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a b s t r a c t

Designing a compact hydraulic pipe flocculator is a common challenge for various water 

purification and wastewater processes where space is limited. Various geometrical 

parameters are analysed to identify the most important parameters when designing an 

efficient system for a Reynolds number of ReD = 20, 000. A coupled CFD-PBE model is 

applied to a total of 123 geometrical configurations to simulate particle aggregation and 

breakage due to the local velocity gradients in the configurations. The shear present in the 

90∘ pipe bends is the dominating factor in the final aggregate size and therefore the most 

important geometrical factor is the bend radius. Secondly, it is observed that the primary 

length, L1, has the second-largest impact as a linearly increasing particle diameter is 

observed along the straight pipe. Helically coiled geometrical configurations with no 

straight sections, L1 = L2 = 0, and a bend radius of rb≥ 2dh result in large particles as a 

constant but moderate cross-sectionally averaged turbulent energy dissipation is ob-

served throughout the pipe. The largest volume-averaged particle size is observed for a 

configuration with a primary length of L1 = 20dh, a secondary length of L2 = 0 and a bend 

radius of rb = 2.5dh.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Institution of Chemical 

Engineers. This is an open access article under the CC BY license (http://creative-

commons.org/licenses/by/4.0/).

1. Introduction

Flocculation of micron-sized particles is an important op-
eration for a large range of freshwater and wastewater 
treatment plants to achieve an efficient liquid-solid separa-
tion. As many wastewater treatment plants rely on the se-
paration of solids due to sedimentation it is important to 
obtain large stable agglomerates, as the sedimentation ve-
locity, vs, is a function of the effective particle diameter, 
v ds p

2 according to Stokes law of settling.
Flocculation systems can generally be categorised into 

two groups, namely mechanical- and hydraulic flocculation. 
In mechanical flocculation systems, a mechanical stirrer is 

operated to introduce sufficient magnitudes of velocity fluc-
tuations in the fluid which causes the particles to collide and 
agglomerate. The turbulence in hydraulic flocculation sys-
tems is driven by the fluid flow as the fluid passes through 
the application which introduces velocity fluctuations, e.g. a 
baffled basin, where the velocity fluctuations in the flow are 
driven by flow obstructions caused by the baffles. In land- 
based wastewater treatment systems, baffled basins with a 
large surface area, often referred to as the footprint, are often 
used, but some industries do not have the space for such 
large basins or tanks. This is the case for marine water 
treatment plants, where a compact pipe flocculator can be 
utilised, which consists of a series of consecutive circular 
pipe bends.

https://doi.org/10.1016/j.cherd.2023.04.045 
0263-8762/© 2023 The Author(s). Published by Elsevier Ltd on behalf of Institution of Chemical Engineers. This is an open access article 
under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 
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Historically, Smoluchowski (1917) formulated a mathe-
matical model describing the theoretical orthokinetic floc-
culation of particles under laminar conditions. In practice, 
flocculation happens under turbulent conditions, which is 
why Camp and Stein (1943) replaced the velocity gradient 
term, dv∕dz with a measurable average value using the root 
mean square (RMS) velocity gradient. The RMS velocity gra-
dient then becomes a function of the total power dissipated 
in the entire system. In more recent years, computational 
fluid dynamics (CFD) has proven to be a reliable method to 
describe the local energy dissipation within a system and 
several researchers have shown the capabilities of using CFD 

to predict orthokinetic flocculation in both mechanical and 
hydraulic systems (Bridgeman, 2006; Vadasarukkai et al., 
2011; Törnblom, 2018; Oliveira and Donadel, 2019; Zhan 
et al., 2021).

Laine et al. (1999) were among the early researchers to use 
CFD to study the settling of particles in a flocculation tank. 
Three different regimes were determined inside the settling 
tank, namely rapid agitation, slow agitation and laminar 
flow. The turbulence in the flow was modelled using the Re- 
Normalisation Group (RNG) k-ε model proposed by Yakhot 
et al. (1992) and from the velocity contours the researchers 
concluded that the fluid motion sometimes caused ag-
gregates to flow to the surface and thereby float instead 
of sink.

Bridgeman et al. (2008) used CFD to study the local velo-
city gradient with a focus on particle agglomeration and 
breakage. The authors studied the local velocity gradient 
using a single-phase steady-state Reynolds-averaged Navier 
Stokes (RANS) model to simulate the shear introduced by a 
mechanical stirrer in a flocculation tank. The experimental- 
and numerical data obtained were in good agreement and 
expressions for the strength and breakage of an aggregate as 
a function of the local velocity gradient were presented.

Several researchers have applied the single-phase RANS 
modelling approach to simulate the hydraulics within a 
flocculation system with the focus on describing the local 
velocity gradient (Bridgeman et al., 2010; Sartori et al., 2015; 
Gar Alalm et al., 2016; Xiang et al., 2018; Oliveira and 
Donadel, 2019). The referred studies have shown that a local 
large velocity gradient is found inside the hydraulic domain, 
which leads to a local zone where the agglomerates are 
highly prone to breakage.

