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Abstract (maximum of 150 words) 13 

A General Design Equation for Confined Impinging Jets (CIJ) is proposed here, giving the prediction 14 

of the position of the opposed jets’ impingement point. This equation was validated from numerical and 15 

experimental results, using fluids with viscosity ratios between 1 and 9 and density ratios between 1 16 

and 10, both values within the industrial range of application of CIJs. The impingement point position 17 

is crucial for achieving effective mixing in CIJs, enabling the reactor’s design at optimal operational 18 

conditions. The general design equation considers the stoichiometry ratio, the fluids’ viscosity and 19 

density, and the reactors’ dimensions. This paper also establishes a methodology for the design of 20 

working conditions and the reactor’s design for the onset of the chaotic flow regime in CIJs. 21 

 22 
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1 Introduction 25 

Confined Impinging Jets (CIJ) are highly efficient mixers that ensure the contact between two reactants 26 

injected as two opposed jets. The most challenging application of CIJ mixers is as mixing heads in 27 

Reaction Injection Moulding (RIM) machines to promote the mixing of two monomers in 28 

polymerisation reactions. CIJ mixers consist of a confined cylindrical mixing chamber with two 29 

opposed injectors and an open outlet that enables injecting the reactive mixture of monomers into a 30 

mould. A schematic drawing of CIJ mixers is shown in Figure 1a.  31 

Effective mixing in CIJ mixers is ensured by the formation of dynamic flow structures onsetting under 32 

laminar chaotic flow regime. The operation at laminar chaotic flow regime in CIJ mixers is of the utmost 33 

importance in industrial applications, such as RIM machines, since it guarantees the full contact of both 34 

liquid streams improving the polymerisation yield in the mould (Lee, Ottino et al. 1980, Tucker and 35 

Suh 1980, Tucker and Suh 1980, Ranz 1986). Because of the high viscosity of liquid streams, turbulent 36 

regimes are generally not feasible, and the flow regime has to be laminar chaotic to promote convective 37 

mixing patterns (Brito, Esteves et al. 2018, Brito, Barbosa et al. 2022). 38 

In RIM process, two monomers, i.e. isocyanate and polyol, are injected into a CIJ mixing chamber 39 

through two opposed jets. These monomers have quite different viscosities: isocyanate has a viscosity 40 

in the 0.1 Pa∙s range, and polyols around 1 Pa∙s. Mixing of isocyanate and polyol occurs in a typical 41 

CIJ mixing chamber, which has a diameter of 3 ≤ 𝐷 ≤ 10	mm and the injectors are 3 to 7 times smaller, 42 

i.e. 1 ≤ 𝑑 ≤ 3	mm (Lee, Ottino et al. 1980, Santos, Erkoç et al. 2009). These geometrical dimensions 43 

are described in Figure 1.  44 

The high-speed injection of these monomers promotes natural flow oscillations at the collision point 45 

between both phases and the formation of vortices in each half of the mixing chamber (Wood, Hrymak 46 

et al. 1991, Santos, Erkoç et al. 2008, Shi, Li et al. 2015). These dynamic structures promote the 47 

stretching of the interface between phases in a few seconds, 𝑡~10 − 100	ms, and the formation of 48 

lamellae of monomers, sufficiently thin for the polymerization reactions that are limited by diffusion. 49 

The mixture that leaves the CIJ mixing chamber is then discharged into a mould where most of the 50 
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polymerisation occurs. In systems with low diffusion and fast reaction, such as in polyurethane 51 

processing in RIM machines, the mixing process plays an important role in the effective performance 52 

of these devices since mixing controls the chemical reaction and thus the mechanical properties of the 53 

plastic part formed in the mould (Tucker and Suh 1980). 54 

The huge impact of RIM technology on the chemical and automotive industries and the need for 55 

solutions that make this process more robust are the major driving forces for the extension on 56 

fundamental studies of mixing dissimilar fluids in CIJ mixers.  57 

The issue of CIJs operation is five decades long, dating to the original CIJs patent for RIM in the 1970s 58 

(Keuerleber and Pahl 1970). Many of the papers that build up the current knowledge on CIJs are 59 

referenced in this work. The identification of flow regimes in CIJ mixers using similar fluids in both 60 

injectors has been widely reported from Planar Induced Fluorescence (PLIF), Particle Image 61 

Velocimetry (PIV) and Computational Fluid Dynamic (CFD) simulations (Lee, Ottino et al. 1980, 62 

Tucker and Suh 1980, Sandell, Macosko et al. 1983, Johnson, Wood et al. 1996, Unger, Muzzio et al. 63 

1998, Zhao and Brodkey 1998, Zhao and Brodkey 1998, Johnson 2000, Nakamura and Brodkey 2000, 64 

Marchisio, Rivautella et al. 2006, Gavi, Marchisio et al. 2007, Gavi, Rivautella et al. 2007, Gavi, 65 

Marchisio et al. 2008, Marchisio, Omegna et al. 2008, Santos, Erkoç et al. 2008, Lince, Marchisio et al. 66 

2009, Santos, Erkoç et al. 2009, Gavi, Marchisio et al. 2010, Icardi, Gavi et al. 2011, Fonte, Sultan et 67 

al. 2015, Fonte, Sultan et al. 2016). Brito, Barbosa et al. (2022) further studied the injection of dissimilar 68 

fluids. For both similar and dissimilar fluids, two laminar flow regimes were reported: segregated flow 69 

regime and chaotic flow regime.  70 

In the segregated flow regime, the two liquid streams issuing from each injector leave the chamber 71 

without undergoing an effective dynamic mixing, which is promoted by the onset of vortices shedding 72 

from the opposed jets impingement point (Lee, Ottino et al. 1980, Tucker and Suh 1980, Wood, Hrymak 73 

et al. 1991, Johnson, Wood et al. 1996, Unger and Muzzio 1999, Santos, Erkoç et al. 2008). Mixing at 74 

these conditions only occurs by diffusion at the interface that coincides to the mixing chamber axis 75 

