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Dynamic behavior of the flow field in a Reaction Injection Molding, RIM, machine
mixing chamber, having dimensions typically used in industrial machines, is studied
from dynamic velocity data of Laser Doppler Anemometry, LDA, measurements and
Computational Fluid Dynamics, CFD, simulations with a 2D model. This study is based
on the spectral analysis of the dynamic flow field data. The typical frequencies, in the
reactor flow field, are identified and its values are related to the identified flow struc-
tures. The differences between the typical frequencies from experiments and simulations
are observed and justified on the basis of the 2D representation of a 3D cylindrical ge-
ometry. VVC 2009 American Institute of Chemical Engineers AIChE J, 55: 1338–1351, 2009
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Introduction

In high pressure Reaction Injection Molding, RIM,
machines the heart of the process is the impinging of two
high-speed jets, up to 100 m/s, in a confined cylindrical mix-
ing chamber. The geometry of the mixing chamber studied
in this work has dimensions of a typical industrial high pres-
sure RIM machine, with a chamber diameter of 10 mm1 and
jets diameter of 1.5 mm, as shown in Figure 1. The Reyn-
olds number for this process was originally defined at the
injectors as2

Re ¼ qtinjd
l

(1)

where tinj is the superficial velocity at the injectors, d the
injectors diameter, q the fluid density and l the fluid viscosity.

The monomer fluids generally used in RIM have viscosities up
to 1 Pa�s and thus, although the high speed of the jets, the
typical Reynolds numbers for this process are low, in the range
of 100–600.3

Previous Laser Doppler Anemometry, LDA, measure-
ments4,5 in the RIM machine mixing chamber, have clearly
shown that the jets impingement point oscillates. The oscilla-
tory behavior occurs above a transition critical Reynolds
number, which was observed in the literature to have its
onset at Re � 90,6 although fully developed oscillations
were only reported at Re ¼ 120.7,8 Further characterization
of the flow field was made with Particle Image Velocimetry,
PIV,7 and from the PIV results it was observed that:
• Below the critical Reynolds number, the flow field

presents a very weak dynamic with low amplitude flow
oscillations from Re ¼ 100 to 120,6,9 which are not strong
enough to break a noticeably observable flow field symmetry
plane located between the two directly opposite injectors.
• Above the critical Reynolds number, the flow field re-

gime is chaotic. Downstream of the jets impingement point
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circular vortices are formed and detached towards the outlet
forming a vortex street throughout the chamber. This vorti-
ces are the main mixing mechanism in RIM and are always
associated with strong jets oscillations.10

Published literature on opposite impinging jets dynam-
ics11,12 and in particular confined impinging jets at laminar
regime5,6,9,13–15 is scarce. The few works characterizing the
oscillation frequencies of the jets were mostly done for
Re \ 200,6,9 and studies for higher values of Re come from
the research team of this article.5,13,16 The absence of studies
in the industrial range of operation Reynolds numbers could
be due to difficulties such as those reported by Johnson and
Wood9 in measuring frequencies for Re [ 150. In this study
the Reynolds numbers will be at least twice the value of the
Re marking the onset of jets oscillations, covering for the
first time the range of values of industrial interest not found
in the literature, 250 � Re � 600.

In this work it is depicted for the first time the underlying
mechanisms determining the jets oscillations frequencies
from the analysis of the flow structures geometry. The flow
oscillation mechanisms was only once studied13 from spring
theory. This is a new result and was only possible due to
dynamic flow field simulation, which established the relation
between the jets dynamic behavior and the flow field struc-
tures. The study of the jets oscillations dynamics in RIM is
of extreme industrial relevance since the oscillations are
always connected to the main mixing mechanisms in RIM8:
the vortex street. On the other hand mixing determines the
polymer properties in RIM.17,18

Data Analysis Procedure

The time series obtained from both simulations and
experiments were transformed into the frequency domain, f,

Figure 1. Pilot RIM machine: (a) mixing chamber geometry and dimensions; (b) sketch and drawing of mixing
chamber with mould; (c) photography of mixing chamber; (d) flow chart and instrumentation.
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using the Fast Fourier Transform and the slotted correlation
method.19,20 The procedures for the time series trans-
formation in frequency power spectra are reported in the
Appendix.