In more recent years, researchers have simulated the 
agglomeration and breakage of agglomerates using multi-
phase CFD. Focusing on a small 2-dimensional domain, Qiu 
et al. (2016) described the agglomeration and sedimentation 
of spherical particles using a coupling of CFD and discrete 
element modelling (DEM) using the Johnson-Kendall-Roberts 
adhesion theory. The researchers showed how agglomerated 
particles within lid-driven cavity sediments sink as opposed 
to small non-agglomerated particles.

The CFD-DEM models have high predicting capabilities as 
collisions between particles are resolved, but due to their 
nature of resolving each Lagrangian particle, this limits the 
use within flocculation systems as particles are usually 
within the micron-sized range. For industrial applications, 
this means that the number of Lagrangian particles quickly 
exceeds np >  1012 making it unfeasible even with modern 
computing capacities. Therefore, coarse-graining of the par-
ticles is often used (Tausendschön et al., 2020; Jiang et al., 
2020), or alternative, other methods are applied to solve the 
particle phase and the momentum exchange between the 
phases.

Another approach, which has been applied successfully, 
is to use the coupled population balance equation (PBE) to 
track the number density function of the disperse phase 
within the computational domain (Marchisio et al., 2003; Yao 
et al., 2014a,b; Lau and Kind, 2016; Wang et al., 2022). Dif-
ferent solutions of the PBE have been applied throughout the 
literature, but the majority of the papers from recent years 
are based on the methods of moments (MOM) and its deri-
vatives. Marchisio et al. (2003) applied the quadrature MOM 
(QMOM) to solve the PBE and describe the aggregation and 
breakage of solid particles in a Taylor-Couette flow. As the 

Nomenclature

A area (m2)
a aggregation frequency
B strength parameter (m3/s3)
b breakage frequency
C coefficient (-)
d diameter (m)
Df fractal dimension (-)
F force (N)
f fraction
g gravitational acceleration (m/s2)
k turbulent kinetic energy (m2/s2)
L length (m)
M interfacial momentum transfer
m mass flow (kg/s)
n number (-)
p pressure (Pa)
r radius (m)
Re Reynolds number ( u dh )
S source term
Sc Schmidt number (-)
t time (s)
u velocity (m/s)
v volume (m3)

Greek letters
α volume fraction (-)
β daughter size distribution function
ε turbulent energy dissipation rate (m2/s3)
μ dynamic viscosity (Pa s)
ν kinematic viscosity (m2/s)
ρ density (kg/m3)
σ turbulent Schmidt number (-)
τ stress tensor (N/m2)
ω vorticity ( ∇ × u)

Subscripts
0 primary particle
32 Sauter mean
φ phase
b bend
cr critical rate
D drag
f fluid
h hydraulic
L lift
p particle
T turbulent dispersion
VM virtual mass
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QMOM is based on solving a consecutive set of low-order 
integer moments of the number density function, the in-
tegral source terms of the PBE are approximated using 
Gaussian quadrature. To solve for a continuous number 
density function, Yuan et al. (2012) proposed the Extended 
QMOM (EQMOM) and Passalacqua et al. (2018) implemented 
this approach as the OpenQBMM module for the OpenFOAM 
CFD library. Kumar and Ramkrishna (1996) proposed another 
solution to the PBE by discretising the PBE into several 
classes, which is why this method is often referred to as the 
class method or sometimes also the discrete- or sectional 
method. Lehnigk et al. (2021) implemented the class method 
into the OpenFOAM CFD library as part of the Euler-Euler 
model and used it to successfully simulate the synthesis of 
titania powder in a tubular reactor. The QMOM requires a low 
number of scalar equations, making this method the least 
computationally expensive, but this method has the draw-
back that there is no direct information about the number 
density function and its shape. The EQMOM provides this 
additional information as the number density function is 
approximated using a combination of kernel density func-
tions. The EQMOM is, however, more computationally ex-
pensive compared to the QMOM and Li et al. (2017) reports 
that the EQMOM is up to 30x more computationally ex-
pensive than the QMOM. The class method is also more 
computationally expensive than the QMOM, as a set of dis-
crete PBE has to be solved for each size class, and this 
method also requires some knowledge of the particle size 
range in advance. The advantage of the class method is that 
the number density function and its shape are readily 
available at any point and time in the computational domain. 
This also means that this method is highly intuitive to apply, 
as knowledge of the particle size range is often known and 
the shape of the number density function is often the para-
meter of interest.

In this study, the geometrical parameters of a hydraulic 
pipe flocculator are varied to analyse the effects on the par-
ticle size distribution. The geometrical parameters are the 
primary length, L1, the secondary length, L2, the bend radius 
rb and the pitch of inclination, φ. The geometrical parameters 
are shown in Fig. 1. The parameters are varied as a function 
of the hydraulic diameter of the pipe, dh.

2. Numerical framework

All geometrical configurations presented in this study are 
constructed with the same cross-sectional mesh, which is 
seen in Fig. 1. The computational mesh is made of hexahe-
dral cells with a maximum angle of 120∘.

2.1. Governing equations

The multiphase flow is described by the governing equations 
in the Euler-Euler framework, where a set of continuity and 
momentum equations is solved for each phase, φ. The fluid- 
and particle phases are assumed incompressible and iso-
thermal, resulting in the governing equations seen in Eqs. (1)
and (2).