(Fonte, Sultan et al. 2015).  76 
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The chaotic flow regime is characterised by the disruption of the flow symmetry at the segregation plan, 77 

which gives rise to the formation of a vortex street that promotes a large contact area between the liquid 78 

streams (Fonte, Sultan et al. 2015). In this regime, after the injection of two high-speed jets, the two 79 

fluids collide spreading radially in a squeezed fluid structure that resembles a pancake (Wood, Hrymak 80 

et al. 1991). The formation of this pancake associated to the strong energy dissipation at jets’ collision 81 

promotes the shedding of vortices that onset natural oscillation of the jets’ impingement point position. 82 

The vortex street ensures the stretching of the interface between the two phases, increasing the gradient 83 

concentrations and enhancing diffusion. This region is commonly called the mixing zone. Downstream, 84 

fluids are further stretched by a fully developed laminar flow, having a parabolic profile, as shown in 85 

Fonte, Santos et al. (2011). 86 

The transition between the segregated and the self-sustainable chaotic flow regimes essentially depends 87 

on the Reynolds number. For industrial application of CIJ mixers in RIM machines, the onset of the 88 

chaotic flow regime has been set in a range of Reynolds number from 100 to 150, which was defined 89 

for the first time by Malguarnera and Suh (1977) as 90 

Re =
𝜌𝜐!"#𝑑
𝜇

 (1) 

wherein 𝑑 is the diameter of injector, 𝜐!"# is the velocity at injector, 𝜌 and 𝜇 are density and viscosity, 91 

respectively.  92 

Fundamental studies on mixing of similar fluids defined the onset of chaotic flow regime in CIJ mixers 93 

for Re > 120. Nevertheless, Fonte et al. (2015) also observed instabilities at the interface for 103 <94 

Re < 111; however, this flow regime is not chaotic because vortices are not shedding from the 95 

impingement point, and no oscillations of the impingement point position are observable. Therefore, 96 

Fonte, Sultan et al. (2015) reported that a very large evolution on the interface's stretching rate in mixing 97 

similar fluids occurs for 120 < Re < 300. For 300 < Re < 600, there is only a small evolution in 98 

mixing, which usually does not compensate the decrease in the residence time in the CIJs (Nunes, 99 

Santos et al. 2012). The lamellar reduction is not easily visualised for Re > 600, due to the formation 100 
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of small eddies, typically generated in turbulent flow regimes, which cause a great homogenization of 101 

the liquids.  102 

For a viscosity ratio between 2 and 9, Brito, Barbosa et al. (2022) reported from PLIF images that the 103 

onset of chaotic flow regime is given by the Reynolds number of the more viscous (MV) liquid stream, 104 

which must be ReMV>150. For larger viscosity ratios, there is an increase of the Reynolds number in 105 

the less viscous (LV) liquid side. The larger Re on the LV liquid stream promotes instabilities in the 106 

MV liquid stream, which lowers the transition Reynolds number in the MV side to chaotic flow regimes. 107 

Periodic stimuli of a jet have also been shown to onset the chaotic flow regime below the transition Re 108 

values by Li, Huang et al. (2013), Shi, Li et al. (2015), Li, Wei et al. (2016).  109 

Nevertheless, even for a Re higher than the critical one, the imbalance of jets at the impingement point 110 

position causes poor mixing, clearly shown by Fonte, Sultan et al. (2016) for similar fluids and Brito, 111 

Barbosa et al. (2022) for dissimilar fluids. The balance of opposed jets means that the opposed jets' 112 

impingement point must occur at the centre of the mixing chamber, i.e. at the mixing chamber axis 113 

(Johnson 2000, Johnson 2000, Erkoç, Santos et al. 2007, Fonte, Sultan et al. 2015, Fonte, Sultan et al. 114 

2016, Gomes, Fonte et al. 2016). The quantification of mixing of similar fluids in Fonte, Sultan et al. 115 

(2015) clearly shows that above the critical Reynolds number, laminar mixing occurs for a flow rate 116 

ratio	𝑟$ = 1, which is defined by 117 

𝑟$ =
𝜌%𝑑%&𝜐!"#,%
𝜌&𝑑&&𝜐!"#,&

 (2) 

where indices 1 and 2 correspond to the jet 1 and 2, according to Figure 1. When 	𝑟$ = 1, the opposed 118 

jets with the same viscosity and density are balanced. Effective mixing is hindered by deviations from 119 

the set point of ±10% in the flow rate ratio. For the maximum deviation from 𝑟$ = 1 of 15%, the jets 120 

are completely pushed into one of the injectors, leading to clogging in industrial RIM machines due to 121 

the fast polymerisation next to the inlet nozzles. Therefore, the control of the impingement point 122 

position has a particular impact on the mixing efficiency. 123 
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For mixing fluids with different viscosities, efficient mixing occurs for conditions where the 124 

impingement point must be at the center of the mixing chamber; however, this condition does not 125 

correspond to 	𝑟$ = 1, as for similar fluids (Brito, Barbosa et al. 2022).  126 

Alternative techniques to make CIJ mixers operation more robust are based on the control of the static 127 

pressure difference between the opposed jets (Erkoç, Santos et al. 2007, Gomes, Fonte et al. 2016), 128 

which enables to control the jets balancing in real-time. This technology is not yet introduced in 129 

commercial RIM machines and would not overcome the limitation of mixing fluids with different flow 130 

rates. 131 

CIJ geometry also has an impact on mixing performance. Unger and Muzzio (1999) studied two 132 

different geometries: symmetric geometry wherein both jets are injected as two opposed jets; a 133 

geometry where both injects have an angle downward at 20º; other angled backwards at 8º; and other 134 

angled forward 8º. The direct impingement of both jets only occurs in the symmetric geometry, i.e. 135 

when both injector nozzles have the same diameter. A small deviation of 1º from the injectors’ axis 136 

does not ensure the industrial practice that requires the balance of the two directly opposed jets (Schütz, 137 

Piesche et al. 2005). Therefore, the directly opposed impingement of both jets is the best configuration 138 

for the highest performance in CIJ mixers because it uses all the inertia of each jet for mixing with the 139 

opposite one.  140 

In sum, the best conditions for the most effective mixing in CIJ mixers are: i) directly impingement of 141 

opposed jets, making an angle of 180º between them; ii) both jets must operate above the critical 142 

