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Modern engineering increasingly employs various computer software to develop products. The
use of software to simulate product performance is known as computer-aided engineering (CAE).
CAE supports the design process of a product by allowing the analysis of its virtual prototype.
The present work concentrates on computational fluid dynamics (CFD) – one of the major CAE
tools. Since its first developments in the late 1950s, CFD simulation has become an essential
part of the engineering process in a range of industries due to its advantages, such as faster
design workflow and lower costs.

The main objective is to bring new knowledge and create novel solutions by applying CFD
methods to solving various research and engineering problems. The dissertation consists of four
journal publications focusing on a set of problems from the field of process engineering. The
importance of utilizing CFD modeling for the design, optimization and investigation of fluid
flow systems is demonstrated. The size of the systems varies from macro- to micro-scale.

The first part of the dissertation is concerned with flows in milli- and micro-scale channels.
Efficient mixing and heat transfer at milli- and micro-scales are challenging due to the domi-
nance of viscous forces. CFD simulations were carried out to evaluate the mixing efficiency of
milli-scale chemical reactors. The simulations enabled studying different channel geometries
to determine an optimal design. The reactors were then fabricated using additive manufacturing
(AM) technology, and the simulation results were validated experimentally. A process design
method based on CFD and AM for milli-scale reactors was thus demonstrated. Further, CFD
was also utilized to examine fluid flow and heat transfer in a serpentine microchannel. The
analysis indicated the potential for thermal performance improvement. A novel CFD-driven
microchannel configuration for heat transfer enhancement was then developed.

The second part is devoted to studying wastewater treatment techniques based on freeze
crystallization. Two systems, namely suspension crystallization and layer crystallization, were
investigated with the aid of CFD modeling to obtain more comprehensive knowledge about the
factors affecting the purification process. The numerical results provided valuable information
on the flow conditions that can be used for the optimization of the wastewater purification
systems.
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Chapter 1

Introduction

1.1 Background

Engineering is ”the study of using scientific principles to design and build machines, struc-
tures, and other things, including bridges, roads, vehicles, and buildings.” (Cambridge English
Dictionary, n.d.). In other words, engineering is all about developing and creating solutions to
real-world problems by applying science. The history of engineering begins in ancient times
with the invention of the wheel around 5000 years ago. Although the definition of ”engineering”
is modern, the term can be applied consistently to such inventions from the past. Other exam-
ples of the greatest engineering feats are the pyramids in ancient Egypt, the Parthenon in ancient
Greece, the Colosseum in the Roman Empire, and the Great Wall of China, among many others.
Further, in the Middle Ages, the first compasses and mechanical clocks were invented. The first
windmills are also attributed to the Medieval period. The end of this period was marked by the
invention of the printing press around the year 1440. In the succeeding period, the Modern Age,
Thomas Newcomen, an English engineer, introduced the first steam engine in 1712. The steam
engine was further modified significantly by the Scottish engineer James Watt. The advent of
the steam engine changed the world, sparking the First Industrial Revolution (from c.1760 to
c.1840). During the Industrial Revolution, civil engineering and mechanical engineering started
to emerge as independent disciplines.

Another branch of engineering, electrical engineering, began to develop in the late 19th
century, the time of the Second Industrial Revolution (1870–1914), following the inventions
of the telegraph (1837), the first viable electric motor (1872), the telephone (1876), and the
incandescent lamp (1878). In the same period, the rapid growth of new industrial processes and
the production of new materials involving chemical reactions gave rise to chemical engineering
as a separate field. The Second Industrial Revolution also witnessed another great invention, the
four-stroke internal combustion engine (ICE), built by the German engineer Nikolaus August
Otto in 1876. Almost ten years later, in 1885, Karl Benz, a German mechanical engineer,
created the first version of the modern automobile. Two other German engineers should also
be mentioned here: Gottlieb Daimler, who advanced the Otto engine in 1885 so that it used
gasoline, and Rudolf Diesel, who invented a new type of ICE in 1892.

The following century was a time of significant advances. The field of engineering ex-
panded with many new branches. Figure 1.1.1 demonstrates some of the existing engineering
disciplines. Mechanical engineering, civil engineering, chemical engineering, and electrical en-
gineering are considered as the core branches of engineering. Other types of engineering may
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Figure 1.1.1: Examples of engineering branches.

represent combinations of several engineering disciplines or more specialized subfields. For
example, mechatronic engineering integrates knowledge from mechanical, electrical and com-
puter engineering. Thermal engineering is a subdiscipline of mechanical engineering that deals
with the design of systems involving heat transfer processes. Some branches of engineering are
interdisciplinary, such as biomedical engineering, which is the application of engineering (e.g.
chemical and electrical) to the fields of medicine and biology, or process engineering, which
focuses on the design, optimization, and implementation of various industrial processes.

One of the most important inventions of the 20th century is the first digital computer, which
dates back to the late 1930s. With the construction of the digital computer, the field of computer
simulation, or modeling, began to emerge. Buchanan (2019) presents a more detailed history of
engineering and technology.

Computer simulation developed with the growth of computer technology and engineer-
ing. It has found applications in many fields and industries, such as chemistry (Van Gunsteren
and Berendsen, 1990), medicine (Taylor et al., 1998), aviation (Lee, 2005), sociology (Gilbert
and Doran, 1994), and entertainment (Nealen et al., 2006). In engineering, where computers
replaced drawing boards, modeling started to be utilized in engineering-related tasks from de-
sign to manufacturing. The use of software tools for the creation and modification of a product
design is defined as computer-aided design (CAD). CAD software, such as SolidWorks or Au-
toCAD, is widely utilized by designers and engineers for making 3D models and 2D drawings.
Further, CAD models can be analyzed by performing numerical simulations, which is known as
computer-aided engineering (CAE). For example, product characteristics related to heat trans-
fer, fluid flow, mechanical stresses etc. can be investigated by CAE tools. Such tools include
finite element analysis (FEA), computational fluid dynamics (CFD), kinematics analysis, multi-
body dynamics, acoustics analysis, and others. Nowadays, CAD and CAE are integral parts of
the design cycle of many products because they enable cutting product development costs and
time by building and testing virtual prototypes. Moreover, CAE provides more insight into
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the design when developing a product, thereby helping to improve its overall quality and per-
formance. Industries applying CAD and CAE include, but are not limited to, the aerospace
and automotive industries, architecture, construction, and electronics. Developing automotive
radar systems (Sovani, 2017), improving the thermal management of electronic devices (Kim
et al., 2019), enhancing the acoustic design of rooms (Kowalczyk and Van Walstijn, 2010), and
assessing the structural integrity of buildings (Brunesi and Nascimbene, 2014) are just a few
examples of the numerous applications where CAE simulations are employed.

CFD is one of the major CAE segments. It is a branch of fluid mechanics that deals with the
analysis of fluid flow and related phenomena by means of numerical simulations. Since its early
developments at the end of the 1950s, CFD simulation has become an integral component of the
engineering process. Today, CFD is used in a wide range of application areas, some of which
Figure 1.1.2 shows. Car manufacturers utilize CFD to optimize vehicle aerodynamics to reduce

CFD
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Figure 1.1.2: Schematic overview of some application areas of CFD.

the drag and hence the fuel consumption (Kang et al., 2012). CFD simulations are employed
to ensure proper air circulation in data centers in order to remove the heat produced by the
equipment (Wibron et al., 2018). The simulations also aim to improve wastewater purification
process efficiency (Karpinska and Bridgeman, 2016). CFD modeling is performed to predict
aerodynamic loads on wind turbines (Nebenführ and Davidson, 2017). Similarly, wind loads
on tall buildings are evaluated with the aid of CFD analysis to minimize the probability of
structural collapses (Tamura et al., 2008).
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1.2 Motivation
The global CAE market size is expected to continue increasing from USD 7.3 billion in 2019
up to USD 14.9 billion by 2027 (Grand View Research, Inc.: Market Research Reports, 2020).
As reported, the use of CAE software is anticipated to rise due to the growth of the Internet
of Things and wearable devices in such fields as medicine, education, transportation, and en-
tertainment. Among others, the automotive and aerospace industries are expected to drive the
market growth further. For example, emerging semi-autonomous and driverless cars, and an ex-
panding 3D printing market are factors facilitating the growth. Furthermore, cloud-based CAE
tools are also anticipated to increase the market size by reducing the CAE-related maintenance
and operating expenses, thus making it more affordable for smaller companies.

During the forecast period, the CFD segment is projected to contribute positively to the
CAE market expansion. The growing adoption of CFD is especially expected in the automotive
sector, where, with the rise of electric vehicles, the use of CFD simulations for battery thermal
management applications is particularly anticipated to increase. The aerospace industry, where,
for instance, CFD is utilized for optimizing fuel delivery systems, is also expected to support
the growth.

Thus, the rapidly increasing presence of CAE tools, in particular CFD, in various indus-
trial sectors will be observed in the forthcoming years. Several key benefits support the trend.
First, the integration of CFD modeling enables detecting potential design flaws at the early
stage of the product development. It allows minimizing expenses resulting from redesign and
possible recalls, thus making products more reliable and cost-effective. Further, the product
development cycle time is also reduced, thereby facilitating faster time-to-market. Moreover,
CFD offers the possibility to study systems where physical tests or experiments are difficult or
impossible to conduct (e.g. microchannels or hazardous conditions). The present dissertation is
thus motivated by the facts and considerations above.

1.3 Objective and scope
The primary objective of the dissertation is to bring new knowledge and create novel solutions
through the utilization of CFD methods. The focus of this work is therefore directed towards
exploring various research and engineering problems involving fluid flow using CFD modeling.
The attached journal publications demonstrate the use of CFD for product development and
optimization, the analysis of fluid flow phenomena, and the exploration of fluid flow systems.
The thesis covers the process engineering discipline; namely, chemical process engineering and
thermal process engineering.

The thesis is organized as follows. Chapter 2 describes the theoretical background and
methods of CFD modeling. Next, chapter 3 presents an overview of the publications on which
this work is based. Finally, chapter 4 offers concluding remarks.
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Chapter 2

Theory and methods

This chapter describes the basic theory behind CFD. More comprehensive material, including
numerical schemes and the derivation of flow equations, can be found in the book of Versteeg
and Malalasekera (1995). Some specific methods and approaches are also presented in the
attached publications.

2.1 Governing equations

The Navier-Stokes equations, which describe the motion of fluids, are the basis of CFD mod-
eling. The equations represent Newton’s second law of motion for fluids and can be written
as

∂(ρ~u)

∂t
+∇ · (ρ~u~u) = −∇p+∇ · ¯̄τ + ~F (2.1.1)

where ~u is the fluid velocity, p is the pressure, ¯̄τ is the viscous stress tensor, ρ is the fluid density,
and ~F is the external body forces. The left-hand side of the equation expresses the rate of
increase of momentum of a fluid particle, while the right side describes the forces applied to that.
Fluids considered in this thesis are Newtonian, for which the viscous stresses are proportional
to the rates of deformation:

¯̄τ = 2µ

(
¯̄s− 1

3
∇ · ~uI

)
(2.1.2)

where µ is the fluid dynamic viscosity, and ¯̄s is the strain-rate tensor defined as

¯̄s =
1

2

(
∇~u+∇~uT

)
. (2.1.3)

The Navier-Stokes equations are solved together with the conservation of mass equation,
or continuity equation:

∂ρ

∂t
+∇ · (ρ~u) = 0. (2.1.4)

The next fundamental governing equation of fluid flow is the energy equation, which is
the statement of the first law of thermodynamics. The energy equation is solved in problems
involving compressibility or heat transfer, while Equations 2.1.1 and 2.1.4 are solved for all



18 Theory and methods

fluid flows. The energy equation can be written in the following form:

∂(ρE)

∂t
+∇ · (ρE~u) = −∇ · (p~u) +∇ · (k∇T ) +∇ · (¯̄τ · ~u) + SE (2.1.5)

where E is the total energy defined as a sum of internal and kinetic energies, k is the thermal
conductivity, T is the temperature, and SE is other energy sources. The present thesis covers
only incompressible flows (i.e. constant fluid density), and Equation 2.1.5 is therefore solved
only when heat transfer occurs.

Further, for incompressible fluids, the continuity equation is reduced to

∇ · ~u = 0. (2.1.6)

The last term in the expression for ¯̄τ is then canceled out, and, assuming constant viscosity, the
Navier-Stokes equations may be written as

ρ

(
∂~u

∂t
+ ~u · ∇~u

)
= −∇p+ µ∇2~u+ ~F . (2.1.7)

Usually, the system of Navier-Stokes also includes the continuity equation. Thus, equations
2.1.6 and 2.1.7 are referred to as the incompressible Navier-Stokes equations.

Due to incompressibility, it is common that the kinetic energy changes are excluded by
subtracting the conservation equation for the kinetic energy, which is a dot product of Equation
2.1.1 and ~u, from Equation 2.1.5. This thus gives the equation for internal energy e:

ρ

(
∂e

∂t
+∇ · (e~u)

)
= ∇ · (k∇T ) + ¯̄τ : ∇~u+ (SE − ~u · ~F ). (2.1.8)

For incompressible fluids, e = cT , where c is the specific heat capacity. Equation 2.1.8 can thus
be rewritten in terms of temperature T , which is a common way to express the energy equation:

ρc

(
∂T

∂t
+ ~u · ∇T

)
= ∇ · (k∇T ) + ¯̄τ : ∇~u+ (SE − ~u · ~F ). (2.1.9)

The viscous dissipation term ¯̄τ : ∇~u, representing the increase of internal energy due to viscous
dissipation, is often negligible, as in this thesis.

