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The flow-field in a Reaction Injection Moulding, RIM, machine mixing chamber was

characterized using the Particle Image Velocimetry (PIV) technique. This study covered

the industrial range of Reynolds numbers, Re, for the RIM process, from 100 to 500,

setting the overall trends of the flow-field in that range, with particular focus on the

flow regime transition range of 100 � Re � 150. The instantaneous 2D velocity vector

maps were obtained with PIV in a plane containing the chamber and injectors axis.

From instantaneous velocity data, the following quantities were computed: the probabil-

ity density functions, the average velocity, and turbulence intensity. The present study

sheds additional light into the transition of flow-field regime that marks the onset of

mixing on RIM, and also into the mixing mechanisms and respective underlying flow-

field features. � 2008 American Institute of Chemical Engineers AIChE J, 54: 1153–1163, 2008
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Introduction

Confined Impinging Jets, CIJ, and similar opposed jets
mixers are mainly used for mixing under fast chemical reac-
tion processes, where the limiting step is the reactants con-
tacting or mixing. Examples of opposed jets mixers usage
are Reaction Injection Moulding (RIM),1 T-micromixers,2

opposed jets burners,3,4 and precipitators.5–7 The geometry
and range of flow parameters of the present study are those
typically found in the high-pressure RIM process. The mix-
ing chamber used in this work with its dimensions is shown
in Figure 1.

In a previous work of our group8 the flow-field in a RIM
machine mixing chamber was characterized with Laser
Doppler Anemometry (LDA). The LDA results were
obtained in single points at each time, and so an overall
image of the instantaneous flow-field was not possible to
obtain. Here that initial work8 is completed with Particle
Image Velocimetry (PIV), measurements to measure the in-
stantaneous 2D velocity vectors simultaneously at several
points throughout a plane in the mixing chamber: velocity
vector map.

Previous imaging works of the instantaneous flow-field in
the mixing chamber of the RIM machine include tracer maps
from the mixing of a dyed jet with a clear one9–11; images
obtained from the injection at both jets of a fillet of a tracer
that fades with mixing12; particle paths visualization13; and
Laser Induced Fluorescence (LIF).14,15 From these visualiza-
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tion studies the main conclusion was the existence of two
very distinct flow regimes.

� Segregated flow regime, where both jets impinge at the
mixing chamber axis and then flow outwards the chamber
from their original inlet side. The segregated flow regime
was very clearly imaged from tracer and LIF experiments,10

where the mixing chamber is seen half colored and half
blank, and the segregation plane is defined at the chamber
axis in the normal direction to the injectors axis.

� Self-sustainable chaotic flow regime, where there is the
formation of vortices immediately downstream the jets
impingement point, which engulf both streams promoting a
very fast homogenization inside the mixing chamber.
Because of the fast homogenization that occurs for the self-
sustainable chaotic flow regime the tracer studies10 did not
allow a clear image of mixing mechanisms. This flow regime
is best visualized from particle studies, namely the work of
Lee et al.9 with aluminum powder tracer, or from particle
paths studies.13 CFD simulations of the advection of a tracer
in RIM16 clearly show the presence of Lagrangian chaos for
this flow regime, although the proof of Eulerian chaos exis-
tence is not yet published.

The experimental characterization of self-sustainable cha-
otic flow regime is hitherto not clear from the available liter-
ature. Previous experimental works, which were mostly pub-
lished more than a decade ago, had been affected by the
very fast flow homogenization.9,13,15 In the present work the
flow-field in the RIM mixing chamber is characterized with
unprecedented detail, by the use of a technique not previ-
ously reported on this particular type of mixer, and which is
not affected from fast homogenization or the mixing history:
PIV. The use of PIV allows in addition to the flow structures
imaging, which was also possible to some extent in earlier
works,9,13,15 the quantification of the local velocities for a
more accurate validation of CFD simulations results.

This work also adds to the published literature the thor-
ough visualization of the flow-field evolution with Reynolds
numbers ranging from 100 to as high as 500. Previous visu-
alization works reported Reynolds numbers up to: Re 5
252,10 Re 5 150,9 Re 5 118,13 Re 5 74,14 and Re 5 81.15

Sandell et al.12 made visualization studies in the range of
155 � Re � 640, using water as the fluid and thus the
Froude numbers are lower than those typical of RIM, which
seriously compromise the flow dynamics as clearly shown by
Santos et al.17 Furthermore, in Sandell et al.12 the mixing
chamber has dimensions that are 10 times those of a RIM
mixing chamber, and the impinging jets form a 1308 angle
pointed towards the chamber closed top and are not directly
opposed.

