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Abstract 

 

The objective of this project is to design, using computational fluid dynamics (CFD), a set of 
retention aid dosage nozzles that minimize shear levels during their operation. This includes the 
effect of dosage nozzle size, contour and dosage velocity - absolute and relative to the stock flow.  
As a starting point, the three different dosage nozzles currently implemented on the Innventia FEX 
paper-machine have been studied using CFD.  Problem areas, defined as regions of high viscous 
and/or turbulent shear, with these designs should be identified, and solutions to their improvement 
have been realized. The computational models considered here include non-Newtonian models of 
the retention aid solution, as well as turbulent modeling of the stock flow. Novel configurations 
have been implemented which attempt to minimize the strain rate and shear stress during dosage 
and at the same time improve the mixing quality of the retention aid polymers. While the velocity of 
the side jet is determined to be the main cause of high strain rates and shear stresses, a good mixing 
can be reached by varying the position of the nozzles and the diameter penetrating the stock flow. 
The best compromise of mixing and shear stress has been reached with a triple side-wall nozzles 
configuration. 
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Nomenclature 
 
Fluid mechanics 
 
Symbol                               Unit                                Description 
  u                                        [m/s]                              Velocity 
  t                                         [s]                                   Time 

ρ                    [kg/m3]                            Density 

τ                    [Pa]                                 Shear stress 
 p                                          [Pa]                                 Pressure 
L                                          [m]                                  Length of scale 
µ                                          [Pas]                               Viscosity 
µ0                                                              [Pas]                               Effective viscosity 
µt                                                              [Pas]                               Turbulent viscosity �∞                                                            [Pas]                               Apparent viscosity 
k                                           [m2/s2]                            Turbulence kinetic energy 

ε                    [m2/s3]                             Turbulence kinetic energy dissipation 
Pk                                                             [Pa/s]                              Turbulence kinetic energy production 
S                                          [1/s]                                 Modulus of the mean rate of strain tensor 
Cµ                                                             [-]                                   Closure coefficient 
C1ε                                                              [-]                                   Closure coefficient σk                                          [-]                                  Closure coefficient  

γ                                         [1/s]                                Shear rate 
K                                          [Pasn]                             Consistency factor 
n                                           [-]                                  Shear index 

τy                                                            [Pa]                               Yield stress 
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1. Introduction 
 

This project is motivated primarily by the industrial papermaking process. Paper is a hygroscopic 
material, mainly composed of cellulose fibres which have been extracted from wood through 
pulping and refining processes but can also be enriched by adhesives, mineral fillers, and chemical 
additives.  During production, the cellulose fibres are mixed together with mineral and other low 
cost filler materials in a turbulent pipe flow, typically ranging from 1-3 m/s, which is pumped 
toward the forming section in what is referred to as the approach flow. Chemical additives are 
usually added last, just prior to the forming section. The papermaking stock is then accelerated in 
the headbox into a thin jet that impinges onto a high speed forming wire. All subsequent process are 
aimed at removing water from the wet paper web, first mechanically and then with steam, to 
produce the final product. The majority of the water is removed mechanically in the wire section by 
dewatering elements, e.g. foils which create negative pressure or by electrical vacuum boxes. This 
is followed by wet pressing, where water is removed by applying high pressure mechanically to the 
web. The final stage of water removal occurs in the dryer section, where steam is used to remove 
the final few percentiles of moisture from the sheet. The process is summarized in Figure 1.1. The 
two key elements to a successful production process are that the product meets specific performance 
requirements e.g. strength or printability, and that the overall production process efficiency is high, 
i.e. energy and material consumption is minimized. Product uniformity, also referred to as 
formation, is the key to product performance.  

 

 

 

Figure 1.1  Papermaking process 
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1.1 General information about retention aid polymers  
 

 

     Retention aids are generally defined as high molecular mass, water-soluble polymers with a 
linear macromolecular structure that are added to a papermaking stock flow prior to the forming 
section in order to improve the retention of fine particles in paper products. They are classified 
according to the charge of polymer, e.g., cationic, anionic and non-ionic retention aid polymer 
additives. During years, several trends have brought to an increased demand on retention aid 
systems: the reduction of weights of paper products, the decreasing use of water in the factories, the 
increasing speeds of machines and accordingly the hydrodynamic shears and the increased number 
of mineral fillers. Nowadays retention aid systems play a crucial role in the paper making process 
and studying their behavior in the paper production may lead to an improved process of paper 
manufacturing. 

The main target of the retention aid is to minimize losses of fine particles, i.e. maintaining  the fine 
materials in the paper web during forming. Minimizing loss of fine matter, increases the efficiency 
of the papermaking process in several ways, one of which is the extended “runnability”. Runnability 
means to run a paper machine system at a certain rate, for a certain period of time, without 
interruptions. The retention aids reduce the accumulations of deposited material on the wetted 
surfaces of papermaking machines. These kind of deposited materials can reach high levels and 
cause spots and holes in the paper web leading to a break in production (Hubbe and Heitmann, 
2007) . 

A secondary use of retention aids relates to improved drainage, i.e. mechanical water removal in the 
wire section. Strong interrelationships between retention, drainage, flocculation and reduced 
strength have been observed (Jokinen and Palonen, 1986; Horn and Linhart, 1996). In particular, 
retention aids increase the mechanical water removal which reduces load on dryer and saves energy 
and consequently money. Therefore retention aids increase the velocity with which water is 
withdrawn from the web, increasing the total production rate of the process. It has been showed that 
retention aid treatment can promote dewatering and a study reported by Pelzer (2008) showed that 
essentially no retention aid remains in liquid effluent from a papermaking facility. Energy savings 
are often observed, since retention aid treatment can promote dewatering and retention aids 
products are also non-toxic and above all they reduce the total load of solids to treat during the 
wastewater process. Therefore it’s clear that retention aid polymers have an important role on the 
two key elements that lead to a successful production process.  

The use of retention aid polymers has other beneficial effects such as increasing the efficiency  of 
chemically unstable additives and to improve the uniformity of the composition of the paper (Hubbe 
et al, 2009). For example, it has been shown that if retention aids are applied only to one side of the 
paper, that side will have a composition much more uniform than the other side (Tanaka et al, 
1982). 

While it is clear that retention aids play a key role in achieving the desirable aspects of the 
production process above mentioned, there are some factors that are critical with the use of these 
polymers. For example, Britt and Unbehend (1985) state that the formation uniformity is adversely 
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affected by the use of retention aids especially at high levels of addition, i.e. high retention is 
usually accompanied by poor formation. In general, formation tends to be the paper quality attribute 
most adversely affected by the use of retention aids. To minimize the adverse effect of retention aid 
on formation, Ryoso (2001) observed that a reverse order of addition can be effective, i.e. by adding 
retention aids prior to filler material. They concluded that the addition point of retention aids 
polymers is the most important factor affecting the formation. In general, the greatest effectiveness 
of retention aids can be achieved when added as late as possible in the paper machine system. In 
fact Raisanen et al (1994) have shown that only few seconds are needed in order to achieve 
optimum interaction between the retention aid polymers and solid surfaces in a fibrous suspension. 
An article by Gaiolas et al (2006) states that successive addition of some additives (cationic starch 
and cationic acrylamide) during papermaking lead to a combination of retention and dry strength 
benefits, but the way the additives are mixed with the paper flow is of great importance.  

Retention aids are highly diluted with water before mixed with the fiber suspension. Dosage is 
usually in the range of 0.01% to 0.4% of the stock solids content and it’s common to add the 
polymers late in the process, e.g. just before the last screening operation (Smook, 1992). The 
specific protocol in which retention aids are combined with the main stock flow can be critical to 
their performance.  In particular, retention aid polymers are extremely shear sensitive and degrade 
mechanically if subject to excessively large shear levels. When this occurs, their performance also 
deteriorates significantly (Hubbe and Wang,  2002).   

Retention aids are typically added to a papermaking stock flow by means of a relatively small 
dosage nozzle. The size, shape and dynamic conditions of these nozzles can vary significantly based 
on the dosage strategy and the constraints of the paper machine. Certain designs can produce 
excessively high levels of shear, which subsequently degrade the retention polymers. Another 
essential aspect concerning the retention aid polymers is the shear forces affecting them and the 
paper webs. The flocs formed by the retention aid can degrade because of the effect of shear forces. 
The high-speed paper machines generate hydrodynamic forces that influence the retention of fines 
and fillers (Tam Doo et al, 1984). In general, a good mixing is reached through a compromise 
which takes into account the characteristics of the retention aid polymers. Turbulence is usually 
necessary to produce efficient mixing, but at the same time turbulence can cause degradation of 
polymers reducing the efficacy of the retention aid. If a retention aid doesn’t work properly, it’s 
usually due to its poor mixing with the main flow or it’s caused by the degradation of flocs formed 
by the retention aid polymers because of the high level of shear forces (Lamminen et al, 2005; 
Matula, 2006). Therefore, the distribution of retention aid is influenced by the level of turbulence  
and the viscosity of the injected solution. For this reason, the solution is highly diluted to improve 
mixing. Moreover, new methods of mixing are currently of great industrial interest since the 
traditional feeding methods appear to be sub-optimal. New studies suggest that by increasing the 
dosage speed, it is possible to achieve more efficient mixing, therefore achieving a better spatial 
distribution of retention aids. However, since shear force typical increases with the dosage velocity, 
it is clear that the maximum retention level should also vary with the dosage speed (P. Paananen, 
2009). More specifically, higher shear forces increase the probability of polymer degradation and  
therefore lead to reduced retention levels. This lead to the paradox of obtaining a good mixing of 
retention aids: the retention aids must be mixed rapidly and completely, but with minimal shear. 
Modern paper machines are able to reach high speeds with aggressive mixing conditions which is 
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sufficient for an optimal spread of the polymer solution, but this creates high shears which can 
break the polymers. This leads to the question of where to add the retention aid. If the polymer 
solution is added too early, better mixing may be possible, but with more polymer degradation. If 
the solution is added too late, the polymers may survive, but may not be well mixed. It must be 
remembered that a good mixing typically relies on turbulence to create dispersion at smaller scales, 
and that large scale turbulence imparts high levels of shear. Good mixing typically requires high 
velocities and/or velocity difference between dosage flow and outer flow, however this leads to the 
high shear at larger scales. Similarly, while mixing tends to improve with residence time, longer 
time in the approach flow means longer time exposed to high shear levels. From these 
considerations it’s easy to see the paradox of a good mixing of retention aids and that a compromise 
must be made between speed and dosage position of the retention aids in order to obtain a well 
mixed stock but with the minimal breakage of the retention polymer chains (Tanaka et al, 1993).  