2.2 Turbulence

Most flows encountered in engineering applications are turbulent. It is possible to resolve turbu-
lence by solving the Navier-Stokes equations directly. However, such simulations, also known
as direct numerical simulations, are computationally very expensive, making them impracti-
cal for engineering problems. Therefore, a number of modeling approaches, such as large
eddy simulation, models based on Reynolds-averaged Navier-Stokes (RANS) equations, and
detached eddy simulation, have been developed to tackle turbulence problems.

The RANS-based turbulence models are the most commonly used due to their reasonable
accuracy and relatively low computational requirements. The idea of the RANS approach is
to use the Reynolds decomposition, which is the decomposition of the solution variables into
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mean and fluctuating components. For example, the velocity is thus expressed as ~u = ū + ũ,
where ū and ũ are the mean (time-averaged) and fluctuating parts, respectively. The other flow
properties are defined similarly. The Reynolds averaged continuity and momentum equations
are then obtained by substituting the decomposed variables and taking the time average of the
equations:

∇ · ū = 0 (2.2.1)

ρ

(
∂ū

∂t
+ ū · ∇ū

)
= −∇p̄+ µ∇2ū+∇ ·

(
−ρũũ

)
+ ~F . (2.2.2)

Equations 2.2.1 and 2.2.2 are referred to as the RANS equations. These equations are identical
to exact Equations 2.1.6 and 2.1.7 with the mean velocity and pressure replacing the original
variables. The extra term −ρũũ, however, appears. This term is known as the Reynolds stress
and represents the time-averaged rate of momentum transfer due to the turbulence. Additional
equations are therefore required to compute the Reynolds stress and close the system.

Two-equation turbulence models, such as k − ε and k − ω formulations, are among the
most widely used models for engineering applications. All two-equation models are based on
the Boussinesq approximation:

−ρũũ = 2µT
¯̄S − 2

3
ρkI (2.2.3)

where ¯̄S is the mean strain-rate tensor, k is the turbulence kinetic energy, and µT is the turbulent
viscosity. µT is usually defined through the turbulence kinetic energy and another quantity
related to the turbulence length or time scale. For example, in the k − ε family of models, it is
determined from

µT = ρCµ
k2

ε
(2.2.4)

where Cµ is a constant, and ε is the turbulence dissipation rate. In the Standard k − ε model, k
and ε are obtained from two transport equations for the respective variables:

ρ

(
∂k

∂t
+ ū · ∇k

)
= ∇ ·

((
µ+

µT
σk

)
∇k

)
− ρũũ : ∇ū− ρε (2.2.5)

ρ

(
∂ε

∂t
+ ū · ∇ε

)
= ∇ ·

((
µ+

µT
σε

)
∇ε

)
+ C1ε

ε

k

(
−ρũũ

)
: ∇ū− C2ερ

ε2

k
(2.2.6)

where σk, σε, C1ε, C2ε and Cµ are the model coefficients with the default values of 1.0, 1.3,
1.44, 1.92 and 0.09, respectively.

As has been mentioned, several approaches are available for resolving turbulent flows.
However, there is no best model for all simulations. Each model has its own advantages and
limitations, and the choice is therefore dependent on the application. In the present thesis, the
Realizable and RNG versions of the k − ε model were used. Andersson et al. (2011) describe
various turbulence models and guidelines for selecting a turbulence model. More in-depth
information on the topic of turbulence, including the derivation of the corresponding equations,
is provided by Wilcox (2006).

This study also deals with the laminar flow regime. In such cases, the flow can be simu-
lated by solving the Navier-Stokes equations without a turbulence model. The flow regime is
determined based on the Reynolds number, which represents the ratio of the inertial forces of a



20 Theory and methods

fluid to the viscous forces. For example, for a pipe flow, the Reynolds number Re is calculated
as

Re =
ρUDh

µ
(2.2.7)

where U is the average flow velocity, and Dh is the pipe hydraulic diameter. The flow is con-
sidered laminar for Reynolds numbers below 2300.

2.3 Numerical methods
The governing equations of fluid flow can be solved exactly only in some simple cases (e.g.
Poiseuille Flow). Numerical methods are therefore usually used to obtain the solution. The
finite volume method (FVM) and the finite element method (FEM) are two of the most popular
discretization techniques. FVM and FEM start by dividing the domain into discrete subdomains
(elements, volumes, cells), which is the construction of a computational grid, or mesh. The grid
can comprise such elements as hexahedral (quadrilateral in 2D), tetrahedral (triangular in 2D),
or polyhedral. In the FVM, the governing equations are then integrated over each volume, thus
being transformed into a system of linear algebraic equations to be solved. The FEM technique
uses the method of weighted residuals – before integrating, the governing equations are multi-
plied by a weighting function. These steps are the starting points of the two methods. Versteeg
and Malalasekera (1995) and Kuzmin and Hämäläinen (2014) provide a detailed construction
of numerical approximations using FVM and FEM.

FVM is historically used in fluid mechanics, whereas FEM is usually employed in solid
mechanics. The main reason is that the FVM formulation ensures that the conservation laws
are satisfied for each element. In FEM, local conservation is initially not maintained, only the
global one is. Nevertheless, the FE approach is also applied to fluid flow problems; examples
include the discontinuous Galerkin method, which offers the local conservation property.

In this thesis, the governing equations were solved in the ANSYS Fluent CFD software,
which uses the FV technique (Ansys, Inc., 2011). To minimize numerical errors due to the
discretization, higher order numerical schemes were used. For example, the convective terms
in the solved equations were discretized using a second-order upwind scheme. The accuracy of
the solution was also controlled by defining an appropriate grid element size through the grid
independence analysis. In the time-dependent problems, the time step size was also selected to
ensure the accuracy of the solution.
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Chapter 3

Summary of results

This chapter summarizes the contribution of the publications accompanying this dissertation.

3.1 Publication I
This publication proposed a process design method based on CFD modeling and additive man-
ufacturing (AM) technology for milli-scale reactor technology. The original problem arises
from the fact that mixing at milli- and micro-scale, which is driven by diffusion due to a low
Reynolds number, is generally very inefficient. Achieving rapid and uniform mixing is often es-
sential for an appropriate reaction. Various microreactor, or micromixer, designs have therefore
been developed to enhance mixing. Zigzag configurations are among the most efficient. Mixing
in zigzag shapes is improved through the chaotic advection that increases the interface area be-
tween fluids. The three milli-scale reactors considered in this publication were Y- and TT-type
reactors with zigzag mixing channels and Y-type reactor with a straight mixing channel. CFD
was utilized to evaluate the mixing performance of the reactor geometries. The reactors were
then produced by AM. Finally, the numerical results were validated by experiments.

The CFD modeling of fluid flow and species transport provided mass fraction data to eval-
uate the mixing degree between two liquids (water and tracer). The simulations were carried
out at flow rates of 12 ml/min (Re = 64), 18 ml/min (Re = 96) and 30 ml/min (Re = 160).
The results showed that increasing the Reynolds number improves the mixing quality. This
was caused by more intensive flow recirculation at the mixing channel bends and impact zones
induced by the higher flow velocities (Figure 3.1.1). As expected, the basic geometry, that is
the Y-type reactor with a straight channel, performed significantly worse compared to the con-
figurations with zigzag mixing channels. At a Reynolds number of 160, the mixing efficiency
of the basic Y-type reactor was only about 40%, while the zigzag configurations achieved 90%.
Comparing the zigzag reactors, the TT-type demonstrated higher performance in terms of the
mixing time owing to its four-way inlet arrangement, which allowed better pre-mixing of the
liquids (Figure 3.1.2).

Pressure drops in the studied reactors were also retrieved from the simulations. The pres-
sure drop was found to be greater in the zigzag geometries due to the curved mixing channels.
At a Reynolds number of 64, the drop in the Y-type reactor with a straight channel was about
8 Pa, while the corresponding values in the reactors with zigzag mixing channels were 2.5 times
higher. However, in the zigzag configurations, when the flow rate was increased, the pressure
drop increased more considerably in the Y-type reactor because of sharper bends of the mixing
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Figure 3.1.1: Flow recirculation at the bends of the Y-type zigzag reactor (left) and impact of
water and tracer at the Y-shaped junction (right).

Figure 3.1.2: Mixing at the bends of the zigzag reactors at Re = 160. Green contours indicate
regions of the uniform mixing.

channel. The pressure drops in these configurations were about 140 Pa and 90 Pa at Reynolds
number of 160.

Molar concentration data at the channel outlets obtained by CFD was compared with data
obtained from the step response experiments with distilled Millipore water and a sodium hy-
droxide solution. The numerical results were in close agreement with the experimental ones.
However, the deviation between the data was higher at higher flow rates. The analysis of the
AM-manufactured geometries indicated increased surface roughness and inaccuracies in the
dimensions, which might influence the flow behavior, and hence, the results.

This publication thus demonstrated a method that can be used for the design and optimiza-
tion of small-scale reactors. Being based on CFD modeling and AM technology, the method
enables rapid prototyping and the implementation of new solutions, thereby making it both
time- and cost-efficient.
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3.2 Publication II
As Publication I mentions, the flow in microchannels is typically laminar (low Reynolds num-
ber). Heat transfer rates are therefore greatly reduced compared to turbulent conditions. Hence,
heat transfer enhancement in microchannels is a topic of active research, especially in the light
of the rapid development of micro-scale heat transfer devices. Serpentine channels are common
structures utilized to improve heat transfer rates by disrupting the thermal boundary layer due
to the increased liquid mixing induced by the secondary vortices generated at the bends. This
publication investigated the influence of cross-section orientation on fully developed flow and
heat transfer in a periodic serpentine microchannel with equilateral triangular cross-section via
numerical simulations. The CFD model was validated numerically.

The simulation results revealed that the cross-section orientation affects the channel ther-
mal performance. The thermal efficiency of the channel configuration with left-pointing trian-
gular cross-section was greater by around 3-6%, depending on the Reynolds number, than that
of the same channel with upward-pointing cross-section, while having equal pressure drops.
Further, the analysis of the flow field indicated that, at certain locations, the cross-section can
be rotated into a more beneficial position for heat transfer. Thus, the channel with upward-
pointing cross-section was modified by adding twisted channel sections that rotate the channel
orientation from upward-pointing to downward-pointing and back (Figure 3.2.1). Three twisted
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Figure 3.2.1: Microchannel configurations with upward-pointing cross-section (upper-left),
left-pointing cross-section (lower-left) and upward-pointing cross-section with twisted sections
(right).

configurations, with 60◦, 180◦ and 300◦ twists, were analyzed. By moving the heat away from
the walls more effectively, the channel configuration with 60◦ twist thus showed 9.5%, 8.2%
and 7% higher heat transfer performance than its non-twisted version at Reynolds numbers of
50, 100 and 150, respectively, while the pressure drop caused by the twisting increased only by
approximately 2-3% (Figure 3.2.2). Tighter twisting, however, did not contribute to the thermal
performance positively. As the degree of twisting increased, the secondary vortices formed in
the bends located in the upstream of the twisted sections were disrupted earlier, thus prevent-
ing them from advancing farther downstream (Figure 3.2.3). The pressure loss also increased
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Figure 3.2.2: Temperature distribution across Bend 2 and the upstream vertical section for
the channel configurations with upward-pointing cross-section w/o (left) and w/ (right) twisted
sections at Reynolds number of 150.

(a) (b)

Figure 3.2.3: (a) Secondary flows at the entrance (upper) and the middle (lower) of the twisted
section between Bend 1 and Bend 2 for the configurations with 60◦ (left) and 300◦ (right) twists
and (b) streamlines colored by velocity magnitude in the 300◦ twist section between Bend 1 and
Bend 2 at Reynolds number of 150.
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because of the rising intensity of the swirling flow occurring in the twisted sections.
All the channel configurations were then compared using a performance evaluation crite-

rion (PEC) that takes into account both the heat transfer enhancement and pressure drop. At
all the Reynolds numbers investigated, the channel configuration with 60◦ twist had the high-
est PEC among the considered configurations. The lowest PEC values were obtained for the
channel with 300◦ twist and the non-twisted channel with upward-pointing cross-section.

The heat transfer performance of a serpentine microchannel with triangular cross-section
can thus be enhanced by adjusting the orientation of the microchannel. Furthermore, a novel
microchannel configuration combining two heat transfer improvement methods – namely, ser-
pentine channel geometry and twisted shapes – was introduced and studied.

3.3 Publication III
This publication focused on eutectic freeze crystallization (EFC), which is a separation tech-
nology for the simultaneous recovery of ice and salt from an aqueous solution. EFC has shown
great promise as a wastewater purification technique. The experiments were conducted using
a Na2SO4 (aq) solution, which is commonly present in wastewater of the textile, glass, and
mining industries. The solution was cooled in an agitated non-scraped, non-baffled, jacketed
vessel, or crystallizer, to provide the thermodynamic driving force for ice crystallization. Dur-
ing the ice crystallization, it was necessary to maintain a stable temperature to keep the process
running. However, the formation of an ice scale on the cooled inner surface of the crystallizer
was detected. The ice-scaling reduced the heat transfer rate between the aqueous solution and
coolant, thus decreasing the cooling capacity of the crystallizer and consequently increasing the
temperature of the solution. The ice-scaling problem is a critical drawback of EFC. Therefore,
this issue was mainly addressed in this work.

