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Abstract
This work presents a parametric study of a 2K-mixer for paint application that utilizes static mixers
for mixing two component paint applied on a car body. The mixers is installed in a specialized
valve block giving it the ability to mix together two component paint by cutting, folding, twisting
and recombining the the fluid elements in the direction transverse to the main flow. The specialized
block valve has the ability to quickly change the color if the next car body requires a different paint
color. It is done by a cleaning process, where the mixed paint inside the mixer is wasted. To limit
the waste of paint, this paper investigates the improvements that can be done to the block valve to
ensure satisfactory mixing quality and less paint waste
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1 Introduction
Mixing of substances has over the years been an essential operation in numerous engineering
applications. It has had a significant impact in a wide range of industries such as pharmaceutical,
biomedical, consumer product, petrochemical and paint industry. These industries utilize either
active or passive methods to blend together two or more substances. In active mixing an additional
moving structure or external source is used to stir the substances by the use of turbulent flow.
Such sources are most commonly ultrasonic vibration, dielectrophoresis, electrohydrodynamic,
electroosmosis, or magnetic force. Passive mixers on the other hand do not require any moving
structures or energy, the process relies solely on diffusion where the flow is most often laminar.
Obstacles are mounted inside a tube to cut, fold, twist, and re-combine fluid elements. [1].

It is well established since late 19th century that fluids which flow in a horizontal tube either
are laminar or turbulent. Osborne Reynolds experimented and concluded this in 1883 [2]. In
2007, a review of his papers was conducted by Derek Jackson and Brian Launder at School of
Mechanical, Aerospace, and Civil Engineering, University of Manchester [3]. Mixing in laminar
flows is characterized by particle trajectories being parallel to the tube axis, low pressure drop per
unit length, and no mixing in a given cross-section. In turbulent flows, mixing is present in a given
cross-section perpendicular to the tube axis and the pressure drop per unit length is considerably
higher [4].

ABB AS, a pioneering technology leader in industrial automation and robotics motion, has adopted
the static mixing design in their paint robots. These are installed in automotive factories all over
the world, where a broad range of different paint types and technologies are used to get the best
paint quality on each car body. The applied paint can either be water-borne or solvent-borne and
may be considered as one-component or two-component paint. Two-component paint is blended
together in the process arm before it is applied to the car body. Two-component paint is composed
by resin, which constitute the color of the paint compound, and a catalyst, which hardens the paint.
Both components are fed into the process arm in two separate channels. Then, the components are
mixed by a special valve block before it is applied to the car body by an atomizer. This type of
block is known as a 2k-mixer, which is short for two-component mixer. Figure 1 illustrates one of
ABB’s IRB 5500-22 paint robot with the process arm and the atomizer.
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Figure 1: ABB IRB 5500-22 Paint Robot [5]

The mixing process is essential to achieve a satisfactory paint result. It is important that the resin
and the catalyst have been completely mixed before the resin-catalyst blend reaches the atomizer.
The 2K-mixer must be able to rapidly alternate between the color of the fed mixes if the next
object, e.g. a car body, needs a different color. Before the 2k-mixer is fed with another color resin,
the tube must be completely cleaned. Thus, the residue in the tube from the previous mix is wasted.
To limit the waste of paint, and consequently reduce the cost, the internal cavity of the 2k-mixer
should be at its minimum.

This thesis concerns with a series of CFD simulations of an existing 2k-mixer. A parametric
study is performed to investigate the mixing performances and to optimize the design. A range of
viscosities are studied in addition to several design changes to the mixer itself. In short, this paper
will try to answer the following questions:

• What is the optimal length of the mixing section?

• What is the optimal geometry of the mixing selection, to facilitate effective mixing and easy
cleaning?

• Does the tube diameter affect the mixing result?

• How can residual paint before cleaning be minimized without affecting the mixing quality?

2



2 Static mixers
Motionless mixers, commonly known as static mixers, have over the last 50 years matured into an
essential unit operation in the industry, especially in the chemical process industry (CPI) [6]. Its
application is an attractive alternative mostly due to similar performance and sometimes greater
results at lower costs compared to stirred-tank reactors (STR). Static mixers have lower energy
consumption and requires less maintenance due to the lack of moving parts. Also, such mixers
offer more controlled and scaleable rate of dilution in fed batch systems.Other advantages are the
lower residence time for feed streams and that static mixers can be manufactured in a wide range
of structural materials [7].

A static mixer’s efficiency of mixing miscible fluids depends on its ability to radially mix and bring
fluid elements together. These processes accelerate the effect of diffusion. Static mixers divide and
redistribute streamlines sequentially in laminar flows by using the energy from the flowing fluid.
The redistribution of flow is illustrated in Figure 2. In turbulent flows, the turbulence is enhanced
in order to increase the mixing, up until the wall boundaries [7]. This thesis concerns primarily on
the blending of miscible liquids in laminar flows. Static mixers can also be used to blend gases or
immiscible fluids in laminar and turbulent flows, and in some cases, particulate solids, but this is
not a part of this study.

The main principle of static mixing is the following: one places a series of identical motionless
inserts called elements in a pipe to alter the flow field of the flowing fluid. The purpose of these
elements is to cut, fold, twist, and re-combine fluid elements in the direction transverse to the main
flow [6] [4]. The performance of these alterations is determined by the element design and number
of elements in placed in series in the tube. Commercially available mixers consists of a wide variety
of basic geometries with many adjustable parameters. These parameters can be optimized for each
specific application. The most adjusted parameters is the number of elements in series. The aspect
ratio, the ratio between the element length and diameter, is also an important parameter which is
heavily adjusted. Commercial static mixers typically use standard values for various parameters
that provides generally good mixing throughout a range of applications. Standard designs are
based on available experimental data [7].

Figure 2: Static mixers sequential operations [8]
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Initially, static mixers or dynamic mixers are selected before the performance and design process.
For some cases, the choice is easily taken by the flow being continuous, but for more complicated
processes this question becomes much more complicated. Myers et al (1997) tried simplifying this
by creating a flowchart with the most important issues to consider when selecting the mixer [6]. A
slightly edited version of this is presented in Figure 3.

Figure 3: Most important issues to consider when selecting type of mixers
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As mentioned previously, and illustrated in Figure 3, continuous flow is one of the main criteria
for selecting motionless mixers. Dynamic mixers are more ideal for batch or semi-batch mixing.
Dynamic mixers can be utilized for continuous process, but needs to satisfy a lot of requirements.
Static mixers are ideal for use in processes that require short residence time (< 30 min) while agit-
ated vessels are more favourable for longer residence times, e.g. mixing of concrete. The absence
of back-mixing in motionless mixers requires much more concentrated flow rates to achieve con-
stant quality over time, on the other hand STR provides high rates of back-mixing which allows
them to deliver constant quality over time even when the flow rates fluctuates over time. Even
though static mixers can be used for a lot of applications, they are not very suitable for mixing
fluids with extremely high viscosity ratio between the mixing substances (< approx. 100 000:1).
In general, static mixers are used in application for where plug flow is desired [6].

2.1 Mixing of miscible liquids
High viscosity fluids struggle to blend together in a pipe due to pressure limitations which prevent
turbulence. Imagine an empty pipe with two liquids, one black and one white where both occupies
the same amount of space in a circular pipe. An illustration of this is visualized in Figure 4(a).
In undistributed laminar flows, both liquids exits the pipe approximately the same as they entered.
The only exception being close to the interface where a gray color can be observed. This gray color
is due to molecular diffusion effects. There is no convective mixing in tangential or radial direction.
The same concept applies when two liquids are separated radially, illustrated in Figure 4(b). In both
cases, there is poor interaction between the liquids which will yield spatial inhomogeneties. Stand-
alone diffusion can provide mixing in capillary tubes, but the effects radically lessen upon scaling
which is rarely sufficient in any industrial-scale application. This is why conventional static mixers
are designed to homogenize the fluids by redistributing the fluid in radial and tangential direction
[7].

Figure 4: Spatial inhomogeneities [7]

Plug flow, also known as piston flow, is in fluid mechanics one of the models of a velocity profile
for a fluid flow in a empty pipe. In plug flows, it is assumed that the velocity profile is constant
across any cross-section perpendicular to the pipe axis. This model assumes that the boundary
layer adjacent to the inner wall of the pipe does not exist [9]. Ideally, the black and white liquids
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from Figure 4 are transformed into one uniformly gray liquid when exiting the pipe, and all the
molecules emerging from the tube would have entered it together [7].

2.1.1 Striation thickness model

Striation thickness is used to quantify the mixing efficiency of static mixers. Figure 5 illustrates
this by showing the striation thickness, S, decreases when the fluid is sheared perpendicular to
the its initial striations. This causes the area between the black and white fluid to increase. When
the displacement of the upper surface becomes large enough, the striation thickness, S, decreases
below the human eyes visibility. When this happens the molecular diffusion will eliminate local
concentrations. This mixing effects from simple shear becomes relative small when the striation
has the same orientation as the shear. Greater efficiency is achieved when the shear direction
changed accordingly, this ensures that the shear is always perpendicular to the striations. In a
static mixer the flow is split, stretched, sliced and recombined when passing through one element.
These mechanics further improves the efficiency. Figure 6 illustrates these mechanisms for a 2N

mixer [7].

Figure 5: Response of striation thickness [7]

Figure 6: Mixing mechanisms [7]

The theoretical efficiency of static mixers can simply be quantified by the number of striation
layers, n, static mixers generates. A simple helical static mixer, illustrated in Figure 2, increases
the number of layers by a factor of 2 per element, for N elements the number of striation layers is
given by 2N . Some commercially static mixers, i.e. ISG mixers, slices the incoming fluid into 4

layers per element. Due to this the mixer is classified as 4N forN elements. This higher number of
striation layers comes at the cost of greater pressure drop. More complex mixers with multilayer
design are also available such as CBMiM which also splits the fluid into a number of spirals in a
tube, ns, and number of layers in a multilayer design, np, in SMV mixers [10]. The theoretical
numbers of striation layers generated by commercial static mixers are tabulated in Table 1 below.
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Table 1: Theoretical number of striation layers generated by commercial mixers

Mixer type

Kenics
Ross LPD
Cleveland

Komax

Bran and Lübbe
Ross ISG

KAM

Lightnin
Inliner 50 CBMiM SMV

Number of
layers, n 2N 4N 3 · 2(N−1) > ns · 63N np · (2np)

N−1

Even though mixers such as Ross low pressure drop (LPD) or Kenics (Figure 2) mixer has a lower
theoretical mixing efficiency compared to some multilayer mixers such as Inliner 50, the number
of layer growth is quite rapid. Figure 7 illustrates two miscible fluids entering a mixer classified as
2N . Both fluids occupy the same amount of space as described in Figure 4. Assuming that the tube
diameter is 8 mm, after passing 5 elements, the fluids striation thickness, S, has decreased almost
beyond human eyes visibility, where molecular diffusivity will eliminate concentration differences
and the mixture becomes homogeneous. Note that this is not the actual behavior. In helical static
mixers, the layers are more twisted due to the swirling motion in the mixing elements. This is
represented in Figure 8 [11].