 

 

1.1.1 Dosing processes in paper making and techniques developed:  where and how they 
are added and why 

 

     There are several conventional methods of mixing chemicals into the stock flow from the most 
simple T-mixer to the most complex quill. Most of these traditional feeding techniques are used 
with notable amounts of fresh water that is heated to ensure efficiency and stability (Da Silva 
Santos, 2007). However, these methods of addition are non-optimal and result in poor mixing 
efficiency. Mixing efficiency can be defined as penetration of the injection jet to the stock flow and 
typically depends on the diameter of the nozzle and on the velocity of the main flow and side jet, 
among other less obvious parameters. The most traditional method for addition is the T-mixer. The 
T-mixer is a retention aid dosage nozzle attached directly to the stock line whereby the polymer 
solution is added to the stock flow by dilution with feed water at a single point along the approach 
flow pipe. However this method doesn’t distribute the retention aids thoroughly into the main flow 
and therefore results in poor mixing. New methods have been developed to improve the mixing 
efficiency. One of those uses a new model of static mixer and it consists  of wedge shaped 
protrusions placed inside the feed pipe (Da Silva Santo, 2009). Another new method is TrumpJet®, 
a jet injection mixer that injects and flash mixes the chemical into the stock with approach flow 
water collected upstream (P. Paananen et al, 2009). The hollow injection jet together with a separate 
mixing stock penetrates and mixes chemical into the stock with high velocity. It is said to take the 
additive into contact with the stock components with higher efficiency than a standard T-mixer (P. 
Paananen et al, 2009). The RetaMix is another commercial retention aid dosage system that is said 
to improve paper quality by homogenizing flocculation and further enables savings in reduced 
consumption of retention aid materials. RetaMix is typically applied after the machine screen and 
can also be applied for mixing other papermaking additives. The dilution unit and a short delay after 
post dilution enabled the use of wire water or filtrate from the disc filter as post-dilution water (P. 
Paananen et al, 2009). To overcome problems of replacing cold fresh water for the post-dilution of 
retention aid polymers, the Pareto technology has been developed. This technology is said to 
optimize mixing and feeding of retention aids chemicals using process water for their post-dilution 
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and achieving water and energy savings (Da Silva Santos, 2009). However, it is difficult to say how 
well these commercial addition systems really work in practice, since the only available literature 
on these devices was produced by the manufacturers alone. What is missing in the literature is a 
better understanding of retention aids nozzle parameters, including geometric and operational, 
which lead to optimal mixing with minimal polymer degradation, i.e. minimal shear. 

In this work, CFD is used to investigate retention aids addition strategies in the papermaking 
process.  Specifically, the location and magnitude of high strain and shear in common dosage 
systems have been detected and the key parameters leading to low levels of shear stresses are 
identified. It is hoped that this work will help avoiding damage of retention aid polymers. Mixing 
quality is also studied to improve retention aids mixing, the key parameters that lead to a better 
mixing are identified.  

 

 

1.2  Non-Newtonian fluid  

     The retention aids polymers used in this work are represented by a non-Newtonian fluid, which 
means that they don’t follow a linear relation between the shear stress σ and the rate of strain ��  
where the viscosity µ is a constant of proportionality. Rather they follow a law in which the 
viscosity coefficient µ is not constant and varies with the strain rate of the flow (Bird et al, 2002). 
Therefore this non-Newtonian polymer solution doesn’t have a single valued viscosity, rather one 
that is function of �� .  
For an incompressible Newtonian flow, the shear stress is proportional to the rate of deformation 

tensor  �: 

� =  ��                                                                 [1.1] 

 

where  � = 
����� + ������   for velocity components �� in the direction ��.     

For general fluids, the shear stress is written in terms of a viscosity µ that depends on the 
deformation: 

 

� =  � (�)�                                                            [1.2] 

 

The viscosity should be considered as a function of the three invariants of the rate of the 

deformation tensor �. However in general, it is considered a function only of the shear rate ��  which 

is related to the second invariant of  � and is defined as (Ansys Fluent manual 12.0): 



13 

 

�� =  �  ��  �: �                                                               [1.3] 

 

In general, non-Newtonian fluids can be classified by three different regimes, i.e. the Bingham 
plastic, shear thinning and shear thickening fluids, the strain rate dependence of which are 
summarized  in Figure 1.2 

 

Figure 1.2  non-Newtonian fluids (R.P. Chhabra, 2010) 

 

     The retention aid polymers belong to the category of shear-thinning fluids (Figure 1.2), which 
are the most common non-Newtonian fluids used in for engineering applications (R.P. Chhabra, 
2010). As a time-independent fluid, the shear rate at a point of the fluid is determined only by a 

value of shear stress and their main characteristic is a viscosity µ = 
������� which decreases with 

increasing shear rate. This polymeric system is characterized by a zero shear rate viscosity �� at low 
shear (behavior  similar to Newtonian fluids) and by an infinite shear viscosity �  at very high 
shear rates (behavior similar to Newtonian fluids as well).  

 

lim$→� ������� =  ��                                                         [1.4] 

 

   lim$→ ������� =  �                                                      [1.5] 
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Figure 1.3  Pseudoplastic behavior (experimental data – R.P. Chhabra) 

 

The power law and the Carreau models are two models that can be used in order to describe shear 
thinning fluids (R.P. Hesketh, 2007).  With the power-law model, the viscosity of the fluid is 
written as function of shear rate as follows: 

� = &�� $'�                                                            [1.6] 

where, K is a material-based constant and ��  is the shear rate applied.  The term n depends on the 
type of fluid and it’s 1 for Newtonian fluids,  < 1 for shear thinning fluids and > 1 for shear 
thickening fluids. Both K and n must be determined through experiment. Most of polymer solutions 
have n in the range 0.3-0.7 depending on the molecular weight and on the concentration of 
polymers (R.P. Hesketh, 2007). 

The Carreau model applies to fluids that behaves like a Newtonian fluid at low shear rate and as 
power law fluid at high shear rate (Ptasinski et al, 2006). The viscosity is expressed as: 

 μ =  H(T)(� +  (�� − � )/1 + �� �0�1)(234)5                              [1.7] 

 

where λ is a time constant of the fluid, n is the power law index, and ��  and �  are the zero- and 
infinite-shear viscosities as defined in equations (1.4) and (1.5).  The function H(T) is defined as 

 

H(T) = exp [α(
�

6'67 −  �
68' 67)]                                       [1.8] 

 

where T is the temperature of the fluid, 9: is a reference temperature and α is the ratio of the 
activation energy to thermodynamic constant. 
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Several studies have been carried out on shear thinning fluids including retention aid polymers. For 
example, Huhtanen and Karvinen (2005) analysed non-Newtonian fluid dynamics and turbulence in 
paper making flows. They showed that it is possible to combine a non-Newtonian fluid approach 
and turbulence theories modeling the viscosity by the so-called Power Law. Ptasinski et al (2001) 
studied a fully developed turbulent pipe flow with drag-reducing polymer dissolved in water. The 
Carreau model was fit with experimental measurements. W. Y. Chan et al (2007), made a 
computational analysis using ANSYS FLUENT of a non-Newtonian blood flow through a stenosed 
artery. The blood behavior has been modeled by the Power Law and Carreau model and the results 
have been compared with Newtonian flow. The Carreau model, as shown below, requiring more 
parameters, is able to  reach a better approximation of the pseudoplastic behavior.  
     The Carreau model describes shear-thinning flows with asymptotic viscosities at zero and 
infinite shear rates. The time constant  λ can be obtained from the critical shear rate at which 

viscosity begins to decrease  ( �; ). The general exponent is 
($'�)

<   where (n - 1) is the power law 

slope and a is the width of the region between �� and the beginning of the power-law region. The 
values of  �� and  �  can be obtained experimentally or can be considered as adjustable parameters.  

     In this work, the Carreau model was implemented with the following parameters taken from 
experimental data of polymeric solutions in water (Ptasinski et al 2001) T = 17.4 °C, η0 = 10.6 
(mPas), η∞ = 1.09 (mPas), n = 0.7185, λ = 0.5635 (s).  

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



16 

 

2. Numerical modeling  
 

 

2.1  Turbulence modeling          

 

Several different models exist for the study of high speed mixing processes. Therefore consideration 
on the physics of the flow, the time and computational resources available for the simulation, the 
accuracy required and the practice already established for each class of problem are the main factors 
that lead to the choice of most appropriate model. The k-ε model is perhaps the most appropriate 
turbulent model for the current application. Many studies on jet mixing and mixing processes 
carried out by CFD modeling has used this model with good success, e.g. (M. Rudman and H.M. 
Blackburn, 2005; Binxin Wu, 2010; H.D. Zughbi and M.A. Rakib, 2003; W.Y. Chanet al, 2006). 
Since a common personal computer was used for these simulations, time and computational 
resources are the most strict constrains. The k-ε model is of medium computational cost model 
capable of producing a good level of accuracy for many mixing applications. It allows a wide range 
of applicability in practical engineering flow calculations. The k-ε model and its variants belongs to 
the Reynolds averaged Navier-Stokes (RANS) models that are widely used for practical engineering 
applications because they don’t need a heavy computational effort. 

 

 

2.1.1  Formulation of the turbulence model 

     The equations governing the motion of an incompressible fluid (the assumption of 
incompressible fluid is done for our simulations) are expressed in differential form and with index 
notation, as follows 

Continuity: 

�>
�? +  �(>�)

�� = 0                                                                 [2.1] 

 

Momentum:  

�(>��)
�?  +  �(>���)

��  =   − �A
��� + �B���                                            [2.2] 
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Energy: 

�(>C)
�? +  �(>D�)

�� =  �(B���' E)
��                                               [2.3] 

 

where                                                             H = e + 
A
>  + 

�����                                             [2.4] 

��F =  �(����� +  ����� −  �
G

��H��H I�F)                                        [2.5] 

J� =  −0 �6
���                                                         [2.6] 

 

where ui is the velocity component in the xi direction, ρ is the density, e is the internal energy, p is 
the pressure, H is the enthalpy, τ is the stress. In this study the effect of temperature has not been 
considered, so the energy equation can be ignored. 

 

2.1.2  k-ε model 

     The k-ε model belongs to the class of two-equation models, in which model transport equations 
are solved for two turbulence quantities, i.e. k and ε (Stephen B. Pope, 2000). The k-ε model comes 
from the necessity to solve the Reynold Average Navier Stoke’s equations that are often used to 
describe turbulent flows. RANS equations are the time averaged equations of the motion for fluid 
flow.  The flow field is decomposed into average and fluctuating part as  

K� = KLMM� + ��N                                                                             [2.7] 

O� = OLM� + O�N                                                                              [2.8] 

Introducing the above decomposition in Eq 2.2, we get: 

 

��N��? + �PQ��? + �R�PQ�
�� +  KQF ���R�� +  KQF �PSTTT

�� + �FN ���R�� =  − �
>

�UR
��� − �

>
�UT
��� + V∇��′� +  V∇�KQ�              [2.9] 

 

By taking the ensemble average of equation [2.9], the RANS equation is obtained. 

�PQ��? +   KQF �PSTTT
�� =  �

>
�UT
��� +  V∇��N� − �

��  Y�ZN�[NTTTTTT\                             [2.10] 

]KQ�]�� = 0 
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In the equation [2.10], the term �Z′�[′TTTTT is known as the Reynolds stress. 