CFD modeling was used to study the effect of the intensity of agitation on fluid flow and
heat transfer in the crystallizer. The rotational speed of the impeller was set to 100 rpm, 200
rpm and 300 rpm. The simulations showed that the cooling rate of the solution increases with
the agitation level due to enhanced circulation of the solution. However, the results also re-
vealed the non-uniformity of the temperature field in the radial direction, which was caused by
the non-uniform mixing because of the swirling flow pattern (Figure 3.3.1). Further, the wall
shear stress on the cooled inner surface was determined to be higher for the higher degree of
agitation (Figure 3.3.2). The shear stress grew especially in the area around the impeller. The
accumulation of ice crystallites might therefore be reduced when increasing the rotational speed
of the impeller.

The CFD simulations thus provided important insight into the flow behavior inside the
crystallizer to develop an optimal crystallizer design for a continuously running EFC process.
Based on the obtained results, both experimental and numerical, the operating conditions can
be adjusted accordingly to balance the cooling load and the heat of the crystallization more
efficiently.

3.4 Publication IV
This publication dealt with the layer crystallization process, where, in contrast to the suspension
crystallization considered in Publication III, ice crystals grow from a static aqueous solution to
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ΔT ≈ 0.3 °C

Figure 3.3.1: Temperature distribution in the upper part of the crystallizer for the impeller
rotational speed of 300 rpm (left) and flow streamlines (right).

Figure 3.3.2: Wall shear stress (Pa) on the inner surface at 100 rpm (left) and 300 rpm (right).

form a single ice layer. The layer crystallization offers attractive potential for the treatment of
wastewater in cold climate regions. The key idea was to form purer ice layer from a contam-
inated solution (NiSO4) by natural freezing. Plastic vessels, or crystallizers, about 1 L each
containing the solution were placed into a custom-made freezer (winter simulator) where they
were cooled by cold airflow imitating natural freezing.

After the freezing experiments, the growth rate of the ice layer was noticeably higher in
the fourth crystallizer. The growth rate of the ice layer is a critical factor affecting the ice layer
purity. A very high growth rate causes more solutes to be incorporated into the ice layer, thus
reducing the ice purity. To investigate the airflow behavior and assess its possible influence
on freezing, CFD simulations were carried out. The numerical results confirmed that the un-
even ice layer growth rate was attributed to different airflow conditions around the crystallizers
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(Figure 3.4.1). In particular, the air velocity above the ice layer of the fourth crystallizer was
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Figure 3.4.1: Velocity field above the crystallizers (white to blue color map) and along the outlet
channel (rainbow color map) (left) and variation of wall shear stress at the top surfaces of the
crystallizers with time (right). The crystallizers are numbered.

considerably higher than that observed above the crystallizers located in the downstream, while
the flow field above those crystallizers was approximately similar. By supplying more air into
the freezer, the air velocity above the crystallizers increased, although the overall behavior of
the airflow remained the same.

The CFD analysis of the airflow in a custom-made freezer demonstrated the influence of
flow conditions, namely the velocity distribution, on the growth rate of the ice layer. The find-
ings are useful for the optimization of the wastewater purification process by natural freezing.
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Chapter 4

Conclusions

This dissertation provided new knowledge and solutions in the field of process engineering
through the application of CFD analysis. In Publication I, CFD simulations were utilized to
predict mixing in milli-scale chemical reactors. Numerical data allowed to study the mixing
process and evaluate the overall efficiency of the reactors before manufacturing them. In Publi-
cation II, CFD was used to investigate fluid flow and heat transfer in a serpentine microchannel.
A detailed analysis of the flow field revealed potential for further heat transfer improvement. A
novel microchannel configuration was then developed to enhance the heat transfer rates. Pub-
lication III employed CFD modeling to gain details of the fluid flow and heat transfer in a
crystallizer. The numerical results indicated possible design improvements to increase the ther-
mal performance of such crystallization systems. Similarly, in Publication IV, CFD simulations
were carried out to get insight into the fluid flow conditions inside the winter simulator. By
examining the flow behavior, it was possible to assess the impact of the flow on the freezing.

The publications highlight that CFD is advantageous in designing and optimizing fluid flow
systems. CFD can be beneficial for solving diverse problems from macro-scale to micro-scale.
Different roles of CFD modeling were also demonstrated. While CFD can be complementary
to studying a problem, it can also be a primary resource for creating new solutions.

In addition, several directions for future work can be suggested. As Publication I reported,
the milli-scale channels had, besides the inaccuracies in the dimensions, quite significant rough-
ness. This might affect the flow behavior, as in contrast to conventional macrochannels, surface
roughness for laminar flow in mini- and microchannels cannot be omitted (Silva et al., 2008;
Dai et al., 2014). Therefore, the influence of surface roughness on the mixing in milli- and
micro-scale reactors could be investigated in the future. In Publication II, the channel design
could be further optimized by studying the effect of geometrical parameters, such as wave-
length or bend curvature, on heat transfer. The main findings regarding the mixing reported in
Publication III were utilized by John et al. (2020) to determine a mixing impeller configuration
that ensures uniform cooling of the wastewater in a crystallizer with ice scraping mechanisms.
Similarly, the non-scraped system considered in Publication III could be further developed for
greater efficiency. Finally, the CFD model in Publication IV could be extended to include heat
transfer between the airflow and freezing solution to predict the freezing rate in different flow
conditions.
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a b s t r a c t

The mixing performance of three passive milli-scale reactors with different geometries was investigated
at different Reynolds numbers. The effects of design and operating characteristics such as mixing channel
shape and volume flow rate were investigated. The main objective of this work was to demonstrate a
process design method that uses on Computational Fluid Dynamics (CFD) for modeling and Additive
Manufacturing (AM) technology for manufacture. The reactors were designed and simulated using So-
lidWorks and Fluent 15.0 software, respectively. Manufacturing of the devices was performed with an
EOS M-series AM system. Step response experiments with distilled Millipore water and sodium hydro-
xide solution provided time-dependent concentration profiles. Villermaux–Dushman reaction experi-
ments were also conducted for additional verification of CFD results and for mixing efficiency evaluation
of the different geometries. Time-dependent concentration data and reaction evaluation showed that the
performance of the AM-manufactured reactors matched the CFD results reasonably well. The proposed
design method allows the implementation of new and innovative solutions, especially in the process
design phase, for industrial scale reactor technologies. In addition, rapid implementation is another
advantage due to the virtual flow design and due to the fast manufacturing which uses the same geo-
metric file formats.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Mixing is one of the most important aspects of process in-
tensification and elegant design of micromixers is key to achieving
efficient production. The design of micromixers is generally re-
garded as a trade-off among different parameters including pres-
sure drop, mixing time, reactor volume and velocity field (Oualha
et al., 2013). Some chemical reactions demand fast mixing to en-
hance yield and selectivity.

Mixing of miscible fluids is classified on three length scales
namely: macromixing, mesomixing and micromixing.

Macromixing occurs on the scale of the vessel, mesomixing occurs
on the scale of the flow eddies and micromixing occurs on the
scale of molecular diffusion in stretching and folding of fluid la-
mellae (Johnson and Prud'homme, 2003; Bourne, 2003). For a
reasonably small fluid velocity u and a hydraulic diameter Dh, ty-
pical values of convective to diffusional time scales expressed by
Peclet number, uD D/h where D is the molecular diffusion coeffi-
cient, range between 101 and 105, indicating that convection is
much higher than molecular diffusion. For straight geometric
micro-channels without a mixing element inside the channel, the
diffusional time scale for fluid to diffuse half of the channel width
is approximated by ∼t d D/2 (Huysmans and Dassargues, 2005).
Therefore, diffusion alone is not adequate for description of com-
plete mixing in the shortest possible time. Innovative micro-
channel geometry and ideal inlet for contacting fluids will be
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appealing factors for the microfluidic mixing to maximize the in-
terfacial area between phases to reduce the diffusion length and
enhance vortex generation (Kockmann and Roberge, 2009). Var-
ious passive micromixers have been designed to enhance mixing
in microfluidic systems. Serpentine configurations are one of the
popular micromixer designs. Chaotic advection generated by this
type of structures enables efficient mixing by increasing the con-
tact area between fluid streams.

A number of studies have been devoted to serpentine micro-
mixers. Ansari and Kim (2009) conducted numerical studies on the
mixing performance of a three-dimensional serpentine micro-
channel with L-shaped repeating units. The channel was found to
be efficient in mixing at Reynolds numbers of 1, 10, 35 and 70. The
mixing became more effective as the Reynolds number increased
from 1 to 70. However, the results indicated that mixing perfor-
mance is significantly dependent on the geometric dimensions of
the channel, such as height, width, length and number of bends.
The geometric parameters and Reynolds number also impact the
pressure drop in the channel.

Liu et al. (2000) performed numerical and experimental in-
vestigations of mixing in a three-dimensional serpentine micro-
channel with C-shaped repeating units, a square-wave micro-
channel and a straight microchannel. Phenolphthalein and sodium
hydroxide solutions were used in the empirical part of the work. It
was verified by flow visualization experiments that for Reynolds
number in the range from 6 to 70 a three-dimensional serpentine
channel performs considerably better than the square-wave and
straight channels. At a Reynolds number of 70, the straight and
square-wave channels produced respectively 16 and 1.6 times less
reacted phenolphthalein than the serpentine channel.

Mengeaud et al. (2002) studied both numerically and experi-
mentally the mixing processes in zigzag microchannels. Their results
showed that below a Reynolds number of approximately 80, the
mixing process is ensured by diffusion only. For higher values of
Reynolds number, the mixing is significantly improved by laminar
recirculation processes that form around the bends of the channel.
They further reported that there is a substantial improvement in the
mixing efficiency when the Reynolds number is increased.

Ren and Leung (2013) investigated both numerically and ex-
perimentally the flow and mixing in a zigzag microchannel under
rotation. Experimental results demonstrated that the overall
mixing efficiency of a rotating zigzag channel is considerably
better than that of a stationary zigzag channel and a rotating
straight channel. Although the stationary zigzag channel could
provide a high mixing quality, the Reynolds number needed to be
sufficiently high to create a strong local centrifugal acceleration at
the bends and to generate vortices. The straight channel showed
the worst mixing performance.

A three-dimensional serpentine laminating micromixer with
series of F-shaped mixing units was proposed by Kim et al. (2005).
Two mechanisms for inducing mixing were implemented in this
mixer. Chaotic advection induced by the overall three-dimensional
serpentine shape of the channel was combined with a lamination
mixing mechanism. The latter was implemented by a successive
arrangement of F-shaped units in two layers. Numerical and ex-
perimental results showed a high level of mixing efficiency over a
wide range of Reynolds numbers.

Hossain and Kim (2015) carried out a parametric study on the
mixing performance of a three-dimensional serpentine split-and-
recombine (SAR) microchannel with OH-shaped repeating units.
They investigated the effects of geometric parameters on the
mixing. The mixing performance showed a strong dependence on
the ratios of the width and the height of the subchannel in the
O-structure, respectively, to the width and the height of the main
microchannel for Reynolds numbers greater than 15. At lower
Reynolds numbers the influence of these parameters was weak.

Serpentine microchannels have thus shown good mixing cap-
ability and performance. After a certain Reynolds numbers, ap-
proximately in the 10–100 range, depending on the geometry
parameters, serpentine shapes start to form vortices at the bends
of the channel providing recirculation of the fluid, which plays an
essential role in mixing (Mengeaud et al., 2002; Parsa et al., 2014).
However, despite a large number of studies on the mixing per-
formance of microchannels, little work has been done on the
mixing performance of milli-scale reactors. The milli-scale chan-
nels provide especially higher flow rates than microchannels. Also,
the blockage of channels can be prevented in large pipe structures.
In this study, a Y-shaped milli-scale reactor with a straight mixing
channel and Y-shaped and TT-shaped milli-scale reactors with
zigzag mixing channels were designed, simulated and fabricated.
The modeled results were validated by performing experimental
tests. The effects of design and operating characteristics such as
mixing channel shape and volume flow rate were investigated.

The main objective of this work was to demonstrate a process
design method for milli-reactors which based on Computational
Fluid Dynamics (CFD) modeling and Additive Manufacturing (AM)
technology. The proposed design method allows the im-
plementation of new and innovative solutions. In addition, rapid
implementation is another advantage due to the virtual flow de-
sign and due to the fast manufacturing which uses the same
geometric file formats as a design platform.

2. Design and fabrication

2.1. Manufacturing technologies of different channel sizes

In channel fabrication, the manufacturing process is selected
based on the size and shape of the channels as well as the required
surface roughness and dimensional accuracy. Mehendale et al.
(2000) and Kandlikar and Grande (2003) have reviewed manu-
facturing technologies for mini- or compact channels. According to
their research, typical methods for manufacturing micro- and
milli-channels include technologies based on etching and wafer
bonding processes. Suitable technologies for larger channel man-
ufacturing include conventional milling and laser machining. Most
of the aforementioned channel manufacturing processes consist of
two steps: a planar open channel manufacturing and subsequent
closing with a lid. The only additive manufacturing technology
mentioned in their work is stereolithography, which was a com-
monly available technology at the time.