Reynolds number, Re > 120 for similar fluids and Re() > 150 for dissimilar fluids; and iii) the 143 

balance of jets, i.e. the impingement point position must be at the mixing chamber axis.  144 

The prediction of the jets’ impingement point position becomes imperative for the successful design of 145 

CIJ mixers. Malguarnera and Suh (1977) proposed that the mass flow rate must guarantee the 146 

stoichiometry for a non-unitary stoichiometry ratio. Fonte, Sultan et al. (2016) developed the elastic 147 

analogue model, which describes the impingement of jets in a CIJ mixer, taking into account the 148 

geometrical mixer parameters and the fluid physical properties of fluids. This model was already 149 
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validated for different flow rate ratios, geometrical parameters (Fonte, Sultan et al. 2016) and for a 150 

viscosity ratio between 1 and 2.  151 

The prediction of the opposed jets impingement point position is extended in this paper to the case of 152 

dissimilar fluids comprising a viscosity ratio range between 2 and 9, which corresponds to the industrial 153 

application in RIM machines. Three models to describe the jets impingement point position are 154 

proposed, considering the direct impingement of both phases: the elastic analogue model of Fonte, 155 

Sultan et al. (2016), and two new models, which are also introduced in the following section. The 156 

validation of the model applicability for dissimilar fluids is based on 3D CFD simulations and PLIF 157 

experiments reported in Fonte, Sultan et al. (2016) for similar fluids and experimental data of Brito, 158 

Barbosa et al. (2022) for dissimilar fluids.  159 

2 Analytical Models to predict Impingement Point Position 160 

The following sections describe three analytical models: elastic analogue model; jets kinetic energy 161 

model; and jets momentum model.  162 

2.1 Elastic Analogue model (EAM) 163 

Figure 1b shows a schematic representation of the impingement of two opposed jets from the axial cut 164 

of the mixing chamber. This sketch illustrates the impingement point position in the mixing chamber. 165 

Fonte, Sultan et al. (2016) described the impingement point position assuming that the jets act as springs 166 

of equal force 𝐹 = 𝑘𝑙, where 𝑘 is the spring constant and 𝑙 is the spring length variation. This model is 167 

called Elastic Analogue Model (EAM). The variation of the potential energy of each jet is proportional 168 

to the jets displacement from the mixing chamber axis, ∆𝐸* = 𝑘𝑙&. Thus, the potential energy of each 169 

jet is determined from the length of each jet, 𝑙% and 𝑙&, as illustrated in Figure 1. The ratio of the opposed 170 

jets potential energy is proportional to the ratio of the jets kinetic energy rate, 𝐸̇+,%/𝐸̇+,& = 𝑙%/𝑙&, and 171 

thus the jets impingement point displacement is proportional to the kinetic energy feeding rate ratio of 172 

the opposed jets, 173 
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𝜙+ =
𝜌%𝑑%&𝜐!"#,%&

𝜌&𝑑&&𝜐!"#,&&  (3) 

 174 

 175 

 176 

 177 

 178 

 179 

 180 

Figure 1 Sketch of the impingement point in the front view CIJ mixing chamber and the respective 181 

representation of 𝑥!∗, 𝑥#∗, 𝐷, 𝑑!, 𝑑#, 𝑙!, 𝑙# and 𝑥$%. 182 

Fonte, Sultan et al. (2016) introduced a correction for each jet's energy dissipation using the narrow 183 

axisymmetric jet (NAJ) model due to viscous effects. NAJ model considers that when a jet is injected 184 

in a larger expansion region from a circular hole, it remains narrow and grows slowly. It neglects the 185 

effect of the chamber walls and the additional kinetic energy dissipation due to unsteady vortex 186 

formation and detachment in the unsteady chaotic flow regime. The axial velocity of jets, according to 187 

the NAJ model (Bird, Stewart et al. 2002, White 2006) is, 188 

𝜐(𝑥, 𝑟) =
3𝐽
8𝜋𝜇𝑥

K1 +
1
4 N
𝐶!",𝑟
𝑥 P

&
Q
-&

 (4) 

where is the fed jet momentum rate, 𝐽 = (𝜋/3)𝜌𝜐!"#& 𝑑&, 𝐶!", is an integration constant 𝐶!", =189 

R3𝜌𝐽/(16𝜋𝜇&), 𝑟 is the radial coordinate and 𝑥 is the axial coordinate. The NAJ model introduces 190 

viscosity related terms, namely the jets Reynolds numbers, in the elastic analogue model for the 191 

J

  

(a) (b) 
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prediction of the jets impingement point displacement from the mixing chamber axis, 𝑥./ (see Figure 192 

1). In this model, the jets impingement point position relation (𝑙%/𝑙&) is given by 193 

𝐸̇+,%
𝐸̇+,&

=
𝑙%
𝑙&
=
∫ 𝜐%(𝑙%, 𝑟)02𝜋𝜌%𝑟𝑑𝑟
1
2

∫ 𝜐&(𝑙&, 𝑟)02𝜋𝜌&𝑟𝑑𝑟
1
2

= T𝜙+
Re%
Re&

𝑑%
𝑑&

 (5) 

and a momentum source is assumed, represented by 𝑥%∗ and 𝑥&∗ in Figure 1b, that is placed at a distance 194 

𝑥4∗ = Re!	𝑑/20 (Fonte, Sultan et al. 2016) before the inlet,  195 

𝐷/2 + 𝑥56 + 𝑥%∗

𝐷/2 + 𝑥56 + 𝑥&∗
= T𝜙+

Re%
Re&

𝑑%
𝑑&

 (6) 

where 𝑥./ is the jets’ impingement point displacement. From the dimensionless impingement point 196 

position (shown in Figure 1b), 𝜉 = 𝑥.//(𝐷/2), and considering 𝑥4∗ = Re!	𝑑/20, Equation 5 results in 197 

𝜉 =
V𝜙+

Re%
Re&

𝑑%
𝑑&
W1 + Re&10

𝑑&
𝐷 X − W1 +

Re%
10

𝑑%
𝐷 X

V𝜙+
Re%
Re&

𝑑%
𝑑&
+ 1

 (7) 

where 𝜉 can take values from -1 to 1 since the jets are bounded by walls and cannot expand up to the 198 

position of the momentum source points, which are placed inside the injectors. 199 