�ZN�[NTTTTTT =  �T� �^TTTT �_TTTT�^TTTT ^̅� ^_TTTT�_TTTT ^_TTTT _Q � 

The RANS equation has 6 more unknown from the Reynolds stress tensor. Several models can be 
used to solve this system of equations, the k-ε model is one of these. The two equations consist in a 
transport equation for the turbulent kinetic energy and in a equation for the turbulent dissipation. 
From the solution of the two separate transport equations the two turbulent quantities k and ε are 
calculated. The two turbulent quantities allow  determination of the length scale and the time scale 
independently. The k-ε model follows a closure based on the Boussinesq hypothesis. This 
hypothesis says that similar to the viscous tangential stresses and to thermal molecular diffusion 
flows typical of laminar flows, turbulent stresses and thermal turbulent flow are respectively 
proportional to the gradients of velocity and temperature. Starting from these hypothesis, it is 
possible to obtain the equations of closure of the model, i.e. the equation that expresses  the 
conservation of specific turbulent kinetic energy:  

 

�a
�? +  ��Q�a

��� =  − �
���[

bc>Q
�

�d
�a
���] + [

bc>Q e
��STTT
�� +  ��fTTT

���� −  �
G I�F ��HTTTT

��Hg − �
G I�Fh][  ��STTT

��] – ε               [2.11] 

 

and the equation of closure concerning the transport of the length scale L [2.14] with the transfer of 
energy into smaller eddies. The balance of dissipation velocity of turbulent kinetic energy is 
obtained by: 

 

�i
�? +  ��Q�i

��� =  �
��� j bc

> Q 4kl mlm��
n +  o�i  i

a
�a
�? −  o�i i5

a                                         [2.12] 

 

where the turbulent viscosity is determined in the following way:  

 

                            �? =  obp a5
i                                                                   [2.13] 

 

and ob is an empirical constant. The length scale can be determined from  k  and  ε: 

 

L =  ob
qr aq5

i                                                                    [2.14] 
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The values of the empiric constants introduced in the model are, Cµ = 0.09, C1ε = 1.44, C2ε = 1.92, st = 1.0, si = 1.3, s? = 0.5/0.7 (default in Fluent). 

More complex  turbulence models such as the RSM gives almost identical results on this class of 
problem, but the computational time is about three times more (H.D. Zughbi and M.A. Rakib, 
2003). 

 

2.1.3  Realizable k-ε model 

     For this study,  the realizable k-ε model was found most suitable. It is the “newest” of the k-ε 
models. The word “realizable” indicates that the model satisfies some mathematical constraints on 
the Reynolds stresses, coherent with the mechanism of turbulent flows. This model has two main 
differences from the standard model. Firstly, it has a new formulation of the turbulent viscosity. 
Secondly, it has a new transport equation for the dissipation rate ε, derived from an exact equation 
for the transport of the mean-square vorticity fluctuation. The main benefits of this model are a 
more accurate prediction of the spreading rate of both planar and round jets and a superior 
performance for flows involving rotation, boundary layers under strong adverse pressure gradients, 
separation and recirculation (D. Cokljat et al, 2000). 

     To obtain the realizability (i.e. positive normal stresses) it is necessary to make the constant Cµ 
variable with the mean flow (mean deformation) and with the turbulence (k, ε).  Many experimental 
evidences prove the variability of  Cµ (Stephen B. Pope, 2000). Many studies of separated flows and 
flows with complex features show that the realizable model gives the best accuracy solution of all 
the k-ε models with improvements on strong streamline, curvature, vortices and rotation (Stephen 
B. Pope, 2000). This model improves one of the weaknesses of the k-ε models which is the modeled 
equation for the dissipation rate, ε. In this way the anomaly of the round-jet is resolved. This model 
includes the effects of mean rotation in the turbulent viscosity, but  when it’s simulating multiple 
reference frame system could produce wrong solution (Stephen B. Pope, 2000). 

 

 The transport equations are: 

�
�? (ph) +  �

�� Yph�F\ =  �
�� eu� +  bc�Hv �a

��g + wa +  wx −  py +  z{ +  |a          [2.15] 

 

�
�? (py) +  �

�� Ypy�F\ =  �
�� eu� +  bc�lv �i

��g +  p}�|i − p}� i5
a~ √�i  +  }�i i

a }Giwx + |i    [2.16] 

 

where              C1 = max[0.43, 
�

�~�],                    η = S
a
i ,                    S = �2|�F|�F 
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Gk is the generation of turbulence kinetic energy due to the mean velocity gradients; Gb is the 
generation of turbulence kinetic energy due to buoyancy; YM is the contribution of the fluctuating 
dilatation in compressible turbulence to the dissipation rate; C2 and C1ε are constants; σk   and  σε are 
the turbulent Prandtl numbers for k and ε; |a and |i are user-defined source terms. 

     This model has been validated for  several different flows such as free flows including jets and 
mixing layers, separated flows, rotating homogeneous shear flows and channel and boundary layers 
flows. The performances were better than that of the other k-ε models (D. C. Wilcox., 1998). 

 

 

2.2  Multiphase Flows  

 The system under analysis in this work is a liquid-liquid flow system since a liquid polymer 
solution is flowing in a main stock of water. The two general approaches for the numerical 
simulation of liquid-liquid multiphase flows are the Euler-Lagrange approach and the Euler-Euler 
approach. 

With the Euler-Lagrange approach the flow can be solved directly without any modeling, i.e. a 
DNS, and then a particle tracking method is applied in order to follow the dispersed flow. The 
second approach is the Eulerian-Eulerian model that solves the full Navier-Stokes without further 
modeling of the effects of fluctuations or interface turbulent small scale. Therefore it can be used in 
the case of very fine grids with respect to the scale of interest of the problem. 

     In Ansys Fluent, the Lagrangian-Eulerian model is referred to DPE discrete model. The term 
Dispersed Phase Elements (DPE) indicates the discrete particles fluid lost inside the fluid 
continuous. The Lagrangian-Eulerian model assumes that the system is strongly dispersed and the 
coupling between dispersed and continuous phase is predominantly one-way (the dispersed phase 
has little or no influence on continuous motion). The dynamics of fluid particles of the dispersed 
phase is resolved in accordance with equations in Lagrangian formulation: they are tracked in their 
movement through the fluid continuous. The fluid is governed by equations averaged of Eulerian 
type, i.e. related to an inertial reference system. Because of this hybrid approach the model takes its 
name Eulerian-Lagrangian (Ansys Fluent Manual 12.0). An important advantage of the model 
Eulerian-Lagrangian consists in being able to analyze the properties of each DPE separately. On the 
other hand, problems arise in the case in which the fraction by volume of the phase 
leakage becomes important. This fact brings a very significant increase in costs 
computational (Ansys Fluent Manual 12.0) 

In the Eulerian-Eulerian model, the dynamics of both phases is described by equations in the 
Eulerian form; in this way the two phases can freely interact with each other and interpenetrate. The 
equations are still of average type. This model is also called two-fluid model. To distinguish the two 
phases an indicator in the system is introduced, typically chosen as the fraction phase, that indicates 
the probability of, in each computational cell, having one of the two phases. A major advantage of 
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the Eulerian-Eulerian model is the fact the dynamics of the two phases is coupled,  for this reason it 
is applicable to all flow regimes and not only those with high dispersion. Ansys Fluent offers three 
different sub-models of the Euler-Euler approach, i.e. the volume of fluid model (VOF), the mixture 
model and the Eulerian complete model (Ansys Fluent Documentation 12.0). 

In the VOF method a single system of conservative equations is solved for a two-phase flow, which 
is considered as composed of a single fluid or two fluids separated by an interface. The phenomena 
related to the presence of the interface, specifically the surface tension, are added to the Navier-
Stokes equations by means of the three-dimensional function of Dirac. The spatial domain is 
discretized with finite volume, with an approach of type set-up: all variables are measured in the 
center of each computational cell. The VOF model is employed for stratified flows, free-surface 
flows, motion of large bubbles in a liquid, and the steady or transient tracing of liquid-gas interface 
(C. Crowe et al, 1998). 

When the interphase laws are unknown  and the phase distribution is very wide, the mixture model 
is the most appropriate model resolving a small number of variables. Every equation is solved in the 
mixture model and the volume fraction equation for the second phase. If there are different 
velocities between the phases, the relative speeds are calculated. The mixture model is suitable for 
flows in which the phases mix exceed 10% (flows with less than 10% will be modeled by using the 
Euler-Lagrange approach). Moreover, it can be applied for pneumatic transport of homogeneous 
flow and for slurry flows and hydrotransport like the Eulerian flow (M. Manninen et al, 1996). The 
mixture model can be considered as a simplified version of the Eulerian complete model. 

The Eulerian complete model is the most computationally expensive of the three models, 
conversely the mixture model is less computationally expensive and is more suitable than the 
Eulerian model if  there is a wide distribution of dispersed phases. Only if the dispersed phases are 
concentrated in some particular portions of the domain, then the Eulerian complete model is 
preferred (D. Cokljat et al, 2003).  The Eulerian model gives more accurate results than the mixture 
model when interphase drag laws are applied, but if the exact drag laws are unknowns, then the 
mixture model represents the best choice. The drag laws represents the drag model that the phases 
follow and the lack of knowledge of the drag law represents in this case an important reason to 
choose the mixture models which also results less computational expensive (few equations are 
resolved).  
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3. Geometry set-up 

  

3.1  Nozzle geometries 

     As a starting point, the mixing process was analyzed by modeling the three different dosage 
nozzles currently implemented on the Innventia FEX pilot paper machine. The first step was to 
recreate the geometries and test them. The computer aided design (CAD) software used for the 
purpose is ANSYS ICEM. This software was also used to create the mesh of the geometries and to 
build the .msh file to export on FLUENT.  

     The geometries were of medium complexity and the design was perhaps the most time 
consuming part of the entire simulation process. During the meshing process only the parts of the 
nozzle affecting the dosage process were elaborated. 

Five different nozzle design and configuration were studied. The main stock flow has a pipe of 
diameter of 150 mm. The nozzle diameters are such that an approximately equal flux of retention 
aid is obtained with the different dosage strategies.  

 

3.1.1 Single side wall dasage 

     The first dosage strategy, which will be referred to as the single side wall dosage, consists of a 
single nozzle, with an exit outflow diameter of 7 mm, mounted normal to the main pipe flow. The 
nozzle protrudes inside the wall of the main pipe with a spherical round section, 16 mm diameter, 
see Figure 3.1 

 

 

Figure 3.1  Single side-wall nozzle 

 



 

   The geometry, shown in Figure
model the nozzle without the upper edge of 5 mm 

 

           

            Figure 3.2a  Side nozzle                   

Shown in Figure 3.2b is the part of
contact with the main flow. 

 

3.1.2 Triple side wall dosage  

     The second dosage strategy, which shall be referred to as the triple side wall dosage, consists of 
three nozzles spaced mounted symmetrically about the circumference of the main pipe flow
exit outflow diameter of each nozzle is 4 mm
approximately equal to the sum of th
wall dosage nozzles have an inlet 
diameter of 4 mm. The nozzles protrude into
these nozzles, dosage into the main is made 
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Figure 3.2 is different from the original design, since it was easier to 
model the nozzle without the upper edge of 5 mm that has no importance for the flow simulation.  