The frequency values presenting higher energies in the
power spectra are here referred as typical frequencies, /,
and they are the more representative values of the frequency
of the oscillatory phenomenon. For a direct comparison
between the values of /, the Strouhal number defined as

St ¼ /d
tinj

(2)

was computed. The Strouhal number allows checking if
changes of / with Re are only due to the increase of tinj.

Experiments

Experimental setup

For this study a pilot RIM machine was built. A flowchart
with the instrumentation is shown in Figure 1 along with
some views of the experimental set-up. A detailed descrip-
tion of the RIM machine is presented in Teixeira et al.5

The object of this study is the flow field in the cylindrical
mixing chamber, having dimensions typical of industrial RIM
machines: diameter D ¼ 10.00 � 0.05 mm, and height H ¼
50.00 � 0.05 mm. The injectors are 50 mm long in order to
ensure a fully developed Poiseuille flow of the jets at the
chamber entrance and consist of a tube with a measured diam-
eter d ¼ 1.496 � 0.001 mm. The injectors centre is located at
5.0 mm from the top of the mixing chamber. In order to allow
the penetration of the laser beams for LDA measurements, the
top of the chamber consists of an optical window made from
synthetic fused silica. The mixing chamber discharges the
fluid to a cylindrical mould that has 15.0 cm diameter and
10.0 cm height. Figure 1 shows a sketch and a photograph of
the mixing chamber with the mould and injectors.

For the LDA measurements the 2D backscattering system
from TSI

VR
was used, but having a larger probe than in Teix-

eira et al.5 The main difference caused by the new probe
usage is the LDA measuring volume dimensions that became
3.169 mm in length and 0.153 mm in diameter. The length
of the LDA volume is always aligned in the z direction as
shown in Figure 1. Only the x velocity component, see Fig-
ure 1, is measured with LDA at various positions (z ¼ 5.0,
7.5, 10.0, and 12.5 mm) along the mixing chamber axis. Fig-
ure 1a also shows the positioning of the coordinates axis ori-
gin in the mixing chamber.

Experimental conditions and accuracy

The liquid used in the experiments is an aqueous solution
with a glycerine mass fraction, Xglycerine, of 72.2%. The den-
sity and the viscosity were determined as functions of tem-
perature. The density is determined by

q ¼ 1� Xglycerine

� �
qwater þ Xglycerineqglycerine (3)

where qwaterðkg=m3Þ and qqlycerineðkg=m3Þ are the water and
glycerine densities respectively, which are functions of the
temperature, h(K), qwater ¼ 1064:60� 0:23h, and qqlycerine ¼
1440:50� 0:61h.

For the viscosity, the experimental data obtained with a
PaarPhysica UDS 200 rheometer in the ranges
20�C � h � 30�C and 0 � Xglycerine � 88% was well fitted by

l ¼
 

1� Xglycerine

� �
Awatere

Bwater
h

� �a

þ Xglycerine Aglycerinee
Bglycerine

h

� �a!1 a=

ð4Þ

where l is the viscosity in mPa�s, and the constants are
given by: Awater ¼ 5:17� 10�4 mPa � s, Bwater ¼ 2:22� 103 K,
Aglycerine ¼ 7:06� 10�9 mPa � s, Bglycerine ¼ 7:64� 103 K, a ¼
�0.320.

The viscosity and density curves as functions of tempera-
ture were used to set the Re for each experiment. Thus, for
each value of Re, the jets average velocity, tinj, and the
Froude number, Fr, are functions of the temperature. The
Froude number is defined as

Fr ¼ t2inj
dg

(5)

where d is the injectors’ diameter and g is the gravity
acceleration. During each measurement, the temperature was
considered constant, since each data series was acquired in a
short period, approximately 1 min. The total number of points
in each series is 105. Detailed description of the LDA
experiments throughout the mixing chamber axis is given in
Santos.7

The maximum measured experimental error associated to
the Reynolds number is 10%.7 The error was determined
from setting the Reynolds number in the pilot RIM control
graphic interface and then measuring the actual Reynolds
number from the flow rate and fluid temperature.

LDA parameters

LDA measurements were made in time stamp mode, i.e.,
when a velocity datum is computed and recorded the time
information is also recorded, with a precision of up to 10�6s.
A single velocity component, tx, was measured using the
laser beams with the wavelength of 514.5 nm.