Figure 7: Schematical representation of the mixing of two fluids [11]

Figure 8: Mixing of black and white epoxy in a helical static mixer [11]
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2.2 Reynolds Number in Static Mixers
Osborn Reynolds discovered after exhaustive experiments in the late 19th century, that the flow
regime depends mainly on the ratio between the internal and viscous forces in fluids. This ratio is
named after the man himself and refereed to as the Reynolds number, this number can be expressed
as:

Re =
Inertia forces

Viscous forces
=
VavgD

ν
(1)

Where Uavg is the average flow velocity, D is the tube diameter for pipe, and ν is the kinematic
viscosity. The fluid flow is laminar, when the viscous forces are large enough to prevent the random
and rapid fluctuation of the fluid. At large Reynolds numbers, the inertia forces are large relative to
the viscous forces. This result in the viscous forces not being large enough to suppress the random
and rapid fluid fluctuations to keep the fluid in line, thus the flow becoming turbulent [12].

Precise values of Reynolds number is desired for laminar, transitional and turbulent flows, Unfor-
tunately this is not the case in practice. The transition from laminar to turbulent flow turns out
to also be dependent on the degree of disturbance of the flow by surface roughness, pipe vibra-
tions and fluctuations in the upstream flow[12]. Typically, fluids having viscosities greater than 0.1
Pa · s will be in laminar flow under most conditions in the process industry (PI). For flows in empty
tubes, Re ≤ 100 is laminar with negligible contribution from the momentum term in the equation
of motion. For Re ≤ 2100, the flow is assumed to be laminar, but can have small disturbance that
can lead to wake shedding and other oscillatory behavior. For Re ≥ 2100, the flow is unstable
and an assumption of turbulence is conservative for pressure drop calculations. Pressure drop in
laminar flow is smaller than for turbulent flow. An assumption of turbulence is non conservative
for 2100 ≤ Re ≥ 5000 when mixing is involved [7].

The same concept used for an open pipe can also be applied for static mixers of the open helical
type with one exception. The transition values of the Reynolds number (Re) is lowered with a
factor of 2. This means that the flow in static mixers are generally laminar for Re ≤ 50 and
turbulent for Re ≥ 1000. The reason for this is due to the element inserts causing systematic
disturbance to the flow field. For 50 ≤ Re ≥ 1000, the flow is in its transitional phase where
complex but fairly reproducible flow behavior is expected [7].
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2.3 Assessing mixing homogeneity
In the early days, mixing homogeneity were assessed mainly on the maximum striation thickness
produce, Smax, after the flow has proceeded through N number of elements. This relationship can
be determined by the following equation:

Smax =
D

n
(2)

Where n is the number of striation created by the specific mixers tabulated in Table 1, and D

is the conduit diameter. In recent years more sophisticated theories for evaluating mixing has
emerged e.g. Danckwerts’ scale of mixing performance of static mixers mentioned in [6]. There
are also a great variety of parameters that can be used to evaluate mixing homogeneity, but these
parameters are not defined properly and nor converted between each other. The striation thickness
model given in Eq. 2 is still highly satisfactory from a theoretical point of view. This is primarily
due to its independence of molecular diffusion and problems concerning sample size. Imagine
two fluids that are identical except for some measurable characteristics e.g. color. In laminar
flow, the mixing performance should exclusively depend on the initial distribution of the fluid
at the mixing tube inlet, the geometry of the mixing element and number of elements in series.
In transitional flow, mixing homogeneity may be dependent on the Reynolds number. Different
physical properties like viscosity and volume fraction will also influence the mixing efficiency
for miscible fluids. Even considering these changes the striation thickness models remains a well
defined concept. If accurate tracking of striations and residence time can be achieved, calculations
can be superimposed on a numerical solution. Unfortunately this is difficult for striations since
they are difficult to measure. CFD calculations even struggle due to numerical diffusion [7].

2.3.1 Coefficient of Variation

Today, the more accepted approach for quantifying mixing homogeneity stems from taking sim-
ultaneous samples at various points over the conduit cross-sectional area at a fixed axial location.
These measurements are used to calculate the coefficient of variation (COV), which is a more stat-
istical approach [6]. This measure of uniformity takes the ratio between the standard deviation in
composition, σ, and the mean composition cm:

COV =
σ

cm
(3)

Where the lower COV indicates greater mixing. The standard deviation in composition, σ, and the
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mean composition, xm is given by the following:

σ =

√√√√ 1

K − 1

K∑
i=1

(ci − cm)2 (4a)

xm =
1

K

K∑
j=1

Cm,j (4b)

where K is the number of measurement over the pipe cross-section, usually K ≥ 9, and ci is the
point value composition of the i-th probe. Grosz-Röll stated a more general correlation for COV
in his technology report in 1980 ([13]). He concluded that for a two-component laminar system
that the COV becomes a function of three dimensionless variables:

COV = f

(
µ1

µ2

;Cm;
L

D

)
(5)

where µ1/µ2 is the viscosity ratio between the respected components and L is the total length of
the static mixer [7]. For µ1/µ2 ≈ 1, the COV becomes a function of the following variables:

COV = b exp

(
−c L

D

)
(6)

where both c and b are adjustable coefficients. b depends on cm in laminar flows, but also on the
flow velocity in turbulent flows. The coefficient c depends solely on the geometry of the mixer,
and represent the rate of decrease of COV per unit of mixers length [7][10].

Experimental results usually present the COV relative to the feed COV at the mixer inlet, COV0.
This feed COV can be determined as:

COV0 =

√
1− φa
φa

(7)

here φa represents the ratio of the volumetric flow rate of the added material,Qa, and the total
volumetric flow rate, Qt [6]:

φa =
Qa

Qt

(8)
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2.3.2 Homogeneous mixing criteria

Myers et al. (1997) writes in their report that most industrial blending applications can be satisfied
with a COV ≈ 0.05. However, blending of visual uniformity may require COV ≤ 0.01 e.g
blending of color. Keep in mind that COV of 5% does not mean that all concentrations are within
the range of 5% of the mean concentration. Rather, the standard deviation of the concentration is
equal to 5% of the mean concentration (σ = 0.05xm). Assuming that the point concentrations are
distributed normally about the mean, the COV can be related to the distribution of concentrations
[6].
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3 Governing Equations
In this chapter, the mathematical basis for a comprehensive general-purpose model of the fluid flow
is presented. The governing equations of the CFD simulations are the following sets of equations
known as some of the conservation laws of physics [14]:

• Conservation of (fluid) mass

• The rate of momentum change is equal to the sum of the forces on a fluid particle (Newton’s
2nd law)

• The rate of change of energy equals the sum of the rate of heat addition to and the rate of
work done on a fluid particle (1st law of thermodynamics)

The following equations are presented as from H. K. Vetsteeg’s & Malalasekera’s book in CFD
[14]. For this 2k-mixer, the internal fluid is at all times liquid, therefore the fluid is perceived
as incompressible. The equation derived from the 1st law of thermodynamics is not used when
simulating the mixing performance of the 2K-mixer as heat and work exerted by the fluid are not
pertinent results for the mixing performance. Therefore, it is not derived in this thesis.

3.1 Mass conservation
Mass conversation equation describes the mass balance for the fluid element. According to Ver-
steeg & Malalasekera "Rate of increase of mass in fluid element = Net rate of flow of mass into

fluid element" ([14], p.11). The rate of increase of mass in the fluid element is described by:

∂

∂t
(ρδxδyδz) =

∂ρ

∂t
δxδyδz (9)

Imagine the simplest form of a hexahedral fluid element, as depicted in Figure 9. From the figure,
one observes the expressions of the mass flow rate across a face of the element. This is the product
of the velocity component normal to the face, area of the face, and density of the fluid. Incoming
flow is signed positively and outgoing flow is signed negatively. The net rate flow of mass into
the element is equal to the sum of incoming mass flow rates, minus the sum of outgoing mass
flow rates, across its faces. From Figure 9, the net mass flow rate into an element is expressed
mathematically as:

(
ρu− ∂(ρu)

∂x

1

2
δx

)
δyδz −

(
ρu+

∂(ρu)

∂x

1

2
δx

)
δyδz−(

ρv − ∂(ρv)

∂y

1

2
δy

)
δxδz −

(
ρv +

∂(ρv)

∂y

1

2
δy

)
δxδz−(

ρw − ∂(ρw)

∂z

1

2
δz

)
δxδy −

(
ρw +

∂(ρw)

∂z

1

2
δz

)
δxδy

(10)
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Figure 9: Mass flow in and out of a fluid element [14]

By arranging all the terms of mass balance to the left hand side and divide the element by its
volume ∂x∂y∂z we get the unsteady, three dimensional mass conservation equation known as the
continuity equation, given by the following equation:

∂ρ

∂t
+
∂(ρu)

∂x
+
∂(ρv)

∂y
+
∂(ρw)

∂z
= 0 (11)

In a more compact vector notation where ~U = (u, v, w), the continuity equation can be written as:

∂ρ

∂t
+ ~∇ · ~U = 0 (12)

where the first term is the transient, describing the rate of change of density. The second term is
the convective term, describing the net flow of mass out of the fluid element [15]. For liquids,
which are assumed to be incompressible, the density ρ does not change and the transient term is
neglected. Hence the continuity equation for incompressible fluids is described by the following:

~∇ · ~U = 0 (13)

Since static mixers in most cases are placed in pipe structures, the continuity equation for incom-
pressible fluids can be expressed in a cylindrical coordinate system. The continuity equation can
be rewritten as [12]:

1

r

∂(rur)

∂r
+

1

r

∂uθ
∂θ

+
∂uz
∂z

= 0 (14)
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3.2 Momentum conservation
The momentum conservation equation is based on Newton’s 2nd law. Stated by Versteeg &
Malalasekera; "the rate of change of momentum of a fluid particle equals the sum of the forces
on the particle" ([14], p.14). One distinguishes between two types of forces acting on fluid ele-
ments, namely surface forces and body forces. Surface forces consist of pressure forces, viscous
forces and gravity forces, whereas body forces consist of centrifugal forces, Coriolis forces and
electromagnetic forces. Stress action on a fluid element is commonly defined in terms of pressure
and the nine viscous stress components as visualized in Figure 10a. The normal pressure is de-
noted by p and the viscous stresses are denoted by τ . The suffix notation is used to describe the
direction. The suffix i and j indicates that the stress component acts in the j-direction on a surface
normal to the i-direction.

