In Case 4, although the applieduaqy was equal to the natural
frequency of the system i.d.,= ¢, and the pulsation of the jets was performed as

out-of-phase, the amplitude was only 25% and thposed pulsation with this
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Figure 5 Power spectra at P2 from the dynamic sitiaris at averagee=300 using different pulsation strategies
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Figure 6 Power spectra at P3 from the dynamic sitinris at averagee=300 using different pulsation strategies
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amplitude did not create enough energy to impogedynamics of the pulsation,

instead, it causes a complex interaction with theiral flow dynamics of the system,

and thus the spectral energy in the fully developedices range, 50 to 100Hz, is
slightly lower than in the no pulsation Case 1. Ftases 5 and 6, where the
amplitudes are 50% and 100%, respectively, an &serén the spectral energy around
Y, in comparison to Case 4, 25% amplitude pulsat@am be observed, and the
energy peak value higher for the highest amplit@ese 6, which has an energy level
that is double of the one in Case 5. Thus, for drigbulsation amplitudes, the flow

dynamics is mainly determined by the pulsation Uezd, and the natural unforced
flow dynamics is overridden.

For Case 8, where the pulsation frequency was rcluse/, the spectral energy
values caused by the fully developed vortices aimiuat P2 were the highest, even
though the imposed pulsation amplitude was notntlagimum. It is then clear that
pulsating the jets with frequencies near the fudigveloped vortices oscillation
frequency can induce a more orderly flow of thetewrstreet. The value of for
Case 8 is not completely coincident with, which is closer to 60 Hz. The pulsation
frequency is thus imposing a new value(sf but only up to P2, since on P3 the
energy peak on 100 Hz frequency drops, and thexeasse of spectral energy around
60 Hz. It is then possible to impose a higher feaguy of formation to the fully
developed vortices in a short length before theghevto their natural shape, i.e. the
shape they would attain without pulsation. A higlierquency of the vortices is
linked to smaller vortices, and consequently teduction on the scale of mixing.

Conclusions

In this article the enhancement of mixing througttsption, namely its impact on the
vortex formation and flow field dynamics inside tAejets mixer RIM mixing
chamber was studied

The frequency of pulsation was shown to have a ahepact on the flow dynamics:

* With values close to the natural jets oscillatiorgfiencies,g pulsation
enhances the regularity of the system which resulta clear oscillatory
behaviour of the jets at the impingment point.

» With values close to the natural frequency of thie/fdevelopped vorticesy,
pulsation can force the frequency of the fully dyped vortices passage and
make it more orderly.

It was observed that the amplitude of the pulsatitso has a strong effect on the
flowfield:

* Lower amplitudes can not impose to the system dyemmesulting in an
increase of flow randonness due to the interactibiwo phenomena that
cannot impose to each other, the own flow dynansng the dynamic
behaviour imposed from pulsation.

* Higher amplitudes, close to 100% of the flow ratan completely dominate
the dynamics of the flow field.
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The other studied parameter was the impact of thlseapon strategy, which has
shown that the strategies consisting of out-of-phass pulsation impose more clearly
its dynamics to the system, since the displaceroktite jets impingement point is
completely determined from the pulsation. One sakillation and on-phase
oscillation were not able of imposing a clear iefiee on the flow field.

In the present work mass transfer is not actuabessed, as results only focused on
the flow field and its dynamics. The interactionstvieen pulsation and observed
oscillations are too complex for any reasoning, #mud the quality of mixing will be
assessed by coupling the chemical reaction toithelations of these cases in future
work.

This technology, registered as RIMCOP®, is para glending patent process (Lopes
et al, 2005) developed at LSRE/FEUP and now being comialezed by Fluidinova,
Engenharia de Fluidos, SA.
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