Equation 7 enables the design of CIJ mixers for mixing at non-unitary flow rate ratios, 𝑟$ ≠ 1, by 200 

changing the diameter of the nozzles guaranteeing the balance of jets for  𝜉 = 0. The full derivation of 201 

EAM, the validation, and the application to the design of CIJ mixers with 𝑟$ ≠ 1 for similar fluids was 202 

reported in Fonte, Sultan et al. (2016).  203 

The elastic analogue model, Equation 7, takes into account the differences in the fluid viscosities, 204 

indicating that the viscosity also plays a role in the jets’ equilibrium condition. The differences in 205 

viscosities are taken into account in the Reynolds number term (Re% and Re&) of Equation (7). The 206 

model was validated for different flow rates considering equal viscosity in the two inlet jets.  207 
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2.2 Jets Kinetic energy model (KEM) 208 

A new model is introduced for the description of the impingement point position in CIJ mixing 209 

chambers. This model considers that the kinetic energy of both jets at the impingement point (at 𝑟 = 0 210 

and 𝑙 = [𝑙%, 𝑙&]) is balanced. Hereupon, the equilibrium between the kinetic energy at the impingement 211 

point is determined considering a Lagrangian entity belonging to each jet,  212 

𝜌%𝜐%&(𝑙%, 𝑟 = 0) = 𝜌&𝜐&&(𝑙&, 𝑟 = 0) (8) 

where 𝜐% and 𝜐& are the velocities of jets 1 and 2 at the impingement point position described by the 213 

NAJ model (Equation (4)). The point source of momentum assumed by the NAJ model corresponds to 214 

the position in the injector where the axial velocity, 𝜐(𝑥, 𝑟 = 0), is equal to the maximum velocity 215 

achieved in the injector. Considering a fully developed parallel parabolic velocity profile along the 216 

injectors and equalising to the NAJ model, the point source is 𝑥4∗ = Re4 	𝑑/16. 217 

Replacing 𝜐%(𝑙%, 𝑟 = 0) and 𝜐&(𝑙&, 𝑟 = 0) by the NAJ model in Equation (8), it results in 218 

𝜌% N
3𝐽%

8𝜋𝜇%𝑙%
P
&
= 𝜌& N

3𝐽&
8𝜋𝜇&𝑙&

P
&
 (9) 

According to Figure 1, the expression for each jet length, 𝑙% and 𝑙&, can be rewritten as a function of 219 

the momentum sources, 𝑥%∗ and 𝑥&∗, and the impingement point position, 𝑥./, as 220 

\
𝑙% = 𝑥%∗ +

𝐷
2
+ 𝑥./

𝑙& = 𝑥&∗ +
𝐷
2
− 𝑥./

 (10) 

The jet lengths can be rewritten in Equation (9) according to Equation (10), where 𝑥%∗ and 𝑥&∗ are the 221 

source points given by 𝑥4∗ = Re4 	𝑑/16, 222 

𝜌%
%/&𝐽%

𝜇% W
𝐷
2 + 𝑥./ +

Re%𝑑%
16 X

=
𝜌&
%/&𝐽&

𝜇& W
𝐷
2 + 𝑥./ +

Re&𝑑&
16 X

 (11) 

From Equation (11), a dimensionless impingement point position 𝜉 = 𝑥.//(𝐷/2) can be estimated 223 

according to 224 
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𝜉 =
K
𝜌%
%/&

𝜌&
%/& 𝜙8

𝜇&
𝜇%
Q W1 + 𝑅𝑒&8

𝑑&
𝐷 X − W1 +

𝑅𝑒%
8
𝑑%
𝐷X

𝜌%
%/&

𝜌&
%/& 𝜙8

𝜇&
𝜇%
+ 1

 (12) 

where 𝜙8 = 𝐽%/𝐽& is the jets’ momentum rate ratio.  225 

The kinetic energy model described in Equation (12) considers that the impingement point position is 226 

fully described by the balance of kinetic energy of two passive particles at the jets contact point. This 227 

model also accounts for the fluids’ viscosities, considered in Re% and Re&, and the geometrical 228 

parameters of CIJ mixers. The main difference between the elastic analogue model and kinetic energy 229 

model stems from the fact that the first one assumes the balance of the kinetic energy rate of both jets 230 

from an analogy to two springs. In contrast, the second one refers to the equilibrium of the kinetic 231 

energy from two particles at the impact point position.  232 

2.3 Jets momentum model (MM) 233 

A new approach is also introduced for the prediction of the impingement point position. The momentum 234 

model is based on the balance of the linear momentum of two particles, issued from opposed jets, at the 235 

impingement point, i.e. at 𝑟 = 0 and 𝑙 = [𝑙%, 𝑙&]. This balance is described by  236 

𝜌%𝜐%(𝑙%, 𝑟 = 0) = 𝜌&𝜐&(𝑙&, 𝑟 = 0) (13) 

where 𝜐% and 𝜐& are predicted by the NAJ model (Equation (4)), enabling to rewrite Equation (13) as 237 

𝜌% N
3𝐽%

8𝜋𝜇%𝑙%
P = 𝜌& N

3𝐽&
8𝜋𝜇&𝑙&

P (14) 

The dimensionless impingement position, 𝜉 = 𝑥.//(𝐷/2), can be estimated by  238 

𝜉 =
_𝜌%𝜌&

𝜙8
𝜇&
𝜇&
` W1 + 𝑅𝑒&8

𝑑&
𝐷 X − W1 +

𝑅𝑒%
8
𝑑%
𝐷 X

𝜌%
𝜌&
𝜙8

𝜇&
𝜇%
+ 1

 (15) 

The momentum model described in Equation (15) predicts the impingement point from the balance of 239 

the linear momentum of a Lagrangian entity belonging to each jet at the impingement point position.  240 
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The difference between the kinetic energy model (Equation (12)) and the momentum model (Equation 241 

(15)) is in the density ratio term. In Equation (12), the term is R𝜌%/𝜌& while, in Equation (15), this term 242 

is 𝜌%/𝜌&. Therefore, the validation of models is only verified for high-density ratios. A sensibility 243 

analysis of the three models is presented in this paper enabling the validity range for each one.  244 