+ =u
t

( ) ( ) 0
(1) 

+ = +

+ +

u u u g

M S
t

p( ) ( )

, (2) 

where α is the volume fraction, ρ is the density, u is the ve-
locity, τ is the stress tensor, p is the pressure which is shared 
by the continuous- and dispersed phase, g is the gravitational 
acceleration, S is the momentum source term. M is the mo-
mentum exchange at the interface between the phases 
which is defined as

= + + +=M F F F F( ),N
0, L, D, T, VM, (3) 

where FL is the lift force, FD, is the drag force, FT is the tur-
bulent dispersion force and FVM is the virtual mass force 
transferred between phase φ and ξ. As momentum is con-
served, it is implied that ∑φMφ = 0. A source term is added in 
the continuous phase to maintain a desired velocity by 
adding a pressure gradient increment to the pressure gra-
dient in Eq. (2) to maintain the desired bulk velocity. The 
governing equations are solved using the Reynolds averaged 
Navier Stokes (RANS) model, where the averaged compo-
nents are solved and the fluctuating components are mod-
elled.

2.2. Continuous phase turbulence modelling

To account for turbulence in the continuous phase, the stress 
tensor, τf, is modelled using the Re-Normalisation Group k-ε 
model by Yakhot et al. (1992). The statistical Re-Normal-
isation group theory is applied to resolve the smallest eddies 
in the inertial range. This procedure effectively removes 
small scales of turbulence by modifying the turbulent visc-
osity. The two-equation RNG k-ε provides the closure equa-
tions for modelling the turbulence. The governing equations 
for the RNG k-ε are given by

µ
µ

+ = + +u
t

k k k P( ) ( ) kf f f f f f
t

k
f f

(4) 

and

µ
µ

+ = + +u
t

C
k

P

C
k

( ) ( )

,

kf f f f f
t

1

2 f

2

(5) 

where Pk is the production of turbulence due to the mean 
velocity gradients. In this work, the default values of coeffi-
cients C1ε = 1.42 and C2ε = 1.68 are applied.

Fig. 1 – The geometrical configuration of the setup. The 
pitch of inclination, φ, denotes the height between each 
pass, the primary and secondary lengths, L1 and L2, denote 
the length in the primary and secondary direction and the 
bend radius of the pipe is denoted by rb.
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Escue and Cui (2010) compared the higher-order Reynolds 
stress turbulence model (RSM) and the lower-order RNG k-ε 
model to experimental data for swirling flow in a pipe and 
concluded that the RNG k-ε was superior to the RSM model 
for low swirling flows. Reasonable predictions of the high 
swirling flows were obtained using the RNG k-ε model. Due to 
its comparatively low computational cost and high accuracy 
in predicting turbulence in swirling flows, the RNG k-ε is 
chosen in this study.

2.3. Dispersed phase pressure

In this study no shear stress tensor is applied for the particle 
phase, as the volume fraction is low, meaning that particle- 
particle interactions are neglected in this study. As a non- 
physical, high packing density in the smallest cells is still 
possible, even with low bulk volume fractions, an ex-
ponential phase pressure model is applied to the particle 
phase. This particle phase pressure increases exponentially 
when the particle volume fraction approaches a maximum 
packing density, thereby preventing the particle phase from 
exceeding the maximum packing density, p,max . A pressure 
gradient concerning the volume fraction is added to the 
momentum equation, as given by

=p g pmin exp ( ( )), ,0 p,exp p p,max
max (6) 

where a maximum allowable packing density of = 0.62p,max

is applied along with the default values of g0 = 1000, 
= 500p,exp and =p 1000max .

2.4. Lift force

To account for the lift force generated by the swirling flow 
around the aggregates, a lift force is applied

=F uC ,L L f p r (7) 

where the ω is the vorticity of the continuous phase defined 
by ω = ∇ × uf. The lift force coefficient, CL, of Saffman (1965)
and later modified and extended for finite Reynolds numbers 
by Mei (1992) is applied. The lift force coefficient is given as

=C
Re

C
3

2
L L

(8) 

where the modified lift force coefficient, CL, is defined as

=
+

>
C

e Re

Re Re

6.46[(1 0.3314 ) 0.3314 ] 40

6.46 0.0524 40.

Re

L

0.5 0.1 0.5
p

p p

p

(9) 

Herein, Reω is the vorticity Reynolds number which is defined 
as =Re dp

2
f , Rep is the particle Reynolds number, defined 

as = u uRe dp p f p f and = Re Re0.5( )p .

2.5. Drag force

The drag force acting on the particle phase by the fluid phase 
is the dominating interfacial momentum transfer term and is 
described by

=F u u C A
1
2

,D f r r D p (10) 

where Ap is the projected surface area of the aggregates and 
CD is the drag force coefficient. The drag force coefficient 

model of Wen and Yu (1966) is applied in this study and is 
given as

=

<

+ <C

Re

Re Re

Re

for 0.5

(1 0.15 ) for 0.5 1000

0.44 for 1000.