(a) Stress components on three faces
of a fluid element

(b) Stress components in the x-direction

Figure 10: Stress components on a fluid element [14]

Considering all the components acting in the x-direction, namely the forces due to pressure p and
the stress components τxx, τxy and τxz shown in Figure 10b above. The force from a surface
stress action on a fluid element is a product of stress and area. Forces acting in the direction of a
coordinate axis are given a positive sign and forces acting in the opposite direction of a coordinate
axis are given a negative sign. The net force acting in the x-direction is expressed by taking the
sum of the force components in this direction. The resultant net force in the x-direction from the
stress components acting on the left and right face is given by:

[(
p− ∂p

∂x

1

2
δx

)
−
(
τxx −

∂τxx
∂x

1

2
δx

)]
δyδz −

(
p+

∂p

∂x

1

2
δx

)
δyδz

+

(
τxx +

∂τxx
∂x

1

2
δx

)
δyδz =

(
−∂p
∂x

+
∂τxx
∂x

)
δxδyδz

(15)

Similarly, the net force in the x-direction from the stress components acting on the front and back
faces is:

−
(
τyx −

∂τyx
∂y

1

2
δy

)
δxδz +

(
τyx +

∂τyx
∂y

1

2
δy

)
δxδz =

∂τyx
∂y

δxδ7δz (16)
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The net force in the x-direction from the stress components acting on the top and bottom surfaces
is:

−
(
τzx −

∂τzx
∂z

1

2
δz

)
δxδy +

(
τzx +

∂τzx
∂z

1

2
δz

)
δxδy =

∂τzx
∂z

δxδ7δz (17)

By summing Eq. 15, Eq. 16 and Eq. 17, and dividing by the volume δxδyδz, the total force per
unit volume on the fluid in x-direction is expressed as:

∂(−p+ τxx)

∂x
+
∂τyx
∂y

+
∂τzx
∂z

(18)

The overall effect of the body forces can be introduced by adding a source term, SMx, at the end
of Eq. 18. Similarly, the momentum conservation, i.e. the total force per unit volume, in y- and
z-direction can be derived in the same manner as for x-direction. The momentum conservation in
x-, y- and z- direction, including the source term, is written in full as the following set of equations.
However, in this study, the overall effects of the body forces are neglected in the simulations and
is therefore not discussed further in this thesis.

ρ
Du

Dt
=
∂(−p+ τxx)

∂x
+
∂τyx
∂y

+
∂τzx
∂z

+ SMx (19a)

ρ
Dv

Dt
=
∂τxy
∂x

+
∂(−p+ τyy)

∂y
+
∂τzy
∂z

+ SMy (19b)

ρ
Dw

Dt
=
∂τxz
∂x

+
∂τyz
∂y

+
∂(−p+ τzz)

∂z
+ SMz (19c)

3.3 Navier-Stokes equations for Newtonian fluids
The governing equations still contain further unknowns, namely the viscous stress tensor, τij . This
tensor in many fluid flows can be expressed as functions of the local deformation rate or strain
rate. The fluids, which are assumed to be both incompressible (ρ = constant) and isothermal
(local changes in temperature are small or nonexistent) in this thesis [14]. Further, the dynamic
viscosity (µ) and kinematic viscosity (ν) are set to be constant. Hence it can be be shown that
the viscous stress tensor for an incompressible Newtonian fluid with constant properties reduces
to [12]:

τij = 2µεij (20)

where εij is the strain rate tensor which will not be discussed any further. The algebra this com-
position introduces is thoroughly worked in [12] Chap. 4.4. In three dimensions, the nine viscous
stress tensor yields:
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τij =

τxx τxy τxz

τyx τyy τyz

τzx τzy τzz

 =


2µ∂u

∂x
µ
(
∂u
∂y

+ ∂v
∂x

)
µ
(
∂u
∂z

+ ∂w
∂x

)
µ
(
∂u
∂y

+ ∂v
∂x

)
2µ∂v

∂y
µ
(
∂v
∂z

+ ∂w
∂y

)
µ
(
∂u
∂z

+ ∂w
∂x

)
µ
(
∂v
∂z

+ ∂w
∂y

)
2µ∂w

∂z

 (21)

Substituting viscous stress tensors (Eq. 21) into Eq. 19a, Eq. 19b and Eq. 19c yields after some
rearrangements the so-called Navier-Stokes equations for incompressible and isothermal flow.

ρ
Du

Dt
= −∂p

∂x
+ µ∇2u+ SMx (22a)

ρ
Dv

Dt
= −∂p

∂y
+ µ∇2v + SMy (22b)

ρ
Dw

Dt
= −∂p

∂z
+ µ∇2w + SMx (22c)

In a more compact vector notation where ~U = (u, v, w) and ~SM = (SMx, SMy, SMz), the Navier-
Stokes equations for incompressible, isothermal flow can be written as:

ρ
D~U

Dt
= −~∇p+ µ∇2~U + ~SM (23)

although this equation was derived using Cartesian coordinates, the Navier-Stokes equation is valid
in any orthogonal coordinate system, i.e. cylindrical coordinate system.

3.4 Scalar Transport Equation
A close relation can be established by looking closer into the Navier-Stokes equation derived from
the momentum equations and the continuity equation, which describes the mass balance. Intro-
ducing a scalar variable Φ the conservative form of all fluid flow equations, also including the
equations for scalar quantities can be described by the following expression for incompressible
flow:

∂Φ

∂t
+∇ · (Φ~U) =

1

ρ
∇ · (Γ∇Φ) + SΦ (24)

Where Γ represents the diffusion coefficient of diffusivity [16]. The first term of Eq. 24 is the
transient term describing the rate of increase of Φ of a fluid element. The second term is the
convection term, describing the net rate of flow of Φ out of the fluid element. The third term is the
diffusion term which term describes the rate of increase of Φ due to diffusion. The final term is
the source term which describes the rate of increase of Φ due to the source. It can be noted that in
order to express Eq. 24, terms that are not common between the equations are hidden inside the
source term. The scalar transport equation is also applicable for the energy equation.
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4 2K-Mixer
ABB 2K-mixer valve block with membrane valve is specifically designed to provide constant and
consistent mixing of two-component fluids for automatic coating applications. Most often, two
types of fluids are brought together and mixed, e.g. resin containing the color and catalyst, and the
hardening process will start when the fluids come in contact with each other. During this process,
the fluids are pressurized through a static mixing tube accommodating 12 mixing elements or
more. A precise mixing ratio between fluids and color elements is required to get a satisfactory
result. Integrated process system (IPS) will monitor and control the mixture ratio and fluid rate
parameters to ensure a precise and stable fluid regulation by making adjustments to the gear-pump
system connected to the 2K-mixer. Note that the gear-pump will not assure a desired mixing
efficiency.

A 2K-mixer is flexible regarding the number of color and catalyst inlets due to its modular design.
The standard version comprise of three modules; one module containing the cleaning agent valve,
one module with the catalyst membrane valve and one module with the color valve and dump
valve. The modules and the inlets are illustrated in figure 11a with the 2K-mixer. Figure 11b
illustrates the process diagram for the standard design with 1 color and 1 catalyst, furthermore
exhibiting the possibility that multiple objects can successfully be painted with different colors if
arranged in a painting line. This means the mixer must be cleaned for contamination in advance
and between every color change. The cleaning agent inlet is therefore positioned at the rear end of
the mixer to provide fast cleaning.

The schematics for the valves are represented in figure 11b. Notice the M-PAC 2/2 fluid valves are
used to control the color inlet, cleaning agent inlet and dump outlet and membrane valve M-PAC
2/2 fluid controls the catalyst inlet. The mixer is rated for 25-100 mL/min as minimum fluid
flow, however, maximum fluid flow is depended on fluid viscosity, system pressure and the needed
accuracy on the coated object and wear. Normal operating flow rate is typically between 400-500
mL/min. For more, see appendix chapter A.

(a) 2K-mixer with membrane valve (b) Process diagram for 2K-mixer

Figure 11: 2K-mixer

17



4.1 Stadelmaier static mixing element

Figure 12: Stadelmaier mixing elements

The static mixer examined in this paper is provided by Stadelmaier GmbH and consists of an
open pipe in which helical elements are mounted. The exact type is unknown and therefore not
easily available, but products with similar design are widely used in industrial applications which
incorporates laminar flow processes. The best known product of this design is believed to be the
Chemineer’s static mixer with a helical design. The exact model that is implemented in the 2K-
mixer valve block is represented in 12, the mixer is composed by a series of elements where one
edge is twisted 90 degrees over an element length, and the other edge is twisted 90 degrees in the
opposite direction over a half element length. Each element is placed identically along the main
axis. These mixing elements will henceforth be referred to as Stadelmaier static mixing elements.

The exact dimensions of Stadelmaier mixing elements placed in the 2K-mixer has an element
length Le of 12.6 mm with a conduit diameter D of 6.4 mm. This gives a ratio of approximately
1.97. The element design increases the fluid layers by a factor of two per element. According to
Table 1, this results to the number of striation layers, n, to be 4096 as the numbers of elements,
N , in use are 12 during the process. Subsequently, this means the maximum striation thickness
expected according to Eq. 2 would be 1.6 µm and not visible to the naked eye. The expected
outcome will therefore be a homogeneous mixture. A summary is tabulated in 2 below.

Table 2: Stadelmaier static mixer w/12 elements

Le

[mm]
D

[mm]
N
[-]

Ratio
[-]

n
[-]

Smax

[µm]

12.6 6.4 12 1.97 4096 1.6
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4.2 Simplified CAD model

Figure 13: Half section view of the 2K-mixer

Figure 13 illustrates a half section view of the 2K-mixer with placement of the two main inlets for
mixing marked. The resin module can be located at the rear end attached underneath the dump
module. When cleaning the 2K-mixer, the valve that regulates the resin flow will be closed and
cleaned separate from the 2K-mixer to ensure that there is no residue from the previous color in
the valve during color change. The cleaning agent is drained through the dump module. The valve
and inlet opposite of the resin inlet is the cleaning module. The main purpose of this component
is to clean the main tube before any color change, therefore positioned at the back to assure the
cleanliness of entire pipe during cleanup. This process will clean from the far rear of the pipe to
the outlet in front making sure that no previous color residue will contaminate the following color.
The cleaning module is kept closed during the main mixing procedure.

The module containing the catalyst is placed alongside the cleaning module, although further down
the pipe. This design choice was to prevent the chance of getting any resin inside the catalyst line.
Note, there are other option if the design version does not include said choice. One applicable
method to reduce the chance of getting resin inside the catalyst line is to open the line seconds
before the resin line. This ensures that the catalyst flow is still liquid when the resin module is
opened

Stadelmaier mixing elements can be observed lying further down the main channel in Figure 13.
This leaves additional space between the location where the catalyst enters the main tube and the
point where the actual mixing starts. Some molecular diffusion is expected in this part of the
process, just before entering the mixing elements. Generally, all static mixers are evaluated with
the fluids occupying the same amount of space with the same velocity before entering the mixing
elements. They are also shielded from each other with a thin wall to prevent molecular diffusion
between the mixers before entering the mixing elements. Any diffusion could yield uncertainty in
results.
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The primary objective of this thesis is to optimize the mixing process in hopes of reducing the
internal volume. This will reduce paint waste during cleaning, being one of the reasons for the
simplified CAD model generated in Autodesk Inventor Professional 2018 (Figure 14). Observe
from the half-section view how the main functionality is preserved to quantify the mixing per-
formance of 2K mixer with the exclusion of the valves and the entire cleaning agent module. All
other dimensions are identical compared to the original Stadelmeier design, and the Stadelmaier
mixing elements is imported as a STL file from the 2K-mixers CAD model in Autodesk Inventor
to ensure the exact geometry. Same mixing performance as the 2K-mixer, and less computation
time for the mesh generation by only taking into account the desirable sections of the model rather
than generating mesh for the entire 2K-mixer are other reasons that contributed to the design.
Additional length to the main tube is added in the CAD file for simulation purposes.