The applicability of AM in the construction of chemical flow
reactors has been researched by a number of authors. The main
difference to conventional manufacturing processes is that com-
plex closed channels can be manufactured with AM. Dragone et al.
(2013) have researched the usability of AM technology in milli-
fluidic-device manufacturing. A material extrusion based method
was used to fabricate reactionware devices out of PLA (polylactic
acid). Bineli et al. (2011) have examined the manufacturing of a
simple plate-type microreactor with a selective laser melting
(SLM) process from aluminum alloy. Capel et al. (2013) have
evaluated different AM-processes for chemical reactor manu-
facturing. Their conclusion was that AM-processes, including SLM,
can provide greater freedom in the design of the reactors. Also, as
the manufacturing rate is improved, different constructions can be
more easily evaluated. Even though additive manufacturing in
general is often referred to as having limitless design freedom,
SLM has a number of limitations. According to Thomas (2009),
overhanging structures such as rectangular channels can be diffi-
cult to fabricate. For that reason, circular or teardrop-shapes are
preferred. According to Thomas, circular channels can have geo-
metrical defects in the top section of the channel.
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2.2. Design of milli-scale reactors

Fig. 1 shows the channel geometries and inlet shapes of the re-
actors used in this study. The manufacturing system limits the length
of the mixers to approximately 200 mm and the feasible minimum
diameter of the channel to 2 mm. Moderate values for the bend
angles were used, since there is no optimal bend angle that provides
greatly superior mixing efficiency (Ren and Leung, 2013; Li et al.,
2012). The 3D-models were designed using SolidWorks software and
then imported to ANSYS ICEM 14.5 software for meshing.

2.3. Fabrication of the milli-scale reactors

The reactors were designed by adding a 1 mm thick shell to the
simulated geometries shown in Fig. 1. Small flat test pieces were
fabricated in three different positions to emulate the surface
roughness in different positions of the channel, i.e. channel top,
bottom and side walls. The AISI 316L (EN 1.4404) stainless steel
parts were fabricated with an EOS M-series AM system.

A diamond tip stylus profilometer was used for surface profile
measurement. The measured profile was filtered with a 2CR filter
to generate the roughness profile which was used for the calcu-
lation of Ra, Rz, Rpm and Fp values. The diameter of the channel was
measured with a vernier calliper and an optical microscope. The
equivalent roughness of the surface was evaluated based the
equation proposed by Kandlikar (2005):

ε = + ( )R F 1pm p

where ε is the equivalent roughness, Rpm is the mean leveling
depth and Fp is the floor distance to the mean line. The shape
evaluation was performed on five 5 mm long straight sections,
which were cut from the shape estimation test piece with an
abrasive saw. A backlight tool setting system and a digital SLR
(single-lens reflex) camera were used to capture the shadowgraph
images. The images were post processed with GIMP (GNU image
manipulation program) to generate threshold images and Inkscape
to attain a vector format shape of the channel. The hydraulic
diameters were approximated by sketching a set of curves on top
of the shadowgraph profile of the channel with SolidWorks. The
same software was used to calculate the cross-sectional area and
wetted perimeter of the channel. The resulting shape was used to
calculate the hydraulic diameter according to the formula below:

= ( )D
A

P
4

2h

where Dh is the hydraulic diameter, A is the cross-sectional area of
the channel and P is the wetted perimeter of the channel.

3. Numerical analysis

ANSYS Fluent 15.0 computational fluid dynamics software was
utilized to perform the CFD simulations in this work. ANSYS Fluent
provides comprehensive tools for fluid flow modeling and has
been employed in many microfluidics studies (Mouheb et al.,
2012; Wong et al., 2004; Bothe et al., 2008; Yang et al., 2015). The
mixing process of two different fluids, namely pure water (bulk
liquid) and a flow tracer, was simulated in the Fluent software by
solving three-dimensional equations of conservation of mass and
momentum and convection–diffusion. Both fluids were assumed
to be independent of the gravitational field. To calculate the flow
field, the steady-state Navier–Stokes equations were solved first.
Then the tracer was added to the domain, and the local con-
centration of the tracer was obtained by solving the transient
convection–diffusion equation. The respective governing equations
are defined as follows:

∇·→ = ( )u 0 3

ρ μ→·∇→ = − ∇ + ∇ → ( )u u p u 42

∂
∂ + ∇·(→ ) = ∇ ( )
c
t

u c D c 5
2

where →u is the velocity vector, p, the pressure, ρ, the density of the
fluid, μ, the dynamic viscosity of the fluid, c, the molar con-
centration of the species and D, the diffusion coefficient of the
species. The physical properties of the fluids used in the simula-
tions are listed in Table 1. The flow velocity at the inlets and zero
static pressure at the outlet were set as the boundary conditions.
No-slip boundary conditions were applied at the walls of the
channels. CFD simulations and the experimental test were per-
formed at three total flow rates, namely 12 ml/min, 18 ml/min and
30 ml/min, corresponding to Reynolds numbers of 64, 96 and 160.
The Reynolds number was calculated as

ρ
μ

= ( )Re
uD

6
h
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Fig. 1. The channel shapes and dimensions of the selected geometries. SY: Single Y-inlet with 2 mm diameters combining to a straight 4 mm diameter. Inlets in 60 degree
corner to the combining channel; ZY: Same inlet geometry as SY, but a zigzag mixing unit; ZDT: Double T inlet with four 2 mm diameter channels attaching to a single 4 mm
diameter channel. Inlets in 90 degree corner to the combining channel. Zigzag mixing unit; All the dimensions are in mm.

Table 1
Properties of fluids.

Density [kg/m3] Dynamic viscosity [kg/m-s] Diffusitivity [m2/s]

998.2 0.001003 10�10
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where u is the flow velocity at the inlet and Dh is the hydraulic
diameter of the mixing channel. As the Re values are low, the flow
was treated as laminar (Wilcox, 1998).

The computational domains were meshed with a tetrahedral
grid in ANSYS ICEM 14.5 software. A mesh independence analysis
was carried out in order to ensure that the simulation results are
independent of the mesh size and to find the appropriate mesh
resolution for the simulations. The analysis was done for the ZY-
reactor. The standard deviation of the molar concentration of the
tracer normalized by mean concentration value computed at the
outlet surface for each mesh refinement is given in Table 2.

The difference between the computed standard deviations was
8.33% on the grids from the mesh setups 1 and 2, whereas this
value was 4.44% in the setups 2 and 3. The obtained solutions
indicate that for achieving sufficient accuracy with reasonable
computational cost, the mesh size used in the setup 2 could be
employed in the simulations. Thus, the mesh parameters used in
the second case were applied for all the geometries in this study.
The global maximum element size was equal to 0.4 mm, with most
of the cells having all sides of about 0.1–0.2 mm length, while the
hydraulic diameters of the inlet and mixing channels, accordingly,
are 2 mm and 4 mm, see Fig. 1.

It is necessary to define a time step size when a transient
problem is solved (Ansys, Inc, 2011). The time step size should be
small enough to capture the transient behavior of the tracer
properly. The initial estimate of the time step size was defined to
be approximately the ratio of the average cell size to the flow
velocity. However, time-dependent calculations with smaller time
steps require more CPU time. To reduce the computation time of
the unsteady simulations, a time step independence test was
conducted. In this test, simulations were performed employing
different time step sizes and the values of the standard deviation
of the molar concentration of the tracer at the outlet cross-section
were analyzed. To preserve accuracy and stability of the calcula-
tions, time steps were limited to a maximum of 0.008 s.

To quantify the mixing performance of the proposed reactors,
the standard deviation of the mass fraction of the tracer was
computed at the outlet cross-section. Then the mixing efficiency
was calculated by the following formula:

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟∑η = − ¯* ( − ¯*) ×

( )=c N
c c1

1 1
100%

7i

N

i
1

2

where N is total number of sampling nodes, ci is the mass fraction
at sample node i and ¯*c is the mass fraction in the case of complete
mixing. A greater mixing efficiency value indicates a higher mixing
quality. η = 100% in the case of complete mixing and η = 0 in the
unmixed case. Each geometry had more than 500 sampling nodes
distributed uniformly on the outlet plane in order to ensure high
accuracy. Discretization of the convection term in the governing
equations introduces numerical diffusion error which causes
overestimation of the mixing quality in the simulation results
(Mouheb et al., 2012). In order to minimize the numerical error,
higher-order discretization schemes were employed in the calcu-
lations (Hardt and Schönfeld, 2003).

4. Experimental setup

4.1. Materials and methods

A number of methodologies for the evaluation of mixing per-
formance of a reactor have been proposed, namely flow visuali-
zation, reaction and non-reactive tracer input experiments (Mac-
Mullin and Weber, 1935). The present work focuses on step re-
sponse experiments and Villermaux–Dushman parallel reaction
type experiment for comparison and evaluation of micromixing in
the milli-structured reactors. The experiments were conducted
using the following analytical grade commercially available che-
micals: Sodium hydroxide, sulfuric acid and boric acid from Sigma
Aldrich, potassium iodide and potassium iodate from Merck. Ul-
trapure Millipore water was used for all the experimental works.

4.2. Step response analysis as a tool for the evaluation of mixing
efficiency

Step input experiments were conducted in a continuous flow
mode using three feed streams as shown in Fig. 2. Two feed
streams contained water and the third feed stream was 0.1 M so-
lution of sodium hydroxide (tracer). First water, as the main feed
stream, was pumped to the reactors using two syringe pumps
from World Precession Instrument with model number AL-1000.
Then one of the water lines was closed and the valve simulta-
neously opened for the tracer (sodium hydroxide) solution. The
samples were analyzed using C3010 multi parameter pH analyzer.
The concentration of the tracer was recorded every two seconds.
All the experiments were done at room temperature.

4.3. Villermaux–Dushman parallel reaction as a tool for the eva-
luation of mixing efficiency

The Villermaux–Dushman reaction is based on two reactions
that compete for an acid. The two competing reactions are given in
Eqs. (8) and (9) (Guichardon and Falk, 2000):

+ ⇔ − ( )+H BO H H BO , quasi instantaneous reaction 82 3 3 3

+ + ⇔ + ( )− − +IO 5I 6 H 3I 3H O, 93 2 2

+ ⇔ ( )− −I I I 102 3

Villermaux–Dushman reaction experiments were conducted in the
milli-scale reactors using the chemicals given in Table 3 (Gui-
chardon and Falk, 2000).

Two solutions were involved in the Villermaux–Dushman re-
action. Sulfuric acid solution (Solution-1) was prepared separately.
Solutions of boric acid and sodium hydroxide were prepared and
mixed to form a buffer solution. Then, separately prepared solu-
tions of potassium iodide and potassium iodate were mixed to the
buffer solution. The solutions of boric acid, sodium hydroxide,
potassium iodide and potassium iodate were mixed together in
the same order to form a single solution (Solution-2). Iodate and

Table 2
Standard deviation of molar concentration of the tracer normalized by mean
concentration value at the outlet for different mesh refinements.

Mesh setup Total number of cells Standard deviation

1 3,467,028 0.25
2 5,077,728 0.23
3 6,904,257 0.22

NaOH (aq)

H2O

FI

FI
QI

Fig. 2. Schematic drawing of experimental setup.
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iodide ions have a tendency to react with free hydronium ion in
the solution. However, the buffer nature of the sodium hydroxide-
boric acid solution prevents iodate and iodide ions from reacting
with the hydronium ion from the boric acid in the solution
(Commenge and Falk, 2011). Solution-1 and Solution-2 were
pumped to the reactors at the same flow rate using a syringe
pump from World Precession Instrument with model number AL-
1000. Perfect mixing of the two solutions favors the quasi-in-
stantaneous reaction given in Eq. (8). The concentration fluctua-
tions due to poor mixing lead to the second reaction given in Eq.
(9). The effect of poor mixing process was expressed by the for-
mation of the triiodide ion shown in Eq. (10). The presence of the
triiodide ion was detected online by a UV–vis spectrophotometer.

Samples were analyzed for the presence of triiodide ion for the
parallel reaction experiment and the step response of the tracer
for the non-reactive step input experiments. Analysis of the
triiodide ion was done using an Agilent 8453 UV-visible spectro-
photometer analyzer. Continuous online time based measure-
ments of UV–vis spectrophotometer characterization were con-
ducted. The UV absorption of triiodide ion at a wavelength of
353 nm was selected for the measurement. Poor mixing is mani-
fested by the presence of a high absorbance peak of the UV curve.

5. Results and discussion

Figs. 3–5 compare normalized concentration values determined
by the simulations and experiments at the outlet cross sections for
different Reynolds numbers. In general, the numerical results
agree well enough with those obtained experimentally. However,
for all the milli-reactors studied, the concentration profile ob-
tained from the simulation and experimental data deviates from
each other with increase of the Re value. It can be noted that for
Re¼160 the difference increases noticeably.