Other visualization studies were obtained in mixer geome-
tries close to the RIM mixing chamber, namely, on confined
impinging jets precipitators18–21 and on micro mixers.22,23

The mixing mechanisms in both types of mixers are different
than in RIM, even though the Reynolds numbers are approxi-
mately in the same range. For the case of the micro mixers
the scale of the reactor prevents the formation of the vortices
that engulf both jets, and the flow is segregated in two
halves.22,23 Wong et al.22 showed that the vortices in T-jets
micro mixers have the rotation axis parallel to the main flow
direction, while in RIM the vortices rotation axis is perpen-
dicular.16 In the precipitators the mixer dimensions are at
least tenfold than in RIM, and so the vortices scales are not
geometrically constrained by the chamber. In RIM the vorti-
ces are formed in pairs of counter rotating vortices each
occupying half the chamber diameter whereas in a T-jets pre-
cipitator18 this fixed scale it is not observable. For smaller
precipitators6,24 the dimensions and flow conditions are
closer to RIM mixing chamber, but visualization or other ex-
perimental fluid mechanics works are not yet available.7

In most of the previous works on this subject the same
fluid was used on both jets. In industrial RIM processes, one
stream is a polyol and the other an isocyanate, and the occur-
rence of complex interfacial phenomena25 may also have
some effect on mixing.26 Nevertheless, this works fills a gap
in literature regarding the characterization of the flow-field in
the RIM machine mixing chamber, aiming the validation of
CFD simulations results16 and the identification of the mix-
ing mechanisms in the RIM process.

Experimental Setup

Mixing chamber

The RIM machine setup for the PIV experiments was pre-
sented in a previous publication,8 where a stainless steel mix-
ing chamber was used and here was replaced by a new trans-
parent acrylic chamber shown in Figure 1. The dimensions
of the transparent mixing chamber, which are the same than
the previous works,8,17 and the reference axis for results pre-
sentation, are also shown in Figure 1.

The transparent mixing chamber was made from a single
acrylic block that was drilled from side to side in order to
guarantee the perfect jets alignment. In Figure 1b it is shown
a detailed photo of the mono-block where the jets and cham-
ber were drilled. The injectors have a diameter d of 1.50 mm,
the mixing chamber diameter, D, is 10.00 mm and the cham-
ber height, H, is 50 mm. The injectors are perpendicular to

Figure 1. RIM machine mixing chamber.

(a) Photo of the mixing chamber and discharging mould
lighted with the PIV laser sheet; (b) detailed photo of the
mixing chamber, and (c) drawing of the mixing chamber
with dimensions and the coordinate axes. [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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the chamber and its centre is located at a distance h 5 5.00
mm of the mixing chamber closed top. The injectors have a
length of h 5 5.00 mm to ensure a fully developed Poiseuille
flow at the mixing chamber entrance.

Fluids

The fluid used in the experiments is a glycerine aqueous
solution. General expressions for density and viscosity were
obtained from experimental characterization of the glycerine
aqueous solutions at our laboratory. The expression for den-
sity is,

q ¼
�
1� Xglycerine

�
qwater þ Xglycerineqglycerine (1)

where Xglycerine is the glycerine mass fraction, qwater(kg/m
3)

and qglycerine(kg/m
3) are the water and glycerine densities

respectively, which are functions of the temperature, h (K)

qwater ¼ 1064:60� 0:23h (2)

qglycerine ¼ 1440:50� 0:61h (3)

For the viscosity, the following expression was obtained
from experimental data obtained with a UDS 200 PaarPhy-
sica rotational rheometer in the ranges of 208C � h � 258C
and 0 � Xglycerine � 88%,

l ¼
�
ð1� XglycerineÞ 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 equal
to: Awater 5 5.173 1024 mPa s, Bwater 5 2.223 103K, Aglycerine

5 7.063 1029 mPa s, Bglycerine5 7.643 103K, a520.320.
In the present work a glycerine aqueous solution with

Xglycerine 5 72.2% was always used, which at a temperature
close to the experimental conditions, 228C, has q 5 1187kg/m3

and l5 25.2mPa s.
The viscosity and density curves as functions of temperature

were used to calculate the Reynolds number, Re, originally
defined for RIM machine mixing chamber at the injector as,27

Re ¼ qtinjd
l

(5)

where uinj is the superficial velocity at the injectors, d the injec-
tors diameter, q the fluid density and l the fluid viscosity. The
superficial velocity, uinj, is computed from the flow rate at each
injector divided by the injector cross sectional area. The com-
plete list of experimental conditions for each Re, based on the
fluid properties at the operation temperature, is presented in
Santos.28

The maximum experimental error associated to the Reyn-
olds number was measured28 and set to 10%. 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.

PIV system

For the PIV measurements the fluids were seeded with ny-
lon particles with 4 lm in diameter (TSI, pt-900845). The

PIV setup computed 2D velocity fields from the displacement
of the seeding particles between two images obtained at con-
secutive time instants. The PIV laser sheet was emitted by a
12 mJ Nd:Yag laser from New Wave Research (model Mini-
Laser—15) having two laser cavities, so the time gap
between consecutive pulses can be set to values as small as
1 ls. Each laser is pulsed at 15 Hz which induces the light-
ing of each frame of a pair of frames.