Figure 14: Simplified CAD model

The model is engineered with 3 different tube diameter, 4.5 mm, 5.5 mm and the original standard
design of 6.4 mm. The 4.5 mm and 5.5 mm model is designed using Autodesk Fusion 360 by
scaling the model down on the axis perpendicular to the main tube while keeping the last axis
constant. This maintains the geometry of the Stadelmaier mixing elements similar to the original.
All necessary dimensions in use are from the original standard model of the 2K-mixer. Technical
drawing for this model ca be found in appendix section B.

A Stereo Lithography (STL) file is generated from the CAD model for use in simulations. This
file format represents a 3D object by breaking down the model into a logical series of triangular
surfaces. The triangles are uniquely defined by its normal and three points representing its vertices.
The orientation of the triangle normal gives the information about what is inside and what is outside
of the solid body. The normal vector for each triangles points out of the solid model. Another
important aspect about a STL file is that the adjacent triangles must have two vertices in common.
Problems such as gaps in the STL file can exists if the normal vector points towards the interior
of the solid model, or the adjacent triangles for some reason have not two common vertices. A
complete listing of the x,y and z coordinates of the triangles and normal vectors represents the
final geometry [17].
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4.3 Paint Viscosity
The paint utilized in the 2K-mixer depends on the industrial application, in this case the car manu-
facturer. This means that the 2K-mixer has to deliver satisfactory mixing results over a broad range
of different viscosities. Paint are usually measured using standard flow cups, which are designed
to accurately measure the viscosity of liquids such as paint, inks, varnishes and similar products.
The viscosity is measured by the time duration for the flow of a specific amount of fluid through an
orifice. Time duration can also be used as a relative measurement and classification of viscosity.
The physical measurement is then converted into dynamic viscosity using a viscosity calculator or
available tables [18].

The flow cup type used to determine the different viscosities in this thesis is called DIN Cup #4.
Only fluids that drains in 20 to 40 seconds from DIN Cup #4 is considered in this paper. Viscosity
conversion table supplied by Norcross Corporation is used to convert the values into dynamic
viscosity. The table is available at [19]. A copy of the conversion table can be found in Appendix
C. The viscosity tested for the 2K-mixer is tabulated in the Table 3. Kinematic velocity can be
derived by converting the kinematic viscosity to Pa · s, followed by a division calculation by its
mass density, assuming resin and catalyst components in the 2K-mixer have a mass density of 1300
kg/m3. It is presumed that both components contains the same viscosity.

Table 3: Paint Viscosities to evaluate

Din Cup #4 20s 25s 30s 35s 40s

µ[cP] 50 75 100 125 150
ν[m2/s] 3.846e−5 5.769−5 7.692−5 9.615−5 11.538−5
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5 OpenFOAM
Simulations of the static mixer are run in the open source CFD software called OpenFOAM. Open
source Field Operation And Manipulation (OpenFOAM) is a free, open source CFD software
primarily developed by OpenCFD Ltd. since 2004. The software has a large user base across a
wide range of both engineering and scientific application. Since its launch back in 2004, Open-
FOAM has grown to have an extensive range of features and solvers. The software is capable
of solving almost anything from complex fluid flows with chemical reactions, turbulence, heat
transfer, to acoustics, solid mechanics and electromagnetics [20].

Figure 15: Basic file structure in OpenFOAM

Compared to other software, OpenFOAM does contain a traditional graphical user interface (GUI).
The software is primarily text-driven, written with the computer language C++ and runs in Linux
based operating system (OS) from the command-line interface called terminal. The program is
built up by a folder structure, which contains the sets of files which are built up by pieces of
codes that is used by the solvers and utilities. For each case, a new folder structure is constructed
containing a minimum of 3 folders, containing sets of files and sub-folders required to run an
application. This structure is shown in Figure 15.

The system folder contains the setting parameters associated with the solution procedure itself.
At least three files are included, namely controlDict, fvSchemes and fvSolution. Where control-
Dict contains run control parameters and parameters for data output. fvSchemes and fvSolutions
contains the discretization schemes and solver controls for each field [21].

The constant folder holds files specifying physical properties for the application concerned, such
as transportProperties or turbulenceProperties. It also includes polyMesh sub folder containing
all the information needed for the case mesh, and triSurface sub-folder which includes a STL file
if the mesh is generated using a physical CAD model. Various meshing commands is included in
OpenFOAM, they are for most cases used to generate the polyMesh sub-folder. If these commands
are used, separate files has to be added in the system folder that holds information about various
parameters needed to generate a full description of the case mesh [21].
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The 0 folder holds separate files which contains initial values and boundary conditions for the
variables needed to solve the problem, e.g velocity and pressure as depicted in Figure 15. The files
vary depending on the chosen solver and turbulence model defined in the constant sub-folder. As
the simulation run, multiple folder is generated containing the solved fields solution for the fixed
time or iteration dependent on the solver [21].

All the input files required to setup a base case for the simulation of the mixing performance of the
2K-mixer is presented in Appendix D.

5.1 Mesh Setup
Generating a good mesh is essential to achieve an accurate result from a CFD simulation. Mesh
quality issues can have a substantial impact on the final result, and is one of the main challenges
in modern CFD. Quality issues in worst case scenario impact the solution to a point where the
solver diverges, which results in no solution at all. A mesh that is too refined increases the total
number of cells resulting in increased computational work (e.g. number of iterations) adding to
the overall cost of the simulation. Numerical inaccuracy can also occur with meshes having a
lot of cells. Meshes can be generated using various pre-processing programs such as Pointwise,
Gmsh, CENTAUR or Harpoon which are mesh generation software able to create meshes that can
be imported into OpenFOAM. These programs tend to use arbitrary unstructured or polyhedral
meshes, allowing for a wide variety of mesh problems; non-orthogonality cells and face skewness
cells being the most common. The detail of modelling being used for the simulations decides the
acceptable level of mesh quality [22].

Given its importance, a lot of effort work has been put into developing metrics to quantify mesh
quality and methods to improve the overall quality. Numerous individual metrics have been pro-
posed with reference to finite element method (FEM) meshes. Commercial and open source prac-
tice has tended to utilise metrics like non-orthogonality and cell skewness, when generating meshes
using finite volume method (FVM). Exactly which meshing strategy to adopt, depends on the ex-
act problem and it is possible that no universal meshing solution is possible. However, in many
areas of CFD analysis there is an interest to generate automated meshing of existing CAD geo-
metries. An example of an automated meshing system is snappyHexMesh which is a part of the
OpenFOAM software package [22]. This automated meshing tool is used to generate the mesh
needed to simulate the simplified CAD model discussed in chapter 4.2. The user provide a STL
file containing the desired geometry to be meshed and a background mesh. The background mesh,
typically contains a simple hexahedral block mesh.

5.1.1 blockMesh

The background mesh is generated using the mesh generating utility supplied with OpenFOAM
called blockMesh. Mesh is generated from a file named blockMeshDict placed in the system folder
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of a case. The blockMesh command generates a set of files to the polyMesh folder located in the
constant folder. Principles that lies behind the blockMesh command is to decompose the main
domain geometry into a set 1 or more three dimensional hexahedral blocks. To do so, the block
is defined by 8 vertices specified by the local coordinate system (x, y, z) that be ordered coun-
terclockwise as depicted in Figure 16. The defined blocks definition is contained in a list named
blocks. Another important aspect defined in blocks list is a vector which contains the number of
cells that is to be generated in each direction. This is what defines the number of cells that is to be
generated in the block domain. The cell expansion ratios are also defined in the block list [23].

Figure 16: Block structure for the geometry [24]

Boundary patches can also be defined in the blockMeshDict file. The boundary of the generated
mesh is defined in a list named boundary. The boundaries is defined into regions, where each patch
in the list are defined by a keyword as a reference for other files. Each boundary patch contains
information on the type of patch on which some boundary conditions are applied or a particular
geometric condition, and the face bounded by 4 vertices [23]. In our case three patches is defined,
two for the inlets and one for the outlet. Rest of the faces are undefined as they in later stage gets
deleted while using the snappyHexMesh for generating the desired mesh. It is important that faces
are flush with the geometry to create an inner volume mesh, which is the case for our geometry.
The background mesh is placed just slightly inside the two inlets and outlet, this is done so that the
boundary patches that are defined, they do not get deleted when creating the final mesh and have a
closed volume inside the pipe snappyHexMesh to operate in. If this is not done, snappyHexMesh is
going to generate a volume mesh containing the box shape created by the blockMesh. An overall
results of the background mesh with its named patches are shown in
Figure 17.

Figure 17: blockMesh
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5.1.2 snappyHexMesh

As briefly mentioned in chapter 5.1, the snappyHexMesh utility generates automatically a mesh
provided that the user provide a STL file and a background mesh. This automated utility generates
3-dimensional meshes containing hexahedral and split-hexahedral domains from a STL file or a
OBJ file located in the triSurface sub-folder in the constant folder [25]. snappyHexMesh performs
a three step meshing operation of castellation, snapping and boundary layer refinement.

In the castellation step, some cells are intersecting with the geometry surfaces. These cells are
then refined by splitting them into smaller refined cells. This refinement process is controllable by
the user defining a minimum and maximum level of refinement. The refinement process is done
by defining a point in the area for where the mesh is going to be created. When the refinement
process is done, all cells that lies outside of the desired geometric domains are deleted e.g. for a
car this would be cells placed on the interior of the STL geometry. In the snapping process, cells
are snapped to the STL surfaces using an iterative process of mesh movement. The number of
iterations and specific mesh quality constraints are input parameters for the user, these parameters
controls the cell refinement and face merging. In the final but optional step, cell layers can be
added to grow a boundary layer close to the surface by specifying in advance number of input
parameters. The process as a whole is a robust and automated process. The downside being that
the user needs to specify a large number of input parameters provided in advance in a file called
snappyHexMeshDict in the system folder. All the main steps in snappyHexMesh is visualized for
a simple car model in Figure 18. Additionally a meshQualityDict file can be added to the system
folder with meshing criteria for the mesh quality.

(a) Initial background mesh (b) Cell splitting by surface (c) Cell removal

(d) Surface snapping (e) Layer addition, gray area

Figure 18: snappyHexMesh process [25]
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For meshing the simplified CAD geometry, the STL file is loaded into the triSurface sub-folder for
the snappyHexMeshDict file to be able to read the geometry. All the geometry surfaces are defined
as wall patch for which boundary conditions are going to be applied. The minimum and maximum
refinement level are set at level two. The point for where we want the mesh to be created is set to be
inside the pipe, since the volume inside the pipe is bounded by the patches at the inlets and outlet,
this is going to create a volume mesh of the inside structure of the STL file and delete everything
that lies outside the desired region. The snapping process is set to implicit, and standard values for
the iterative process and provided by OpenFOAM software. The snapping process however can
also be expressed explicitly by including the surfaceFeatureExtract feature in OpenFOAM. This
is more common to enhance the snapping process for extremely complex geometries. Finally the
boundary layer section is not utilized as its believed to have a really small impact on the final result
due to the low velocities that are simulated.
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5.2 Computational Setup
Liquids mixed together in the 2K-mixer is assumed to be Newtonian, incompressible and have the
same viscosity. With all these assumptions in mind, the Semi-Implicit Method for Pressure Linked
Equations (SIMPLE) solver is employed in this thesis. This is a steady-state solver for incompress-
ible flows with turbulence modeling [26]. This solvers employs the SIMPLE algorithm to solve
the continuity equation (see Eq. 13) and the momentum equation (see Eq. 19 a-c) [27]. It does so
by generating the pressure from the velocity components by applying the Navier-Stokes equations
(see 23) combined with an iterative procedure [28]. The algebra behind the SIMPLE algorithm
is not presented in this thesis, but are thoroughly worked in H. K. Vetsteeg’s & Malalasekera’s
book in CFD ([14]) in chapter 6.4 for two dimensional laminar steady flow equation in Cartesian
coordinates.