A more detailed analysis, see Table 4, was performed based on
cumulative plug flow residence time distribution modeling

(Fogler, 2006). According to Fogler (2006), the plug flow properties
of laminar flow in pipes can be approximated by as many as an
equal sized series of n continuously stirred tank reactors (CSTRs).
Typically, the bigger the number of units (n) the more efficient
mixing in the pipe is. The parameter values of n and τ in Table 4
are obtained by experimental data fitting for the cumulative dis-
tribution function (F(t)) in step change plug flow model. The unit
number values indicate the best mixing for ZDT-type reactor. The
CFD simulation results demonstrate the mixing for ideal geometric
conditions, while the experimental n parameter values are poor
due to the non-idealities in the manufactured geometry. For ex-
ample, the channel surface roughness neglected in the CFD model
might result in shorter residence times compared to the manu-
factured geometries with non-smooth wall surfaces. Therefore, the
geometrical variations have an effect on the fluid distribution in
the channel. Analysis of the dimensions and the roughness of the
manufactured channels showed that the diameter of the main
channel is 3.8570.02 mm, which is about 4% less than the nom-
inal diameter of 4.00 mm. This shrinkage of the channel size may
be a result of the poor surface roughness and non-circularity of the
channels. Equivalent roughness values ε of 27 μm (Ra, 8.8 μm; Rz,
57 μm) for the channel bottom surface and 60 μm (Ra, 16.5 μm;
Rz, 100 μm) for the side surfaces were determined according to Eq.
(1). The top of the channel had too high roughness for the mea-
suring equipment used. Fig. 6 shows shadowgraph images of
samples A–E. Based on the literature review (Bineli et al., 2011;
Capel et al., 2013), some non-circularity was expected. In addition
to non-circularity, it could be seen that during the manufacturing,
at apparently random positions, droplet or multiple droplets had
formed on the top of the channel. The approximately 0.3 mm
diameter droplets can be seen clearly on the shadowgraphs C, D
and E. In sample D, there are two droplets fused together. The
shadowgraph evaluations showed that the manufactured channels
were not completely round, but the top section of the channels
were slightly flattened, or even concave. For this reason and due to
the rough surfaces of the measured samples, the hydraulic dia-
meters of the samples were approximated. The hydraulic dia-
meters and cross-sectional areas of the five channel shapes shown
in Fig. 6 were approximated with the method described in the
experimental section and calculated with Eq. (2). This resulted in
an average area of 10.9 mm2 and average Dh of 3.7 mm of the
channel. Compared to the nominal values which were used in the
CFD calculations, the calculated values are 13% and 7% less,
respectively.

The numerical simulations provided the molar concentration
profiles of the water and tracer within the flow domains of the
milli-reactors. The tracer concentration data collected from the

Table 3
Materials used in the Villermaux–Dushman reaction experiments and the re-
spective molar concentrations. *H SO2 4 concentration is modified to suit the current

reaction condition.

Material Concentration [M]

NaOH 0.09
H3BO3 0.09
KI 0.032
KIO3 0.006
H2SO4

n 0.0026
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Fig. 3. Normalized concentration as a function of mixing time for the SY-reactor at the outlet at (a) Re¼64, (b) Re¼96 and (c) Re¼160. The X-axis is defined as the elapsed
time from the tracer injection into the inlet channel.
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sampling nodes of the outlet surfaces were used to evaluate the
mixing efficiency of the proposed reactors. Mixing increased with
increment of the Reynolds number for all the milli-channels. In the
case of the straight mixing channel, the mixing was promoted by
counter-rotating vortices that arise at the intersection of the inlet
channels as a result of the impact of the fluids, as shown in Fig. 7.

At higher inlet flow velocities, the effect of the vortices becomes
stronger, and the mixing in the impact zone occurs more intensively
and more species travel to the opposite side of the mixing channel.
As shown in Fig. 8(a), the distinct interface between the streams is
observed in the downstream of the impact zone, indicating no
significant mixing in the channel. Thus, because of the simple
geometry, the basic type of the Y-shaped milli-reactor has the
lowest mixing efficiency, see Fig. 8(b). The green color on the con-
tour plots corresponds to uniform mixing of two fluids. Therefore,
in the case of well-mixed fluids, red and blue areas should not re-
main. Both the ZY- and ZDT-reactors showed a high level of mixing
performance. For higher Reynolds number values the improvement
of the mixing in the zigzag structures is associated with the flow
recirculations generated at the bends, see Fig. 9. These recircula-
tions induce a transversal component of the velocity, and thus
promote the mixing. The mixing efficiency obtained is then essen-
tially improved compared to the straight channel. To assess the
effect of different geometries and flow conditions quantitatively,
Table 5 summarizes the cases where the mixing efficiency ap-
proaches 90% within the 40-s simulation time interval and the
corresponding elapsed times. The zigzag structures were capable to
approach 90% mixing efficiency level, while the mixing efficiency
values for the basic Y-type reactor were about 20%, 30% and 40% at,
respectively, Re¼64, 96 and 160 40 s after the tracer was in-
troduced. The TT-type inlet allows better pre-mixing of fluids at the
entrance of the mixing channel compared to the ordinary Y-shaped
inlet. The improved pre-mixing induces more uniform and effective
mixing in the downstream of the channel, as shown in Fig. 10.
Taking also into account a shorter mixing channel length, and hence
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Fig. 4. Normalized concentration as a function of mixing time for the ZY-reactor at the outlet at (a) Re¼64, (b) Re¼96 and (c) Re¼160. The X-axis is defined as the elapsed
time from the tracer injection into the inlet channel.
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Fig. 5. Normalized concentration as a function of mixing time for the ZDT-reactor at the outlet at (a) Re¼64, (b) Re¼96 and (c) Re¼160. The X-axis is defined as the elapsed
time from the tracer injection into the inlet channel.

Table 4
Comparison of the number of continuously stirred tank reactor (CSTR) units (n) and
mean residence time (τ) of the simulation and experimental step response con-
centration profiles at Reynolds numbers of 64, 96 and 160 as well as average re-
sidence times tres. Times are indicated in seconds.

Simulation Experiment

SY-reactor
Re¼64 Re¼96 Re¼160 Re¼64 Re¼96 Re¼160
tres¼12.3 tres¼8.2 tres¼4.9 tres¼12.3 tres¼8.2 tres¼4.9

n 1.2 1.4 1.6 1.0 1.3 1.5
τ 14.4 6.0 5.6 14.9 13 11.3

ZY-reactor
Re¼64 Re¼96 Re¼160 Re¼64 Re¼96 Re¼160
tres¼22.1 tres¼14.7 tres¼8.8 tres¼22.1 tres¼14.7 tres¼8.8

n 1.3 1.7 2.8 1.2 1.4 1.8
τ 9.5 6.0 4.8 12.6 10.8 10.6

ZDT-reactor
Re¼64 Re¼96 Re¼160 Re¼64 Re¼96 Re¼160
tres¼16.6 tres¼11.1 tres¼6.6 tres¼16.6 tres¼11.1 tres¼6.6

n 2.0 2.4 3.2 1.4 1.6 2.9
τ 12.0 7.6 4.6 18.2 12.0 11.9
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a shorter residence time, the TT-shaped reactor outperforms the
zigzag reactor with Y-type inlet in terms of the time required to
reach a higher mixing efficiency value.

The mixing performance of the milli-scale reactors were ana-
lyzed using online UV spectrophotometry of the triiodide ion. It is
observed that the increase in Re value was associated with a de-
crease in UV-absorbance of the triiodide ion, which indicates im-
proved mixing. Generally, at higher Re all the reactors showed
enhanced performance, see Table 6. Significant mixing improve-
ment was achieved at Re¼160 for the SY-reactor compared to the
mixing performance at Re¼64 for the same reactor. This im-
provement can be directly linked to the vortices generated at the
Y-junction, as illustrated in Fig. 7(a).

Of the reactors studied, the ZDT-reactor showed the best per-
formance. However, the performance of the reactors does not only
depend on Reynolds number, but also on the geometry of the
channel and the feed arrangement. The results in Table 6 show the
variation in mixing performance in the ZDT-reactor due to the
orientation of the feed setup. In the case of ZDT1, the acid solution
(Solution-1) was fed through the first T of the TT inlets as shown in
Fig. 11(a). Under this setup the mixing performance of ZDT1 was
shown to be slightly improved. One possible reason for the im-
provement is the more efficient mixing volume where the re-
actants are contacted with each other in the case of ZDT1. Despite
possible flow variations detrimental to mixing at the different
inlets of the TT-mixer, the results show that the mixing

A B C D E

A B C D E

Shadowgraph
 perimeter
Approximated
 perimeter

Fig. 6. Shadowgraphs and shape evaluation of the SLM-made test piece. Samples A–E were sectioned from different locations of the test piece. The shape of the channels
shows random variations, which occur due to inaccuracies of the manufacturing process.

Fig. 7. The impact of fluids at the Y-junction of the SY-reactor. (a) Counter-rotating vortices at the impact zone of the fluids. (b) Pathlines of species.

Fig. 8. Mass fraction profile of the SY-reactor at Re¼160 at 40 s state. (a) Horizontal cross-section. (b) Outlet cross-section. (For interpretation of the references to color in
this figure, the reader is referred to the web version of this article.)
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performance in both the ZDT1 and ZDT2 setups was better than
the other studied reactors. It can be observed that the UV absor-
bance experiment complements results found from the tracer
experiments. The results in Tables 5 and 6 show that the ZDT
outperforms the ZY milli-reactor at all Reynolds numbers con-
sidered. Repeated sets of experiment have confirmed the re-
producibility of these results.

The pressure drop characteristics in the milli-scale reactors
were also evaluated. Table 7 shows pressure drop values obtained
from the numerical simulations for each reactor at different Rey-
nolds numbers. The pressure drops increase with the Re value for
all the geometries. The smallest pressure drops were observed in
the Y-shaped milli-reactor with a straight channel. The other re-
actors demonstrated larger pressure drops due to the zigzag
structures. At a Reynolds number of 64, the pressure drops in the
zigzag configurations of the reactors are approximately the same.
However, at higher Reynolds numbers, the pressure losses that
occur in the ZY-reactor are noticeably higher compared to the ZDT-
reactor. This could be explained by sharper bends of the zigzag
mixing channel of the ZY-reactor. Besides, the stronger curvature
allowed to fit a larger number of bends for the given length of the
mixing channel, thus enhancing the streamwise length of the
channel, see Fig. 1. The latter also results in the pressure drop
increase.

6. Conclusions

The mixing performance of three passive milli-scale reactors
with different geometries was investigated at different Reynolds
numbers. The reactors were designed and simulated using Solid-
Works and Fluent 15.0 software respectively. Manufacturing of the
devices was performed with an EOS M-series AM system. Ex-
periments with distilled Millipore water and a solution of sodium
hydroxide provided the concentration profiles at outlets. The nu-
merical results matched reasonably well the experimental data
based on time dependent concentration data. The simulations
were found to be consistent with the findings of UV–vis experi-
ments as regards the mixing efficiency of the studied reactor
types. For all the geometries, the mixing performance improved
with increasing Reynolds number. The Y-shaped milli-reactor with
a straight channel showed the least mixing effectiveness, because
of its simple geometry, while the zigzag structures demonstrated
significantly higher performance due to the flow recirculations
that form at the channel bends. Having a moderate pressure drop,
the mixing performance of the TT-shaped configuration was
shown to be the highest among the considered reactors.

The SLM AM process was demonstrated to be capable of
manufacturing closed milli-scale channels. The possibility to build
up a geometry of various complexity that is based on the STL-file
format and made directly from laser sintered metallic material

Fig. 9. Velocity vectors obtained for the zigzag configuration of the Y-shaped reactor at (a) Re¼64, (b) Re¼96 and (c) Re¼160.

Table 5
Time taken by the reactors to achieve 90% mixing efficiency. The efficiencies were
evaluated within a 40-s simulation time interval at the outlet using Eq. (7).

ZY-reactor ZDT-reactor

Re¼96 Re¼160 Re¼64 Re¼96 Re¼160

25.5 s 17 s 40 s 20.5 s 10.5 s

Fig. 10. Mass fraction profiles at the bends of the ZDT- (left) and ZY- (right) reactors at Re¼160.

Table 6
Comparison of UV–vis absorbance of the triiodide ion in the milli-scale reactors at
different Re values.

Re SY ZY ZDT2 ZDT1

64 1.25 0.8 0.775 0.763
96 1.03 0.78 0.774 0.759

160 0.86 0.77 0.745 0.733
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could offer greater freedom in the design of the reactors, especially
in cases where the channel manufacturing would be impossible by
casting, milling or drilling. However, additive manufactured flow
reactors have a challenge in maintaining the accuracy of geome-
trical dimensions and providing smoother surfaces. Nevertheless,
using CFD modeling and AM technology, the demonstrated pro-
cess design method allows the implementation of new and in-
novative solutions for industrial scale reactor technologies, and,
due to the possibility of simultaneous fabrication of several geo-
metries at one building platform and a small number of experi-
ments required, time savings in the presented design cycle can be
remarkable when the first versions are released.
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Table 7
Pressure drops in the milli-scale reactors at different Re values. The pressure drop
values are indicated in pascals.