The emitted laser beam has a diameter of 2.5 mm that is
converted into a sheet through a combination of a 225.0 mm
cylindrical lens and a 200 mm spherical lens, yielding a
sheet of 17.5 mm height and 50.9 lm thickness at a distance
of 20 mm from the lenses, which is approximately half the
length of the sheet path from the laser to the chamber.

The other PIV system components are: a CCD camera,
PIVCAM 10–30 from TSI, with 1016 3 1024 pixels CCD
and a frame rate of 30 Hz; a synchroniser (TSI model
610032), which is in control of all the processes, giving the
signals to the laser for flash and reading the PIVCAM shutter
opening exact time.

Figure 2 shows two images acquired by the PIV camera
for the vector maps computation, which was performed with
the software Insight, from TSI. Each image corresponds to
one of the imaged domains from the two sets of experiments
that will be presented. The images are obtained in pairs and
the particles displacement, between two consecutive frames,
is computed in Insight by using a cross-correlation method.
In this method, the consecutive frames, grouped in pairs, are
divided in several squares, interrogation spots, and each
interrogation spot is correlated to the interrogation spot at the
consecutive frame having the same location. From the cross-
correlation of the interrogation spots having the same loca-
tion a displacement vector is obtained, the velocity vector is
computed from the displacement vector and the time interval
between the two consecutive frames. Figure 2 shows the
dimensions of the interrogation spots on the imaged domains.

The seeding pattern of the lighted field that is shown in
Figure 2 corresponds to the description of the good seeding
conditions for PIV.29

Vector validation

Spurious velocity vectors in PIV measurements result from
mismatching of the particle patterns between the interroga-
tion spot in the frames of each pair.30 Therefore, spurious
vectors are characterized by a small correlation peak. These
spurious vectors are due to insufficient seeding, strong veloc-
ity gradients, and three-dimensional motion of the particle
out of the laser sheet plane. These vectors generally present
a discontinuity in the vector maps and are, therefore, of easy
identification.30,31 Their elimination is based on comparison
procedures with the surrounding vectors. In the present work
the vector validation was made by setting the maximum
deviation a vector could present to six times the standard
deviation computed from all the vectors in that map.

Experiments

Two sets of experiments were performed, labeled Set 1
and Set 2. The Set 1 experiments consist of PIV measure-
ments for Re values between 100 to 500 with intervals of
Re 5 100. The purpose was to draw the overall variation of
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the flow-field with Re and its statistics. The Set 2 experiments
were focused on the critical Reynolds number phenomenon,
which marks the transition between segregated and chaotic
flow regime, and so PIV measurements were done with inter-
vals of 5 from Re 5 100 to Re 5 130, and with intervals of
10 from Re 5 130 to Re 5 150. The experimental conditions
for both sets of experiments are listed in detail by Santos.28

Figure 2 shows a frame from each set of experiments with the
dimensions of the processed region, of the interrogation spot and
the location of some interrogation spots labeled P1, P2, and P3.

Each frame has 1016 (width) 3 1024 (height) pixels, so the
measurement area is approximately square, while the mixing
chamber has a ratio of five between the height and the diame-
ter, H/D 5 5. To maximize the number of pixels in the area
where the flow dynamics is known to be stronger from the
previous LDA experiments8 the measurements were done only
in the top 17.4 mm of the chamber, for Set 1 experiments,
and in the top 14.6 mm for Set 2 experiments since a greater
detail of the flow was intended to visualize the mechanisms
marking the onset of the chaotic flow regime.

For the Set 1 five batch acquisitions of 200 frame pairs
were taken for all Re except Re 5 500 for which eight batch
acquisitions were made. In the Set 2 experiments a single
batch of 200 pairs of images was acquired for each Re.

For both sets of experiments the problem of image distor-
tion due to the cylindrical shape of the chamber was solved
by closely matching the refraction index of the fluid to that
of the acrylic. A study of the optic effects in the chamber is
presented by Santos.28

Near the mixing chamber walls, for both sets of experi-
ments, the image is unclear, as shown in Figure 2. This is not
due to optical effects, but rather to an illumination problem
since the shadow projected by an O-ring positioned in the
upper part of the mixing chamber has limited the illuminated
area to the central region. There is a margin of 1.00 mm and
1.15 mm of shaded area, in Set 1 and Set 2, respectively,
where it is not possible to compute the velocities because
there are no visible particles. Therefore only the central part
of the chamber is measured, which further reduces the effect
of the already small optical distortion affecting the PIV data.