The Doppler signal has a frequency that is determined by
the particle velocity and fringe spacing. The half angle of
intersection of the laser beams is 2.76� and the fringe spac-
ing is 5.35 lm. Considering a value of tinj equal to twice the
one for the most extreme case of Re ¼ 600, the LDA signal
frequency would be 314 kHz. The frequency shift chosen
was 2000 kHz, which resolves any directional ambiguity
under these conditions. The band pass filter for LDA back-
scattering signal was set in the range of 300–3000 kHz, pre-
venting the elimination of any of the velocity values in the
expected range for this application that are comprised in the
interval between 2000 � 314 and 2000 þ 314 kHz.

Data analysis procedure–LDA

Table 1 lists the slotted correlation parameters used for
the experimental LDA time series analysis. The choice of
different parameters was based in the acquisition data rates,
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fs, that are higher at z ¼ 5.0 and z ¼ 7.5 mm. The value of
the slot width (see the Appendix), Dt, was set to half of slot-
ted correlation time interval, ts, which gives a probability of
1/2 of finding at least one value in each slot. Other values
for these parameters were tested in a systematic way. It was
clear, from the resulting frequency power spectra, that there
is a range of values of ts and Dt over which the spectra are
not significantly altered, yet for values out of that range,
phenomena such as the smoothing of the energy peaks in the
power spectrum are observed.

The power spectra from the LDA time series with 105

points are too complex to extract useful information, as can
be seen from Figure 2 where the power spectra from the
time series took at z ¼ 5.0 mm are shown. To get further
insight from the frequency power spectra, the full time series
was divided into 25 sub-series of 4000 points each. Particu-
lar power spectra from the sub-series taken at z ¼ 5.0 mm
are shown in Figure 3. Although dividing the time series dis-
perses the information by various power spectra, the fact
that these power spectra present well defined frequency
peaks allows an immediate identification of the typical fre-
quency of oscillation, /.

Results presentation

Figure 2 shows the plots of the normalized power spectra
obtained at z ¼ 5.0 mm from the time series of tx with 105

samples. For each Reynolds number only a representative
plot, out of the six experiments made, is shown in Figure 2.
The complexity of the oscillatory behavior, in this range of
Reynolds numbers, is clearly seen from Figure 2, where all
the power spectra present a generally large spread of energy
around some typical frequency values. This spread of energy
shows that the system is not oscillating with a single fre-
quency but rather within a range of typical frequencies,
which makes the interpretation of power spectra from long
time series a difficult task.9 The complexity of the power
spectra can be a proof of chaos, since the spreading of energy
around the typical frequency of a phenomenon is one of the
signatures of chaotic systems; or it can be due to the different
flow structures captured by the LDA measuring volume.5

From the power spectra in Figure 2, it is also observed
that the energy peaks are better defined at lower Reynolds
numbers, Re ¼ 250. For higher values of Re there is the
appearance of some low frequency phenomenon that is prob-
ably associated to changes in the value of the jets oscillation
frequency and to transient periods where the jets are prob-
ably not oscillating. This low frequency can also be trig-
gered by other mechanisms. A good candidate is the increas-
ing interaction, observed from flow imaging,21 between the
jets and the flow field structures around the jets that are two
pairs of vortices formed up and down the jets. These flow
structures, specially the vortices that are behind the jets
impingement point, present increasing distortion and time
evolution at higher values of Re and may influence the jets

Figure 2. Normalized power spectra of the measured velocity component tx for z 5 5.0 mm and Re 5 250, 300,
500 and 600. Complete time series.

Table 1. Slotted Correlation Parameters for the Different
Measuring Points

Measuring Point ts[ms] Dt[ms]

z ¼ 0.5 mm 5.00 � 10�1 2.50 � 10�1

z ¼ 7.5 mm 5.00 � 10�1 2.50 � 10�1

z ¼ 10.0 mm 1.00 5.00 � 10�1

z ¼ 12.5 mm 1.00 5.00 � 10�1
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dynamics. An exception to this trend is experiment 6 at
Re ¼ 500, shown in Figure 2, where the frequency of jets
oscillation presents a well defined value, i.e., with very little
energy spreading around the energy peak. This indicates the
possibility of the system to have oscillations within a narrow
range of frequencies over long periods, even at the higher
Reynolds numbers used in the industrial RIM processes.