3 Validation of models from experimental and numerical results 245 

Experimental and CFD results of mixing of liquids with a viscosity ratio of 1 are reported in Fonte, 246 

Sultan et al. (2015), while for dissimilar fluids with a viscosity ratio range between 2 and 9, results are 247 

in Brito, Esteves et al. (2018) and Brito, Barbosa et al. (2022). Experiments were run in a transparent 248 

CIJ mixer, which enables the visualization of the flow inside the mixing chamber. A laser sheet 249 

illuminates a plan of the mixing chamber, cutting it through the injectors. Liquid streams were injected 250 

through the opposed jets. One of the fluids was dyed with Rhodamine 6G, and the other was a clear 251 

liquid. The doped fluid is fluorescent, enabling to capture PLIF image that maps the tracer. A fully 252 

description of PLIF experiments is described in Brito, Esteves et al. (2018), Brito, Barbosa et al. (2022). 253 

CFD simulations were run using ANSYS Fluent to solve continuity, Navier-Stokes and Species 254 

equations for the mixing of dissimilar fluids.  255 

Tables 1 and 2 summarise the dimensions of mixing chambers and the working conditions considered 256 

for the models’ validation, respectively. The experimental and numerical results to validate the models 257 

in Figures 2-8 are reported in Fonte, Sultan et al. (2016) and Brito, Barbosa et al. (2022). CFD and 258 

experimental studies identified the flow regimes in symmetric and asymmetric mixing chambers, i.e. 259 

for reactors with equal and different nozzles’ diameters. The three models proposed in this work, only 260 

differ when the physical properties of the fluids are dissimilar. So, for similar fluids, they all stand valid 261 

as proven for the EAM in Fonte, Sultan et al. (2016), as it will be shown later. 262 

The jets’ impingement point position can be measured from PLIF experiments and CFD results. The 263 

point where both jets collide was determined from CFD results of the axial velocity profile along the 264 

injectors axis. The jets’ impingement position corresponds to the stagnation point of the axial velocity, 265 

𝜐a𝑥./,𝑟 = 0b = 0. The 𝜉 value is also determined from PLIF images plotting the value of the color at 266 
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each pixel along the line defined from the injectors’ axes. Therefore, both jets' contact points are marked 267 

by a steep gradient in this plot. The impingement point position at each condition was determined from 268 

an average of 10 PLIF contour maps. 269 

Table 1. CIJ Geometries under analysis in this paper. 270 

Chamber # 𝑫 ( m)  𝒅𝟏 ( m)  𝒅𝟐 ( m) 

1 10 1.5 1.5 

2 10 1.5 1.9 

For mixing similar fluids, EAM has already been validated by Fonte, Sultan et al. (2016), and a good 271 

agreement between this model, experimental and numerical data is achieved. The validity of KEM and 272 

MM for similar conditions is examined here. Figure 2 shows the dimensionless impinging point in the 273 

mixing chamber for mixing of similar fluids, 𝜇% = 𝜇& = 20	mPa ∙ s, at Re% = 50. In Figure 2a, the 274 

experiments were run in Chamber 1, where 𝑑% = 𝑑& = 1.5	mm, and in Figure 2b, the experiments were 275 

run in a chamber where 𝑑% = 1.9	mm and 𝑑& = 1.5	mm, i.e. with the same dimensions of Chamber 2 276 

(Table 1), but mirrored. PIV and CFD results in Figure 2 were reported by Fonte, Sultan et al. (2016) 277 

and used to compare both models. Very slight differences between both models are registered for similar 278 

fluids, meaning that EAM, KEM and MM can be used to design CIJ mixers working with similar fluids.  279 

Further EAM, KEM and MM validation is made for viscosity ratios larger than unity. Figure 3 and 280 

Figure 4 show the plots of the normalised displacement of the jets impingement point from the mixing 281 

chamber axis, 𝜉, for Chamber 1 and 𝜇%/𝜇& = 2, as a function of the jets kinetic energy rate ratio, 𝜙+, 282 

in Figure 3a and Figure 4a, and as a function Re& in Figure 3b and Figure 4b. In  283 

Figure 3, the Reynolds number at jet 1 was set at Re% = 50 and in Figure 4 at Re% = 100. These plots 284 

clearly show that the position of jets is extremely sensitive to 𝜙+ , and the balancing condition is no 285 

longer at 𝜙+ = 1. This is affected by the fact that Re% ≠ Re& at the equilibrium conditions, as shown 286 

in Figures 3b and 4b, that slightly offsets the conditions for 𝜉 = 0. 287 
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(a) (b) 

Figure 2. Non-dimensional impingement point position from the elastic analogue model (EAM), kinetic energy 288 

model (KEM), momentum model ( MM), CFD results from Fonte, Sultan et al. (2016) and PIV data from Fonte, 289 

Sultan et al. (2016) as a function of the jets kinetic energy rate for similar fluids at Re! = 50 and using (a) 290 

Chamber 1 and (b) mirrored Chamber 2. 291 

  

(a) (b) 

Figure 3. Non-dimensional impingement point position from the elastic analogue model (EAM), kinetic energy 292 

model (KEM), momentum model ( MM) , CFD results and PLIF data from Brito, Barbosa et al. (2022) for 293 

mixing of fluids with a viscosity ratio 2:1, 𝜇! = 40	mPa ∙ s and 𝜇# = 20	mPa ∙ s at Re! = 50 and using 294 

Chamber 1 versus (a) the jets’ kinetic energy rate; (b) the Reynolds number at jet 2. 295 
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Figures 3 and 4 give a comparison between the three models (EAM, KEM and MM), and CFD and 296 

PLIF data. The position of the impingement point for a viscosity ratio 𝜇%/𝜇& = 2 is clearly better 297 

described from the balance of kinetic energy (Equation (12)) and the linear momentum (Equation (15)) 298 

than by EAM, particularly in this validity range 0.1 < 𝜙+ < 10. The predictions of 𝜉 given by KEM 299 

and MM are coincident because CIJ mixer is operating at symmetric flow conditions in terms of density 300 

ratios. KEM and MM models only differ for cases where the fluids have different densities, 𝜌% ≠ 𝜌&.   301 