                 

     Figure 3.2b   Nozzle particular                 Figure 3.2c  Main pipe with side nozzle

.2b is the part of the nozzle that will be meshed, i.e. the part of the nozzle in 

dosage strategy, which shall be referred to as the triple side wall dosage, consists of 
symmetrically about the circumference of the main pipe flow

exit outflow diameter of each nozzle is 4 mm. Thus, the exit area of the single
approximately equal to the sum of the three exit areas of the triple side wall nozzles

nozzles have an inlet diameter of 5 mm, followed by a short contraction to the exit 
protrude into the main pipe to a distance of 16 mm.

these nozzles, dosage into the main is made at a 45 degree angle, see Figures 3.3 and 3

Figure 3.3  Triple side-wall nozzle 

.2 is different from the original design, since it was easier to 
has no importance for the flow simulation.   

  

Main pipe with side nozzle      

 

the nozzle that will be meshed, i.e. the part of the nozzle in 

dosage strategy, which shall be referred to as the triple side wall dosage, consists of 
symmetrically about the circumference of the main pipe flow. The 

the exit area of the single-wall nozzle is 
e three exit areas of the triple side wall nozzles.  The triple side 

followed by a short contraction to the exit 
to a distance of 16 mm. However, with 

3.3 and 3.4. 

 



 

 

     As in the single wall nozzle, the upper edge of 5 mm has not been modeled

 

     Since the external green part of  the side nozzles 
simulation, it will not be considered for the meshing process.
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As in the single wall nozzle, the upper edge of 5 mm has not been modeled

Since the external green part of  the side nozzles shown in Figure 3.4 is not useful for 
simulation, it will not be considered for the meshing process. 

As in the single wall nozzle, the upper edge of 5 mm has not been modeled.  

 

.4 is not useful for the 



 

 

The Figure 3.5 shows the components of the nozzles that will be meshed.

 

3.1.3  Centerline dosage 

     The third dosage strategy, referred to as 
center of the main pipe with dosage made concentrically
penetrates the main pipe with an angle
to ensure concentric dosage. The exit diameter
Figures 3.6 and 3.7. 
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Figure 3.5  Triple nozzle - particular 

.5 shows the components of the nozzles that will be meshed. 

dosage strategy, referred to as centerline dosage, consists of a nozzle 
with dosage made concentrically to the main pipe flow

with an angle of 45 degrees. Therefore there is a 45 degree inside the pipe 
. The exit diameter of the centerline dosage nozzle is of 7 mm, see 

Figure 3.6  Centerline nozzle 

 

a nozzle mounted into the 
pipe flow. The nozzle 

herefore there is a 45 degree inside the pipe 
nozzle is of 7 mm, see 

 



 

 

 

 

During the mesh process it was possible to avoid the meshing of the external parts of the nozzle 
do not affect the flow. 

 

3.1.4  Straight and elliptical nozzles

     A second class of retention aids dosage was evaluated, namely pure concentric dosage.
these dosages, a straight cylindrical dosage nozzle was mounted concentrically with the main pipe 
flow. These nozzles had a fixed initial diameter, followed by a sudden contraction to a smaller 
outflow diameter. Three different outflow diameters were
see Figures 3.8 and 3.9. 
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Figure 3.7  Centerline nozzle (particular) 

During the mesh process it was possible to avoid the meshing of the external parts of the nozzle 

Straight and elliptical nozzles 

A second class of retention aids dosage was evaluated, namely pure concentric dosage.
these dosages, a straight cylindrical dosage nozzle was mounted concentrically with the main pipe 
flow. These nozzles had a fixed initial diameter, followed by a sudden contraction to a smaller 
outflow diameter. Three different outflow diameters were considered, i.e. 3 m

Figure 3.8 Straight cylindrical nozzle 

 

During the mesh process it was possible to avoid the meshing of the external parts of the nozzle that 

A second class of retention aids dosage was evaluated, namely pure concentric dosage. With 
these dosages, a straight cylindrical dosage nozzle was mounted concentrically with the main pipe 
flow. These nozzles had a fixed initial diameter, followed by a sudden contraction to a smaller 

3 mm, 1.5 mm and 1 mm, 
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 Figure 3.9  Straight cylindrical nozzle. The nozzle is shown on the right and the nozzle mounted into the main pipe is 

shown on the right 

 

     The same configuration has also been tested with an elliptical contraction rather than a sudden 
contraction inside the nozzle (Figure 3.10). This profile has been designed to obtain a constant 
acceleration, which can be seen as follow, 

 

                                                           y(x) = 
�7�7�(�) = 

�7�7�∙�~�7                                           [3.1] 

 

where  �� is the velocity at the inlet diameter of the elliptical restriction (x = 0),  �� is the radius of 
the inlet diameter and  c is a constant due to the linear acceleration. 

 

 

Figure 3.10  Straight elliptical nozzle 
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     The third type of geometries tested is a modification of the single side-wall nozzle with three 
different bending angles: 0, 30 and 60 degrees, see Figure 3.11 

 

 

Figure 3.11   0, 30, 60 degrees nozzles 

 

3.1.5 Annulus nozzle 

     The last dosage strategy investigated will be referred to as the annulus nozzle. With this nozzle, 
the retention polymers flow in the central pipe and in the external pipe there will be an annulus of 
pure water flowing at equal speed to the retention polymers, see Figure 3.12. 

 

 

Figure 3.12  Annulus nozzle. Shown on the left is a frontal view of the nozzle and on the right a view from above 
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3.2  Grid generation 

      The  approach to meshing consisted of splitting the entire flow domain into smaller subdomains 
and then to discretize and solve the governing equations inside each subdomain. The mesh elements 
used here are hexahedra and tetrahedra in 3D and quadrilaterals and triangles in 2D.  In choosing a 
grid type for this problem setup time, computational expense and numerical diffusion were all 
considered. 

    In order to obtain the best solution within the least time over the complex regions in the domain, 
unstructured mesh (triangular and tetrahedral elements) were used. This included mesh refinement 
and increased resolution in areas of high complexity and importance. Where the geometry is simple, 
there will be no savings in time using one procedure rather than the other.    

     In order to reduce the computational expense, one must bear in mind that a  
triangular/tetrahedtral grid is created with fewer elements than the same mesh made up of 
quadrilateral/hexahedral cells, therefore  using triangular/tetrahedtral elements for complex 
geometries or regions of flow with large length scales can reduce computational time significantly. 
This is due to the fact that structured (quadrilateral/hexahedral) grids usually place elements in 
regions where they are not needed, where as unstructured (triangular/tetrahedtral) grids are the 
better choice for more complex geometries and to catch the large scales of turbulence saving time 
(Ansys Fluent 12.0 Manual). In general quadrilateral/hexahedral meshes are used for simple 
geometries, unstructured quadrilateral/hexahedral meshes are used for moderately complex 
geometries and triangular/tetrahedtral meshes are used for relatively and extremely complex 
geometries.  

     In order to reduce the numerical diffusion on the solution, a second-order discretization scheme 
should be used. Another method used to minimize the numerical diffusion was to refine the mesh or 
to align the flow with the mesh. It was impossible to align the flow with the grid by using 
triangular/tetrahedtral mesh, and thereby reducing the size of the mesh.  

 

3.2.1   Mesh quality  

     The stability and the accuracy of the numerical simulation depends strongly on the quality mesh. 
Several parameters needed to be considered in order to ensure a good mesh quality. The quality of 
the mesh can be evaluated using the following criteria. The first one is the  cell squish, which 
measures how far a cell diverges from orthogonality with respect to its faces. The second one is the 
cell aspect ratio, which measures the stretching of a cell, calculated as the ratio of the maximum 
value to the minimum value of the distance between the cell centroid and the face centroids. These 
definitions can be employed on any type of mesh. 

     Also considered was the node density which can determine the degree to which the 
characteristics of the flow are calculated.  

     Mesh spacing near walls represents the boundary layer resolution and it has a critical role in the 
computation of the wall shear stresses. Each flow passage has been built up of 5 cells at least, but 
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more cells are necessary to solve many situations. For example, mixing regions were made of fine 
cells to get all the variations of the flow, but it is quite hard to identify the critical zones in advance. 
It is important to consider that increasing the mesh accuracy, the CPU and memory conditions 
increase. Therefore the solution-adaptive mesh refinement was used to increase or decrease the grid 
density based on the changing flow field.                

     Since turbulent flows are more sensitive to mesh quality than the laminar flows, it was essential 
that turbulence quantities were solved with sufficiently fine meshes in zones where there are shear 
layers with large strain rate and where there are rapid changes in the flow.  

 

3.2.2  Mesh and boundary conditions 

     Following the considerations mentioned above concerning the suitable of mesh type, the grids of 
the existing geometries were created with unstructured tetrahedral cells and then the mesh quality 
was increased through a higher resolution in the critical zones such as near wall regions and mixing 
zones.  In all cases, the skewness, defined as the difference between the shape of the cell and the 
shape of an equilateral cell of the same volume, was kept below 0.95 in order to reduce 
convergence problems. The squish index, defined as the vector from the cell centroid to each of its 
faces and the corresponding face area vector was kept below 0.99 and the mesh quality of 
tetrahedral grids was checked using the squish index.  The aspect ratio kept below 5:1 in the bulk 
flow and 10:1  inside the boundary layer. 

     The mesh was exported to Fluent with the boundary conditions as shown in Table 3.1 and with 
the velocities indicated in Table 3.2. The Table 3.3 indicates the number of cells grid for each mesh 
created and the Figures 3.13 and 3.14 show the mesh of the different configurations. 

   

Boundary Conditions 

Inlet  Velocity Inlet 

Outlet Outflow 

Inlet side nozzles Velocity inlet 

Wall No Slip condition at Wall 

Table 3.1  Boundary conditions 

 

 

 

 



31 

 

Test 
point 

Dosage 
strategy 

Dosage 
velocity 

m/s 

Pipe 
flow 

speed      
m/s 

Speed 
ratio 

14E 
Single 
wall 

nozzle 

1,47 2,45 0,60 
14A 2,6 2,45 1,06 
14B 6,5 2,45 2,65 
14C 15,2 2,45 6,20 
14D 21,7 2,45 8,86 
15E 

Triple 
wall 

nozzles 

1,47 2,45 0,60 
15A 2,6 2,45 1,06 
15B 6,5 2,45 2,65 
15C 15,2 2,45 6,20 
15D 21,7 2,45 8,86 
15J 

Pipe 
centre 
nozzle 

1,47 2,45 0,60 
15F 2,6 2,45 1,06 
15G 6,5 2,45 2,65 
15I 10,8 2,45 4,41 
15H 15,2 2,45 6,20 

Table 3.2  Dosage velocities and corresponding speed ratios 

 

In previous CFD based studies on jet mixing, (Jayanti, 2001; Ranade, 1996), no boundary 
conditions for k and ε at the nozzle entry were prescribed.  Therefore in this study, no boundary 
conditions were specified at the nozzle inlets for k and ε, but the turbulence initial condition was set 
through the hydraulic diameter, i.e. the diameter of the nozzle and a basic value of turbulence 
intensity (5% as suggested by Fluent manual for these applications).    
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Model 
Single side-wall nozzle 
Triple side-wall nozzle 
Centreline pipe 
Concentric straight nozzle 
Concentric elliptical nozzle 
0, 30 and 60 degrees nozzles 
Annulus 

33 

Number of cells grid 
98412 127145 
96523 128798 
 75842   98517 
150746 292911 
168123 264038 
99412 125233 

101458 130412 
 

Table 3.3  Grids model for 3 different sizes 

 

 

 

 

 

 
198354 
201685 
150658 
401847 
395124 
185472 
195648 
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4. Results 

 

4.1  Validation and grid sensitivity study 
 
     Each computational fluid dynamics (CFD) simulation has to be validated. This step is necessary 
to understand if the results obtained from the simulation make sense and if they can be used for any 
kind of  modification to the design of the project.  The results have to be credible, i.e. they have 
acceptable levels of uncertainty and errors. The aim of validation is to check the numerical accuracy 
of the solver used. It’s done obtaining a converged solution and a good enough grid. If the grid is 
poor, the solution will not converge. 
 