For each Reynolds number the typical frequencies, /,
were identified from the power spectra of each sub-series, of
which representative power spectra are shown in Figure 3.
The power spectra of the sub-series have clear energy peaks,
allowing an easy identification of the typical frequencies.
From the several values of /, for each value of Re, the aver-
age and standard deviation for St were obtained and are
shown in Figure 4. The bars in Figure 4 represent the stand-
ard deviation around the average value of St for each Re.
These bars serve the purpose of illustrating the dispersion of
oscillatory states, i.e., oscillation frequencies, in which the
system may be found.

As it can be seen from Figure 4, for all values of z that
the Strouhal number is kept almost constant and inside the
variance limits given by the bars. Nevertheless, it is clear a
slight decreasing trend of St towards higher values of Re.
The invariability of St with Re shows that the typical fre-
quency values directly scale with tinj. The average value of
St decreases slightly as z increases, from St ¼ 0.062 for z ¼
5.0 mm to St ¼ 0.045 for z ¼ 12.5 mm.

Results interpretation

The results are interpreted from the hypothesis that the
typical frequencies of the jets impingement point oscillation

are associated to the formation of vortices. Here, such as in
Vortex Induced Vibrations where it is considered that a bluff
body is in resonance when its vibration frequency is the
same with the natural vortex shed frequency,22 it is proposed
that the jets impingement point is vibrating at the same fre-
quency of the vortices formation rate.

To check this hypothesis the shape of the vortex was
imaged from a dynamic CFD simulation of the 3D flow field
made in FluentTM at Re ¼ 200. The shape of the vortices
can be seen from the several vector maps of the same time
instant shown in Figure 5. The vortices are elongated ellip-
soids, prolate spheroid, having a polar diameter d2, between
3 and 6 mm, and an equatorial diameter d1 ¼ 3 mm. The
polar diameter is inferred from the disappearance of the vor-
tices centers at y ¼ 3 mm.

The simulated 3D flow field is consistent with the experi-
mental flow field visualization made at the 2D xz plane y ¼
0, i.e., containing the injectors and mixing chamber axis.
The experimental visualization consisted of the 2D vector
maps7 obtained with 2D Particle Image Velocimetry, PIV,
and tracer maps obtained with Planar Laser Induced Fluores-
cence, PLIF, which are shown in Figure 6. The experiments
confirmed the flow structures imaged from the CFD simula-
tions, i.e., at the jets impingement region there is the forma-
tion of a pancake like structure6 and immediately downstream
the jets there is the formation of two circular vortices.

The typical frequency of the jets oscillation is predicted
assuming that each oscillation of the jets impingement point
is produced from the formation of a pair of vortices. The
PLIF results in Figure 6 show that the jets are ‘‘feeding’’ the
vortices with fluid. If each vortex is ‘‘filled’’ and then
detached, its formation rate is the ratio of the injector flow

Figure 3. Normalized power spectra of the measured velocity component tx for z 5 5.0 mm and Re 5 250, 300,
500 and 600. Sub-series of 4000 points.
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rate, qinj, to the vortex volume, Vvortex, i.e., qinj/Vvortex. Each
pair of formed vortices displaces the impingement point to
one side and the next pair to the opposite side. A complete
oscillation of the jets impingement point only occurs when
two pairs of vortices are formed, and so the vortices forma-
tion frequency is

/vortex ¼
1

2

qinj
Vvortex

(6)

The vortices are ellipsoids with volume

Vvortex ¼ pd2d21
6

(7)

For a Strouhal number close to St ¼ 6 � 10�2 the vortex
polar diameter, d2, computed from Eqs. 2, 6, and 7 is around
5 mm. As seen in Figure 5 the right hand side vortex below
the jets, which is clearly seen at the xz planes at y ¼ 0 and
y ¼ 1.5 mm, vanishes in the xz plane at y ¼ 3 mm, a con-
sistent observation with the suggested value for d2. Increas-
ing the Reynolds number the St decreases, as shown in Fig-
ure 4, thus indicating a growth of d2, since as observed from
PIV results,21 the equatorial diameter is roughly constant
with the Re.