Re SY ZY ZDT

64 8.5 21.0 20.1
96 14.6 56.6 37.8

160 24.2 142.6 88.1
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� Thermal performance can be improved by changing cross-section orientation.
� Combination of two heat transfer enhancement techniques is studied.
� Serpentine channel with twisted sections gives PEC of more than 1.5 at Re = 50.
� Thermal performance of twisted sections drops with increasing degree of twisting.
� Twisted sections increase pressure loss.
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a b s t r a c t

The influence of cross-section orientation on fluid flow and heat transfer in a periodic serpentine equilat-
eral triangular microchannel was investigated by means of computational fluid dynamics (CFD) model-
ing. Serpentine channels with cross-sections of upward- and left-pointing equilateral triangles were
considered. Serpentine channels with twisted sections of different degrees of twisting were also consid-
ered and evaluated. The simulations were performed for fully-developed periodic flow with constant
properties under constant wall heat flux (H2) thermal boundary conditions at Reynolds numbers of 50,
100 and 150 (corresponding to Dean numbers of 38, 76 and 114). The results showed that the heat trans-
fer performance of the triangular channel is sensitive to the orientation of its cross-section. At all the
Reynolds numbers studied, the channel with left-pointing triangular cross-section provided a higher
mean heat transfer enhancement than the channel with upward-pointing cross-section, whereas the
pressure drop remained the same. It was also found that by employing twisted shapes, it is possible to
rotate the cross-section into a more favorable orientation for local heat transfer and thus improve the
overall thermal performance further. With a moderate pressure drop increase, mean heat transfer
enhancements for the channels with twisted sections were found to be greater than those for non-
twisted configurations over almost the whole range of Reynolds numbers considered. However, the mean
heat transfer enhancement did not rise with increasing degree of twisting, although the pressure drop
increased with the degree of twisting.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Heat transfer enhancement in microchannels has received
increasing attention due to the rapid development of microscale
heat transfer devices for various applications such as electronics
cooling, microreactors and transport of living cells [1]. The flow
regime in microstructures is usually laminar, and heat transfer,
compared to turbulent conditions, is thus significantly reduced.
To improve heat transfer in microchannels, various enhancement

techniques have been developed. They can be classified into active
and passive depending on the operation principle. Active tech-
niques use external sources such as vibration or electrohydrody-
namic, to enhance heat transfer, while passive techniques
typically rely on channel geometry or fluid additives [2]. However,
active techniques, which can provide considerable enhancement of
heat transfer, need additional power supply and control units, and
hence might require complex fabrication and assembly [3].

Compared to active methods, passive techniques, which also
can substantially augment heat transfer performance, have
been studied more widely due to the advantages of ease of
fabrication, higher reliability and relatively low cost. Heat transfer
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enhancement with passive techniques usually can be achieved by
using different channel shapes, structural materials and working
fluids [4]. Ghani et al. [5] provided a comprehensive review on
the effects of microchannel design on the heat transfer perfor-
mance. The authors considered various passive enhancement tech-
niques based on modified channel geometry. Some of the channel
modifications discussed in their work are curved channels, chan-
nels with ribs, grooves or combination of them, and offset strip
fins. Although the heat transfer enhancement by such modifica-
tions can be significant, it is accompanied by an increase in pres-
sure drop as compared to straight channel. It is reported that
curved channels have been shown to be one of the most effective
configurations in improving heat transfer performance. Using ser-
pentine configurations, a considerable heat transfer augmentation
with moderate pressure drop can be reached. When a fluid flows
through a curved channel, secondary vortices are formed around
the bends disrupting the thermal boundary layer and thus improv-
ing the heat transfer performance. Ghani an co-authors particularly
emphasized that a combination between different heat transfer
enhancement techniques can have more advantages than a single
technique alone.

Fluid flow and heat transfer in serpentine microchannels have
been studied extensively. Geyer et al. [6] and Karale et al. [7] inves-
tigated the effect of various geometric parameters and Reynolds
numbers on the heat transfer performance of curved channels with
semi-circular and rectangular cross-sections respectively. In their
works, the channel shapes varied from a regular serpentine with
smooth bends to a zig-zag pathway with sharp corners. Sui et al.
[8] and Mohammed et al. [9] analyzed numerically wavy
microchannels with rectangular cross-section. The influence of
geometric parameters on the heat transfer efficiency at various
Reynolds numbers was also considered in their studies. Rosaguti
et al. [10], Geyer et al. [11] and Gupta et al. [12] performed simu-
lations of fluid flow and heat transfer in microchannels with, corre-
spondingly, circular, square and triangular cross-sections following
the same serpentine path. Silva et al. [13] studied the thermal per-
formance of curved channels with elliptic cross-section. All the
aforementioned studies report substantial heat transfer enhance-
ment in the curved channels relative to straight channels with
identical cross-sections.

Twisted channels is another geometric configuration that has
been used to improve heat transfer performance by means of pro-
ducing secondary flows. Tan et al. [14] and Bhadouriya et al. [15]
carried out experimental and numerical studies of fluid flow and
heat transfer in twisted centimeter-scale ducts with, respectively,
oval and square cross-sections. Yang et al. [16] conducted experi-
mental investigation on flow and heat transfer characteristics of
twisted centimeter-scale elliptical channels. The impact of geomet-
ric dimensions and Reynolds number was analyzed in these works.
Fluid flow and heat transfer in twisted milli-scale channels with
different cross-sections including circular, semi-circular, elliptic,
square, rectangular and triangular were studied via numerical sim-
ulations by Khoshvaght-Aliabadi and Arani-Lahtari [17,18]. They
particularly examined the effect of various working fluids. The
results of these studies indicate that twisted channels can also pro-
vide significantly higher heat transfer efficiency than straight
smooth channels.

Although both serpentine and twisted types of channels have
demonstrated improved heat transfer capabilities compared to
straight channels, their thermal efficiency has been shown to be
strongly dependent on the geometric parameters and Reynolds
number [19,17]. Therefore, great attention has been paid to study
of the influence of geometric characteristics such as channel path-
way [7,6], cross-section shape [12,17] and twist pitch length
[14,16] over various Reynolds number ranges.

However, practically no emphasis has been given to the effect of
cross-section orientation on local heat transfer performance in ser-
pentine channels. A change of the orientation of some cross-
sections such as triangular cross-sections, for example, can cause
variations of flow distribution around the bends. Hence, the local
heat transfer coefficient can change as well. In this work, serpen-
tine microchannels with equilateral triangular cross-section are
considered. Fluid flow and heat transfer characteristics for differ-
ent cross-section orientations are numerically investigated over a
range of Reynolds numbers. The concept of utilizing twisted shapes
in serpentine microchannels as a mean of further increasing of the
heat transfer performance is proposed.

2. Numerical analysis

The microchannels under consideration have a periodic geome-
try comprising repeating serpentine units. A schematic diagram of
the axial path of the unit is presented in Fig. 1. The serpentine path
is defined as follows: S=H ¼ 1, S=a ¼ 4:5 and R=a ¼ 1, where S is the
unit half length, H is the unit height, a is the cross-section side
length, and R is the radius of curvature of the bends. The given ser-
pentine path is similar to that studied in [12]. Different channel
configurations were considered, depending on the cross-section
orientation. SC-U and SC-L types are serpentine channels with
cross-sections of upward- and left-pointing equilateral triangles.
TSC configuration corresponds to the SC-U type with uniformly
twisted vertical channel sections indicated in Fig. 1. The twisting
changes the cross-section orientation from upward-pointing to
downward-pointing and back by rotating the cross-section around
the axial direction. The center of the rotation of the cross-section
coincides with the circumcenter of the cross-section. Based on
the degree of twisting, three configurations are distinguished:
TSC-60, TSC-180 and TSC-300 with 60�, 180� and 300� twists,
respectively. All the described configurations are summarized in
Table 1. Fig. 2 illustrates some of the generated computational
domains used for the CFD analysis.

The computational domains were meshed with a structured
grid in ANSYS ICEM 15.0 by sweeping the cross-sectional grid con-
sisting of mainly quadrilateral elements along the channel path
shown in Fig. 1. A finer mesh resolution was applied in the near
wall region, where the velocity and temperature gradients are lar-
gest. The axial grid spacing was uniform, with slightly smaller
spacing around the bends and in the twisted sections.

After a sufficiently long distance from the inlet, depending on
the geometry and Reynolds number, the velocity distribution and
non-dimensional temperature pattern in periodic geometry
become constant for each repeating module, and the flow is then
said to be hydrodynamically and thermally fully-developed. A
solution approach for the periodic fully developed flow developed
by Patankar et al. [20] was therefore used in this study. Due to the
periodicity, only a single unit was modeled. The inlet and outlet of
the unit were considered as periodic planes.

Fluent 15.0 software was utilized to perform numerical simula-
tions of the periodic flow and heat transfer. The fluid flow, namely
water flow, was first calculated by solving three-dimensional
steady incompressible mass and momentum conservation equa-
tions. A constant mass flow rate corresponding to Re ¼ 50, 100 or
150 was defined at the inlet, and no-slip boundary conditions were
assigned to the walls of the channel. The gravitational force was
neglected in the simulations. Then, when the velocity field was
obtained, the energy equation was solved alone to predict the tem-
perature field. Constant wall heat flux (H2 type [21]) thermal
boundary conditions were set at the wall boundaries. The working
fluid properties were assumed constant (Prandtl number of 6.13)
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and temperature-independent. The Semi-Implicit method for
Pressure-Linked (SIMPLE) algorithm for pressure-velocity coupling
and second-order upwind scheme for the discretization of the con-
vection terms in the solved equations were used in the numerical
calculations. More details about the governing equations, numeri-
cal methods and techniques applied in this study can be found in
[20], the Fluent Theory Guide [22] and Fluent Users Guide [23].

The performance of the serpentine channels was assessed by
comparing such characteristics as Nusselt number and friction fac-
tor to those for a straight channel with identical cross-section
under the same flow and thermal conditions. Then, heat transfer
enhancement factor, eNuH2 , and pressure drop penalty factor, ef ,
can be expressed as

eNuH2 ¼
NuH2;ser

NuH2;str
ð1Þ

ef ¼ f ser
f str

ð2Þ

where NuH2;ser; f ser;NuH2;str and f str are Nusselt numbers and Fanning
friction factors in the serpentine and straight channels, respectively.
For laminar fully-developed flow in a straight channel with equilat-
eral triangular cross-section, NuH2;str and f str � Re are constant and
equal, respectively, to 1.892 and 13.333 [21].

The overall performance of each channel configuration was
evaluated using a performance evaluation criterion (PEC) [24]

E ¼ �eNuH2
e1=3f

ð3Þ

The Nusselt number at a given axial position l was evaluated
using the peripherally-averaged heat transfer coefficient, which is
defined as

hl ¼ qw

Tw � Tb

ð4Þ

Fig. 1. Axial path of the serpentine unit.

Table 1
Channel configurations.

Configuration Cross-section orientation Twisting

SC-U Upward-pointing –
SC-L Left-pointing –

TSC-60 Upward-pointing 60�

TSC-180 Upward-pointing 180�

TSC-300 Upward-pointing 300�

Fig. 2. Computational domains used for CFD analysis.
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where qw is the wall heat flux, Tw is the peripherally-averaged wall
temperature at the given l and Tb is the bulk fluid temperature at
the given l, which is determined as a mass-weighted average fluid
temperature over the cross-sectional plane at l.

The Fanning friction factor was calculated according to the fol-
lowing formula:

f ¼ Dh

2qu2
m
� Dp
L

ð5Þ

where q is the fluid density, um is the mean flow velocity, Dh is the
hydraulic diameter of the channel, Dp is the pressure drop along the
unit, and L is the axial path length of the unit. For a channel with
equilateral triangular cross-section, the hydraulic diameter is
defined as

Dh ¼ a
ffiffiffi
3
p ð6Þ

3. Results and discussion

Grids of different resolutions were tested to determine the
appropriate cross-sectional and axial meshes for the calculations.
The mesh sensitivity test was performed by modeling periodic flow
and heat transfer in a straight channel with equilateral triangular
cross-section at Re ¼ 150. The computed values of NuH2 and f � Re
for different cross-sectional mesh sizes are given in Table 2.The
computed NuH2 and f � Re on the grid from the mesh configuration
1 varied by 0.26% and 0.04%, respectively, from those for the mesh
configuration 2. On the grids from the mesh configurations 2 and 3,
the corresponding differences were 0.05% and 0.04% respectively.

The cross-sectional grid from the mesh configuration 2 was thus
selected as the optimal for further simulations. The difference
between the values for Nusselt number and friction factor obtained
with the mesh configuration 2 and the corresponding analytical
values given in [21] is less than 1%. The axial path was divided into
approximately 160–180 element groups to ensure mesh indepen-
dent results, as it was determined in [12]. Fig. 3 illustrates the opti-
mal mesh configuration.

To additionally validate the numerical approach, results on heat
transfer enhancement and pressure drop penalty for the SC-U
channel were compared with those obtained by Gupta et al. [12].
Reynolds numbers of 25 and 200 were also included to the valida-
tion. The values in the present simulations matched the previous
numerical data well enough, see Fig. 4.

Simulation results obtained for the non-twisted configurations
are compared first. Fig. 5 shows the variation of heat transfer
enhancement across the units for different Reynolds numbers.
The heat transfer performance increases with the Re value for both
channel types. As can be seen in Fig. 5, an increment of eNuH2 is
observed as the flow passes through each bend, with peak values
at the exit of the bends. At higher flow velocities, the intensity of
counter-rotating vortices, called Dean vortices [25] and shown in
Fig. 6, becomes stronger, and hence more cold fluid is transported
from the center of the channel to the walls, resulting in improved
heat transfer rates. Dean [25] characterized such vortices by a non-
dimensional parameter, called Dean number, Re

ffiffiffiffiffiffiffiffiffiffiffi
Dh=R

p
. For the

channel configurations considered in this study, the Dean number
is equal to approximately 0:76 � Re.