     The verification of a calculation consisted of determining the accuracy of the calculation and 
obtaining an error estimate of the final value (error estimation). In order to do so, a grid 
convergence study was performed, determining the order of convergence, the error bands and the 
grid convergence indices (GCI). This was done testing different grid resolutions for the same 
geometry.  
 
     The aim of the validation was to check if the simulation agrees with real world and if possible,  
comparing the results of the simulation with experimental data. Since no experimental data is 
available for comparison with this work, the focus was on verification through a grid convergence 
study and  supported with the iterative convergence and the consistency of the solution.  
 
 
 
4.1.2  Grid convergence 
 
 
A grid convergence study was performed which consisted of simulating the same model on three 
different grids of increasing size as shown in Table 3.3. By examining the spatial convergence of a 
simulation it was possible to determine the discretization error of the simulations.  
      
     The first step in the grid convergence study was to generate a series of grids. This consisted of 
generating a very fine grid and then removing every other grid line in each coordinate direction. It 
was possible to build a series grid following the relation: 
 
                                                                        N = 2$  � + 1                                                         [4.1] 
 
where N is the number of grid points, n is the level of coarser grids and m is an integer that can be 
different for each coordinate direction.  The grid refinement ratio r, i.e. the ratio of the coarse grid to 
the ratio of the fine grid should be such that r ≥ 1.1 in order for the discretization error to be 
differentiated from other error sources. 
 
     The method used in this thesis work was to estimate the grid convergence based on Richardson’s  
extrapolation (Roache P.J., 1998.) as illustrated below in its main steps, introducing some 
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parameters: 
 
The first the order of convergence, p, was estimated as 
 

                                                                     p =  ��u�q3 �5�53 �4v
�� (�)                                                               [4.2] 

 
obtained from solutions obtained using a constant grid refinement ratio r and where f1 , f2 and f3 are 
the three solutions considered for the calculation. 
 
Richardson’s extrapolation was then used to obtain a higher-order estimate of the continuum value 
(value at zero grid spacing) from a series of  lower-order discrete values as follows 
 

                                                                   fh=0 ≅  ��  +  �4' �5 �� '�                                                        [4.3] 

 
The formula above is for a p-th order methods and r-value of grid ratio (note that r doesn´t have to 
be an integer). The  fh=0  is  an estimate of  f  in the limit as the grid spacing goes to zero. 
 
     One of the most significant parameters that indicate grid convergence is the grid convergence 
index (GCI). It gives an error estimate on the grid convergence of the solution as a percentage of 
how far the computed value is from the value of the asymptotic numerical value and how much the 
solution will change with a finer grid. A small GCI means that the computation is within the 
asymptotic range . Therefore  it is expected that with finer grids the solution will not change much 
and approach asymptotically the true numerical solution.  
     To obtain an accurate value of the order of convergence and to examine if the solutions are in the 
asymptotic range of convergence it is suggested to calculate the GCI on three levels of grid (AIAA, 
Guide for the Verification and Validation of Computational Fluid Dynamics Simulations, 1998 ).  
 

                                                                          GCIfine = 
��|i|

��'�                                                         [4.4] 

 
where Fs is a factor of safety. It should be equal to 3.0 for comparisons of two grids and 1.25 for 
comparisons over three or more grids.  
 

ε is the relative error and is defined:    ε =  
�5' �4�4  

 
     Each grid level has to give solutions that are in the asymptotic range of convergence for the 
computed solution. This can be checked by observing two GCI values computed over three grids: 
 

           GCI23 = �A GCI12                                        [4.5] 
 
 
     A Grid convergence study was performed for triple side wall nozzles, with relative dosage 
velocity  R = 1.06 and using the strain rate of the flow in the critical points of the configuration, i.e. 
where the strain rate reaches the highest values. Here, the flow field was computed on three 
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different grids  consisting of 98517 cells for the coarser grid, 128798 cells for the medium grid  and 
168225 cells for the finer grid. The Table 4.1 and the Figure 4.4 indicate the grid information and 
the resulting wall shear stresses computed from the solutions. Each solution was converged with 
respect to iterations. The middle column is the spacing normalized by the spacing of the finest grid. 
Using the equations [4.2]-[4.5] of the Richardson’s extrapolation the data needed to verify the 
convergence were obtained for the triple side-wall nozzles at speed ratio R=1.06 as shown in Table 
4.2.  

 
 

Grid Normalized Grid Spacing Wall Shear Stress 
1 1 122.96 
2 2 118.04 
3 4 93.16 

Table 4.1  Wall shear stress triple side-wall nozzles at speed ratio R = 1.06 

 

 

p SSh=0 Fs GCI12 GCI23 Range of 
convergence 

2.337996 124.173 1.25 1.233% 6.49 % 1.0419 
Table 4.2  Index obtained from the Richardson’s extrapolation for  triple side-wall nozzles at speed ratio R = 1.06 

 

 

Figure 4.4  Convergence case 15B (R=1.06) 
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The same study was carried out for the case 15C  (triple side-wall nozzles at speed ratio R = 6.20) 
to confirm the grid convergence as illustrated in Table 4.3 and 4.4. The Figure 4.5 illustrates the 
grid information and the resulting wall shear stresses computed from the solutions. 

The  solutions of both simulations are in the asymptotic range of convergence  ( ~ 1) and for this 
reason it is possible to say that grid convergence was obtained. Besides the errors bands between 
the medium and the finest grid (GCI12) is 1.23% and 0.091% respectively for the 15B and the 15C 
cases, therefore the medium grid is the best compromise between computational time and accuracy 
of the solution. 

 
 

Grid Normalized Grid Spacing Wall Shear Stress 
1 1 532.223 
2 2 531.908 
3 4 530.21 

Table 4.3  Wall shear stress (15C) 

 
 
 

p SSh=0 Fs GCI12 GCI23 Range of 
convergence 

2.4304127 532.2947 1.25 0.01685 % 0.0911 % 1.002977 
Table 4.4  Index obtained from the Richardson’s extrapolation for  triple side-wall nozzles at speed ratio R = 6.20 

 
 

 

Figure 4.5  Convergence case 15C (R=6.2) 
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4.1.3    Iterative convergence and consistency  
  
     First of all, it is necessary that each solution converges with respect to the iterations. The 
convergence criterion used here was 10'�  for the energy equation, 10'� for the continuity equation 
and 10'G for all other equations. The consistency of the solutions was also checked for each 
simulation, i.e. the overall mass (a flow in a pipe has to maintain the mass conservation through the 
pipe), momentum, energy and scalar balances were verified.  Each condition of the residuals was 
satisfied over the iterations and the net imbalances were less than 0.2% of the net flux through the 
domain. 
     Figures 4.6, 4.7 and 4.8 show plots of the solution residuals vs. number of iterations for three 
different mesh sizes. These solutions refer to the simulation of case 15B (triple side-wall nozzles at 
speed ratio R = 2.65) computed on the three different meshes.  
It can be observed that after a certain number of iteration the residuals don’t reduce further, rather  
they have a zigzag trend. This  is due to the resolution of the grid and it means that it’s not possible 
to obtain results of higher precision. It can be also seen that with the finer grids, more iterations are 
required before the residuals have the zigzag trend. As already mentioned in the previous chapters, 
the main aim of this work is to identify the location of maximum strain rate experienced the 
retention aid polymers during addition into a stock flow and to estimate the relative magnitude. In 
this way it will be possible to get the key parameters that lead to mechanical degradation of the 
polymer chains and to identify problem areas associated with the design and operation of the dosage 
nozzles . 

 
 

 
 

Figure 4.6  Residuals case 15B (R=1.06) 98517 cells 
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Figure 4.7  Residuals 15B (R=1.06) 128798 cells 

 

 

 

Figure 4.8 Residuals 15B (R=1.06) 168225 cells 
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     4.2  Location of maximum shear stress: FEX configurations  

    The first configuration analyzed was the single side-wall dosage strategy with five different 
speed ratios.  Looking at the distribution of strain rate on the side nozzle it’s possible to see the 
same type of distribution in each case; the geometry and the flow configuration seem to be the main 
factors influenceing the position of the highest values of strain rate. The velocity varies only in the 
magnitude of the values giving small changes of the shape of distribution (Figure 4.9). 

Table 4.5 shows the values of strain rate at different speed ratio and relative viscosity and shear 
stress in the position of highest strain rate. The location has been detected just outside the nozzle in 
a point near the border of the nozzle in the YZ plane. Comparing the five cases it’s possible to see 
how the strain at this point increases in magnitude with the velocity.   

 

 

 

  Figure 4.9  Section plane YZ – R=2.6                    

 

 Dosage 

velocity 

Speed ratio Strain rate  (1/s) Viscosity 

(mPas) 

Shear Stress 

(Pa) 

14E 1,47 0,6 1139,99 2,61 2975,3739 

14A 2,6 1,06 1484,19 2,44 3621,4236 

14B 6,5 2,65 3348,48 2,22 7433,6256 

14C 15,2 6,2 7830,28 2,04 15973,7712 

14D 21,7 8,86 11178,74 1,88 21016,0312 

 

Table 4.5  Single side-wall nozzle 
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         The second configuration under analysis was the triple side-wall nozzle: three equal-spaced 

nozzles tested at five different speed ratios.  

The observations and the conclusions made for the first configuration are also valid in this case, i.e. 
the geometry and the flow configuration are the main factors influencing the highest values of strain 
rate. The velocity only varies the magnitude of these values giving small changes of the shape of 
distribution (Figure 4.10). The situation is identical for each of the three nozzles. 

The Table 4.6 shows the values of strain rate at different speed ratio, relative viscosity and shear 
stress in the position of  highest strain rate. The location has been detected just outside the nozzles. 