Simulations

Model

To confirm the hypothesis that the jets impingement point
vibrations are determined by the vortices formation dynamic,
CFD simulations were performed. A simplified 2D model of

the mixing chamber, using less computational resources than
a 3D geometry, was used in order to obtain lengthy time se-
ries and sweeping of several Re. The 2D model used for the
flow field simulation was described in detail by Teixeira.4

The model consists of an axial cut of the mixing chamber
passing through the injectors centre, the xz plane at y ¼ 0 in
Figure 5. In Figure 7 the model geometry is shown and the
boundary conditions summarized. The dimensions of the 2D
model are those of the 3D geometry of the experimental
mixing chamber, and the Reynolds number defined in the
same way. Extensive numerical and experimental validation
of the 2D model simulation results are presented in Teixeira4

and Santos.7

Data analysis procedure–CFD

For immediate comparison between the power spectra
from different Re the data is presented in a dimensionless
form, where the dimensionless frequency is computed as

f 0 ¼ f d

tinj
(8)

For the CFD simulation, the data rates are the same
regardless of the spatial location of the probed point, and so
the values for the parameters ts and Dt are constant. These
parameters are set to values equivalent to the ones used for
the LDA measurements, ts ¼ 0.500 ms and Dt ¼ ts/2.

The system evolution is clear from the dynamic sequence
of vorticity and streamline maps, presented in Figure 8, and
from the time history of x velocity component at the jets
impingement point for Re � 250, presented in Figure 9. In

Figure 4. Evolution of the experimental Strouhal number with the Reynolds number at z 5 5.0, 7.5, 10.0 mm and
12.5 mm.
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both figures time is defined in terms of t/s, where s is the
passage time in the mixing chamber. For the CFD simula-
tions results the velocity is rendered dimensionless with the
average superficial velocity at the injectors, i.e., t	x ¼ tx/tinj.

The vorticity and streamline maps in Figure 8 show an
initial steady state for both Re ¼ 300 and Re ¼ 500, which
presents complete segregation between both sides of the
mixing chamber. This is clear from the streamlines that
show the jets’ path from the injectors to the outlet. The op-
posite jets impinge in the chamber axis and bend towards
the outlet flowing side by side without mixing throughout

the chamber axis. On dynamic chaotic states, after the jets
impingement point, a sequence of counter rotating vortices
appears, as can be seen from the positive and negative val-
ues of vorticity in Figure 8, i.e., a vortex street is formed.
The jets circulate around these vortices as can be seen from
the streamlines. Mass transfer simulations showed that in
chaotic states the fluid streams from both injectors are
engulfed in the vortex street promoting a very fast homoge-
nization.10

From the time histories of t	x , shown in Figure 9, a warm-
up time of about 1.8 s is observed, which is the time the

Figure 5. Flow imaging: vector maps from dynamic 3D CFD simulation at Re 5 200.
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system takes to evolve from the initial steady state to fully
developed chaotic states with jets oscillations. Although it
takes only 1.8 s for the onset of the fully developed oscilla-
tions, in this work the first 2.5 s of the time series were not
used for the spectral analysis.

For a better comparison between the spectral analysis of
CFD results and the LDA data, the CFD time series were
modified. The dynamic flow field simulations were done up
to 10 s, and since the first 2.5 s were removed, the analyzed
time series had a total time of 7.5 s, which is about 200
times shorter than the experimental data. The number of
points per 7.5 s is about 2 � 104 that is, with data rates of
the order of 7 � 104 Hz, about 20 times higher than the
LDA measurements at the impingement point. The time se-
ries was repeated 200 times and sampled at every 20th to
30th point in order to keep its data rates between 2800 and
3500 Hz, which is close to LDA data rates at the impinge-
ment point.

The power spectra for the CFD results presented clear
energy peaks at the values of the typical frequencies and
thus, contrary to the LDA data, no further treatment of the
time series was done.

Results

The power spectra for Re ¼ 250, 300, 400, and 500 of the
time series of t	x at the jets impingement point, x ¼ 0 and
z ¼ 5.0 mm, are shown in Figure 10. From the power spec-
tra at z ¼ 5.0 mm a very clear oscillatory behavior of the
jets with a well defined frequency is observed. The average
value of the St at the impingement point is 0.099 (� 0.10),
from the four simulated Re. For high values of Re the typical
frequency energy peak loses its definition and the energy

becomes more spread around St ¼ 0.10. From the time his-
tory at Re ¼ 500 the appearance of a second oscillatory
behavior at the impingement point with a lower frequency is
observed. This lower frequency oscillation is probably
induced by the fully developed vortices formed downstream
in the mixing chamber that are increasingly affecting the jets
oscillations for higher Reynolds numbers.