Figure 4 shows that the fitting of KEM and MM to the experimental data is not as good as for CFD 302 

results. This may be caused by the flow rate ratio deviation during the experimental running, which can 303 

lead to a deviation of up to 30 % in 𝜙+. However, since CFD simulation results, KEM and MM are 304 

completely coincident, these models can be validated as a design tool for these working conditions. The 305 

complete validation of this CFD data and comparison with the experiments is made in Brito, Barbosa 306 

et al. (2022).  307 

Figure 5 shows the fitting of KEM and MM to PLIF and CFD data, providing experimental and 308 

numerical validation of these models for mixing of fluids with a viscosity ratio 𝜇%/𝜇& = 1/5 in 309 

Chamber 1, namely at Re& = 50. On the other hand, EAM does not predict the displacement of the 310 

impingement point in the mixing chamber, showing an even larger deviation than for 𝜇%/𝜇& = 2. 311 

Furthermore, in Figures 3 and 4, EAM overpredicts PLIF and CFD data, while in Figure 5, this model 312 

underpredicts the results. This involves the definition of the injection of fluids in CIJ mixer. For 313 

viscosity 𝜇%/𝜇& = 2, MV fluid is injected through jet 1, and for viscosity 𝜇%/𝜇& = 1/5, the 314 

corresponding stream is delivered through jet 2. The description of the jets’ balancing provided by EAM 315 

is deteriorating with the viscosity ratio. 316 

In addition, conditions under analysis in Figure 5 consider that the density ratio of streams is 𝜌%/𝜌&~1, 317 

and so KEM and MM give the same description of 𝜉. The validation of KEM and MM from PLIF and 318 

CFD results estimates the conditions for 𝜉 = 0, at Re% = 165  and Re& = 50, according to Figure 5b.  319 
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(a) (b) 

Figure 4. Non-dimensional impingement point position from the elastic analogue model (EAM), kinetic energy 320 

model (EAM), momentum model ( MM), CFD results and PLIF data from Brito, Barbosa et al. (2022) for 321 

mixing of fluids fluids with a viscosity ratio 2:1, 𝜇! = 40	mPa ∙ s and 𝜇# = 20	mPa ∙ s at Re! = 100 and using 322 

Chamber 1 versus (a) the jets’ kinetic energy rate; (b) the Reynolds number at jet 2. 323 

EAM, KEM and MM also take into account the geometrical parameters of CIJ mixing chamber. 324 

Validation of these models was then extended to the asymmetric mixing chamber, Chamber 2, where 325 

𝑑%/𝑑& = 1.5/1.9. Figure 6 shows the impingement point position described by EAM, KEM, MM, CFD 326 

simulations and PLIF data for Re& = 45 when two fluids with a viscosity ratio 𝜇%/𝜇& = 1/5 are mixed 327 

in Chamber 2. PLIF experiments corroborate the CFD results and provide validation of the ability of 328 

KEM and MM to predict the contact point of jets in chambers with different diameters. Once again, the 329 

similarities between KEM and MM result from the unity of density ratio of streams, 𝜌%/𝜌&~1, making 330 

both expressions (Equations (12) and (15)) numerically equal.  331 
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(a) (b) 

Figure 5. Non-dimensional impingement point position from the elastic analogue model (EAM), kinetic energy 332 

model (KEM), momentum model ( MM), CFD results and PLIF data from Brito, Barbosa et al. (2022) for 333 

mixing of fluids fluids with a viscosity ratio 1:5, 𝜇! = 9.2	mPa ∙ s and 𝜇# = 47.8	mPa ∙ s  at  Re# = 50 and 334 

using Chamber 1 versus (a) the jets’ kinetic energy rate; (b) the Reynolds number at jet 1. 335 

Small deviations exist in the numerical and experimental data from KEM and MM. These small 336 

deviations can be caused due to the simplification of the models since NAJ model is assumed. On the 337 

other hand, PLIF-based measurements are prone to uncertainties to fluctuations in light intensity, small 338 

differences in the refractive index of the two fluids injected, and limitations in the determination of the 339 

impingement point position from the plot of colors.  However, Figure 6 clearly shows that data is 340 

adjusted from these models with an accuracy that falls below the experimental one. The elastic analogue 341 

model for the non-unitary viscosity ratios, 𝜇%/𝜇& ≠ 1, cannot make a good prediction of the 342 

impingement point position. Figure 6b also shows that the working conditions for the central position 343 

of the impingement point position are at Re% = 165 and Re& = 45. 344 
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(a) (b) 

Figure 6. Non-dimensional impingement point position from the elastic analogue model (EAM), kinetic energy 345 

model (KEM), momentum model ( MM), CFD results and PLIF data from Brito, Barbosa et al. (2022) for 346 

mixing of fluids with a viscosity ratio 1:5, 𝜇! = 9.5	mPa ∙ s  and 𝜇# = 48	mPa ∙ s  at Re# = 45 and using 347 

Chamber 2 versus (a) the jets’ kinetic energy rate; (b) the Reynolds number at jet 1. 348 

Figure 7 displays the impingement point position as a function of 𝜙+ and Re of jet 1 for mixing of two 349 

streams with a viscosity ratio 𝜇%/𝜇& = 1/9, 𝜇% = 9.1	mPa ∙ s and 𝜇& = 81.1	mPa ∙ s at Re& = 45 in 350 

Chamber 1. KEM and MM are approximately coincident and predict PLIF and CFD data. The same is 351 

not observed for EAM. The impingement point at 𝜙+ = 1 is no longer coincident with the mixing 352 

chamber axis and, the balance of jets at the centre of the chamber occurs at Re% = 200 and Re& = 45, 353 

as shown in Figure 7b.  354 

These results (from Figures 2 to 7) provide clear evidence that KEM and MM should be used for 355 

viscosity ratios larger than unity. EAM is valid for similar fluids and for symmetric or asymmetric 356 

mixing chambers (Fonte, Sultan et al. 2016). Nevertheless, the working conditions studied are not 357 

sufficient to demonstrate the differences between KEM and MM. The full validation of the best 358 

prediction of impingement point requires the simulation of an extreme condition for high-density ratio, 359 

enabling the distinction of both models. Although these conditions do not have an envisioned industrial 360 

application, 3D CFD simulations were performed for a density ratio 𝜌%/𝜌& = 1/10, a viscosity ratio of 361 