For the PIV experiments two parameters must be set:
� the time interval between the frames of each pair, DtF;
� the size of the interrogation spot.
The criterion for setting the time between two consecutive

frames is that the particles move less than a fourth of the
interrogation spot width. The value of the time interval
between two frames of the same pair, DtF, was set from the
extreme values of the velocity. The displacement of the par-
ticles in pixels is

Dx ¼ ðtDtFÞFpixel (6)

where u is the particle velocity and Fpixel is the conversion
factor between meters and pixels and is obtained by

Fpixel ¼ Dpixels

Dm

(7)

where Dpixels and Dm are the chamber diameter in pixels and
meters, respectively. For Set 1 Fpixel 5 5.75 3 104[pixel/m]
and for Set 2 Fpixel 5 6.50 3 104[pixel/m]. The values of
the particle displacement in pixels were calculated consider-
ing that u 5 uinj and are presented in Tables 1 and 2 for Set
1 and 2, respectively.

The interrogation spot for both experiments was a square
of 32 3 32 pixel. The criterion of a displacement less
than one fourth of the interrogation spot size, that is, up to
8 pixels, is more than accomplished by the chosen values of
DtF. If the maximum velocity is considered, 2 3 uinj, the
value of Dx is most of the times still within the limiting
range for DtF as can be easily computed from Tables 1 and
2 data.

The flow-field becomes more heterogeneous for higher val-
ues of Re, with extreme changes of the velocity directions in
short periods and distances, and so three different values of
DtF were used at Re 5 500 (see Table 1). The lower values
of DtF allow a better imaging of the flow-field near the jets
impingement point where the velocity gradients are extreme.
At the other regions of the flow-field the particles displace-
ment is very small for the lower values of DtF and so higher

Figure 2. Frame from the PIV camera of the mixing chamber for experiments of (a) Set 1 and (b) Set 2.

The frames show a square delimiting the processed region and its dimensions in both pixels and millimeters.
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values of DtF were used to depict the flow-field in these
regions.

Calculated quantities

From the PIV measurements the following quantities were
calculated: instantaneous velocity field; turbulence intensity
field; average turbulence intensity; probability density func-
tion, pdf, of ux at a point.

The dimensionless turbulence intensity was computed for
the x and the z components of the velocity, r�x and r�z ,
respectively at each point as

r�x ¼ 1

tinjnsamples

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXnsamples

i¼1

�
txðiÞ � htxi

�2

vuut (8)

r�z ¼ 1

tinjnsamples

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXnsamples

i¼1

�
tzðiÞ � htzi

�2

vuut (9)

where uinj is the jets superficial velocity at the injectors,
nsamples is the total number of time instants computed, ux(i)
and uz(i) is the ith measurement of velocity components x and
z, and huxi and huzi are the average value of ux(i) and uz(i).

The spatial average of the turbulence intensity for each
component was calculated as

r� ¼

Pnpoints
i; j¼1

r�ði; jÞDxiDzj
Pnxpoints
i¼1

Dxi
Pnzpoints
j¼1

Dzj

(10)

where Dxi and Dzj are the interrogation spot dimensions,
nxpoints and nzpoints are the number of interrogation spots in
the x and the z direction, respectively, and npoints 5 nxpoints
3 nzpoints is the total number of interrogation spots. Although
the flow-field characterization is also done resorting to a
quantity called turbulence intensity, the flow is laminar and
chaotic.

The successive x component velocity data at a specific
point was extracted from the PIV measurements, and to get
greater insight of the evolution of the flow-field behavior in
the Set 2 experiments its pfd was computed at the points P1,
P2, and P3, see Figure 2. The pdf of u�x is defined as

pðt�xÞ ¼
nsamplejt�x�t�<t�xþDt�

nsampleDt�
(11)

where nsamplejt�x�t�<t�xþDt� is the number of samples of u�x
belonging to the interval [u�x ;u

�
x 1 Du�x], nsample is the total

number of samples and Du* is the width of each class in the
pfd. p(u�x) is the probability that u�x belongs to the interval
[u�x ;u

�
x 1 Du�x] where u�x is the dimensionless ux and is

defined as

t�x ¼
tx
tinj

(12)

Flow-Field Characterization

The description of the instantaneous flow-field is done by
presenting snapshots of representative velocity vector maps
for each Reynolds number, which allows a direct observation
of the flow-field. All the maps from PIV measurements pre-
sented are limited by a dashed line box around the measured
area. The measured area does not cover the whole diameter
of the mixing chamber due to the shading region near the
walls, as seen from Figure 2. The dashed line box is inserted
inside a frame representing the mixing chamber boundaries.