The heat transfer enhancement is greater after Bend 1 and Bend
3 than after Bend 2 and Bend 4, as observed in Fig. 5. It is caused by
a change of the rotation direction of Dean vortices due to the
changing direction of rotation of the bends [10]. At Re ¼ 50 and
100, the heat transfer augmentation after Bends 1 and 3 of the
SC-L channel type is approximately at the same level, whereas
for the SC-U configuration, the heat transfer rate after Bend 1 is
higher than that after Bend 3. In particular, the SC-L geometry
shows a noticeably stronger heat transfer augmentation after Bend
3 compared to that in the SC-U case. However, at Re ¼ 150, heat
transfer in Bend 3 of the SC-U channel increases considerably,

Fig. 3. Cross-sectional (left) and axial (right) grids.

Table 2
NuH2 and f � Re for different cross-sectional mesh refinements.

Mesh configuration Number of cross-sectional elements NuH2 f � Re
1 1900 1.915 13.300
2 2500 1.910 13.306
3 3300 1.909 13.312
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reaching over three times greater performance at the exit than the
corresponding straight channel and exceeding the peak eNuH2 of the
SC-L configuration at the same location. The performance in Bend 2
of the SC-L channel is higher at all the Reynolds numbers consid-
ered, whereas it is roughly similar in Bend 1 and Bend 4, compared
to the SC-U configuration. With the same pressure drop as the SC-U
channel, the SC-L configuration demonstrates 2.7%, 5.6% and 2.9%
higher mean heat transfer enhancement at Reynolds numbers of
50, 100 and 150 respectively.

Although the mean heat transfer performance of the SC-L con-
figuration does not increase significantly, local variations across
the unit are noticeable. The effect of cross-section orientation is
most pronounced for Bends 2 and 3. A centrifugal acceleration
induced by the curvature forces the fluid to move toward the outer
channel region. Thus, when the flow passes through Bends 2 and 3,
the SC-L configuration provides better overall contact between the
cold fluid and the channel boundary and the thinner thermal
boundary layer, as illustrated in Fig. 7, and hence improved heat
transfer. Likewise, the heat transfer in Bend 1 of the SC-U geometry
is observed to be slightly superior to that in the SC-L case. Addi-
tionally, the SC-U channel allows for lower heat transfer enhance-
ment relaxation as the flow enters into Bend 4, and the effect
becomes more pronounced with increment of the Reynolds num-
ber (see Fig. 5).

To keep the cross-section at more favorable orientation for the
heat transfer performance, it was varied along the SC-U channel by
twisting, as shown in Fig. 2. Fig. 8 compares the variation of heat
transfer enhancement across the SC-U and TSC-60 configurations
for different Reynolds numbers. The changed orientation provides
a remarkable heat transfer improvement already at Re ¼ 50; the
heat transfer enhancement at the exit of Bend 3 is more than
35% greater compared to that of the SC-U, showing twofold
enhancement relative to the corresponding straight channel. The
heat transfer enhancement is also larger in Bend 2 of the TSC-60
channel, and the performance difference becomes more pro-
nounced at the higher Reynolds numbers. Thus, the heat transfer
augmentation in Bend 2 and the following straight section of the
TSC-60 configuration at Re ¼ 100 is comparable with that of the

25 50 100 150 200
1

1.5

2

2.5

3

3.5

Re

ē N
u
H

2

Present simulations
Gupta et al. [12]

(a)

25 50 100 150 200
1

1.1

1.2

1.3

1.4

1.5

1.6

Re

e f

Present simulations
Gupta et al. [12]

(b)

Fig. 4. Comparison of simulated and literature [12] values for mean heat transfer
enhancement (a) and pressure drop penalty (b) for channels with equilateral
triangular cross-section following the same serpentine path for different Reynolds
numbers.
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SC-U at Re ¼ 150. Furthermore, at a Reynolds number of 150, the
peak value of eNuH2 at the exit of Bend 2 of the TSC-60 channel is
about 30% higher than in the SC-U channel. However, at the same
Reynolds number, the SC-U geometry still gives a slightly better
heat transfer enhancement at the exit of Bend 3 compared to the
twisted configuration. In Bend 4, the TSC-60 configuration outper-
forms the SC-U configuration in terms of heat transfer efficiency at
all the Re values considered, whereas the performance is nearly
equal in Bend 1.

The change of the cross-section orientation thus gives rise to
the heat transfer enhancement in Bends 2–4. Colder fluid is
brought to the walls more effectively in the TSC-60 geometry,
see Figs. 9 and 10. The intensity of the vortices in the SC-U channel
becomes stronger only at the exit of Bend 3 at Re ¼ 150, providing
a 5% higher peak heat transfer augmentation than with the TSC-60
configuration. Nevertheless, in the latter case, the overall heat
transfer performance in Bend 3 is compensated by the lower relax-
ation of the heat transfer enhancement, as can be observed in
Fig. 8. The mean heat transfer enhancement for the TSC-60 channel
is 9.5%, 8.2% and 7% greater than for the SC-U geometry at Reynolds
numbers of 50, 100 and 150 respectively, and the twisted sections
increase the pressure drop penalty only by 1.8%, 3.1% and 3.5%.

The TSC-180 and the TSC-300 channels with a tighter twisting
are next considered. The variation of heat transfer enhancement
across the twisted configurations is shown in Fig. 11. Heat transfer
performance in the twisted sections reduces significantly with

increasing degree of twisting. This occurs due to changes in the
vortex structure. The Dean vortices formed in the bends usually
advance into the following straight section and disappear after
some distance further downstream. However, as can be seen in
Fig. 12, the twisted shape of the channel disrupts the vortex struc-
ture. The tighter twisted sections disrupt the Dean vortices earlier,
see Fig. 12a. Hence, the decline of eNuH2 in the twisted sections
increases with the degree of twisting and becomes more pro-
nounced at higher Re values. In Fig. 12b, a secondary flow can be
detected in the corners. This secondary flow is caused by the
twisted shape, and has a swirling nature, as illustrated by the flow
streamlines in Fig. 13. Stronger twisting of the channel normally
intensifies the secondary flow and thereby promotes the heat
transfer [14,17]. With the configurations presented in this work,
however, the opposite effect is observed.

According to [26], the heat transfer enhancement factor for a
twisted channel with triangular cross-section decreases with the
increment in Reynolds number. Therefore, a stronger attenuation
of heat transfer enhancement in the twisted sections at the greater
Re values can be conditioned also by the cross-section shape. How-
ever, it is interesting to note that the results of Khoshvaght-
Aliabadi and Arani-Lahtari [17] showed that Nusselt number for
the same channel configuration increases with Reynolds number.
The difference between the findings of [26,17] might be related
to the channel geometry being twisted around different axes, that
is, the center of rotation of the cross-section differs for the geome-

Fig. 6. Secondary flows in the form of two counter-rotating vortices, known as Dean vortices, at the exit of the Bend 2 of the SC-U (left) and SC-L (right) channels.

Fig. 7. Temperature contours at the exit of Bend 2 of the SC-U (left) and SC-L (right) channels at Reynolds number of 150.
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tries studied. For example, in the case of a triangular cross-section,
if the center of rotation does not coincide with the circumcenter,
axial tortuosity of the channel appears, which promotes the heat
transfer. Hence, when a twisted channel is designed, the center
of rotation of the cross-section should be taken into account.

In Fig. 11, the peak heat transfer enhancement in the bends
downstream of the twisted sections increases with the degree of

twisting. In addition to the cross-section orientation, such augmen-
tation can also be attributed to the swirling flow caused by the pre-
ceding twisted sections. Moreover, the flow enters these bends
with a slightly higher peak axial velocity as the degree of twisting
increases, see Fig. 14. The difference between the heat transfer
enhancement at the entrance and the exit of the bend just after
the twisted section can thus be considerable. For instance, for the
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Fig. 8. Heat transfer enhancement in the SC-U and TSC-60 configurations as a function of normalized axial distance at Reynolds numbers of 50, 100 and 150. The intervals
bounded by a pair of dashed vertical lines correspond to bend sections.

Fig. 9. Temperature contours inside the SC-U (left) and TSC-60 (right) channels (Bend 2 and the upstream vertical section) at Reynolds number of 150.
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TSC-300 channel at Re ¼ 150, the heat transfer augmentation at
the exits of Bend 2 and Bend 4 is more than 3.5 times higher than
in the corresponding straight channel, whereas the enhancement
at the entrances barely reaches the value of 1.6.

The estimated mean heat transfer enhancements and pressure
drop penalties for the studied channels at different Re values are
summarized in Fig. 15. It can be seen that the TSC-180 and TSC-
300 configurations do not provide a superior mean heat transfer
enhancement than the TSC-60 configuration. With the TSC-180
geometry, �eNuH2 decreases by 2.5% at Re ¼ 50, and stays at the same
level as the TSC-60 configuration at Reynolds numbers of 100 and
150. The mean heat transfer enhancement factor for the TSC-300
configuration shows 3.2%, 4.7% and 2.7% lower values than for
the TSC-180 channel at Reynolds numbers of 50, 100 and 150,
respectively. Moreover, at Re ¼ 100, the mean heat transfer
enhancement for the TSC-300 geometry is 2.4% lower relative to
that for the SC-L.

The pressure drop increases with the Reynolds number for all
the configurations. Among the considered cases, the SC-U and
SC-L geometries have the smallest pressure drop penalty. At
Re ¼ 50, the pressure drop in the these configurations is only 10%
higher than in the corresponding straight channel. However, with
increase of the Reynolds number to 150, the pressure drop
increases further by more than 30% to 1.44. For the channels with
twisted sections, the pressure drop rises also with degree of twist-
ing due to increasing intensity of the swirling flow. Compared to
the SC-U geometry, the pressure loss exhibited by the TSC-300 con-
figuration is 7.3%, 10.1% and 13.9% greater at Re ¼ 50, 100 and 150
respectively.

The overall performance of each channel based on the PEC is
presented in Fig. 16. For all the channels, the PEC increases with
the Reynolds number. At Reynolds number of 50, the TSC-60 chan-
nel provides a noticeably higher value for E than the other ones,
followed by the TSC-180 channel with E of 1.51. At Re ¼ 100, hav-

Fig. 10. Velocity vectors colored by velocity magnitude at the exit of Bend 2 of the SC-U (left) and TSC-60 (right) channels at Reynolds number of 150.
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ing almost equal overall performances, the SC-L, TSC-60 and TSC-
180 geometries outperforms the other configurations in terms of
the PEC. The maximum E of about 2.3 is achieved by the TSC-60
configuration at Re ¼ 150. The SC-U and TSC-300 channels give
the least PEC at all the Reynolds numbers studied.

4. Conclusions

The effect of cross-section orientation on the thermal perfor-
mance of a serpentine microchannel with an equilateral triangular
cross-section was studied numerically. The fluid flow and heat
transfer were simulated in Fluent 15.0 under the constant wall
heat flux (H2) thermal boundary conditions at Reynolds numbers
of 50, 100 and 150. The local heat transfer was shown to be sensi-
tive to the cross-section orientation and heat transfer can be
improved by changing the orientation. With the same pressure
drop, the SC-L configuration demonstrated a higher mean heat
transfer enhancement than the SC-U geometry at all the Reynolds
numbers considered. Serpentine channel configurations with
twisted sections were also considered and evaluated. Variation of
the cross-section orientation by twisting had a significant impact
on heat transfer and fluid flow. The TSC-60 channel showed a
noticeably better mean heat transfer enhancement than the non-
twisted configurations and the pressure loss increase was
insignificant.

Tighter twisting of the sections did not provide a higher mean
heat transfer enhancement factor and resulted in greater pressure
drop. At Re ¼ 50, the mean heat transfer enhancement for the TSC-
180 channel decreased slightly but remained equal at the higher Re

Fig. 12. Secondary flows at the entrance (a) and the middle (b) of the twisted section (between Bend 1 and Bend 2) of the TSC-60 (left) and TSC-300 (right) channels at
Reynolds number of 150.