Re

Re
D

24
f

2.65
p

24
p
0.687

f
2.65

p

f
2.65

p

p

p

(11) 

The drag coefficient model is applicable for spherical parti-
cles meaning the particles are assumed to be spherical. This 
is a simplification of shape of the particles, as they are 
fractal-like in their nature. Mikhailov et al. (2006) analysed 
the optical properties of soot using an experimental tech-
nique and concluded that soot fractals form a compact shape 
close to a sphere when the soot particles are subject to a wet 
environment. Fan et al. (2016) showed how soot particles age 
from a loosely coupled fractal to a strongly coupled fractal 
when subject to a wet environment. As the particles in this 
study are soot and are suspended in water, this justifies the 
assumption of spherical particles.

2.6. Turbulent dispersion force

As the Stokes number of the particles is small, St = t0up∕l0 <  1, 
they follow the streamlines of the flow. This also means that 
the particles tend to follow the velocity fluctuations of the 
continuous phase and as the turbulence is modelled using a 
k-ε model, the velocity fluctuations are only modelled. As the 
continuous phase is modelled using RANS, only the mean 
velocity is resolved. To account for velocity fluctuations of 
the continuous phase, the turbulent dispersion force is in-
cluded. Burns et al. (2004) performed Favre averaging of the 
drag force acting on the dispersed phase and proposed the 
turbulent dispersion force as

=F uC
d Sc

3
4

,disp D
p f

p
r

t

t

f

f

p

p (12) 

where Sct is the turbulent Schmidt number, which is as-
sumed Sct = 0.9 in this study.

2.7. Virtual mass force

When there is a relative acceleration between the dispersed 
and continuous phases, an additional force arises due to the 
acceleration of the fluid surrounding the particle. This virtual 
mass force is given by

=F u uC
D

Dt
D
Dt

,VM VM f p
p

p
f

f
(13) 

where CVM = 0.5 is the virtual mass force coefficient for 
spherical particles, Dp∕Dt and Df∕Dt are the material deriva-
tives of the dispersed and continuous phase, respectively.

2.8. Population balance equation

The temporal evolution of the particle size distribution is 
modelled using the population balance equation, which is a 
transport equation for the number density function. The 
number density function, xn t( , , ), is a function of an in-
ternal value ξ, a spatial coordinate, x at a given time, t. For 
many studies (Wang et al., 2019; Liao et al., 2018; Salehi et al., 
2017), including this study, the internal value of interest is 
the particle size, which is why the particle volume is used as 
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the internal value, ξ = vp. The population balance equation 
for the number density function is given as

+ =u
t
n n S( ) ,v v vp (14) 

where the number density function as a function of the vo-
lume is denoted by nv for the ease of notation and Sv is the 
source term accounting for the discontinuous changes in the 
number density function, e.g. aggregation and breakage. The 
source term of the PBE is given by

=

+

S n n a v n n a v

n b v n b

1
2

d d

d ,

v
v

v v v v v v v v v v

v v v v v v v

0 , 0 ,

, (15) 

where the two first terms on the right-hand side account for 
the changes due to aggregation and av v, is the aggregation 
frequency. The two last terms account for the changes due to 
breakage, where bv is the breakage frequency and v v, is the 
daughter size distribution. For details on the algorithm and 
discretisation, the reader is referred to the work of Lehnigk 
et al. (2021) who describes how the class method is im-
plemented into the OpenFOAM CFD library.

2.9. Breakage kernel

The breakage kernel by Kusters (1991) is applied in this study 
to account for the birth and death of particles due to 
breakage. The breakage frequency is modelled as an ex-
ponential function accounting for the maximum particle 
strength required for the particle to break, as given by

=b
4

15
exp ,v

cr

(16) 

where εcr is the critical energy dissipation rate required for 
the aggregate to break, which is defined as

= B
r

,cr
c (17) 

where B is a parameter representing the inter-particle ad-
hesive bond of the particles which accounts for the critical 
energy dissipation rate required for the particle to break and 
rc is the collision radius. Mandelbrot (1985) proposed the 
correlation for the collision radius as

=r r
n
k

,i

c

D

c 0

1 f

(18) 

where r0 is the radius of the primary particles within an ag-
gregate, ni is the number of primary particles in the aggregate 
and kc is a coefficient relative to packing and is assumed 
unity in this study (Jeldres et al., 2017). A constant fractal 
dimension, Df is assumed when using this approach, 
meaning aggregates with a high fractal dimension withstand 
a higher energy dissipation rate compared to aggregates with 
a lower fractal dimension.

In a previous study, Bilde et al. (2022) showed a good 
agreement between an experimentally measured particle 
size distribution using a Malvern Mastersizer 3000 and the 
numerical particle size distribution obtained for a similar 
RANS model when using an aggregate strength parameter of 
B = 50 ⋅ 10−7 m3/s3.

2.10. Daughter size distribution

The discretised daughter size distribution suggested by 
Laakkonen et al. (2007) is implemented in this study. The 
daughter size distribution is a beta distribution describing 
the distribution of daughter particles as a function of the 
number of daughter particles and is given as

= + + + +C C C C
v

v

v

v

v
(1 )(2 )(3 )(4 )

1
3

1
1 ,v v

C

, 4 4 4 4

2 4

(19) 

where v and v are the volumes of the daughter and mother 
particle, respectively, and C4 is a coefficient describing the 
total number of daughters generated. The number of 
daughter particles is given by

= +n
C4

3 3
.i

4

(20) 

Bilde et al. (2022) showed good agreement between experi-
mental and numerical particle size distributions when using 
a binary breakage coefficient of C4 = 2.