The results are presented on a single plane and so a com-
plete picture of the flow-field inside the chamber is not
given. Nevertheless the chosen plane is the one where the
flow presents the strongest dynamics,8 and the main mixing
mechanisms.16

The results from both sets of PIV experiments, Set 1 and
Set 2, are presented separately. Set 1 experiments are pre-
sented first, drawing the general flow-field evolution with the
Reynolds numbers between Re 5 100 and Re 5 500. The
second set of experiments, Set 2, is presented for a detailed

Table 2. Experimental Conditions and PIV Parameters for
Set 2 Experiments

Batch y [8C] uinj [m/s] Dx [pixel] DtF [ls]

Re 5 100 22.5 1.37 3.9 50
Re 5 105 22.5 1.44 4.1
Re 5 110 22.7 1.50 4.3
Re 5 115 22.7 1.57 4.5
Re 5 120 22.5 1.65 4.7
Re 5 125 22.8 1.70 4.9
Re 5 130 22.9 1.76 5.1
Re 5 140 23.0 1.89 5.4
Re 5 150 23.0 2.02 4.6 40

Table 1. Experimental Conditions and PIV
Parameters for Set 1 Experiments

Batch y [8C] uinj [m/s] Dx [pixel] DtF [ls]

Re 5 100 1 21.5 1.43 4.1 50
2 21.9 1.40 4.0
3 21.6 1.42 4.1
4 21.9 1.40 4.0
5 22.6 1.37 3.9

Re 5 200 1 21.7 2.83 4.1 25
2 21.5 2.85 4.1
3 22.1 2.79 4.0
4 22.5 2.75 3.9
5 22.0 2.80 4.0

Re 5 300 1 22.3 4.15 3.6 15
2 22.1 4.18 3.6
3 21.7 4.25 3.7
4 21.7 4.25 3.7
5 22.0 4.20 3.6

Re 5 400 1 22.7 5.45 5.45 12
2 23.2 5.35 5.35
3 21.9 5.62 5.62
4 21.6 5.68 5.68
5 21.9 5.62 5.62

Re 5 500 1 21.9 7.02 4.8 12
2 22.2 6.94 4.8
3 21.5 7.13 4.1 10
4 21.9 7.02 2.0 5
5 22.3 6.92 2.0
6 22.6 6.84 2.0
7 22.7 6.81 2.0
8 22.4 6.89 2.0
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characterization of the flow-field evolution in the range of
Reynolds numbers where the most dramatic changes in the
flow-field occur, 100 � Re � 150.9,10,13,15

Overall effect of the Reynolds number

The first approach to the problem from PIV experiments
was to depict the evolution of the flow structures for the
Reynolds number range of industrial interest. This approach
is only qualitative, and the second step, towards quantifica-
tion, was the computation of the intensity of turbulence to
measure the changes in the flow-field at several Reynolds
numbers.

Instantaneous Velocity Field. Figure 3 shows a represen-
tative velocity vector map for each Reynolds numbers of Set
1 experiments. From the vector maps of Figure 3 at Re 5
100 a segregated flow regime is observed. The main charac-
teristic of the flow-field at this Reynolds number is the pref-
erential flowing through the chamber axis creating a shortcut
to the outlet. The axial flow is generated by the jets impinge-
ment at the chamber axis; afterward the jets bend and are
directed towards the outlet keeping their high velocity. This
flow in the axial region is characterized by a very weak lat-
eral velocity15 keeping the two halves of the mixing chamber
segregated as seen from previous visualization experi-
ments.10,14 Between the axial flow with high velocity and the
wall there are two zones of recirculation. The flow near the
wall takes the opposite direction of the axial flow, giving rise
to two elongated vortices, one in each side of the chamber.
In the regions upstream the jets, two symmetric vortices are
formed, keeping a very well defined shape and are practically
undisturbed by the jets. Because of the reduced interaction
with the neighboring flow structures it is most likely that the

fluid almost trapped in those closed vortices presents
extremely high residence times when compared to the cham-
ber average residence time.16 The overall velocity pattern
here identified at Re 5 100 is consistent with the particle
paths at the segregated flow regime observed by Wood
et al.,13 at Re 5 60.5, and by Unger and Muzzio19 in a pre-
cipitator at Re 5 40.

The velocity vector maps at Re 5 200, presented in Figure
3, clearly show the dramatic change in flow-field from Re 5
100 to Re 5 200, where a self sustainable chaotic flow re-
gime now occurs. At Re 5 200 the jets impinge on each
other close to the chamber axis and are directed towards the
outlet. The preferential path, through chamber axis towards
the outlet, is broken by the formation of circular vortices
downstream the injectors. The interface between both sides
of the mixing chamber loses definition and its location
changes strongly with time.8 The main feature of the flow at
Re 5 200, is the formation of the downstream vortices that
promote the engulfment of the jets with the surrounding
fluid. The upper vortices symmetry is dynamically broken,
indicating that the jets oscillation amplitude has considerably
increased from Re 5 100 to Re 5 200. The velocity pattern
at Re 5 200 is consistent with the particle paths at the cha-
otic flow regime, Re 5 118, observed by Wood et al.13 and
with the tracer patterns observed by Lee et al.9 at Re 5 150.