The loss of definition in the energy peak at higher Reyn-
olds numbers is also due to the increasing interaction of the
jets with the surrounding fluid as can be seen in Figure 8.

Figure 7. Geometric model used in the CFD simula-
tions and boundary conditions.

Figure 6. Images of the flow field at Re 5 200 in the xz plane containing the chamber and injectors axis, y 5 0,
using: (a) Planar Induced Fluorescence, and (b) 2D Particle Image Velocimetry.
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For Re ¼ 500 the jets are more disturbed in their path than
for Re ¼ 300 and hence their oscillation frequency becomes
more random. Thus increasing the Reynolds number
increases the interaction between several flow structures
inside the mixing chamber. This low frequency phenomenon
affecting the impingement point oscillation was also
observed in the experimental data.

The power spectra at other locations in the mixing cham-
ber, z ¼ 2.0, 5.0, 11.0, 22.0, and 33.0 mm, are shown in Fig-
ure 11 for Re ¼ 300. At other Reynolds numbers the power
spectra are similar, and thus only the illustrative case of
Re ¼ 300 is shown.

The oscillations frequency at z ¼ 2.0 mm is mainly con-
trolled by the jets as can be seen from the frequency power
spectra of t	x shown in Figure 11. The value of the Strouhal
number, St, is kept around 0.1, which is the typical St at the
jets impingement point as also seen from Figure 10. Some
additional low frequency phenomenon influences the t	x his-
tory at z ¼ 2.0 mm. For Re ¼ 300 the low frequency phe-
nomenon generates a single energy peak coincident with the
values of the peaks observed for z � 11.0 mm, and thus its
presence is probably associated to the formation of the fully
developed vortices downstream the chamber.

From the t	x time histories at z ¼ 2.0 mm it is seen that
the amplitude of the movement of the vortices that are
behind the jets impingement point increases with Re due to
a growing influence of the jets oscillation to upstream posi-
tions in the mixing chamber. The greater influence of the
jets on the vortices that are behind the jets impingement at
higher values of Re is also seen in the vorticity maps in Fig-
ure 8, where it is clear that the shape of the vortices is more

distorted for Re ¼ 500 than for Re ¼ 300 due to the jets
influence.

The vortices structures are formed in pairs, and each pair
of detached vortices generates half an oscillation of the jets
impingement point, which could be seen from the dynamic
visualization of the CFD results. The oscillation frequency is
given by

/vortex ¼
qinj

2Vvortex

¼ dtinj
2Avortex

(9)

where qinj is the flow rate of each injector, Vvortex is the volume
of each vortex and Avortex its area. The vortices have circular
shape and using the wave frequency dimensionless value, St,
the vortex diameter, Dvortex2D, is determined by:

Dvortex2D ¼
ffiffiffiffiffiffiffiffiffi
4d2

2pSt

r
(10)

From the average Strouhal number, St ¼ 0.10, the formed
structures are discs with a diameter of approximately
3.8 mm. If these discs are formed simultaneously there is a
free space of approximately 2 mm that is occupied by the
jets, as can be observed in Figure 8.

For positions away from the injectors, as in the case of
the time histories at z ¼ 11.0 mm, Figure 9, it can be seen
that the flow oscillation amplitude is now larger than at z ¼
5.0 mm, due to the fact that the flow is no longer trapped
between two well balanced opposite forces, the jets, that
constrain its capability to oscillate.

At z ¼ 11.0 mm the St value is kept around 0.1, see Fig-
ure 11, and thus the influence of the same flow structure that

Figure 8. Vorticity and streamline maps from the Re 5 300 and Re 5 500 simulations.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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dictates the value of St � 0.1 at z ¼ 5.0 mm still prevails.
For z � 22.0 mm, as it can be seen from the t	x time histor-
ies and power spectra, the flow characteristics are constant
throughout the chamber with St � 0.03 and larger flow oscil-
lation amplitudes. This typical frequency value, St � 0.03, is
generated by the passage of fully developed vortices extend-

ing throughout the whole chamber width but keeping their
diameter while evolving through the mixing chamber, as
seen from Figure 8. Each pair of counter rotating fully
developed vortices, formed with fluid from both jets, gener-
ates a single wavelength while passing through a fixed point,
which yields an oscillation frequency,

Figure 9. Time histories of t	x throughout the mixing chamber axis in the range of 250 £ Re £ 500.
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Figure 10. Power frequency spectra of tx at the impingement point in the range of 250 £ Re £ 500.