20 
 

𝜇%/𝜇& = 1/5 and using an asymmetric CIJ mixing chamber, 𝑑% ≠ 𝑑&.The Reynolds number at jet 1 362 

was set as constant, Re& = 45. 363 

  

(a) (b) 

Figure 7. Non-dimensional impingement point position from the elastic analogue model (EAM), kinetic energy 364 

model (KEM), momentum model ( MM), CFD results and PLIF data from Brito, Barbosa et al. (2022) for 365 

mixing of fluid with a viscosity ratio 1:9, 𝜇! = 9.1	mPa ∙ s  and 𝜇# = 81.1	mPa ∙ s at Re# = 45 and using 366 

Chamber 1 versus (a) the jets’ kinetic energy rate; (b) the Reynolds number at jet 1. 367 

CFD working conditions of this extreme case were the same as previously described in Brito, Barbosa 368 

et al. (2022). A parabolic velocity profile, normal to each injector, was defined at each inlet through a 369 

User Defined Function (UDF). No slip conditions were set at the walls, a uniform pressure value was 370 

set at the outlet, and the geometry was discretised with a hexahedral mesh of 2 × 10; nodes. The 371 

continuity and Navier Stokes equations were solved using ANSYS Fluent package. The mass transfer 372 

between the two fluids was simulated from the convection-diffusion equation, considering a molecular 373 

diffusivity of 𝐷< = 10-=	m&	s-%. Simulations were run at steady state; a pressure-based solver was 374 

used with SIMPLEC pressure-velocity coupling scheme and, for the spatial discretisation, Second Order 375 

UPWIND. 376 

Figure 8 shows the impingement point position as a function of jets’ kinetic energy (Figure 8a) and 377 

Reynolds number at jet 1 (Figure 8b). The difference in densities shows that KEM is the model that 378 
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best predicts experimental and CFD data. This means that the shifting of the impingement point in CIJ 379 

mixer is exclusively given by the kinetic energy balance at the contact point between jets.  380 

  

(a) (b) 

Figure 8. Non-dimensional impingement point position from the elastic analogue model (EAM), kinetic energy 381 

model (KEM), momentum model ( MM) , CFD results and PLIF data for mixing of fluid with a viscosity ratio 382 

1:5, 𝜇! = 9.5	mPa ∙ s  and 𝜇# = 48	mPa ∙ s, and densities 𝜌! = 100	kg	m&' and 𝜌! = 1000	kg	m&', at Re# =383 

45 and using Chamber 2 versus (a) the jets’ kinetic energy rate; (b) the Reynolds number at jet 2. 384 

Table 2 summarises the models that described each working condition studied in this paper. These 385 

results were validated in a particular range of a viscosity ratio from 1 to 9 and a density ratio from 1 to 386 

10. EAM only fits the experimental and numerical results for similar fluids. This indicates that the 387 

balance of kinetic energy fluxes of opposed jets is not the necessary condition to define the central 388 

position of jets impingement point. MM predicts the tendency and the actual position of the jets 389 

impingement point for similar fluids and fluids with different viscosities and similar densities. However, 390 

for high-density ratios, MM does not describe 𝜉. KEM fully predicts the impingement point position, 391 

ensuring a good prediction for similar and dissimilar fluids using asymmetric mixing chambers, and 392 

therefore hereafter, this model constitutes a General Design Equation (GDE) for CIJs.  393 

 394 
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Table 2 Summary of the validity range of each model. 395 

Case # 𝝁𝟏/𝝁𝟐 Physical Properties Chamber Models 

1 1 𝜇>) = 20	mPa ∙ s; 𝜌>) = 1000	kg	m-0 

𝜇() = 20	mPa ∙ s; 𝜌() = 1000	kg	m-0 

1; 2 EAM, 

KEM, MM 

2 2 𝜇>) = 20	mPa ∙ s; 𝜌>) = 1000	kg	m-0 

𝜇() = 40	mPa ∙ s; 𝜌() = 1000	kg	m-0 

1 KEM, MM 

3 2 𝜇>) = 20	mPa ∙ s; 𝜌>) = 1000	kg	m-0 

𝜇() = 40	mPa ∙ s; 𝜌() = 1000	kg	m-0 

2 KEM, MM 

4 1/5 𝜇>) = 9.2	mPa ∙ s; 𝜌>) = 1339	kg	m-0 

𝜇() = 47.8	mPa ∙ s; 𝜌() = 1215	kg	m-0 

1 KEM, MM 

5 1/5 𝜇>) = 9.5	mPa ∙ s; 𝜌>) = 1339	kg	m-0 

𝜇() = 48.0	mPa ∙ s; 𝜌() = 1285	kg	m-0 

2 KEM, MM 

6 1/9 𝜇>) = 9.1	mPa ∙ s; 𝜌>) = 1371	kg	m-0 

𝜇() = 81.1	mPa ∙ s; 𝜌() = 1217	kg	m-0 

1 KEM, MM 

7 1/5 𝜇>) = 9.5	mPa ∙ s; 𝜌>) = 100	kg	m-0 

𝜇() = 48.0	mPa ∙ s; 𝜌() = 1000	kg	m-0 

2 KEM 

 396 

This model describes the impingement point position in CIJs that is relevant for the design of these 397 

mixers. This model was validated using fluids with viscosity ratios between 1 and 9 and density ratios 398 

between 1 and 10, which limits the implementation of this model to industrial applications. The model 399 

also has some simplifications regarding interfacial tension, the impact of surrounding walls, to name a 400 
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few. So, after the first approach to this model, the CIJ design should be validated with CFD simulations 401 

comprising a more comprehensive description of each process physics. 402 

The studied validation range partially describes the industrial applications of CIJ mixer considered in 403 

this paper. In PU-RIM processing, a typical polyol has a viscosity in the range of 𝜇 = 1	Pa ∙ s and a 404 

density 𝜌 = 1000	kg	m-0	 and a generic isocyanate has 𝜇 = 0.1	Pa ∙ s and 𝜌 = 1000	kg	m-0	, i.e. a 405 