The same overall behavior of the flow, with the formation
of vortices downstream the injectors can be seen for Re 5
300 from the vector maps in Figure 3. Three important dif-
ferences are observed:

� the vortices are formed near the impingement point and
evolve further in the chamber without losing their identity;

� the interface segregating the two sides of the mixing
chamber is further distorted;

� the upper vortices are even more distorted by the jets
oscillations.

This list shows that all the changes have gone towards a
stronger dynamics of the flow-field.

The results from the measurements at Re 5 400 and 500,
also shown in Figure 3, presented the same trends identified
from Re 5 200 to Re 5 300 towards a stronger dynamics of
the flow. The main evolution on the system is the formation
of vortices before the jets impinge on each other, which is
even clearer at Re 5 500 and goes in the already identified
trend of vortex formation near the jets.

For the characterized flow regimes above Re 5 100 it is
always observed the formation of vortices immediately
downstream the jets with a typical diameter equal to half the
mixing chamber diameter. The formation of these vortices
corroborates the predicted flow structures from the 2D Com-
putational Fluid Dynamic (CFD), simulations of the mixing
chamber.16,17

In the mentioned previous characterization works of the
RIM mixing chamber flow-field, the flow was always imaged
from tracer maps or particle paths. This work presents for
the first time the actual hydrodynamics of instantaneous
flow-field as 2D vector maps, at a plane located in the mix-
ing chamber and injectors axis.

Turbulence Intensity. In Figure 4 the maps of the x and z
components of the dimensionless turbulence intensity, r�x and
r�z , for Re 5 100 to Re 5 500 are presented. The scale of
the color bar for the Re 5 100 maps is half of that for the

Figure 3. 2D instantaneous velocity vector maps from
the experiments of Set 1 for Re 5 100 to Re
5 500.

Re 5 500a was taken with DtF 5 12 ls and Re 5 500b
with DtF 5 5 ls (see Table 1).
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other Reynolds numbers due to the lower values of r�x and
r�z at this Reynolds number.

From the turbulence intensity maps it is possible to identify
an evolution from the lowest to the highest value of the Reyn-
olds numbers in the experiments. The intensity of turbulence
gives a measure of the velocity component fluctuations and
since it is normalized by the jets superficial velocity, the maps
of r�x and r�z at different values of Re are directly comparable.
The regions of higher fluctuations are directly associated with
mixing mechanisms since the fluctuations promote the trans-
port of fluid to the surrounding regions and thus, the intensity
of turbulence, can also be seen as a scale of the mixing dy-
namics. Further the maps of r�x and r�z present the regions
where the flow variation with time, flow dynamics, is stronger,

thus providing insight into the genesis of the strong convective
mixing mechanisms in the RIM mixing chamber.

From Figure 4 it is seen that, at Re 5 100, the flow fluctu-
ations are mainly along the injectors axis for the x velocity
component, ux, and in the chamber axis for z velocity com-
ponent, uz. The flow outside the injectors and chamber axis
presents very little time dependence. The values of r�x at Re
5 100 are at least three times smaller than for higher values
of Reynolds number. These low values of r�x indicate very
weak lateral oscillations and consequently a high degree of
vertical segregation in the mixing chamber. The weak flow
fluctuations at Re 5 100 show some time dependence with
small amplitude oscillations, which was already known from
previous works.13,14

Figure 4. Turbulence intensity maps, r�x and r�z , from the PIV experiments of Set 1 for Re 5 100 to Re 5 500 in the
xz plane containing chamber and injector axes.

Turbulence intensity maps, r�x , from LDA measurements of Teixeira et al.8 at Re 5 300 in xy planes located at z 5 3, 5, and 10 mm.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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From the intensity of turbulence maps at Re [ 100, it can
be seen that the predominant fluctuations are in the x direc-
tion and thus promoting a strong dynamics of mass transfer
in the direction normal to the average flow. Similarly to
Re 5 100, for the other Reynolds numbers, the highest val-
ues of r�x are at the impingement point and along the jets,
but some differences in the distribution of higher values of
r�x are observed. The highest values of r�x are not concen-
trated along the chamber and jets axes, rather there is a con-
centric distribution with the highest values at the impinge-
ment point and smoothly decreasing from there on. The
regions of higher values of r�x increase with the Reynolds
number, being expanded to greater distances downstream of
the jets up to Re 5 500.

The values of r�z present the same overall distribution than
r�x with the difference of not having the highest values cen-
tered at the impingement point but in two points in the cham-
ber axis: one above and the other below the jets. The region
of lower values of r�z in the jets line clearly shows that the
jets fluctuations are mainly in the x direction. The jets impinge
in the chamber axis being then bent to the z direction, and
thus afterwards the impingement point, both up and down, the
dynamics in the z direction reaches its peak.

Figure 4 also shows the r�x maps at Re 5 300 from the
LDA results,8 which were obtained in the normal direction to
the PIV maps but using a fluid with higher viscosity, 60 mPa
s. To compare the r�x distributions in space, three lines cutting
the xz plane at z 5 3, 5 and 10 mm were defined and the
planes from the LDA measurements at those positions shown.