Maximum flow velocity inside the 2K-mixer is assumed to be 1000 mL/min, thus the maximum
Reynolds number for the mixed liquid being smaller than 56 and therefore the flow is assumed to
have laminar behavior. Reynolds number can be calculated using Eq. 1. To be able to specify the
turbulence model in OpenFOAM a keyword of the selected model is employed. In this thesis the
laminar flow model is employed, the keyword for this model is simply "laminar". This is defined
as the keyword for the simulationType in a file called turbulenceProperties located in the constant
folder.

In OpenFOAM, the kinematic viscosity is defined in a file named transportProperties located in
the same folder as the turbulence model. Additionally to the kinematic viscosity, the keyword for
Newtonian fluids, which is "Newtonian" is set as the the transport model.
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5.2.1 Boundary Conditions

In OpenFOAM, all the initial field values and boundary conditions are stored in the 0 folder as
separate text files. It is important to remember from the meshing process which boundary entities
are defined as patches and which are defined as walls. The internal field values are all set to be
zero. Boundary conditions applied in this case are listed in Table 4 below for a flow velocity of
440 mL/min. Due to the fluids being incompressible, The velocity components in m/s is derived by
assuming that there is 10 times more resin than catalyst in the final mixture. Hence, 400 mL/min for
the resin inlet (inlet 1) and 40 mL/min for the catalyst inlet (inlet 2). By converting the volumetric
flow rate to SI units and divide by the inlets cross-section area, which has a diameter of 8 mm,
yields the velocity components at the inlets.

The type zeroGradient boundary condition is applied for the inlet patches and pipe walls for the
pressure field, outlet patch for the velocity field, and pipe walls patch for both the scalar fields
resin and catalyst. This boundary condition uses a zero-gradient condition the internal field onto
the patch faces. The fixedValue boundary condition is applied to the outlet patch for the pressure
field, both inlets for the velocity field and both inlets for the scalar fields with specified uniform
values. The fixedValue boundary condition supplies fixed value constraints at the patches. The
no-slip condition is applied to all the walls for the velocity gradient. This is done by defining
the boundary condition type noSlip to the pipe walls patches for the velocity field. Finally the
inletOutlet boundary condition is utilized for the outlet patch for both scalar fields. This boundary
condition provides a generic outflow condition, with specified inflow for the case of return flow
[29].

Table 4: Boundary conditions

Inlet 1 Inlet 2 Outlet Pipe walls

p type zeroGradient type zeroGradient
type fixedValue
value uniform 0 type zeroGradient

U type fixedValue
value uniform (0,0,0.3316)

type fixedValue
value uniform (0,0,-0.03316) type zeroGradient type noSlip

Resin type fixedValue
value uniform 1

type fixedValue
value uniform 0

type inletOutlet
inletValue uniform 0

value uniform 0
type zeroGradient

Catalyst type fixedValue
value uniform 0

type fixedValue
value uniform 1

type inletOutlet
inletValue uniform 0

value uniform 0
type zeroGradient
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5.2.2 Time and data input/output control

All solvers in OpenFOAM begin their runs by setting up a database. The database controls I/O,
where time is an inextricable part of the database considering the time intervals during each run
when requesting output data [30]. This information is stored in a separate text file called con-

trolDict located in the system folder. Settings set in controlDict is essential in the creation of
said database. With the inclusion of simpleFOAM, the solver becomes a steady state solver and
therefore allow an iterative approach. Note, time step must be set to 1 in order to run the adapted
solver.

A lot of settings can be specified in this file, but since only small modifications were done, this
section covers only the changes made from the tutorial case. Firstly we change the number of
iterations to 500, this is done by changing the endTime settings. writeControl is changed to 20,
this writes out the field data for every 20th iteration. At last, the purge write is set to be 5. This
settings only keeps the last 6 saved iteration and delete the rest. By doing this, the simulation size
do not require a huge storage space.

Functions Objects can also be added in the controlDict file additional to the database controls I/O
and time settings. These are looked into and specified in the following section.

5.2.3 Added function Objects

Ever since the OpenFOAM version 4.0, the "non-GUI" post-processing tools have been combined
within a single command line interface (CLI) [31]. This functionality gives the user the ability to
define numerous post-processing functionality such as writing out the residuals of every iteration
step or even running an entire different solver in parallel during the running of a simulation, e.g.
scalar transport solver.

In our case, three different functions are defined for our case. The residuals, scalarTransport and
surfaceFieldValue functions. These functions are defined in the controlDict file under the functions
panel.

The function object residuals allows the user to print out solvers performance for a list of fields
[32], i.e. velocity field . For the current case, velocity (U), pressure (p) and both scalar fields (Resin
and catalyst) is specified to be printed out. By monitoring the information written out the user can
deduce whether or not the solution has converged. The residual should approach zero when the
solution converges. The number of iterations indicates how many time the matrix is solved for the
current equation [15]. The residuals can be monitored simultaneously by plotting out the result
using foamMonitor command in the terminal windows as the simulation runs to easily deduce
when the solution has converged.

The scalarTransport function object enables the scalarTransportFoam solver to run in conjunction
with the used solver [33]. By adding this functionality, Resin and Catalyst fields can be separated
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to analyse the effects if mixing of the two components. To do so, the uses needs to specify the
boundary conditions, numerical scheme and the diffusion coefficient for each scalar field. In the
current case boundary conditions for bot resin and catalyst is specified in separate text files in the
0 folder, numerical scheme used for the scalars are defined in the text file named fvSchemes and
the diffusion coefficient is specified alongside the function in the controlDict file. The diffusion
coefficient is set to be 1.0E-9 for both scalar fields.

The last function object that is added is the surfaceFieldValue function. This function object
provides options to manipulate the surface field data into derived forms, such as summation, min-
imum, maximum or coefficient of variation (COV) [34]. surfaceFieldValue enables the user to
define a plane using a base point and its normal vector, on which calculations that can be made.
A total number of 13 planes is defined on which COV calculations is calculated. Each plane is
placed after each element and before the first element. All the defined planes from where the COV
calculation is calculated from is defined in Table 5 and is also depicted in Figure 19 below. Note
that the base point for the sampled surfaces is given in mm and in the controlDict under functions
is written in m in Appendix. This is because OpenFOAM operates in SI units.

Table 5: Sampled surfaces

Plane # Plane 0 Plane 1 Plane 2 Plane 3 Plane 4 Plane 5 Plane 6

(x,y,z) [mm] (34.6, 0, 0) (47.2, 0, 0) (59.8, 0, 0) (72.4, 0, 0) (85.0, 0, 0) (97.6, 0, 0) (110.2, 0, 0)

Plane # Plane 7 Plane 8 Plane 9 Plane 10 Plane 11 Plane 12

(x,y,z) [mm] (122.8, 0, 0) (135.4, 0, 0) (148.0, 0, 0) (160.6, 0, 0) (173.2, 0, 0) (186.0, 0, 0)

At last, a pre-defined function for calculating the volumetric flow rate at the outlet is defined. This
is just added to ensure that the initial calculations of the inlet velocity is done correctly, and to see
how many iterations the solvers has to calculate before getting a steady output. The pre-defined
function object is just the surfaceFieldValue function object defined to calculate the volumetric
flow rate of the velocity field on a patch. Since the flow is incompressible, the outlet flow should
be the same as adding together the volumetric flow rate of both inlets.

Figure 19: Sampled surfaces
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5.2.4 Numerical schemes

In OpenFOAM, the numerical schemes are defined in a text file called fvSchemes placed in the
system folder. This text file sets the numerical schemes for terms, e.g. derivatives in equations,
which are calculated during a simulation such as time scheme, gradient, divergence, laplacian,
interpolation, component of gradient normal to cell faces and distance to wall calculation [35].

Firstly, the time derivative scheme is specified as steady state as this is not applicable for this case.
This sets all the time derivatives in the governing equation to be zero [35]. In other words, the flow
does not change over time. Remember that the SIMPLE solver is a steady state solver.

The default gradient scheme is specified as Gauss linear, which is a method of discretization of
the divergence terms. Gauss entry specifies the standard finite volume discretization of Gaussian
integration. This entry requires an interpolation scheme which is specified with the keyword linear,
this means linear interpolation or central differencing. However, the velocity gradient scheme is
overwritten to cellLimited Gauss linear 1. This particular scheme limits the gradient such that
when the cell values extrapolated to faces using the calculated gradient. This ensures that the face
values do not fall outside the bounds of values in surrounding cells. The number at the end specifies
the limit coefficient, in this case 1. This is done to improve boundedness and stability. This has
been done in some tutorial cases, especially for cases involving poor mesh quality [35].

No default convective scheme is specified for this case, however the bounded Gauss linearUp-
wind limited convective scheme is used for the velocity field and both scalar fields. The inter-
polation scheme used is linearUpwind, which is second order upwind biased scheme. Since we
are working on a steady state case, bounded is added in front of the discretization scheme as
this helps maintain boundedness of the solution variable and promotes better convergence [35].
div((muEff*dev2(T(grad(U))))) which is a part of the momentum equation works only with Gauss
linear [15].

Gauss linear corrected scheme is set as the default for the laplacian scheme and not overwritten
by any field like the gradient scheme. The word corrected after Gauss linear ensures an explicit
non-orthogonal correction [15].

The interpolation scheme is set as linear, and component of gradient normal to cell faces is set as
corrected.
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5.2.5 Solution and algorithm control

Equation solvers, tolerance and algorithms are controlled from a text file named fvSolution. This
file can be found under the system folder. Equations solved by CFD results usually appear in
large matrices, mostly built by zeros so traditional algebraic methods become inefficient and iter-
ative methods is favoured. Generalised geometric-algebraic multi-grid (GAMG) solver is utilized
for pressure. For velocity and both the scalar field (Resin and Catalyst), smoothSolver is used.
GAMG requires a positive definite, diagonally dominant matrix to operate and smoothSolver re-
quires a smoother. symGaussSeidel smoother is applied. Additionally to the solvers and smoother,
tolerance for how precise the solution is based on the initial residuals. A relative tolerance is also
specified, this setting specifies how accurate the solution is for each iteration step [15]. Settings
such as convergence criteria can also be defined in this file so that the solver automatically stops
when certain residual criteria is met, but since we want to run the simulation until steady-state no
convergence criteria is specified.
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6 Results & discussion
The following chapter will summarize the results of the OpenFOAM simulations. As mentioned
in the introduction, the different simulations explore the effects of velocity and viscosity on the
mixing efficiency of the current design. Suggestions on how to optimize the design for greater
efficiency is also discussed.