viscosity ratio 𝜇%/𝜇&~10 and a density ratio 𝜌%/𝜌&~1. 406 

4 Process Design of CIJ mixers 407 

The validation of GDE assesses the full control of the impinging point position in the CIJ mixing 408 

chamber. The robust methodology proposed in this work to design processes in CIJ mixers gives a 409 

potentially very significant contribution to research and industry. On the research side, GDE will avoid, 410 

or even solve problems in pilot RIM machines and will ensure the best mixing conditions for research 411 

on materials processing with CIJs. Inefficient mixing usually increases manufacturing costs due to the 412 

unsuccessful achievement of final product requirements. For instance, in RIM technology, the mixing 413 

flaws cause wet-spots of unreacted monomers in the injected parts leading to high rejection rates. On 414 

the other hand, incorrect design of experiments can also cause operational problems. For example, in 415 

processing polyurethanes (PU) in RIM machines, the imbalance flow conditions can cause clogging 416 

problems in the nozzle due to the formation of polymer closer or even inside of one inlet. The sate-of-417 

art in RIM to avoid operational conditions is the use of flow restrictors at the mixing head, which largely 418 

increases the power of fluid metering components. Furthermore, these flow restrictors need to be tuned 419 

on a case-by-case basis. GDE offers new routes for the design of mixing heads adapted to each 420 

formulation, without the need for tuning (Lopes, Santos et al. 2013). 421 

The design of experiments in CIJs, according to the results of this paper, must be done considering 422 

stoichiometry; therefore, the nozzle diameters must be designed from GDE, as described in Figure 9. 423 

GDE takes into account the geometrical parameters and the physical properties of both liquid streams. 424 

The design of experiments involving dissimilar fluids in CIJ mixer must take into account the critical 425 

conditions for effective mixing: the jets have to be balanced, i.e. 𝜉 = 0, and the Reynolds number of 426 
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the more viscous fluid must be above the critical value (Re() > 150). Therefore, experiments can be 427 

designed following the flowchart shown in Figure 9, which results in 428 

T
𝜌&
𝜌%
	𝑟$
Re%
Re&

𝑑&
𝑑%
	=

8𝐷 + Re%𝑑%
8𝐷 + Re&𝑑&

 (16) 

PU processing is here described as the case study for the design of CIJ mixers. Considering a polyol 429 

with 𝜇 = 0.6	Pa ∙ s and 𝜌 = 900	kg	m-0	 and a generic isocyanate with 𝜇 = 0.2	Pa ∙ s and 𝜌 =430 

1230	kg	m-0	, the CIJ geometry was designed from GDE considering the impingement of both jets at 431 

the mixing chamber, 𝜉 = 0, and the Reynolds number of both jets is above the critical, Re > 150. 432 

Figure 10 shows the results for different stoichiometric ratios, i.e. 𝑟$ =433 

[0.5; 	0.75; 	1; 	1.25; 	1.5; 	1.75; 	2], where 𝑟$ is defined by Equation (1). Results in Figure 10 were 434 

determined from a system of three equations: Equation (16), Equation (2) and Equation (1) for Re&. 435 

The Reynolds number of isocyanate was kept constant, Re. = 160, and the Reynolds number of polyol 436 

was changed for different nozzle diameters and flow rates. The black curves in Figure 10 correspond to 437 

the nozzle diameters through where polyol is injected; the grey curve is the diameter of isocyanate jet 438 

and Re/ is the Reynolds number of polyol stream. Figure 10 is an example of the implementation of 439 

GDE as a design tool to the design CIJ mixing chambers for RIM processes. 440 

 441 

Figure 9. Flowchart for the design of experiments involving dissimilar fluids in CIJ mixers using the General 442 

Design Equation.  443 
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𝑟( = 0.5 𝑟( = 0.75 

  

𝑟( = 1 𝑟( = 1.25 

  

𝑟( = 1.5 𝑟( = 2 

Figure 10. Nozzle diameters for each stream (𝑑) and 𝑑*) in a typical range for RIM machines versus Reynolds 444 

number of polyol for different stoichiometric ratio 𝑟( = [0.5,2] and keeping constant the Reynolds number of 445 

isocyanate Re = 160, where polyol has 𝜇% = 0.6	Pa ∙ s and 𝜌% = 900	kg	m&' and isocyanate has 𝜇$ = 0.2	Pa ∙446 

s and 𝜌$ = 1230	kg	m&'. 447 
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5 Conclusions 448 

Three models were considered here to predict the impingement point position in CIJ mixing chambers. 449 

The elastic analogue model, proposed by Fonte, Sultan et al. (2016), predicts the actual position of jets 450 

impingement point, from a spring analogy. The kinetic energy model predicts the collision of the two 451 

opposed jets from the balance of kinetic energy of two Lagrangian entities belonging to each liquid 452 

stream. The momentum model considers the balance of linear momentum of two entities inside of each 453 

fluid. Experimental and numerical results in Fonte, Sultan et al. (2016), Brito, Esteves et al. (2018) and 454 

Brito, Barbosa et al. (2022) were used to validate the range of application of each model. The three 455 

models account correctly for differences in the nozzles diameters. The elastic analogue model only 456 

predicts the impingement point position for mixing of similar fluids, i.e. fluids with the same viscosity 457 

and density. The momentum model has a validity range for fluids with a viscosity ratio from 1 to 9 and 458 

the same density (density ratio of approximately 1). The kinetic energy model, which is the basis for 459 

the General Design Equation of CIJs, has a broader range of applications since it predicts both mixing 460 

of similar fluids and fluids with quite different viscosity and density ratios. These results clearly show 461 

that the balance of two opposed jets is fully described by the balance of kinetic energy at the 462 

impingement point position.  463 

Previous studies suggest that the mixing efficiency is obtained when the operation conditions and CIJ 464 

geometry ensure the impingement of both jets at mixing chamber axis, i.e. for the balance of jets. The 465 

definition of stoichiometry, the working conditions of the more viscous liquid stream Re() > 150, and 466 

the balance of jets enables further design of CIJ geometry from the implementation of the General 467 

Design Equation. 468 
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