 

 

Figure 4.10   Section plane YZ – R=2.6 

 

 Dosage 

velocity 

Speed ratio Mixture turbulent (Strain 

rate 1/s) 

Viscosity (mPas) Shear Stress 

(Pa) 

15E 1,47 0,6 1871,83 2,45 4585,9835 

15A 2,6 1,06 2867,25 2,27 6508,6575 

15B 6,5 2,65 6598,6 1,97 12999,242 

15C 15,2 6,2 15532,29 1,81 28113,4449 

15D 21,7 8,86 22415,37 1,75 39226,8975 

 

 Table 4.6  Triple side-wall nozzle 
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The last FEX configuration was the centerline pipe; a nozzle concentric with the main pipe tested at 
five different speeds. Here the observations and conclusions made for the previous cases are again 
valid as shown in Figure 4.11 and in Table 4.7. 

 

 

Figure 4.11  Centerline nozzle R=2.65 

 

 Dosage 

velocity 

Speed ratio Strain rate (1/s) Viscosity (mPas) Shear Stress 

(Pa) 

15J 1,47 0,6 1387,6 3,03 4204,428 

15F 2,6 1,06 2165,37 2,68 5803,1916 

15G 6,5 2,65 4883,65 2,33 11378,9045 

15I 10,8 4,41 8114,37 2,045 16593,88665 

15H 15,2 6,2 11420,22 1,97 22497,8334 

 

Table 4.7  Center line nozzle 
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4.3   Estimate of Shear Stress 

Plotting the maximum strain rate and the viscosity, it’s possible to evaluate the shear stress from the 
relation: 

τ =  μγ�                                                  [4.6] 

     According to Figure 4.12, the strain rate has similar values at a speed ratio of 1, and then 
increase linearly from the speed ratio of 2.65. The viscosity has been evaluated for each case and its 
trend agrees well with the experimental data of polymers found in the literature (P.K. Ptasinski et al, 
2001). Since a linear relation exists between the shear stress and the strain rate, the shear stress has 
the same trend of the strain rate. Even if the viscosity is not constant the variation (from 2.61 mPas 
to 1.88 mPas) is not so significant to alter the trend in shear stress from that of strain rate (Figure 
4.13). Moreover the strain rate-shear stress relationship has been plotted graphically to check that 
the pseudo-plastic behavior of the polymer fits within a certain approximation the theoretical 
behavior (Figure 4.14). This configuration shows how that if the side flow is protected from the 
main flow, the highest values of strain rate is reached immediately outside of the nozzle where the 
two flows meet, the magnitude of which is greatest at the highest speeds. Here the same 
considerations made about the trend of shear stress and strain rate are valid, but the values are 
double for the speed ratio of 2.65, 6.2 and 8.86. The viscosity decreases from 2.45 mPas to 1.75 
mPas and thus the pseudo-plastic behavior is a good approximation. Comparing the three 
configurations it’s easy to see how the single side-wall and the centerline nozzle assume similar 
values of strain rate and shear stress, instead the triple side-wall nozzle doubles the values at a speed 
ratio of 2.65 with respect to the single side-wall nozzle. The centerline nozzle assumes values that 
are more or less in the middle between the single and the triple nozzle.  

 

 

Figure 4.12  Comparison strain rate 
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Figure 4.13  Comparison Shear stress 

 

 

Figure 4.14  Comparison viscosity 

 

The three configurations obtain similar values of strain rate at a speed ratio near 1, then the values 
start to diverge with increasing speed ratio, but each case follows a linear trend. Observing the shear 
stress it’s evident that the lowest values belong to the single nozzle and until a speed ratio of 2.65 
with the centerline and triple nozzles assuming similar values. A linear trend is still followed. 

 

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

0 2 4 6 8 10

S
h

e
a

r 
S

tr
e

ss
 P

a

Velocity (m/s)

Single nozzle

Triple nozzle

Centreline

0

0,5

1

1,5

2

2,5

3

3,5

0 2 4 6 8 10

V
is

co
si

ty
 m

P
a

s

Velocity (m/s)

Single nozzle

Triple nozzle

Centreline



45 

 

The values of viscosities don’t change much from each case. Only the centerline nozzle reaches 
values high enough to obtain shear stress higher than the single nozzle. It must be underlined that 
the change of viscosity for the highest values of velocity are very small and this is due to the fact 
that the polymers are reaching �∞ which means that they are starting to assume a Newtonian 
behavior at constant viscosity. 

 

4.4.1  Strain rate and shear stress: concentric nozzles 

Two different configurations of concentric nozzles have been tested: a cylindrical concentric nozzle 
(Figure 4.15) and an elliptical concentric nozzle (Figure 4.19). For each configuration three 
different diameters are considered, namely, 3 mm, 1.5 mm and 1 mm and for each different speed 
ratio. 

 

 

Figure 4.15  Strain rate Straight nozzle 

 

     From the Tables 4.8, 4.9, 4.10 and Figures 4.16 and 4.17 it is possible to notice how the values 
of the strain rate goes from 22100 1/s at a speed ratio of 2.65 with a diameter of 3 mm to 692041 1/s 
with a diameter of 1 mm at the same speed ratio. It must be remembered that these nozzles, which 
are 650 mm in length contain a sudden a contraction from an initial diameter of 8 mm, to a smaller 
diameter of 3 mm, 1.5 mm and 1 mm, at a point 200 mm prior to the nozzle exit. The acceleration, 
and therefore strain-rate is large and reaches its peak at the contraction of the nozzle, while 
assuming a value just a bit lower outside the nozzle. So it must be determined if the high strain rate 
reached inside the pipe leads to breakage of polymers. 

 

Speed 

ratio 

Strain rate (1/s) Viscosity (kg/m-s) Shear Stress (Pa) 

1,06 8613,65 2,26 19466,849 

2,65 22100,08 1,925 42542,654 

6,2 63373,023 1,8085 114610,1121 
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Table 4.8  Straight cylindrical nozzle (3 mm diameter) 

Speed 

ratio 

Strain rate (1/s) Viscosity (kg/m-s) Shear Stress (Pa) 

1,06 95389,812 1,582 150906,6826 

2,65 245423,81 1,492 366172,3245 

6,2 680587,12 1,426 970517,2331 

Table 4.9  Straight cylindrical nozzle (1.5 mm diameter) 

 

Speed 

ratio 

Strain rate (1/s) Viscosity (kg/m-s) Shear Stress (Pa) 

1,06 268872,06 1,375 369699,0825 

2,65 692041,38 1,29 892733,3802 

6,2 1037501,7 1,22 1265752,074 

Table 4.10  Straight cylindrical nozzle (1 mm diameter) 

 

 

Figure 4.16  Comparison strain rate 

 

     The increased speed at the exit due to the high acceleration brings the maximum value of strain 
rate on the order of ~ 1000000 for the case of the 1 mm diameter nozzle. These values are very high 
and it has therefore been necessary to re-design the nozzle in a way to decrease the acceleration 
inside the nozzle to obtain lower values of strain rate and of shear stress. 
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Figure 4.17  Comparison shear stress 

 

The viscosity assumes values lower than the cases with the FEX configurations because of the 
higher speeds. It’s interesting to underline that with the case of 1 mm, the viscosity does not vary 
significantly with speed ratio and the polymer solution behaves rather Newtonian-like (Figure 4.18). 
Also, according to figure 4.18 it appears that for higher speed ratios, the change in viscosity is about 
the same order as for 1 mm for 1.5 and 3 mm as well.  

 

 

 

Figure 4.18  Comparison viscosity 

 

The second type of concentric nozzle has been with an elliptical exit in order to obtain a constant 
profile of acceleration. 
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Figure 4.19  Strain rate straight elliptical nozzle 

 

In this way the level of strain rate is much lower than that reached in the straight nozzle where the 
highest values of strain are reached just outside the nozzle. The values (Tables 4.11, 4.12 and 4.13) 
are of the same order of magnitude even if a bit smaller with respect to the same cases of the 
straight configurations. The best improvement reached with this design is a lower level of strain rate 
inside the nozzle, but the values at the outflow zones are not much better than the previous cases. 

The values of strain rate and shear stress outside the nozzle are similar to the straight nozzle and the 
same is true for the viscosity (Figures 4.20, 4.21 and 4.22). 

Dosage 

velocity 

Speed 

ratio 

Strain rate (1/s) Viscosity (kg/m-

s) 

Shear Stress 

(Pa) 

2,6 1,06 15554,11 2,1 32663,631 

6,5 2,65 49056,68 1,85 90754,858 

15,2 6,2 56882,121 1,69 96130,78449 

Table 4.11  Straight elliptical nozzle (3 mm diameter) 

 

Dosage 

velocity 

Speed 

ratio 

Strain rate (1/s) Viscosity (kg/m-

s) 

Shear Stress 

(Pa) 

2,6 1,06 81480,83 1,727 140717,3934 

6,5 2,65 200812,33 1,53 307242,8649 

15,2 6,2 482455,66 1,36 656139,6976 

Table 4.12  Straight elliptical nozzle (1.5 mm diameter) 

 

Dosage 

velocity 

Speed 

ratio 

Strain rate (1/s) Viscosity (kg/m-

s) 

Shear Stress 

(Pa) 

2,6 1,06 176574,23 1,49 263095,6027 

6,5 2,65 414096,96 1,32 546607,9872 

15,2 6,2 1003209,8 1,27 1274076,446 

Table 4.13  Straight elliptical nozzle (1 mm diameter) 
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Figure 4.20  Comparison strain rate 

 

 

 

Figure 4.21  Comparison shear stress 
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Figure 4.22  Comparison viscosity 

 

 

4.4.2  Strain rate and shear stress: 30 - 60 - 90 degrees 

      As will be shown, these three configurations reach similar values of strain rate and shear stress 
comparable to those observed with the FEX configuration, i.e., the bending angle has negligible 
influence on the strain-rate values. However, the mixing inside the main pipe will be affected by the 
dosage angle (Figure 4.23). The shear stress of the single side-wall nozzle, the centerline pipe, the 0 
and 60 degrees configuration reaches a value of about 10000 1/s, while the 30 degrees configuration  
reaches values lower than 9000 1/s. The highest value is reached in the triple wall-side nozzle: 
22415 1/s (Figures 4.24 and 4.25).  All the highest values are realized at the highest speed ratio. 
Even if the viscosity is not constant, the small variations don’t change the trend in the shear stress 
(Figure 4.26). 

 

Figure 4.23  60 degrees strain rate 
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Figure 4.24  Comparison strain rate 

 

  

 

Figure 4.25  Comparison shear stress 
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Figura 4 - Comparison viscosity 

Figure 4.26 Comparison viscosity 

 

4.4.3  Strain rate and shear stress: annulus. 

This configuration has been tested to check if it is possible to get lower values of strain rate (Figure 
4.27). The values of strain-rate are similar to the triple side-wall configuration, but now the 
viscosity reaches lower values and also lower values of shear stress among all the cases (Figures 
4.28, 4.29 and 4.30). 