The results will be presented and discussed simultaneously with cross-reference throughout this
thesis. Note that all the graphs and figures represented in this chapter is generated for a viscosity
of 125 cP, standard diameter of 6.4 mm and a mean flow rate of 440 mL/min if nothing else is
specified. Flow rate of 440 mL/min is within the mean flow range of the IRB 5500-22 paint robot.
All raw COV values used to generate the plots are presented in appendix chapter E.

All the figures represented is produced using ParaView, which is a multi-platform post-processing
data analysis and visualization application. The graphs and distribution plot is generated in Matrix
Laboratory (MATLAB) R2018b by extracting raw data produced by the function objects discussed
in chapter 5.2.3.

6.1 Meshing results
As discussed in chapter 5.1 Mesh Setup, a good mesh is essential to acquire accurate and sufficient
results as poor mesh equals bad results. The automated meshing algorithm snappyHexMesh is used
to generate a structured mesh. This process involves a trial and error approach to get a desirable
mesh quality. The main goal here is to create a mesh that represents the internal volume of the tube
geometry accurately.

Unfortunately snappyHexMesh was not able to snap to the geometry surface properly due to corrupt
STL files generated by Autodesk Inventor. Another complication that occured was OpenFOAM
creating 17.000 patches for unknown reasons, resulting in the mesh taking close to 19 hours to gen-
erate. This was later solved by generating the STL file in Autodesk Fusion 360 instead. However,
issues with snapping performance of the snappyHexMesh was not resolved and therefore creating
a mesh with jagged surfaces instead of smooth surface close to the walls. The result is depicted in
Figure 20a.

From Figure 20b, it can be observed that the mesh refinement is high close to the edges. An
increase to the number of snap iterations or to the refinement lvl will in theory enable work around
the jagged mesh, but both attempts resulted in more computational time with minimal changes to
the overall quality of the mesh. The creation of jagged surface can be a result of gaps in the STL
file when exported from Autodesk Inventor or Fuison 360. Jagged surfaces could also be the result
of inproper importation of original STEP file of the 2K-mixer into Autodesk Inventor.
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(a) Jagged mesh (b) Mesh refinement lvl 2 2

Figure 20: Mesh quality

Furthermore, generating a new STL file with less quality in Autodesk Inventor did not improve
the snapping process either. A work around could be to generate a parasodic text file and use pre-
processing softwares such as Pointwise, mentioned in chapter 5.1, to produce a sufficient mesh
which can be imported to OpenFOAM or other CFD applications. As for this thesis, the number
of cells in the background mesh was increased to minimize the jagged surfaces which leads to
increased meshing time.

6.2 Mesh convergence test
Despite all efforts to keep the mesh size small as possible, the final mesh requires a significant
amount of computational power and time to be solved. To help speed up this process, the simula-
tions was ran on the University of Stavanger’s cluster. All simulations used varying grid sizes to
ensure that simulation results are independent from the number of grid cells, in addition to viscos-
ity value of 125 cP with a flow rate of 440 mL/min. The grid convergence test is performed by
changing the number of cells in x,y and z directions in the background mesh, allowing the use as a
reference for the plots. A total number of 4 different mesh are studied with the simulation marked
as 100 % in Table 6 is the base or a foundation for the grid convergence test. The different grids
are calculated by increasing or decreasing the number of cells by 10 % of its original value from
each axis.

Table 6: Grid sensitivity analysis

Precentage variation
og grid resolution

Number of cells
in (x,y,z)

Number of cells in
background mesh

Refinement
lvl (min. max.)

Number of cells
after meshing

80 % 416x24x48 479 232 (2 2) 1 608 278
90 % 468x27x54 682 344 (2 2) 2 085 832

100 % 520x30x60 936 000 (2 2) 2 630 880
110 % 570x33x68 1 241 460 (2 2) 3 143 132
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A total number of 500 iterations is set to be the maximum number of iterations for the solver as
this is believed to be enough for the solution to converge. The residual is closely monitored to see
when the solution has converged. The residuals for the base mesh (100 %) is presented in Figure
21, although the residuals for both scalar fields were unfortunately not noted. However, they were
closely monitored on the screen and had equally low values as the pressure and velocity field were
presented.

Reason for why the scalar fields residuals were not printed may be that they are calculated using
the function object instead of a dedicated solver for scalar fields. Note that the pressure field has a
higher value than the velocity at the start, but after approximately 120 iterations, they are the same
and converges around 150 iterations. After 120 iterations the pressure residual starts to oscillates,
but the mean value remains the same. The velocity residuals keep declining, but since the residuals
is as low as 10−6 the simulation is stopped after 200 iterations.

Figure 21: Base mesh residuals

The COV values, which is the most important value in this case converges for all the mesh tested
just after approximately 50 iteration for the COV value at plane 0, depicted in Figure 22. This is
the plane right before the mixture enters the mixing element. One interesting to notice is that the
mesh marked as 100 % has huge oscillations compared to the other mesh, but converges the same
iteration as the other mesh. All the planes calculating COV and its placement is discussed and
visualized in chapter 5.2.3, but are not presented to conserve space. The volumetric flow rate also
converges after few iteration and all the tested mesh converges to a constant value of 440 mL/min,
illustrated in Figure 23, which is the expected from its initial boundary at the inlet and the flow
being incompressible. The fact that the simulations converges that fast is due to the flow being
laminar and do not require as many iterations to converge compared to turbulent flow.
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Figure 22: COV at Plane 0 Figure 23: Volumetric flow rate

It can be seen from both Figure 22 and Figure 23 indicates that all the mesh tested in this conver-
gence test are quite fin and the final result do not depend on the final mesh quality tested. The COV
values converges almost at the same iteration with the same final value. This perhaps is becomes
more visible when plotting the COV as a function of planes defined in chapter 5.2.3, see Figure 24.
The lime green line represents the following COV function. Due to the viscosity ratio between the
component assumed to be 1 the COV function can be fitted as a exponential function discussed in
chapter 2.3.1.

COV(N) = 0.330 exp

(
−0.137

NLe
D

)
It can be observed that the final results barely changes varying grid size, hence the the simulations
is independent of the mesh tested. A fine mesh is necessary preserve the overall geometry and
reduce the jagged surfaces created due the the snapping process in snappyHexMesh did not snap to
the STL surface properly. For all the following cases the mesh marked as 100%, represented with
the yellow line in Figure 24 is used. It is also possible to use the 80 % mesh since this test shows
that the COV do not change.

Figure 24: COV along the static mixing elements
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6.3 Mixing results

Figure 25: Top view of mixing result

Figure 25 illustrates the two mixing component and how their concentration changes as they are
mixed along the pipe. The red color represents 100 % Resin entering in from the inlet at the
rear. Blue represents 0 % Resin, hence 100 % Catalyst. The black vertical lines represents the
plane placement for the COV calculation, Plane 0 in the far left to plane 12 in the fare right. One
interesting fact from Figure 25. One interesting discovery from Figure 25 is that there seem to be
very little molecular diffusion from where the catalyst enters to the first mixing elements. This can
be due to the high viscosity (125 cP) of the fluid components that prevents the molecular diffusion.
This means that the space between the Catalyst inlet to the first mixing element can be reduced
without effecting the mixing efficiency of the Stadelmaier mixing elements. Doing this is going
to reduce a significant amount of the internal cavity of the mixer, resulting in less paint wasted
during the color changing process. Another important aspect is the Resin concentration to the
far right of Figure 25 that is roughly 90 % with slighter less concentration on the top left. 90 %
resin concentration is due to the fact that there is 10 times more resin than catalyst. A hard 90 %
concentration at the end results in a COV of 0, indicating that the mixture is completely mixed
together and can not be further mixed!

The mixing pattern for the Stadelmaier mixing elements is presented in Figure 26 below. The
first plane (plane 0) visualizes the initial component distribution with the the catalyst in blue to
the far left side of the cross section and resin occupying most of the space. In between small
molecular diffusion can be observed by the white color in between the blue and red. The main
mixing starts as the mixture starts moving trough the mixing elements. The catalyst starts to move
clockwise as it progresses and starts blending in to the resin. One interesting thing to notice by
this mixing pattern is that the mixing generally starts happening close to the the tube wall, most
obvious in Figure 26c, leaving mostly pure resin in the middle. If the initial distribution of catalyst
was different, occupying more space in the middle and less wide this may result in much better
mixing in the middle at the same time as the outside reducing the number of elements needed to
get satisfactory mixing results. A rough conclusion can be made by closely inspecting 26h, After
passing 7 elements the catalyst and resin is mostly mixed and should give a low COV. This is
closely investigated in the upcoming chapters for more accurate representation of the mixing.
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(a) Plane 0 (b) Plane 1 (c) Plane 2 (d) Plane 3

(e) Plane 4 (f) Plane 5 (g) Plane 6 (h) Plane 7

(i) Plane 8 (j) Plane 9 (k) Plane 10 (l) Plane 11

(m) Plane 12

Figure 26: Mixing pattern

38



6.3.1 Varying viscosity

Visualized in Figure 27 is the effect of different viscosities has one the mixing performance. Due
to the catalyst being a colorless liquid the COV threshold for satisfied mixing result is set to 5
%, indicated by the blue dotted line. Everything that has a low value than 5 % is accounted as a
completely mixed paint that can be applied on the car body. The in ital COV value barely changes
for all 5 viscosities, strengthening the theory that the space from the catalyst inlet and the first
mixing element can be eliminated to reduce the internal cavity without sacrificing the performance
of the 2K-mixer. As the mixture progresses trough the static mixers the paint with lower viscosity
preforms better and better, except for the higher velocity paint. The paint carrying a viscosity of 50
cP has a staggering COV value close to 0 %, and passes the COV threshold just after 6 elements.
This is great for vendors applying paint to cars with low viscosities since they can reduce the
number of elements and get a even smaller internal cavity reducing the paint wasted during color
change. For paint with high viscosity, at least one more element is necessary to get as satisfied
mixing.

One interesting fact discovered by this test is that the even tho paint with 150 cP has a 20 % higher
value than paint with 125 cP they both preforms almost identical. Indicated by the green and purple
line in Figure 27.This means that the for constant flow rate of 440 mL/min the number of mixing
elements can be reduced to at least 7 and still get a satisfied paint mixture that can be applied on
the car body, even with different viscosities. Also interesting is that the two first elements are those
who carries most of the mixing load compared to the rest of the element, reducing the COV value
to less than 15 %. The mixing velocity gradually slows down for increasing numbers of elements
and even almost converges for the mixture with the lowest viscosity.

Figure 27: COV at varying viscosities
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6.3.2 Varying velocity

Due to the fact that the volumetric flow rate changes depending on which part of the car body is
painted, a test with varying velocity is conducted to find out if the flow rate has any impact on the
mixing quality. The result is conducted with a viscosity of 125 cP. The final result is presented in
Figure 28 below.

(a) (b)

Figure 28: COV at varying volumetric flow rate

The mixer is tested for 8 different volumetric flow rate, covering a wide range of the mixers capa-
city. From Figure 28a it can be noticed that the initial COV value do barely change 2 % for the
lowest to the highest flow rate. this small change however do hardly have any major impact on the
final result. As the fluid progresses trough the mixing element this incremental change starts to
increase. The reason for this is due to the fluid having a higher momentum when folded into each
other, resulting more violent mixing increasing the mixing performance.