2.11. Aggregation kernel

The aggregation kernel of Adachi et al. (1994) is applied in 
this study to account for the birth and death of new ag-
gregates due to aggregation. This model describes the or-
thokinetic aggregation of particles in turbulent flows and the 
aggregation frequency is given by

= +a d d
4
3

3
10

( ) ,d d,
3

(21) 

where d and d denote the diameter of two colliding ag-
gregates.

3. Numerical properties and initialisation

The results presented in the following section are time 
averaged values, where the value of interest is averaged over 
the dimensionless time of t+ = t u∕dh = 100 after a steady-state 
solution has been obtained. The particle phase is initialised 
with a monodisperse particle size distribution where all 
particles are positioned in the smallest size group of dp 

= 1μm. The fluid flow is initialised without the particle phase 
using a steady-state single-phase model until a converged 
flow is obtained and then the monodisperse particles are 
inserted into the fully-developed fluid velocity profile. A 
series of simulations are carried out for different geometrical 
configurations to study the impact of the different compact 
designs.

3.1. Geometrical configuration

To study the particle size distribution until a steady-state 
solution is obtained, periodic boundary conditions are ap-
plied to the geometrical configuration. This effectively cre-
ates an infinitely long pipe flocculator where the mass- and 
momentum transport leaving at the outlet is re-applied at 
the inlet. This approach decreases the number of computa-
tional cells in the domain and a converged steady-state so-
lution is obtained faster.

The pitch of inclination, φ, the primary and secondary 
lengths, L1 and L2, as well as the bend radius, rb, are the 
geometrical parameters of interest in this study and these 
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are seen in Fig. 1. All the parameters of interest are scaled 
using the hydraulic diameter of the pipe, dh.

The geometrical configuration allows for analysing the 
impact of various combinations including a helically coiled 
tube flocculator, as previously reported by Oliveira and 
Donadel (2019), when setting L1 = 0 and L2 = 0, as seen 
in Fig. 2.

In this study, the geometrical configurations are bounded 
by a set of values to limit the number of simulations carried 
out. In practice, this also means that the configuration is 
limited to a certain primary and secondary length, which 
makes out the footprint of the pipe flocculator. The primary 
length is bounded by 0 ≤L1 ≤ 20dh, the secondary length is 
bounded by 0 ≤L2 ≤ 10dh, the bend radius is bounded by 
dh≤ rb≤ 2.5dh and the pitch inclination is bounded by 
dh≤ φ ≤ 3dh.

3.2. Simulation parameters

Particle properties from our previous study (Bilde et al., 2022)
have been re-used in this study and can be seen in Table 1. 
The particles analysed resembles soot particles suspended in 
water in terms of physical- and chemical properties, where 
soot is assumed to mainly consist of graphite. In our previous 
study, these parameters were validated against an experi-
mentally obtained particle size distribution and a mesh in-
dependent particle size distribution was presented when 
using a grid with a first cell height of =+y 30min and a max-

imum cell height of =+y 70max in the middle of the pipe. The 
particles size distribution is bounded by a minimum size of 

µ=d 1p,min m and a maximum size of µ=d 1000p,max m. The 
particle size range is discretised into a total of 50 logarith-
mically spaced size classes with a spacing given by

= < <
d

d N
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1 .

i

i

d

d

10
p,

p, 1

10
Np,
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All simulations are carried out for a fluid flow with a turbu-
lent Reynolds number of ReD = 20, 000, corresponding to a 
plug flow velocity of =u 0.5 m/s.

4. Results and discussion

4.1. Inclination pitch

The impact of increasing the inclination pitch is analysed 
before analysing the other geometrical parameters, as this 
parameter is assumed to have a minor impact on the particle 
size distribution. A computational domain with a constant 
primary- and secondary length of L1 = 5dh and L2 = 2dh and a 
constant bend radius of rb = 2dh is constructed. The pitch is 
bounded by dh≤ φ ≤ 3dh and varied by integer intervals, re-
sulting in a total of 3 simulations.

The converged particle size distributions for the three si-
mulations are seen in Fig. 3, where the volumetric density 
function is plotted as a function of the particle diameter. The 
difference between the simulations is negligible, meaning 
that the pitch has a negligible impact on the particle size 
distribution for the liquid-solid flow in this study when 
dealing with a pitch of inclination within the range of 
dh≤ φ ≤ 3dh and will be analysed no further in this study.

In practice, this observation means that there is no per-
formance difference for a pipe flocculator with a smaller 
pitch, which is, in many cases more desirable, as the pipe 
flocculator takes up less volume and thereby becomes more 
compact.

4.2. Geometrical parameters

The effect of the three remaining parameters, namely the 
bend radius, rb, the primary length, L1 and the secondary 
length L2, is analysed to study the particle size distribution. 
As the parameters are bounded, a total of 120 simulations are 
carried out, varying the bend radius with intervals of 0.5dh, 
the primary length by 5dh and the secondary length by 2dh.