 

 

Figure 4.27  Annulus strain rate 

0

0,5

1

1,5

2

2,5

3

0 5 10 15 20

V
is

co
si

ty
 m

P
a

s

Velocity m/s

30°

60°

90°

 



53 

 

 

Figure 4.28  Strain rate annulus 

 

 

 

Figure 4.29  Viscosity annulus 
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Figure 4.30  Shear stress annulus 

 

 

4.5  Mixing analysis 

     The second aim of this analysis is to gain a better understanding of the mixing behavior of 
polymers in the main stock. This analysis has been carried out following a method already 
employed by Jung et al (2010) and Paananen et al (2009) in studies concerning viscoelastic fluids. 
This method consists in measuring inside the main flow, with a good precision, the diameter of so-
called spots of polymers with a value of volume fraction higher than a certain fixed level. Using this 
form of analysis, the evolution of  the spots inside the main pipe at different sections is evaluated 
and those areas of high polymer concentration are shown as a function of the speed ratio.  

 

4.5.1 FEX configurations 

First the FEX nozzles have been considered. The method adopted is to measure the diameter of the 
polymers spread at different sections. The spots will not be exactly circular however in most cases, 
the spots assume a circular shape therefore, a good approximated of spot size can be obtained using 
this approach. The volume fraction of reference used here is Φ > 0.05. This means that spots with a 
minimum volume fraction of polymers of 5 % have been considered. For each nozzle and each 
speed ratio three different sections have been analyzed: at 10 cm, 20 cm and 30 cm from the 
outflow point of the nozzles.  
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Speed ratio 

R 

Diameter φ>0.05 (mm) Single nozzle Diameter φ>0.05 (mm) Triple 

nozzle 

0,6 25 16 

1,06 30 23 

2,65 45 36 

6,2 80 58 

8,86 90 95 

 

Speed ratio 

R 

Diameter φ>0.05 

(mm) Centreline 

0,6 24 

1,06 28 

2,65 43 

4,41 48 

6,2 50 

                                                 

                                           Table 4.14  Mixing diameters FEX configurations at 10 cm section 

 

 

Figure 4.31  Mixing diameters comparison at 10 cm section 

 

    Table 4.14 and Figure 4.31 summarize the mixing at the point 10 cm downstream the outflow of 
the nozzles. For the centerline nozzle, the polymers are found to spread far less in the main pipe 
flow. At low dosage speed ratio, the single side-wall is found to give the best mixing. However, at 
the speed ratio of 8,86 the triple side-wall nozzle is shown to give the best mixing. Looking at the 
pictures of the sections it appears that the triple nozzles produce three spots inside the main flow 
and since the outflow diameters of those nozzles is smaller than the diameter of the single nozzles 
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(single side-wall and centerline) the volume fraction of the single spots are less spread compared 
with the mixed spots created by the other two cases. Even if we can’t exactly consider the total area, 
it is clear that, the mixing reached with the triple nozzles is better as compared to the one reached 
with the single side-wall configuration. At the highest speed ratio the three distribution of polymers 
blend in one central agglomerate with three cores at high volume fraction reaching the 8 %. At the 
same section and at the same speed ratio the single nozzle reaches 6 % and the centerline reaches 
5%. It must be underlined that the spot diameter is related to a volume fraction Φ > 5%, but in all 
cases the spreading of polymers is larger even if with lower values (2-3%). 

 

Speed ratio 

R 

Diameter φ>0.05 (mm) Single nozzle Diameter φ>0.05 (mm) Triple 

nozzle 

0,6 35 20 

1,06 38 26 

2,65 55 45 

6,2 87 108 

8,86 118 120 

 

Speed ratio 

R 

Diameter φ>0.05 

(mm) Centreline  

0,6 22 

1,06 25 

2,65 43 

4,41 49 

6,2 55 

 

Table 4.15  Mixing diameters FEX configurations at 20 cm section 
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Figure 4.32  Mixing diameters comparison at 20 cm section 
 

 

     Analyzing the section at 20 cm downstream the nozzles (Table 4.15 and Figure 4.32) it is 
possible to see the same behavior as the previous section: up to a speed ratio of 2,65 the diameters 
become similar in value, then the centerline nozzle tends to stabilize assuming more or less the 
same diameter at the highest speed ratio. The only difference is a different spreading of the triple 
nozzle at the speed ratio of 6,2: now the triple side-wall nozzle reaches a value higher than the 
single nozzle case and reaches a similar value at the highest speed ratio. 

 

Speed ratio 

R 

Diameter φ>0.05 (mm) Single nozzle Diameter φ>0.05 (mm)Triple nozzle 

0,6 36 17 

1,06 40 20 

2,65 70 47 

6,2 92 104 

8,86 78 130 

  

Speed ratio 

R 

Diameter φ>0.05 

(mm) Centreline 

0,6 19 

1,06 18 

2,65 26 

4,41 27 

6,2 29 

                                    Table 4.16  Mixing diameters FEX configurations at 30 cm section 
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Figure 4.33  Mixing diameters comparison at 30 cm section 

 

    At a point 30 cm downstream from dosage, (Table 4.16 and Figure 4.33) the centerline nozzle 
shows very little mixing and is the poorest of the three configurations. The triple side-wall reaches 
values higher than the single nozzle between the speed ratio of 6.2 and 8.86, but it must be 
remembered that for the triple configuration just one of the three spots has been considered and at 
high speed ratio they mix into one single structure reaching the best mixing among the three 
configurations. Actually the triple nozzles configuration creates better mixing even at the lower 
speed ratio, but this conclusion is based on considering the diameter of only one of the areas spread 
in the main flow. Nevertheless it’s sufficient to see that from a speed ratio lower than 4 and at 20 
cm from the nozzles outflow to a speed ratio of 8.82 the triple side-wall configuration achieve good 
mixing quality. Because of the irregular shapes of the spots of polymers is not possible to do a 
quantitative analysis of the areas, but considering an ideal diameter it’s possible to consider this 
analysis reliable to judge the triple configuration as the best case of the FEX nozzles. Furthermore, 
looking at the pictures of the different sections for two different speed ratio it’s easy to see how the 
polymers are evolving inside the main flow and it’s possible to notice that the triple nozzles spread 
the polymer solution from the external to the center reaching a quite complete mixing inside the 
flow.  
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Section (cm) R=2 R=6 
10 11% 12% 
20 6% 7% 
30 6% 6% 

Table 4.17  Single side-wall volume fraction 

 

 

Section (cm) R=2 R=6 
10 8% 7% 
20 5% 5% 
30 5% 5% 

Table 4.18  Triple side-wall volume fraction 

 

 

Section (cm) R=2 R=6 
10 16% 18% 
20 6% 8% 
30 3% 6% 

Table 4.19  Centreline pipe volume fraction 
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                        Figure 4.34a   Single side nozzle R=2 at 10 cm                         Figure 4.34b   Single side nozzle R=6 at 10 cm 

                       

                

                  Figure 4.34c   Single side nozzle R=2 at 20 cm                                Figure 4.34d  Single side nozzle R=6 at 20 cm 

             

                

               Figure 4.34e   Single side nozzle R=2 at 30 cm                                  Figure 4.34f   Single side nozzle R=6 at 30 cm 

 

From Figures 4.34, 4.35 and 4.36 and Tables 4.17, 4.18 and 4.19 it’s possible to see that even if the 
percentage of volume fraction is similar for two different speed ratio, the spreading of polymers 
inside is quite different and with higher speed ratio there areas which spread from the center and 
with a longer diameter. 
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                Figure 4.35a  Triple side nozzle R=2 at 10 cm                               Figure 4.35b  Triple side nozzle R=6 at 10 cm        

 

 

         

        Figure 4.35c    Triple side nozzle R=2 at 20 cm                                         Figure 4.35d   Triple side nozzle R=6 at 20 cm 

          

 

          

          Figure 4.35e   Triple side nozzle R=2 at 30 cm                                 Figure 4.35f   Triple side nozzle R=6 at 30 cm 
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                  Figure 4.36a   Central nozzle R=2 at 10 cm                                Figure 4.36b   Central nozzle R=6 at 10 cm 

              

            

         

              Figure 4.36c  Central nozzle R=2 at 20 cm                                   Figure 4.36d   Central nozzle R=6 at 20 cm 

           

        

            

          Figure 4.36e  Central nozzle R=2 at 30 cm                                               Figure 4.36f   Central nozzle R=6 at 30 cm 
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It must be remembered that concerning the triple side-wall nozzle, all the data (volume fraction, 
diameter) are related to one single area of polymers. Comparing with the single nozzle it’s possible 
to see a similar behavior: at the highest speed ratio the polymers spread from a central zone and the 
difference of volume fraction at the same section between the cases at two different speed ratios is 
small. It can be deduced that the velocity of the flow of polymers influences only the spread of the 
solution inside the main flow and the volume fraction is influenced by the outflow diameter: the 
single nozzle with a diameter of 7 mm produces spots with higher concentrations than the triple 
nozzle that have diameters of 4 mm each. In conclusion the centerline pipe gets the highest values 
of concentration at the section of 10 cm, but it equals the other cases at the section of 20 cm and 30 
cm. This configuration resulted in the worst level of mixing inside the main pipe since the polymer 
solutions tends to stay aligned along the direction of outflow of the nozzle without spreading 
sufficiently in the lateral side of the main pipe. 

 

 

4.5.2  Mixing analysis: straight and elliptical configurations 

     The same analysis has been carried out for the straight and the elliptical nozzles. Two different 
behaviors are observed between the straight nozzle and the elliptical. For the straight nozzle the 
spread area increases with speed ratio at each section. Instead for the elliptical nozzle, from a speed 
ratio of 3, and at each downstream section, a smaller area than the previous one is observed. 
Therefore at the speed ratio of 6.2, (for each downstream section) the elliptical nozzle spreads less 
than the straight one. Comparing the dimension of the spots at different sections it can be said that 
all the polymer solution contained in a cylinder concentric with the main pipe without a good spread 
in the radial section. As example, the sections of the elliptical nozzle have been reported, see Figure 
4.40. The Tables 4.20, 4.21 and 4.22 and the Figures 4.37, 4.38 and 4.39 are relative to the 
configurations with 3 mm diameters at three different speed ratio each. 

 

Speed ratio R Diameter φ>0.5 (mm) Straight nozzle Diameter φ>0.5 (mm) Elliptical 

1,06 9 5 

2,65 22 22 

6,2 30 20 

Table 4.20  Section 10 cm 

 

Speed ratio R Diameter φ>0.5 (mm) Straigh nozzle Diameter φ>0.5 (mm) Elliptical 

1,06 8 4 

2,65 25 26 

6,2 29 23 

Table 4.21  Section 20 cm 
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Speed ratio R Diameter φ>0.5 (mm) Straight nozzle Diameter φ>0.5 (mm) Elliptical 

1,06 17 16 

2,65 27 28 

6,2 30 28 

Table 4.22  Section 30 cm 

 

 

 

Figure 4.37  Comparison mixing straight nozzles 10 cm 
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Figure 4.38  Comparison mixing straight nozzles 20 cm 

 

 

 

 

 

Figure 4.39  Comparison mixing straight nozzles 30 cm 
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              Figure 4.40a  Elliptical nozzle R=2 at 10 cm                                      Figure 4.40b  Elliptical nozzle R=6 at 10 cm 

 

 

        

            Figure 4.40c  Elliptical nozzle R=2 at 20 cm                                        Figure 4.40d  Elliptical nozzle R=6 at 20 cm  

 

        

                Figure 4.40e  Elliptical nozzle R=2 at 30 cm                                     Figure 4.40f   Elliptical nozzle R=6 at 30 cm 
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Concerning the nozzle of 1.5 mm and 1 mm it must be said that those configurations follow the 
same behavior reaching a very poor quality mixing. Until a speed ratio of 1– 1.5  it’s possible to see 
that the solution reaches the exit of the pipe with a concentration good enough (about 4%) even if 
the polymers are concentrated in a small central area.  