The same patterns are seen in the r�x maps from LDA and
PIV measurements, although its values are slightly higher for
the LDA measurements, probably due to: the higher jets ve-
locity associated to the usage of more viscous fluids at the
same Re 5 300 in the LDA experiments8; or to the fact that
the LDA measuring volume captures data in a wider range
of horizontal xy planes, the LDA measuring volume has 2.4
mm in z direction against the 0.56 mm of the PIV interroga-
tion spot for Set 1, thus at a fixed point the LDA measure-
ments always include regions of higher dynamics closer to
the jets impingement point. The results from both techniques
allow a 3D picture of turbulence intensity distribution to be
drawn. From the turbulence intensity maps it can be seen
that the strongest velocity fluctuations occur near the jets
impingement point and that they decrease from that point in
all the three directions: x, y and z. Despite the strong dynam-
ics of the flow in the x direction, the average maps of ux
show that, a distance less than a mixing chamber diameter
downstream the jets, the average values of ux are approxi-
mately zero.

Similar distributions of turbulence to the ones here pre-
sented were reported from 3D CFD simulations,24 at 200 �
Re � 400 in a CIJR, and at much higher Reynolds num-
bers,32 Re 5 35,000, in a opposed jets mixer. The distribu-
tion pattern of turbulence intensity, peaking at the impinge-
ment point and decreasing radially towards x, y, and z, seems
to be kept from the onset of the chaotic flow regimes to
beyond the transition to fully developed turbulent regimes.

Figure 5 shows the plot of the space averaged values of r�x
and r�z , r�x , and r�z , evolution with the Reynolds number
from Re 5 100 to 500. From this plot it is clear that there is
a sharp increase of the turbulence values between Reynolds

numbers 100 and 200 and a monotonically slower increase
of the turbulence values above Reynolds number 200. This
sharp evolution o the flow dynamics around a critical Reyn-
olds number is associated to the transition from segregated
flow regime to self-sustainable chaotic flow regime, a phe-
nomenon widely known from the original RIM studies9,10

and that will be analyzed in detail in the following section.
The evolution of mixing or chemical reaction in RIM mix-

ing chambers with the Reynolds33–35 presents a similar trend
to the turbulence intensity plots of Figure 5. The correlation
between chemical reaction studies and the mixing/flow-field
dynamics clearly shows that the fast mixing of the two
opposed monomer streams is a key factor affecting the final
properties of the high pressure RIM products.36

Critical Reynolds number characterization

Further PIV measurements, listed in Table 2, referred in
this work as Set 2 were made with the purpose of sweeping
the range of Reynolds number where the flow regime transi-
tion is known to occur. The interval between the Reynolds
numbers is 5, from Re 5 100 to Re 5 130, and then, up to
Re 5 150, the interval is increased to 10 since the system is
already beyond the flow regime transition or critical Reyn-
olds number. In Set 2 experiments for each Reynolds num-
ber, only 200 frames were captured.

Instantaneous Velocity Field. The evolution of the flow-
field with the Reynolds number is first depicted from the in-
stantaneous velocity vector maps shown in Figure 6. From
Re 5 100 to 115, as previously observed for Re 5 100 in
Figure 3, there is a preferential jet flow through the chamber
axis with the formation of an elongated vortex downstream
the jets in each side of the chamber. Some evolution is seen
from Re 5 100 to 115 with an increasing trend to the forma-
tion of circular vortices downstream the jets that disturb the
interface between the two streams and an increasing distor-
tion of the upper vortices.

From Re 5 115 to 120 a transition of the flow regime
clearly occurs. The circular vortices that at Re 5 115 slightly
disturb the interface between both streams, at Re 5 120 have

Figure 5. Plot of the variation of the x and z compo-
nents of the average intensity of turbulence,
r�x and r�z , with the Reynolds number for the
Set 1 experiments.
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further evolved to completely distort the interface, which
vanishes, as well as the preferential path toward the outlet.
These dramatic changes in the flow-field are clear from the
observation of Figure 6 and thus this study will set the criti-
cal Reynolds number at Re 5 120, close to values previously
reported.9,10,13,15,27,35 For higher Reynolds numbers, from Re
5 120 up to Re 5 150 where the flow presents a strong dy-
namics, the flow-field features identifiable from the instanta-
neous velocity vector maps do not present any observable
evolution with the Reynolds number.

Turbulence Intensity. Figure 7 shows the average values
of r�x and r�z from Set 2 experiments. The average turbulence
intensity values of Set 1 are slightly lower than those of Set
2 because for Set 1 the computed area includes regions fur-
ther downstream in the mixing chamber and thus presenting
lower values of r�x and r�z . For the values of Set 2 experi-
ments a very slight increase, of about 3%, in the values of
the turbulence intensity from Re 5 100 up to 110 is
observed. From Re 5 110 to 115 there is an increase of 25%
in the values of the turbulence intensity, indicating accelera-
tion in the trend towards stronger flow dynamics.