4.3. Particle size over the total length

The amount of turbulence induced within the pipe changes 
throughout the geometry depending on the given config-
uration and to visualise the impact of this, the area-average 
of the time-averaged Sauter mean diameter, d̃32, is used to 
visualise the changing particle size distribution over the 
length of the pipe. As the geometrical configuration is peri-
odic around the centre of length, the area averaged Sauter 
mean diameter is also periodic, which is evident from Fig. 4
for 5 configurations. It is immediately visible that the Sauter 
mean diameter along the length of the pipe consists of some 
recognisable patterns for all configurations, except for the 

Fig. 2 – Example of a helical coiled tube flocculator with a 
bend radius of rb = 2dh, pitch inclination of φ = dh and 
primary and secondary lengths of L1 = L2 = 0.

Table 1 – Fluid- and particle properties applied for the 
CFD-PBE model. 

Property Symbol Value Unit

Daughter size coefficient C4 2 –
Fractal dimension Df 2.3 –
Kinematic viscosity νf 10−6 m2/s
Particle density ρp 1400 kg/m3

Particle strength parameter B 50 ⋅ 10−7 m3/s3

Primary particle size d0 250 nm
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configuration with L1 = L2 = 0, where a constant particle dia-
meter is observed. A constant particle diameter, d̃32, is ob-
served for all cases with no straight pipe lengths, as a 
constant turbulent energy dissipation rate is observed in 
these cases.

Between the start of the configuration, L∕LT = 0 and the first 
bend, a linearly increasing trend is observed. When the flow 
is exposed to the first bend the mean diameter, d̃32, decreases 
from its peak value to a lower value. As the flow passes the 
first bend, a linearly increasing Sauter mean diameter is 
observed as particles have time to aggregate in the low-shear 
region. As the second bend is encountered, the mean dia-
meter drops once again and if the secondary length is suffi-
ciently short, L2 ≤ 6dh, the Sauter mean diameter drops to a 
smaller value compared to the first bend. This is observed for 
all cases, except for the configurations with L1 = L2 = 0, where 
the flow is subject to a constant curvature and the turbulent 
dissipation rate, ε, is therefore kept to a constant magnitude, 
resulting in a constant mean diameter over the length of the 
configuration.

4.4. Local aggregation and breakage

Analysing the area-averaged Sauter mean diameter in Fig. 4, 
it is visible that aggregates are more prone to breakage 
throughout- and downstream of the 90∘ bend. Calculating the 
gradient of the mass flow of each size class, mi, throughout 

the length of the configurations using Eq. (24), it is visible 
what particle size range is affected by the given curvature 
and velocity profile at the inlet of the bend. This can be ap-
plied for each configuration, but the configuration with the 
smallest radius yields the largest curvature and hence in-
troduces the most turbulence. The configurations with a 
primary lengths of L1 = 10dh and secondary lengths of 
4dh <  L2 <  10dh and a bend radius of rb = dh are analysed. This 
is also the configuration used in Fig. 4. The configurations are 
analysed at the inlet of the first bend, θ = 0∘, halfway through 
the first bend, θ = 45∘, at the outlet of the first bend, θ = 90∘ and 
halfway through the configuration, L∕LT = 0.5. The corre-
sponding mass flow into a cell layer, j, is calculated for the 
given size group, i, as

= u nm f A,i j i j j, , p p,j (23) 

where n is the normal direction of the face of the computa-
tional cell and A is the area of the computational cell.

The mass flow gradient is found by

=m
d
dL

m m( )i j i j i j, , , 1 (24) 

The mass flow gradient for the different particle size 
groups is seen in Fig. 5. When the flow enters the first bend 
(Fig. 5a) it is visible how medium to large aggregates, 
10 μm  <  dp <  300 μm, are formed at a high rate, resulting in a 
positive production of these aggregates. This is due to a 
slightly larger turbulent dissipation rate being present at this 
location. At an angle of 45∘ through the first bend (Fig. 5b) the 
turbulent dissipation rate increases to a magnitude where 
aggregates with a diameter of dp >  60μm breaks at a higher 
rate than they form, resulting in a negative production of the 
largest aggregates. This observation is also visible when in-
specting the mass flow gradient at the outlet of the bend in 
Fig. 5c, where it is visible that a positive production of 
medium-sized aggregates takes place while a negative pro-
duction of large aggregates is occurring due to the induced 
turbulence by the curvature of the bend. Halfway through the 
domain, shown in Fig. 5d, it is visible that larger aggregates, 
dp >  100μm, are formed at a lower rate due to a sufficiently 
low turbulent dissipation rate, which is supported by the 
linearly increasing trend observed in Fig. 4 for the straight 
pipe sections.

This approach provides an in-depth insight into which 
aggregate sizes form at any given location throughout the 
configurations and the same tendency is observed for the 
different bend radii. The magnitude of the mass flow gra-
dient is, however, a function of the bend radius and the inlet 
velocity profile to a bend, which causes this value to change 
for the different configurations Fig. 6.