 

 

         

 

 

 

 

 

 

                            Figure 4.41  Section XY plane straight cylindrical nozzle 3 mm diameter 

 

     Increasing the speed ratio (from 2.65 to 6.2) it’s easy to see that the solution doesn’t reach the 
exit of the pipe with a sufficient concentration and in a section at 20 cm from the outflow nozzle the 
volume fraction is lower than 1% (Figure 4.42). 

 

 

 

 

 

 

 

 

 

                                       Figure 4.42   Section XY plane straight cylindrical nozzle 1.5 mm diameter 
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The 1 mm diameter configuration doesn’t reach the 2% of volume fraction in the section at 10 cm 
of distance from the nozzle as shown in Figure 4.43. 

 

 

 

 

 

 

 

 

 

                                                     Figure 4.43  Section XY plane straight cylindrical nozzle 1 mm diameter 

 

 

4.5.3  Mixing analysis: 0, 30 and 60 degrees configurations 

 

     Other testes have been carried out modifying the bending angle and three different angles, i.e. 0, 
30 and 60 degrees. The Tables 4.23, 4.24 and 4.25 and the Figures 4.43, 4.44 and 4.45 show for 
each case the evolution of the polymer solution at three different sections downstream from the 
dosage point and for three different speed ratios. 

 

Speed ratio R Diameter φ>0.5 (mm) 

r=10 

Diameter φ>0.5 (mm) 

r=20 

Diameter φ>0.5 (mm) 

r=30 

1,06 15 5 5 

2,65 30 15 13 

6,2 45 25 23 

Table 4.23  Case 60 degrees 
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Speed ratio R  Diameter φ>0.5 (mm) 

r=10 

Diameter φ>0.5 (mm) 

r=20 

Diameter φ>0.5 (mm) 

r=30 

1,06 12 7 5 

2,65 22 19 10 

6,2 24 18 15 

Table 4.24  Case 30 degrees 

 

 

Speed ratio R Diameter φ>0.5 (mm) 

r=10 

Diameter φ>0.5 (mm) 

r=20 

Diameter φ>0.5 (mm) 

r=30 

1,06 11 10 6 

2,65 15 13 7 

6,2 20 20 14 

Table 4.25  Case 0 degrees 

 

 

 

 

Figure 4.43  Case 60 degrees 
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Figure 4.44  Case 30 degrees 

 

 

 

Figure 4.45  Case 0 degrees 

 

In general, the best mixing of polymers is found at the section of 10 cm downstream from dosage, 
and increases with the speed ratio. It’s interesting to observe how the solution of polymers changes 
behavior at the 20 cm section: for the case of 60 degrees the values at this section are similar to the 
values of the areas of the 30 cm section. For the case of 30 degrees the values are intermediate 
while for the case of 0 degrees the values are similar to the section at 10 cm. Considering the values 
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at the last section it’s easy to see that the best case can be realized with the 60 degree nozzles. 
Looking at the Figures 4.46, 4.47 and 4.48, it can be seen that the bending angle has a great 
influence on the position of the polymers spread inside the main pipe. 

 

          

                      Figure 4.46a  60 degrees – section 10 cm R=2                                     Figure 4.46b  60 degrees – section 10 cm R=6   

 

         

                Figure 4.46c  60 degrees – section 20 cm R=2                                                 Figure 4.46d  60 degrees – section 20 cm R=6 

 

            

                      Figure 4.46e  60 degrees – section 30 cm R=2                                      Figure 4.46f  60 degrees – section 30 cm R=6 
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                 Figure 4.47a  30 degrees – section 10 cm R=2                                   Figure 4.47b  30 degrees – section 10 cm R=6   

 

 

                 

                   Figure 4.47c  30 degrees – section 20 cm R=2                                              Figure 4.47d  30 degrees – section 20 cm R=6 

 

 

               

                      Figure 4.47e  30 degrees – section 30 cm R=2                                    Figure 4.47f   30 degrees – section 30 cm R=6   
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                        Figure 4.48a  0 degrees – section 10 cm R=2                                                  Figure 4.48b  0 degrees – section 10 cm R=6   

  

      

 Figure 4.48c  0 degrees – section 20 cm R=2                                                      Figure 4.48d  0 degrees – section 20 cm R=6   

 

        

                  Figure 4.48e   0 degrees – section 30 cm R=2                                                         Figure 4.48f   0 degrees – section 30 cm R=6   
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4.5.4  Mixing analysis: annulus configurations 

     The annulus configuration is considered below. As with the previous trails, three different speed 
ratios have been tested. Here, unlike the other cases, the highest speed ratio creates a new structure 
which spread the polymer inside the pipe and it’s not possible to individuate a circular area and to 
express it through an ideal diameter, therefore it will be reported the plots of the section that are 
more significant in these situations (Figure 4.49). 

 

                     

                           Figure 4.49a  Annulus – section 10 cm R=2 Figure 4.49b  Annulus – section 10 cm R=6   

                    

       Figure 4.49c  Annulus – section 20 cm R=2                                    Figure 4.49d  Annulus – section 20 cm R=6 

                  
                         Figure 4.49e  Annulus – section 30 cm R=2                                            Figure 4.49f   Annulus – section 30 cm R=6 
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For low-medium speed ratio the solution is spread inside the main pipe as already shown on the 
other configurations, but at the speed ratio of 8.86 the solution is spread on the bottom and going to 
the exit section it envelops all the lateral part of the pipe. 
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5. Conclusions and future work 

 

The macroscopic behavior of retention aid polymers was modeled using CFD into a turbulent pipe 
flow. The polymers were shown to behave differently in the different dosage configurations 
considered here. The location and magnitude of maximum shear was estimated for each dosage 
scenario as a function of dosage speed ratio and the mixing quality was evaluated.  

This study was limited by the use of the same meshes for each dosage model at different 
configurations. The properties of the non-Newtonian fluid vary a lot from one configuration to 
another, the ideal situation would have been to adjust the mesh every time depending on the 
simulation. In fact, every dosage model has been tested at 5 different speed ratios that can modify a 
lot the properties of the non-Newtonian suspension. Nevertheless, some simulations with different 
meshes were performed for a case for which it was very hard to achieve convergence. The results 
obtained didn’t show considerable deviations from the initial simulation, then the mesh used was 
considered to be reliable. 

Some studies have shown that non-Newtonian fluid dynamics describes in a proper way the flow of 
polymers suspension in several situations. The rheological properties of the fluids are reliable since 
they are usually experimentally determined for simple flow like the one considered in this study e.g. 
for pipe flows.  

The geometry and flow parameters, especially viscosity, were determined to be the main factors 
which influence the position and highest values of strain rate and the velocity was found to only  
vary the magnitude of the strain rate giving small changes of the shape of distribution. The location 
of maximum strain rate has been detected just outside the nozzle for all the configurations and it can 
be seen at a point near the border of the nozzle. The maximum strain rate is located where the 
highest difference between dosage flow and outer flow occurs. Even if the viscosity is not constant 
the variation is not so significant to give to the shear stress a trend different from the strain rate. The 
situation is identical for each of the FEX nozzles, for the modified configurations with different 
bending angles and for the annulus configuration. Concerning the straight concentric nozzle, the 
acceleration, and therefore strain-rate is large and reaches its peak at the contraction of the nozzle, 
while assuming a value just a bit lower outside the nozzle. So it must be determined if the high 
strain rate reached inside the pipe leads to breakage of polymers. The concentric nozzle with 
elliptical exit reaches a level of strain rate lower than that reached in the straight nozzle. The best 
improvement reached with this design is a lower level of strain rate inside the nozzle. Regarding to 
the annulus nozzle, the values of strain-rate are similar to the triple side-wall configuration, but the 
viscosity reaches lower values and also lower values of shear stress among all the cases. 

Concerning the mixing of the polymeric solution it was clear that the triple side-wall nozzle 
provided the best mixing, but the highest strain rate as well. The concentric nozzles gave the worst 
mixing maintaining a constant concentration for all the length. It must be underlined that the 
velocity of the flow of polymers influences the spread of the solution inside the main flow, but the 
volume fraction is influenced by the outflow diameter: the single nozzle with a diameter of 7 mm 
produces spots with higher concentrations than the triple nozzle that have diameters of 4 mm each. 
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Even if we can’t exactly consider the total area, it is clear that, the mixing reached with the triple 
nozzles is better as compared to the one reached with the single side-wall configuration. At the 
highest speed ratio the three distribution of polymers blend in one central agglomerate with three 
cores at high volume fraction reaching the 8 %.  

Bending angle has a great influence on the position of the point of maximum shear inside the main 
pipe and concerning the annulus configuration the polymeric solution is spread inside the main pipe 
in a similar way as with the other configurations, but at the speed ratio of 8.86 the solution is spread 
toward the lower half of the pipe and at the end of  the main pipe, it envelops all the lateral part of 
the pipe. 

Comparing the results of straight and elliptical configurations it’s clear that at different sections all 
the polymer solution is contained in a cylinder concentric with the main pipe without a good spread 
in the radial section. 

In this thesis, the main findings can be summarized with key parameters that lead to an optimal 
mixing. It must remembered that an optimal mixing relies on turbulence to create dispersion at 
smaller scales and that the large scales turbulence impart high levels of shear which destroy 
polymers. Since a good mixing requires high velocity and/or velocity difference between dosage 
flow and outer flow, which leads to high shear, it is necessary to find a compromise between these 
two factors. In fact, the location of maximum strain rate is localized at the point of highest 
difference between dosage flow and outer flow. For this reason, the acceleration in the dosage 
nozzle brings to higher values of strain rate at the outflow. This consideration suggests to do not 
create high acceleration inside the nozzles. Other parameters that influences the mixing quality are 
the number of nozzles, and the diameter of each nozzle. Comparing a concentric nozzle with a 
triple-wall configuration it is clear that more polymer solution can be spread inside the main stock 
in few time if the speed of the solution is the same in both cases. The diameter plays a crucial role 
in this situation since it can allow an higher concentration of polymer solution. This is the main 
difference in mixing between a single side nozzle and the triple nozzles, i.e., the diameter of the 
single nozzle configuration is larger than the triple nozzles ones and for this reason the polymer 
solution spread from the single nozzle has a higher concentration that the solution spread from one 
of the triple nozzle. On the other hand, a triple configuration allow a more uniform mixing of the 
solution all inside the main pipe thanks to the three outflow equally spaced. 

An important continuation of this work would be to analyze different multiphase models to model 
the flow more accurately, for instance by using particle with a shape more similar to the shape of 
the polymers. Furthermore experimental tests would be useful to get a better understanding and to 
be able to model the flow more accurately.    
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