Due to the fact that the COV decreases rapidly in the beginning an we are only interested in how
many mixing elements that is needed to have a satisfied mixture Figure 28b only contains the COV
values for the last 7 mixing elements. Figure 28b illustrates more clearly the effect the velocity has
on the mixing quality. A higher flow rate do not require as many mixing elements as for flow with
a low flow rate. A satisfied mixing quality is reach with only 6 mixing elements for high flow rate
compared to 8, depending on how you interpret the COV value increasing between the 8th and 9th
element. This incremental increase may be due to some numerical error in the simulation, but this
increase is minimal and just above the 5 % COV threshold for two of the lowest flow rates. Similar
to the test done with different vciscosities, most of the mixing is carried out by the first two mixing
elements, but in this case higher flow causes the even more mixing and after 10 elements the COV
is as low as 1 % for if the flow rate is at its highest value (990 mL/min).
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6.3.3 Overall effect of viscosity and velocity

As previously discussed in chapter 6.3.1 and 6.3.2, most of the mixing i carried out by the first two
mixing elements resulting in a COV ≤ 15 % and the mixing velocity gradually converging as the
flow progresses through more mixing elements. This means that adding more mixing elements is
not going to increase the mixing quality much, instead this just increases the internal volume in the
mixer resulting in that more paint is wasted during the color changing process. This again adds to
the overall cost of paint.

The main goal in this thesis is to optimize the 2K-mixer for paint to be be applicable for a wide
variety of pain with different viscosities. Because companies utilizing painting tools such as this
typically desire to be efficient for various paint jobs. Due to this reason a total number of 40
simulations is run for various types of viscosities with various range of flow rate to easily conclude
the maximum number of mixing element needed to get a good mixing result and reduce the extra
elements that is not needed to minimize the paint wasted. The result is presented in Figure 29.
In addition all the raw COV values for the different viscosity and flow velocity is presented in
appendix chapter E.

Figure 29: Number of elements necessary for sufficient mixing

As previously discussed, low viscosity and high volumetric flow rate results in better mixing qual-
ity. This is can also be seen form Figure 29 as for the lowest viscosity and highest flow rate gives
the best mixing result and passes the COV threshold just after 4 mixing elements. For higher vis-
cosity paint the COV value increases and a total number of 6 elements are needed to reach the
desired mixing at the same flow rate. Whats really interesting in the number of elements needed
for a high viscosity paint with low velocity, as this is the bottleneck for selecting the number of
elements for ABB. According to the simulations conducted the maximum numbers of element
needed to ensure the satisfied blending result is 8, visualized with yellow surfaces in the surface
plot.
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One thing to have in mind is that the simulation is run by assuming that both resin and catalyst have
the same viscosity, resulting in a single phase simulation. This means that the presented results
only applicable for viscosity ratio equal to 1 between the two components, according to the theory
presented in chapter 2.3.1. When the viscosity ratio of the components is not equal to one, the
COV becomes a function of three dimensionless variables; the viscosity ratio between the mixed
components, the mean concentration at the sampling area, and the ratio between the total mixing
length and the tube diameter. This function can be any function and not necessarily a exponential
function, which is the case for this thesis.

6.3.4 Mixing result at varying tube diameter

According to the obsolete method for evaluating mixing efficiency mentioned in chapter 2.1.1,
reducing the conduit diameter results in smaller maximum striation thickness, which then results
in better performance. This is mostly valid and the mixer with a conduit diameter of 4.5 mm

performs better than the mixers with higher diameters. The result is presented in Figure 30, but
the difference is marginal. This may be due to the diameters tested being really small. Notice that
the initial COV is the same, and the difference can firstly be noticed after the mixture has passed 3
elements. Changing the diameter from it initial 6.4 mm to value of 4.5 mm is going to reduce the
overall COV by 2 % and kept constant from element 4 and throughout element number 12.

Figure 30: COV at varying diameter
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6.4 Modified design
Slightly changed geometry to the original design is evaluated according to the finding in section
6.3. In this design a 45 ◦ angle is added to the catalyst line relative to the flowing fluid in the
main pipe instead of having it perpendicular like in the existing model (see Figure 14). This design
change is visualized in Figure 31a. Additionally, Figure 31b represents the same design with one
minor difference. This design has an additional extruded wall that shields the catalyst inlet from
the resin flow preventing the resin to penetrate into the catalyst line and cause subsequent mixing
inside the catalyst line. Also by a decrease to the angle of the catalyst line relative to the flowing
fluid in the main pipe, instead of having it perpendicular like in the existing model, also reduces the
chance of getting resin in inside the catalyst line. Remember that the catalyst line does not contain
an additional dump valve underneath, causality being the paint hardening inside the catalyst line
and never get cleaned out properly. Consequently by adding a wall that shields the catalyst line,
also prevents the cleaning quality on the wall side closed to the catalyst line. Remember that the
cleaning agent line is placed at the back end just on the opposite side of the resin line that cleans
the main pipe.

(a) Modified design (b) Modified design with shield the catalyst
line

Figure 31: Modified design

Also the space between the location where the catalyst enters the main tube and the point where
the actual mixing start is entirely excluded, as previous simulation concluded that this space is
unnecessary. This means that the entire length of the tube gets reduced. The modified design is
represented in Figure 32. Technical drawings for this model is also presented in appendix section
B.2.

Figure 32: Top view of modified design
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Unfortunately Due to problems with the generation of STL files using Autodesk Inventor, the
modified geometry with the wall shielding the catalyst line were not properly meshed. The snap-
ping process ended up excluding the additional wall geometry, resulting in almost identical meshes
between the modified design and the modified design containing the wall. Hence only the modified
design without the wall shield is compared to the original design.

(a) Top vies of mixing result: Original design

(b) Top vies of mixing result: Modified design

Figure 33: Original design vs. modified design

Figure 33 illustrates the component distribution for both models looking from above. One inter-
esting discovery from this figure is that the component distribution looks relatively similar to each
other. One of the reasons to angle the catalyst inlet was to intentionally align the catalyst flow
more with the resin flow, to get a different initial distribution of the component and investigate
how different distributions changes the final COV value. As depicted in Figure 34, this was not the
case as both designs resulted in having almost identical component distribution, with the original
design having slightly higher molecular diffusion due to resin and catalyst have had more time to
interact with each other due to the space between the catalyst line and the first mixing elements
on the original design. This further means the COV value is going to be almost identical. This
is concluded by Figure 35 below. Although the design changes did not give the result initially
predicted, this test further conclude that the space between the catalyst inlet and the first mixing
element can be reduced without impacting the mixing quality of the paint. Also to implement these
design changes the cleaning agent valve, which has to be moved to make space for the catalyst line
that is placed at an angle.
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(a) Original design (b) Modified design

Figure 34: initial component distribution

Figure 35: fig: COV for different designs
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7 Conclusion
The primary objective of this thesis is to optimize the mixing process and reducing the internal
volume of the 2K-mixer, with the aim of reducing paint waste during cleaning. Therefore it is
essential that the 2K-mixer is optimized, giving a paint mixture that can be applied onto a car
body, and have minimal paint waste during a color changing process. To accomplish this, static
mixing elements that are installed in the 2K-mixer are imported into a CAD program where a
simplified model is generated representing the section of mixing as accurately as possible.

The model is then exported into a STL file for CFD simulations for evaluating the mixing efficiency
using OpenFOAM. First and foremost, the STL file has to be of a high quality in order to be able
to generate a mesh, that represent the internal cavity of the mixing tube as accurately as possible.
Having a corrupted STL file, which may be the case in this thesis, can cause numerous problems
with the meshing process. This is solved by increasing the number of cells in the base mesh, such
that the mesh represents the geometry as accurately as possible. To ensure that the simulation
results are independent from the number of grid cells, several simulations used varying grid sizes.
The grid convergence test is conducted by changing the number of cells in x,y and z direction in
the background mesh.

The mixing performance is evaluated using the simpleFOAM solver in OpenFOAM in conjunc-
tion with the scalarTransport and surfaceFieldValue function objects to calculate the coefficient of
variation (COV) after each elements and before the first element to represent how the COV value
changes as the paint flow through the mixing elements. Simulations reveal that the the mixer util-
ized in the 2K-mixer block valve performs better when the flow rate is high. It is also revealed
that the high viscosity paint requires more mixing elements compared to low viscosity paint. The
diameter is also tested, and results showed that by keeping the element length constant and re-
ducing the diameter increases the mixing quality, but effects is small due to the already diameter
being small. Simulations show that the number of elements can be reduced to at least 8 elements
from its initial 12 elements, and get a satisfactory mixing result for two component paint with a
viscosity ratio close to 1. Mixing of paint with viscosity ratio not close to 1 is not investigated in
this thesis, and is therefore something that can be researched further to conclude if more than 8
mixing elements is necessary.

Some design changes is suggested to further reduce the internal cavity of the mixing tube, such
as reducing the space between the catalyst inlet and the first mixing element. This research shows
that the distance has little to nothing to say for the final COV value. The mixing quality is also
tested by placing the catalyst inlet at a lower angle relative to the main flow velocity, which did not
do anything with the mixing performance of the static mixing elements.
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E Simulation results

50 cP

Plane COV 220 mL/min COV 330 mL/min COV 440 mL/min COV 550 mL/min COV 660 mL/min COV 770 mL/min COV 880 mL/min COV 990 mL/min

0 3,6053E-01 3,5269E-01 3,4798E-01 3,4479E-01 3,4232E-01 3,4040E-01 3,3885E-01 3,3743E-01
1 2,4045E-01 2,3478E-01 2,2892E-01 2,2264E-01 2,1584E-01 2,0885E-01 1,9733E-01 1,8337E-01
2 1,2856E-01 1,2059E-01 1,1482E-01 1,0861E-01 1,0176E-01 9,7027E-02 9,5219E-02 9,6393E-02
3 1,0827E-01 1,0120E-01 9,3738E-02 8,2830E-02 7,1815E-02 6,3145E-02 5,8842E-02 5,8061E-02
4 1,1223E-01 9,9059E-02 8,5032E-02 6,7059E-02 5,0223E-02 3,9802E-02 3,7820E-02 3,7436E-02
5 9,8685E-02 7,9990E-02 6,3310E-02 4,6652E-02 3,5370E-02 2,8331E-02 2,4794E-02 2,4159E-02
6 7,0199E-02 5,3350E-02 4,0443E-02 3,0281E-02 2,4651E-02 2,0565E-02 1,8694E-02 1,8370E-02
7 4,5150E-02 3,1111E-02 2,2361E-02 1,8574E-02 1,6949E-02 1,4769E-02 1,3173E-02 1,2443E-02
8 4,0125E-02 2,3286E-02 1,2800E-02 1,2068E-02 1,2190E-02 1,0380E-02 8,9170E-03 7,9096E-03
9 4,1075E-02 2,0107E-02 8,1085E-03 9,0312E-03 8,9129E-03 6,9227E-03 5,4968E-03 4,9144E-03