Figure 11. Power frequency spectra of tx at Re 5 300 throughout the mixing chamber axis.
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/vortex ¼
2qinj

2Vvortex

¼ tinjd
Avortex2D

¼ tinjd
p
4
Dvortex2Dð Þ2 (11)

where d and tinj are the injector width and superficial velocity
at the injectors, respectively. Avortex2D and Dvortex2D are the 2D
vortex area and diameter. In terms of the Strouhal number Eq.
11 is expressed as

St ¼ /
d

tinj
¼ d2

p
4
Dvortex2Dð Þ2 (12)

Solving this equation for St � 0.03 gives Dvortex2D � 10
mm, and thus, downstream the chamber, the main feature of
the flow is the passage of the fully developed vortices
extending throughout the whole chamber width, as can be
clearly seen from the flow maps shown in Figure 8.

2D/3D comparison

The flow features of 2D and 3D geometries have differen-
ces, such as:
• In 3D the jets form a pancake after impinging at a line

defined by the injectors’ axis, while in 2D the jets are bent
towards the outlet and impinge at a point approximately
2.5 mm downstream the injectors’ axis;
• A vortex street from the jets impingement point until

the mixing chamber is seen in 2D simulations, whereas in
3D experiments the flow evolve to a parallel flow before the
outlet;21

• The critical Reynolds number marking the onset of cha-
otic mixing mechanisms is 120 in the 3D mixing chamber21

and 250 in the 2D case.10

Some of the differences in the power spectra from experi-
mental data and CFD data are due to the different flow fea-
tures or inherent to the experimental technique. A detailed
analysis of the differences between experimental and CFD
data power spectra is given in Santos et al.7

Nevertheless, in both 2D and 3D opposed jets mixers, the
jets impingement point oscillation frequency was set from
the same phenomenon: the formation of vortices downstream
the jets. The CFD simulations facilitate the complete knowl-
edge of flow variables in time and space, and so the CFD
simulations were here used to confirm the mechanisms deter-
mining the jets oscillation frequency.

Conclusions

The comparison of the measured values of St with other
values found in the literature is shown in Figure 12, from
where it is clear the present contribution for a greater knowl-
edge of the jets oscillation phenomenon. Most previous
works had been done in the region closest to the transition
Re from steady to chaotic flow regime, probably due to the
difficulties reported by Johnson and Wood9 of finding the
typical frequency for higher values of Re.

From this work it is now clear that in confined opposed
jets mixers the jets impingement point oscillates with fre-
quencies around typical values. The oscillation frequency
values are dictated by the geometry of the vortices occurring
immediately downstream the jets impinging. If the vortices
downstream the jets are not being formed, the two opposite

streams do not engulf, and a clear segregation plan is formed
throughout the mixing chamber axis.10

The fact that the convective mixing mechanisms dictate
the jets oscillations was the basis for a new patented con-
cept: RIMCOP

VR
(RIM with Control of Oscillation and Pulsa-

tion).16,23 RIMCOP
VR

machines are new generation RIM
machines which allow Real Time control of mixing from
vibration analysis schemes. The flow oscillations are meas-
ured outside the mixing chamber from dynamic monitoring
of the static pressure at the opposed jets feeding pipes.16

RIMCOP
VR
is currently at the phase of industrial demonstra-

tion in LSRE/FEUP spin-off company: Fluidinova, Engenha-
ria de Fluidos, SA. The Real Time control of mixing in RIM
is a major breakthrough to the current state of the art in
RIM, where the process is mainly verified from the molded
parts characterization.
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Notation

Roman symbols

A,B,a ¼ constants of the viscosity formula for aqueous glycerol
solutions.

d ¼ injectors 3D diameter or 2D width.
d1 ¼ 3D prolate spheroid equatorial diameter.
d2 ¼ 3D prolate spheroid polar diameter.
D ¼ mixing chamber 3D diameter or 2D width.
f ¼ frequency.
f 0 ¼ dimensionless frequency.
Fr ¼ froude number.
g ¼ gravity acceleration.