4.5. Downstream effect of a pipe bend

It is clear when analysing both Figs. 4 and 5 that the particle 
diameter decreases over the pipe bend and as the aggregates 
move downstream from the bend, they start to increase in 
size again. The gradient of the area-averaged Sauter mean 
diameter is evaluated along the length of the pipe down-
stream a bend, d Ld ˜ d32 , for the configurations with L1 = 10dh.

Analysing the gradient of the Sauter mean diameter it is 
immediately visible how the configurations experience the 
largest negative gradient immediately at the outlet of a bend, 
where the configuration with the smallest bend radius, rb = dh 

experiences the largest magnitude when comparing the 

Fig. 3 – Particle size distribution for the 3 simulations with 
inclination pitches bounded by dh≤ φ ≤ 3dh as well as L1 

= 5dh, L2 = 2dh and rb = 2dh. The difference between the three 
simulations is negligible.

Fig. 4 – Area-averaged Sauter mean diameter, d̃32, as a 
function of the relative length of the geometrical 
configuration for 5 different configurations. The mean 
particle diameter is symmetric around L∕LT = 0.5. The self- 
repeating mean particle diameter is observed for all cases.
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configurations. It is found that the particle size for all con-
figurations starts to recover at a downstream distance of 
L  >  dh from a bend, as a positive gradient is observed for all 
configurations. When the aggregates start to approach the 
second bend, the gradient starts to increase, as the turbulent 
energy dissipation rate increases slightly. This is true except 
for the configuration with the smallest bend radius, as tur-
bulence is induced over a short length and a negative gra-
dient is observed when approaching the next bend.

For the configurations with the smallest bend radius, rb 

= dh, the gradient approaches a constant value after a 
length of L = 2dh which means that the particles will ag-
gregate at a constant rate within this length of the pipe. For 
the configurations with the largest bend radii, rb = 2dh and 
rb = 2.5dh, the gradient continuously increases after the 
downstream of the bend. As these configurations experi-
ence a less negative gradient at the outlet of the bend and 
an increasing gradient along the length downstream of the 
pipe, this explains why these configurations will have the 
largest overall size when analysing the particle size over 
the entire domain.

4.6. Effect of the geometrical configurations

The Sauter mean diameter is volume-averaged over the en-
tire domain, d32, to evaluate the geometrical configurations in 
a single point and thereby compare the different configura-
tions. It is observed that the volume-averaged Sauter mean 
diameter, d32, can be categorised based on the bend radius, 
which is seen in Fig. 7.

It becomes clear that the bend radius is the single most 
important parameter when aggregating particles in a hy-
draulic pipe flocculator, as seen when analysing the results 
in Fig. 7. The overall trend of the configurations is that 
volume-averaged particle diameter increases as the bend 
radius increases, which is directly observed when com-
paring the results from the different bend radii in Fig. 7a to 
d and this is in good agreement with our previous study 

(Bilde et al., 2022). The difference in size between the 
configurations with bend radius rb = 2dh and rb = 2.5dh, in 
Fig. 7c and d, are small compared to the other bend radii. 
This indicates that the effect of the bend radius stagnates 
around rb = 2dh. Secondly, it is observed that the primary 
length, L1, is the second-most important parameter when 
aggregating the particles. When the primary length of the 
configuration increases, so does the mean particle dia-
meter. For all simulations it is observed that the simula-
tions with L1 = 20dh yield the largest particle diameter, d̃32. 
Thirdly, it is observed that the secondary length, L2, has the 
smallest impact when aggregating particles. For the cases 
with a short primary length, L1 ≤ 5dh, the secondary length 
becomes the primary length, and therefore the particle 
diameter, d̃32, increases as a function of L2. For the cases 
with the longest secondary lengths, L2 ≥ 10dh, it is observed 
that a short secondary length creates larger aggregates 
depending on the bend radius. For the largest bend radii, it 
is observed that L2 = 0 results in the largest overall particle 
diameter.

An interesting observation is made for the configurations 
with no straight pipe sections, L1 = L2 = 0, for all bend radii, as 
these configurations yield a high particle diameter compared 
to the configurations with the same bend radius. The heli-
cally coiled configuration with bend radii of rb = 2dh and rb 

= 2.5dh, yields larger volume-averaged particle diameters 
when compared to the other configurations. As there are no 
straight pipe sections in these configurations, there is no 
transition from the bend to the straight pipe where the fluid 
flow will detach and create a downstream circulation zone 
(Hellström et al., 2013). These findings are in good agreement 
with the single-phase numerical findings of Oliveira and 
Teixeira (2018) and Oliveira et al. (2020).

Besides the findings of the configurations with L1 = L2 

= 0, it is observed for all bend radii, that choosing a system 
with the longest primary length, L1 = 20dh and no sec-
ondary length, L2 = 0, results in the largest particle mean 
diameter.