10 3,3207E-02 1,5616E-02 6,8811E-03 6,8911E-03 6,0563E-03 4,5095E-03 3,5005E-03 3,2295E-03
11 2,6103E-02 1,3416E-02 6,3267E-03 5,0086E-03 4,1019E-03 2,9049E-03 2,0594E-03 1,8959E-03
12 2,9072E-02 1,4289E-02 5,4455E-03 2,8885E-03 2,3529E-03 1,6203E-03 1,1643E-03 1,1478E-03

75 cP

Plane COV 220 mL/min COV 330 mL/min COV 440 mL/min COV 550 mL/min COV 660 mL/min COV 770 mL/min COV 880 mL/min COV 990 mL/min

0 3,6860E-01 3,6063E-01 3,5496E-01 3,5093E-01 3,4804E-01 3,4580E-01 3,4395E-01 3,4236E-01
1 2,4579E-01 2,4053E-01 2,3685E-01 2,3311E-01 2,2895E-01 2,2475E-01 2,2048E-01 2,1586E-01
2 1,3249E-01 1,2859E-01 1,2305E-01 1,1868E-01 1,1484E-01 1,1079E-01 1,0648E-01 1,0176E-01
3 1,1222E-01 1,0826E-01 1,0363E-01 9,9173E-02 9,3740E-02 8,6632E-02 7,9151E-02 7,1807E-02
4 1,1634E-01 1,1223E-01 1,0370E-01 9,4865E-02 8,5043E-02 7,3337E-02 6,1050E-02 5,0212E-02
5 1,0645E-01 9,8699E-02 8,6197E-02 7,4422E-02 6,3324E-02 5,1954E-02 4,2220E-02 3,5364E-02
6 7,8598E-02 7,0229E-02 5,8679E-02 4,8739E-02 4,0455E-02 3,3258E-02 2,8005E-02 2,4648E-02
7 5,3551E-02 4,5172E-02 3,5274E-02 2,7731E-02 2,2368E-02 1,9359E-02 1,8022E-02 1,6948E-02
8 4,7717E-02 4,0134E-02 2,8443E-02 1,9138E-02 1,2806E-02 1,1572E-02 1,2404E-02 1,2189E-02
9 5,0940E-02 4,1078E-02 2,6400E-02 1,5025E-02 8,1132E-03 8,2083E-03 9,3767E-03 8,9115E-03

10 4,3524E-02 3,3210E-02 2,0595E-02 1,1743E-02 6,8850E-03 6,6167E-03 6,8220E-03 6,0549E-03
11 3,3513E-02 2,6108E-02 1,7059E-02 1,0517E-02 6,3307E-03 5,1340E-03 4,7731E-03 4,1009E-03
12 3,7557E-02 2,9077E-02 1,8560E-02 1,0815E-02 5,4508E-03 3,1254E-03 2,7438E-03 2,3523E-03

100 cP

Plane COV 220 mL/min COV 330 mL/min COV 440 mL/min COV 550 mL/min COV 660 mL/min COV 770 mL/min COV 880 mL/min COV 990 mL/min

0 3,7387E-01 3,6640E-01 3,6070E-01 3,5625E-01 3,5281E-01 3,5016E-01 3,4806E-01 3,4633E-01
1 2,4942E-01 2,4409E-01 2,4057E-01 2,3787E-01 2,3486E-01 2,3215E-01 2,2896E-01 2,2577E-01
2 1,3399E-01 1,3158E-01 1,2862E-01 1,2447E-01 1,2064E-01 1,1771E-01 1,1485E-01 1,1185E-01
3 1,1353E-01 1,1143E-01 1,0827E-01 1,0486E-01 1,0121E-01 9,7974E-02 9,3725E-02 8,8535E-02
4 1,1692E-01 1,1602E-01 1,1225E-01 1,0596E-01 9,9094E-02 9,2601E-02 8,5023E-02 7,6462E-02
5 1,0885E-01 1,0511E-01 9,8731E-02 8,9451E-02 8,0047E-02 7,1663E-02 6,3305E-02 5,4815E-02
6 8,1726E-02 7,6949E-02 7,0269E-02 6,1537E-02 5,3407E-02 4,6560E-02 4,0443E-02 3,4985E-02
7 5,6274E-02 5,1909E-02 4,5206E-02 3,7599E-02 3,1157E-02 2,6191E-02 2,2362E-02 1,9901E-02
8 4,8624E-02 4,6658E-02 4,0163E-02 3,1283E-02 2,3332E-02 1,7239E-02 1,2799E-02 1,1448E-02
9 5,2359E-02 4,9508E-02 4,1112E-02 2,9888E-02 2,0154E-02 1,2798E-02 8,1079E-03 7,7626E-03

10 4,5956E-02 4,1722E-02 3,3241E-02 2,3437E-02 1,5655E-02 1,0134E-02 6,8817E-03 6,4677E-03
11 3,5190E-02 3,2220E-02 2,6133E-02 1,9114E-02 1,3449E-02 9,2366E-03 6,3269E-03 5,2408E-03
12 3,9162E-02 3,6111E-02 2,9105E-02 2,0952E-02 1,4327E-02 9,2550E-03 5,4445E-03 3,4175E-03

125 cP

Plane COV 220 mL/min COV 330 mL/min COV 440 mL/min COV 550 mL/min COV 660 mL/min COV 770 mL/min COV 880 mL/min COV 990 mL/min

0 3,7744E-01 3,7071E-01 3,6519E-01 3,6073E-01 3,5708E-01 3,5409E-01 3,5168E-01 3,4972E-01
1 2,5162E-01 2,4735E-01 2,4314E-01 2,4059E-01 2,3846E-01 2,3607E-01 2,3381E-01 2,3152E-01
2 1,3454E-01 1,3323E-01 1,3104E-01 1,2863E-01 1,2533E-01 1,2203E-01 1,1943E-01 1,1712E-01
3 1,1402E-01 1,1278E-01 1,1087E-01 1,0826E-01 1,0553E-01 1,0262E-01 9,9985E-02 9,7193E-02
4 1,1711E-01 1,1661E-01 1,1556E-01 1,1225E-01 1,0726E-01 1,0181E-01 9,6566E-02 9,1168E-02
5 1,1000E-01 1,0750E-01 1,0419E-01 9,8731E-02 9,1466E-02 8,3651E-02 7,6631E-02 6,9994E-02
6 8,3320E-02 7,9949E-02 7,5871E-02 7,0271E-02 6,3344E-02 5,6480E-02 5,0546E-02 4,5258E-02
7 5,7434E-02 5,4783E-02 5,0812E-02 4,5209E-02 3,9097E-02 3,3536E-02 2,9042E-02 2,5307E-02
8 4,8538E-02 4,8298E-02 4,5781E-02 4,0161E-02 3,3102E-02 2,6281E-02 2,0728E-02 1,6160E-02
9 5,2483E-02 5,1753E-02 4,8359E-02 4,1106E-02 3,2115E-02 2,3751E-02 1,6963E-02 1,1566E-02

10 4,6767E-02 4,4722E-02 4,0414E-02 3,3236E-02 2,5289E-02 1,8481E-02 1,3194E-02 9,2675E-03
11 3,5749E-02 3,4337E-02 3,1280E-02 2,6131E-02 2,0464E-02 1,5525E-02 1,1622E-02 8,5254E-03
12 3,9473E-02 3,8399E-02 3,5025E-02 2,9102E-02 2,2526E-02 1,6771E-02 1,2151E-02 8,3824E-03
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150 cP

Plane COV 220 mL/min COV 330 mL/min COV 440 mL/min COV 550 mL/min COV 660 mL/min COV 770 mL/min COV 880 mL/min COV 990 mL/min

0 3,8002E-01 3,7397E-01 3,6878E-01 3,6440E-01 3,6076E-01 3,5766E-01 3,5503E-01 3,5284E-01
1 2,5298E-01 2,4950E-01 2,4592E-01 2,4259E-01 2,4061E-01 2,3884E-01 2,3690E-01 2,3488E-01
2 1,3479E-01 1,3404E-01 1,3256E-01 1,3068E-01 1,2865E-01 1,2591E-01 1,2308E-01 1,2065E-01
3 1,1428E-01 1,1352E-01 1,1221E-01 1,1046E-01 1,0827E-01 1,0599E-01 1,0363E-01 1,0121E-01
4 1,1721E-01 1,1693E-01 1,1636E-01 1,1515E-01 1,1226E-01 1,0812E-01 1,0370E-01 9,9094E-02
5 1,1071E-01 1,0888E-01 1,0650E-01 1,0349E-01 9,8747E-02 9,2742E-02 8,6201E-02 8,0049E-02
6 8,4225E-02 8,1768E-02 7,8672E-02 7,5095E-02 7,0292E-02 6,4542E-02 5,8692E-02 5,3412E-02
7 5,8010E-02 5,6315E-02 5,3618E-02 5,0003E-02 4,5226E-02 4,0094E-02 3,5284E-02 3,1161E-02
8 4,8315E-02 4,8649E-02 4,7756E-02 4,5063E-02 4,0176E-02 3,4296E-02 2,8445E-02 2,3334E-02
9 5,2327E-02 5,2377E-02 5,0976E-02 4,7422E-02 4,1124E-02 3,3605E-02 2,6395E-02 2,0153E-02

10 4,7086E-02 4,5975E-02 4,3561E-02 3,9403E-02 3,3253E-02 2,6556E-02 2,0594E-02 1,5656E-02
11 3,5989E-02 3,5208E-02 3,3546E-02 3,0559E-02 2,6144E-02 2,1373E-02 1,7061E-02 1,3450E-02
12 3,9453E-02 3,9177E-02 3,7588E-02 3,4188E-02 2,9117E-02 2,3592E-02 1,8562E-02 1,4328E-02

Diameter test with 125 cP and 440m/min

Plane COV_6,4mm COV_5,5mm COV_4,5mm

0 3,6519E-01 3,6218E-01 3,5802E-01
1 2,4314E-01 2,3037E-01 2,2705E-01
2 1,3104E-01 1,2590E-01 1,2571E-01
3 1,1087E-01 1,0932E-01 1,0861E-01
4 1,1556E-01 1,1186E-01 1,0445E-01
5 1,0419E-01 9,6183E-02 8,2854E-02
6 7,5871E-02 6,5705E-02 5,3892E-02
7 5,0812E-02 4,3473E-02 3,6008E-02
8 4,5781E-02 4,2809E-02 3,4497E-02
9 4,8359E-02 4,3549E-02 3,2559E-02

10 4,0414E-02 3,4062E-02 2,4411E-02
11 3,1280E-02 2,7118E-02 1,9500E-02
12 3,5025E-02 3,0164E-02 2,1302E-02

For 125 cP and 440m/min

Surface 2K-mixer design Modified Design

0 3,6519E-01 3,7358E-01
1 2,4314E-01 2,4614E-01
2 1,3104E-01 1,2939E-01
3 1,1087E-01 1,1006E-01
4 1,1556E-01 1,1329E-01
5 1,0419E-01 1,0170E-01
6 7,5871E-02 7,4350E-02
7 5,0812E-02 5,1060E-02
8 4,5781E-02 4,6370E-02
9 4,8359E-02 4,8419E-02

10 4,0414E-02 4,1108E-02
11 3,1280E-02 3,1508E-02
12 3,5025E-02 3,5771E-02
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