Gxx ¼ spectral energy from slotted autocorrelation FFT.
Gxy ¼ spectral energy from slotted crosscorrelation FFT.
ns ¼ number of samples in a velocity interval.
nt ¼ total number of samples.
N ¼ total number of multiplications with non-empty slots.

qinj ¼ flow rate at each injector.
Rxx ¼ discrete autocorrelation.

Figure 12. Variation of the Strouhal number with Re in
several works found in literature.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Re ¼ reynolds number.
St ¼ strouhal number.
t ¼ time.
T ¼ total time of a data series.

x,y,z ¼ x, y, or z spatial coordinate.
X ¼ mass fraction.

Greek letters

Dt ¼ slot time span.
/ ¼ typical frequency of oscillation.
l ¼ viscosity.
t ¼ velocity.
t* ¼ dimensionless velocity.
q ¼ density.
h ¼ temperature.
s ¼ fluid passage time in the mixing chamber.
n ¼ time spent by a vortex translation between two points.

Subscripts

inj ¼ at the injectors.

s ¼ sampling or sample.

x,z ¼ x or z spatial coordinate.
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21. Santos RJ, Teixeira AM, Erkoç E, Dias MM, Lopes JCB. Hydrody-
namics of the mixing chamber in RIM: PIV flow-field characteriza-
tion. AIChE J. 2008;54:1153–1163.

22. Williamson CHK, Govardhan R. Vortex-induced vibrations. Ann
Rev Fluid Mech. 2004;36:413–455.

23. Lopes JCB, Santos RJ, Teixeira AM, Costa MRPFN. Production
process of plastic parts by reaction injection moulding, and related
head device. US pat WO 2005/097477, 2005.

24. Waele S, Boersen PMT. Reliable LDA-Spectra by Resampling an
ARMA-Modeling. IEEE Trans Instrum Measure. 1999;48:1117–
1121.

Appendix

This appendix describes the data analysis procedures,
namely the transformation of data from time domain into the
frequency domain, f. This transformation is done through the
Fast Fourier Transform, where the frequency power spectrum
is usually represented by the FFT modulus, |G (f)|. In this
work all the power spectra are normalized by their integral,
i.e.

G fð Þ ¼ G fð Þj jR
G fð Þj jdf (13)

The FFT can only be used on periodic time series, i.e.,
where the time interval between points is fixed. LDA data
was obtained in time stamp mode where each particle gener-
ates a velocity datum that is stored with the time informa-
tion, and thus the time series from LDA measurements is
non-periodic. Computational Fluid Dynamics, CFD, simula-
tions were performed with an adaptive time step,4 and thus
the time series from the simulated flow field, is also non-per-
iodic.
There are several techniques to generate series suitable for

the FFT from non-periodic time series. The most common
are the slotting techniques such as the slotted correlation
method,19,20 and the re-sampling techniques.24 The slotted
correlation is equivalent to the autocorrelation function, but
modified for non-periodic time series, and it gives a measure
of how repetitive the signal is by correlating intervals along
the whole series.
In the slotted correlation, each point, tx(ti), is multiplied

by the average of a time slot, txðtjÞ, centered at ti þ kts with
a slot width Dt. For a given kts the slotted correlation value
is given by

Rxx ktsð Þ ¼ 1

N

XN
i¼1

tx tið Þtx tj
� �

; tj 2 ti þ kts � Dt
2
; ti þ kts þ Dt

2

� �
;

k ¼ 1; 2;… ; n ð14Þ
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For each kts, the total number of multiplications with non-
empty slots is N. The slotted correlation has two parameters:
• The spacing of the time series, ts. According to the

Nyquist criterion the maximum detectable frequency from a
time series is

fmax ¼ fs
2

(15)

where fs is the acquisition data rate of the time series. The
chosen ts should then be close to 1/fs, in order not to over-
come the Nyquist criteria since fmax ¼ 1/2ts.

• The slot width, Dt. If the chosen Dt is too high, the
power spectrum can be smoothed and the energy peaks at
higher frequencies dumped. If the slot width is too narrow, it
may happen that most of the slots become empty.
The first step of the data analysis procedure is the compu-

tation of the slotted autocorrelation, Rxx, then the FFT of the
Rxx is computed. The power spectrum, Gxx, is obtained from
the normalized modulus of the FFT. The details of the used
software and numeric routines for the data analysis are pre-
sented in Santos.7
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