Fig. 5 – Mass flow gradient of the size classes before the first bend, 5a, at an angle of 45∘ through the first bend, 5b, at the 
outlet of the first bend, 5c and halfway through the configurations, 5d. A negative mass flow gradient means that the total 
mass of the size class decreases and the opposite when a positive gradient is observed.
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4.7. Configuration response time

As all simulations have been started from the same mono-
disperse particle distribution of dp = 1μm, the time to reach a 
steady-state solution of the given geometrical configuration 
is of interest. The dimensionless length, =L t u d˜ s h, to reach a 
steady-state solution is used to evaluate the response time of 
the configurations. The configurations with the lowest in-
duced turbulence produce the largest overall particle size, as 
seen in Fig. 7, but as a function of this, these systems need 
the longest time to reach that steady-state solution, which is 
seen in Fig. 8. The systems with the largest magnitude of 
induced turbulence, e.g. the systems with the smallest bend 
radius, produces smaller particles, but the time needed to 
obtain a steady-state solution is shorter compared to the 
systems with a larger bend radius.

The response length of the system is generally classified 
by the bend radius, as a smaller bend radius generally results 
in a shorter system response length. The configurations with 
no primary- or secondary lengths, L1 = L2 = 0, have a longer 
response time compared to the other configurations with the 
same bend radius. This is explained by these configurations 
generally producing larger particles compared to the other 
configurations with the same bend radius and a longer re-
sponse length is thereby needed. The difference in the di-
mensionless length needed to obtain a steady-state solution 
for the two largest bend radii, rb = 2dh and rb = 2.5dh, there is 
only needed a slightly longer configuration to achieve a 
steady-state solution. As the particle size from the config-
urations is within a similar range, this is also expected.

The response time for a configuration is highly dependent 
on the initial particle size, as the system will go towards a 

Fig. 6 – Gradient of the Sauter means diameter in the straight section of the pipe for the configurations where L1 = 10dh. The 
results are divided into plots according to the bend radius of the configurations, giving 6a: rb = dh, 6b: rb = 1.5dh, 6c: rb = 2dh 

and 6d: rb = 2.5dh.

Fig. 7 – Global averaged Sauter mean diameter, d32, as a function of the secondary length for different primary lengths. 7a: 
Bend radius of rb = dh. 7b: Bend radius of rb = 1.5dh. 7c: Bend radius of rb = 2dh. 7d: Bend radius of rb = 2.5dh.
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steady-state solution. In this study, where the simulation is 
initialised with monodisperse particles of dp = 1μm, the par-
ticles need to aggregate until a steady-state solution. The 
opposite initialisation could also be imagined, where the si-
mulation is initialised with monodisperse particles of dp 

= 1000μm and the particles would then converge towards a 
steady-state solution by breakage instead of aggregation. 
This would result in a different response time for the con-
figurations.

5. Conclusion

A numerical multiphase model is applied to simulate the 
aggregation and breakage of micron-sized particles subject to 
a turbulent fluid flow with a Reynolds number of Re = 20, 000. 
The fluid-particle flow is modelled using the multi-fluid 
model where the particle number density function is mod-
elled using the population balance equation that is solved 
using the class method implemented into the open-source 
CFD library OpenFOAM. The interfacial forces between the 
solid- and liquid phases are modelled using external force 
models. Monodisperse particles are inserted into a fully de-
veloped fluid velocity profile to initialise the simulation and 
track the time to reach a steady-state solution for the particle 
size distribution.

The geometrical parameters of a compact pipe flocculator 
are varied by changing the primary length, L1, the secondary 
length, L2, the bend radius rb and the pitch of inclination, φ. 
The primary length is bounded by 0 ≤L1 ≤ 20dh, the secondary 
length is bounded by 0 ≤L2 ≤ 10dh and the bend radius is 
bounded by dh≤ rb≤ 2.5dh. A total of 123 simulations are 
completed to analyse the impact of the geometrical config-
urations under the turbulent flow conditions. It is found that 
the pitch of inclination has a negligible impact on the particle 
size distribution, which has the practical meaning that pipe 
flocculators can be made compact in the vertical direction 
without loss of performance.

Analysing the impact of the other geometrical parameters 
shows that the bend radius has the most significant impact 
on the particle size, as a smaller bend radius induces more 

turbulence due to the increased curvature in the bend. As the 
break-up of the aggregates is driven by turbulence, this 
causes the aggregates to break up at an increased rate 
compared to configurations with a larger bend radius.

Helically coiled configurations with no straight pipes, L1 

= L2 = 0, and bend radius of rb≥ 2dh, resulted systems yielding 
large aggregates compared to other configurations with the 
same bend radius. This is explained by the lack of a re-cir-
culation zone downstream from the pipe bend, which sig-
nificantly increases the turbulence induced downstream of 
the pipe. These configurations comes at the cost of the 
longest dimensionless length needed to obtain a steady-state 
solution when initialising with monodisperse particles of 
dp = 1μm.

This study highlights the challenges of designing a com-
pact hydraulic pipe flocculator as the available space often 
dictates the best configuration. The configurations simulated 
have a small- to medium footprint and therefore rely on the 
available height. It is shown that the configuration with a 
primary length of L1 = 20dh, a secondary length of L2 = 0 and a 
bend radius of rb = 2.5dh results in the largest volume-aver-
aged particle diameter for Re = 20, 000 and particle properties 
resembling soot particles.

In practical terms, this means that the design of a com-
pact hydraulic flocculator becomes long and narrow with 
fewer connections to weld, which makes manufacturing and 
installation easier for industries where the available foot-
print is small but the available height is large.
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