The transition on the flow regime clearly occurs at Re 5
120, with the values of the turbulence intensity approxi-
mately doubling within a range of Reynolds number value of
only five.

The plot of r�x and r�z now proves that the long before
known flow regime transition in the RIM mixing chamber,10

occurs suddenly at the Reynolds number range of 115 6 10
� Re � 120 6 10. Over this very short range of Reynolds
numbers the r�x and r�z values are doubled. Although the
transition occurs steeply, it is here shown that the instability
in the system continuously growth with Re with an increas-
ing growth rate up to Re 5 120.

Local Variation of u�x PDF with Re. For a greater insight
of the flow-field changes at the critical Reynolds number, the
values of the probability density functions, pdf, of u�x were
computed according to Eq. 11 at three points located along
the chamber axis: z 5 5.0, 7.5, and 10.0 mm. The locations
of the three sampled points are shown in Figure 2, and the
pdf’s of u�x at the three points are shown in Figure 8.

From the pdf’s of u�x it is clear that the amplitude of the
lateral oscillations of the flow at the chamber axis dramati-
cally increase from Re 5 115 to Re 5 120. From Re 5 100
to 115 there is a slight increase in the amplitude of u�x oscil-
lations, which is seen from the higher probability of finding
nonzero values of u�x along the chamber axis. This trend is
more clearly seen in the points further downstream the
impingement point, at z 5 10.5 mm, where in the pdf of u�x
the higher spread of values around zero for Re 5 115, in
comparison to Re 5 100, is clear than at z 5 7.5 mm. The
small increase in the jets oscillations at the impingement
point are thus being propagated and magnified to positions
downstream the chamber.

It is most likely that the opposite process of the propaga-
tion of the stronger oscillations to upstream until the
impingement point plays a key role in the ignition of a fully
developed chaotic flow regime. Further proof of that maybe
found in the work of Santos28 where it was seen that the for-
mation of vortices dictates the jets oscillation frequency. The
basis of this phenomenon is probably the higher freedom of
the flow to oscillate downstream the jets, since it is not so
constrained by the jets that are two opposite well-balanced
forces, and thus it is more likely that the oscillations grow
stronger downstream and only afterwards affect the jets equi-
librium.

Figure 6. 2D instantaneous velocity vector maps for
the experiments of Set 2 from Re 5 100 to
Re 5 150.

Figure 7. Plot of the variation of the x and z compo-
nents of the average intensity of turbulence,
r�x and r�z , with the Reynolds number for the
Set 2 experiments.
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Conclusions

In this work the flow-field in the RIM mixing chamber
was for the first time characterized from the instantaneous
2D maps of the velocity vector at the range of Reynolds
numbers used in the industrial RIM processes. The present
work was restricted to the plane containing the chamber and
injectors axis, known from previous LDA results8 to have
the strongest flow dynamics. The complete imaging of the
flow will require the study at different planes inside the mix-
ing chamber, preferably resorting to 3D PIV.

The spatial distribution of the flow dynamics, here shown
from its fluctuations by the turbulence intensity, was also
mapped for the first time in the xz plane, completing the pre-
vious published results that focused in the xy plane.8 The
concentric distribution of the turbulence intensity, peaking at
the jets impingement point, indicates that the instability gen-
erated from the opposition of two forces, the jets, is the main
source of mixing in RIM.

From the thorough characterization of the flow-field in
the range of Reynolds number marking the transition to
self-sustainable chaotic regime, it was shown here that the
flow instabilities are first generated downstream of the
jets impingement point, prior to the actual flow regime
transition.

This study has depicted the flow structures underlying the
patterns observed in many mixing studies, giving a clear
image of the mixing mechanisms in RIM. These results are
also of outmost importance in the validation of results from
CFD simulations that will be the basis of future enhance-
ments in the RIM mixing chamber design.
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Notation

d5 injectors diameter
D5 chamber diameter

Fpixel5 conversion factor between length in meters and pixels
h5distance of injectors axis from mixing chamber top
H5 chamber height
p5probability density function

Re5Reynolds number
t5 time

x,y,z5 cartesian space coordinates
X5mass fraction

Greek letters

l5viscosity
h5 temperature
q5density
r5 turbulence intensity
u5velocity

Subscripts

glycerine5property of glyceine
inj5 at the injectors
m5 length in meters

pixels5 length in pixels
F5 frames

water5property of water

Figure 8. Plots of the pdf of u�x for Re 5 100, 115 and 120 in the points located at x 5 0 and z 5 5.0 mm, 7.5 mm
and 10.0 mm, P1, P2, and P3, respectively, for the Set 2 experiments.
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Superscripts

*5 dimensionless
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