Fig. 13. Streamlines colored by velocity magnitude inside the TSC-300 channel
(twisted section between Bend 1 and Bend 2) at Reynolds number of 150. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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values. The mean heat transfer enhancement for the TSC-300 also
reduced slightly further at all the Reynolds numbers studied, com-
pared to the TSC-180. The heat transfer enhancement variation
along the TSC-180 and TSC-300 channels was considerable. The
twisted sections tended to disrupt the Dean vortices formed in
the upstream bends, substantially deteriorating the heat transfer
performance, whereas the effect was negligible in the TSC-60 con-
figuration due to weaker twisting. At the same time, stronger
twisting gave a remarkable increase in the heat transfer enhance-
ment in the downstream bends due to the swirling flow generated
by the twisted geometry. It is concluded that utilization of twisted
shapes is capable of improving heat transfer performance of ser-
pentine channels.
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a b s t r a c t

Eutectic freeze crystallization (EFC) has been pronounced a promising separation technique to recover ice
and salt simultaneously in an energy-efficient manner. Alike other freeze concentration methods, the
accumulation of an ice layer, commonly known as ice-scaling, on the heat exchanger surface during oper-
ation thwarts the commercial application of EFC as the advantage of low energy requirement is out-
stripped by high investment cost, scaling up and operational complexities associated with the use of a
scraper blade to remove the ice-scaling. Therefore, the aim of this research work is to investigate the
ice-scaling phenomenon on a subcooled heat exchanger surface in the absence of mechanical scrapping.
For a continuous EFC system, the influence of temperature driving force (DT) and the degree of agitation
on the onset/induction time (tind) of ice-scaling are considered while keeping the other parameters, e.g.,
solution concentration (4 wt% Na2SO4 (aq) solution), the level of initial undercooling (0.28 �C) and the
residence time (30 min) constant. The experimental results show that at a certain level of agitation, tind
is inverse proportional to DT. At a low level of DT (i.e., <2.0 �C), the effect of the degree of agitation on tind
declines. Contrary to this, at a high level of DT (>6.0 �C), the effect of the degree of agitation on tind
becomes substantial. At the eutectic condition, the heat transfer coefficient of the solution (hsol) in the
crystallizer prevails over that of mass transfer (kl). In the experimental setup, the overall heat transfer
coefficient for a jacketed vessel type crystallizer is restricted by the heat transfer coefficient of the jacket
side coolant (hj). The power number (Np) and pumping number (Nq) for a two-blade paddle type impeller
and a crystallizer of specific dimensions and orientation are estimated by means of computational fluid
dynamics (CFD) modeling and are used to calculate the specific power input (e) and impeller pumping
capacity (Q) at different levels of agitation. Furthermore, CFD simulations of heat transfer from the cool-
ant to the bulk solution are performed to investigate the effect of the agitation level on solution cooling in
the non-crystallizing condition.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Crystallization of a solvent out of the melt at its freezing point is
known as freeze crystallization (FC). For instance, ice crystallization
from an aqueous solution at its freezing point can be categorized as
freeze crystallization of water, which can also be called ice crystal-
lization. In general, there are two ways to form ice crystal from
aqueous solutions [1–4], suspension crystallization and layer crys-
tallization. As with other crystallization processes, both these
methods involve the formation of ice nuclei from the solution,

followed by their growth. In suspension freeze crystallization, the
solution is cooled in an agitated vessel by circulating the coolant
through the jacket, and thus, below the freezing temperature of
the solution, ice crystals are generated in the suspension [5].
Scrapers are usually employed in this type of a crystallizer to thwart
ice-scaling on the subcooled surface, which might reduce the heat
transfer rate drastically. High investment and maintenance costs
in thewake of using the scraper are the limitations of such a process
[6]. On the other hand, during layer crystallization, the ice crystal-
lizes in the solution cluster to form a single ice layer on the cold sur-
face. No need for moving parts and simple operation and handling
advocate layer crystallization as a potential purification technique.
However, in the case of a rapid crystallization rate, the impurity

http://dx.doi.org/10.1016/j.seppur.2016.10.014
1383-5866/� 2016 Elsevier B.V. All rights reserved.
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level of the formed ice layer is usually high, which hampers the
practical implementation of this method [7].

FC is suitable for a wide range of applications associated with
solute concentration and purification processes [8–10]. Despite of
providing high product quality, good separation efficiency [11]
and low energy requirement [12], FC has been used little in other
than food industries [13] due to the high capital investment and
maintenance cost [14] of using a scraped surface heat exchanger
(SSHE) to remove ice crystals from the wall [6]. The formation of
ice scale on the surface wall impedes the capacity of the heat
exchanger significantly [15,16], as the thermal conductivity of ice
is very low, i.e., 2.16 W�m�1�K�1 [17] compared with that of com-
monly used material of the surface wall, e.g., stainless steel.

Eutectic freeze crystallization (EFC) is an offshoot of freeze crys-
tallization by which it is possible to recover ice and salt crystals
simultaneously with high purities by operating at eutectic condi-
tions [18]. The advantageous feature of EFC is that there is no need
for a separation unit (e.g., filtration) to separate ice and salt from
the solution because of their significant density difference. The
recovered salts may have market value, which saves from the extra
cost of being disposed of in the environment. Lewis et al. have dis-
cussed the efficient recovery of different salts from a reverse osmo-
sis retentate of complex brine by using EFC [19]. However, like FC,
the serious downside of EFC is that an ice scale layer formed on the
cooling surfaces of indirect cooling crystallizers during operation
reduces the heat transfer capacities, thereby limiting the produc-
tion rates. Most alarmingly, scaling during EFC is found to be more
severe than that incurred by either ice or salt separately [20].
Therefore, this work addresses the ice-scaling problem for the
EFC system.

Several research groups have investigated the kinetics of ice
crystallization extensively [8–10,21,22]. In particular, the growth
kinetics of a continuous EFC system has been studied [23–25].

Randall et al. studied the conversion of a liquid waste stream from
a reverse osmosis (RO) plant to ice and salt and their purities by
applying the EFC process [26]. Furthermore, Reddy et al. studied
the purity of ice and the yield of Na2SO4�10H2O salt obtained by
EFC of a Na2SO4 (aq) solution [27]. Therefore, these factors are
not investigated in this work.

The main constraint in the application of any FC/EFC is the high
investment cost due to the use of scrapers to remove ice-fouling,
which makes scale-up and maintenance complicated. Hence, it
becomes very crucial to trigger the onset of ice-scaling for any
FC/EFC on the inner, cooled wall of the crystallizer, as the heat
transfer between the bulk solution and the cooling medium is
thwarted onward. Qin et al. examined ice-scaling on subcooled
metal surfaces from different unsaturated solutions for the batch
system [28]. Additionally, Pronk et al. and Pronk et al. have studied
ice-scaling in a fluidized bed ice crystallizer [16,20]. According to
the best of the authors’ knowledge, neither the onset of ice-
scaling on the inner wall of a stirred eutectic-freeze-crystallizer
nor that operated in a continuous mode (which would raise com-
mercial interest) has been studied yet. This work aims at finding
out the operating conditions, such as the degree of the temperature
gradient, DT (i.e., the difference between the coolant temperature
in the jacket and that of the bulk solution in the crystallizer) and
mixing, which limit the formation of ice layers on the crystallizer
wall, in the hope of improving the efficiency of the system. This
process is performed with a Na2SO4 (aq) solution because of its
common presence in effluents emanating from the use of deter-
gents in textile, glass and mining industries, kraft pulping [29],
and the ash of marine fossil fuels [30]. Experiments were per-
formed with a 4 wt% Na2SO4 (aq) solution for a constant level of
undercooling and residence time in a non-scraped, non-baffled,
jacketed crystallizer operated in a continuous mode. Exploitation
of this knowledge would reveal how to extend and control the

Nomenclature

t time (s)
h heat transfer coefficient (W�m�2�K�1)
_q volumetric flow rate of coolant (m3 s�1)
U overall heat transfer coefficient (W�m�2�K�1)
q density (kg�m�3)
Cp specific heat at constant pressure (J�kg�1�K�1)
A area for heat transfer (m2)
DT temperature difference (�C/K)
T temperature (�C/K)
C concentration (wt%)
G ice growth rate on the wall (m s�1)
d boundary layer thickness (m)
d diameter (m)
k thermal conductivity (W�m�1�K�1)
N rotational speed (s�1)
ksol mass transfer coefficient (m s�1)
D diffusivity (m2 s�1)
l dynamic viscosity (Pa�s)
m kinematic viscosity (m2 s�1)
v velocity (m s�1)
Ax annular cross section area (m2)
V crystallizer volume (m3)
Np power number (–)
Nq pumping number (–)
b impeller width (m)
P power input (W)
Q impeller pumping capacity (m3 s�1)
T torque (N�m)

DHf latent heat of fusion for pure water (J/kg)
C solution concentration (wt%)
a slope of the liquidus curve (K�wt%�1)
Rh heat transfer resistance for ice growth in solution

(s�K�m�1)
Rm mass transfer resistance for ice growth in solution

(s�K�m�1)
m mass (kg)
e specific power input (W�m�3)
s mixing time (s)

Subscripts
c coolant
sol solution
in inlet
out outlet
e equilibrium/eutectic
s supersaturation
J jacket
o outer
i inner
g glass
r crystallizer/reactor
lm log mean
imp impeller
w wall/cooling surface
int interface
ice ice
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desirable ice scale-free operation during FC/EFC by manipulating
the operating conditions.

2. Theory

Freeze crystallization (FC) refers to the formation of ice crystals
from an aqueous solution. This can only be achieved by undercool-
ing the solution below its freezing temperature, which provides
the thermodynamic driving force for ice crystallization. However,
if the level of undercooling is within the metastable zone, ice crys-
tallization does not occur unless ice seeds are added to the solu-
tion. Ice crystallization from the aqueous phase results in an
incremental concentration of the dissolved solid until a certain
supersaturation level is achieved. Beyond this supersaturation
level, the dissolved solids start to crystallize out of the solution.
Simultaneous crystallization of ice and dissolved solids is known
as eutectic freeze crystallization (EFC). Depending on the concen-
tration of the initial solution, the undercooling level/supersatura-
tion level of the solution is consumed by seeding with either ice
or salt, respectively. Previous research has shown that in the case
of multiple salts being present in the solution, the seeding of one
of the salts crystallizes that specific salt selectively under suitable
conditions [31]. A binary phase diagram for a water–salt solution is
shown in Fig. 1.

The eutectic point can be attained either by the continuation of
ice crystallization until the salt solubility line is reached or by that
of salt crystallization until the ice line is reached [20,32]. Thus, the
eutectic point is the interaction point of the freezing line and sol-
ubility line. At this point, ice and salt crystallize simultaneously
and separate very easily when the difference between the density
of ice and salt crystals is high (�1000 kg/m3). In either way, the
aqueous solution needs to be cooled (which is a very common
operation in chemical processes [33]) below 0 �C to approach the
eutectic point. Agitator-equipped jacketed vessels can serve this
purpose quite efficiently.

The thermodynamic equilibrium condition prevails at the
eutectic point. The temperature becomes stable by balancing
the cooling load of the coolant and the heat of the crystallization
of ice and salt. On the other hand, the composition of the solu-
tion becomes stable by simultaneous crystallization of ice and
salt from the solution. The FC/EFC process becomes unsteady

at the inception of ice-scaling on the inner wall of the crystal-
lizer. Accumulation of ice crystals on the subcooled surface
aggravates the heat transfer from the coolant side to the solution
through the crystallizer wall, which prompts an increase of tem-
perature in the bulk solution, and an unsteady-state condition
occurs. Therefore, the time elapsed (tind) from ice nucleation in
the bulk solution until the onset of ice-scaling on the subcooled
surface can be considered as a desirable operation period. The
temperature gradient between the coolant and the bulk solution
(DT), the residence time, the undercooling level, agitation, and
the crystallizer material may influence tind. This work aims at
investigating the influence of two major operating parameters:
DT and the degree of agitation (while all other conditions
remain the same) on tind.

Generally, scale formation during the crystallization process
is subdivided into: (1) induction period - time required for
the deposition process to start, (2) diffusion-driven transporta-
tion of scaling particles from the bulk solution to the heat
transfer surface, (3) generation of an active site of nucleation
by attachment of scaling particles on the heat transfer surfaces,
and (4) detachment of the scale by shear stress imposed by
fluid flow [34].

Encrustation is a complex phenomenon which is affected simul-
taneously by several factors, such as temperature distribution and
undercooling distribution in the crystallizer, hydrodynamics, crys-
tal growth and nucleation kinetics, mixing conditions and suspen-
sion density. Local undercooling within the crystallizer is highest
at the wall due to the lowest temperature there. Here the probabil-
ities of (a) secondary nucleation or crystal growth on encrusting
surface, (b) secondary nucleation and crystal growth at crystal sur-
face, and (c) attachment of crystals or nuclei first on the wall or
later on the encrust are the highest. Therefore, this work also aims
at investigating the mechanism of ice-scaling on the subcooled
crystallizer wall.

During continuous steady-state operation condition, the heat
balance equation of such a crystallizer produces:

_qqcCp;c Tc;out � Tc;in
� � ¼ UADTlm ð1Þ

where _q represents the coolant volumetric flow rate (m3 s�1), qc the
density of the coolant (kg�m�3), Cp,c the specific heat of the coolant
at constant pressure (J�kg�1�K�1), U the overall heat transfer coeffi-
cient of the jacketed vessel (W�m�2�K�1), A the area of heat transfer
(m2), and DTlm the log-mean temperature difference between the
bulk temperature of the solution (Tsol) and jacket temperature
(Tj). DTlm can be defined as:

DTlm ¼
Tc;in � Tsol;in
� �� Tc;out � Tsol;out

� �

ln Tc;in�Tsol;in
Tc;out�Tsol;out

� � ð2Þ

where Tc,in, Tc,out, Tsol,in, Tsol,out represent the coolant inlet, coolant
outlet, vessel inlet and vessel outlet temperatures, respectively.
Fig. 2 shows the temperature profile in a cooled-agitated
crystallizer.

The overall heat transfer coefficient (U) over the inner and outer
surfaces of the crystallizer wall between the solution and coolant
sides is formulated as [35]:

1
U
¼ 1

hsol
þ dr;i

2kg
ln

dr;o

dr;i

� �
þ 1
hc

dr;i

dr;o

� �
ð3Þ

where hsol and hc indicate the individual heat transfer coefficients of
the solution and coolant (W�m�2�K�1), dr;i and dr;o the inner and
outer diameters of the crystallizer wall (m), and kg the thermal con-
ductivity of the construction material (W�m�1�K�1) of the crystal-
lizer wall.

From Eqs. (1)–(3), the following expression can be deducedFig. 1. Phase diagram of a binary aqueous solution.
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_qqcCp Tc;out � Tc;in
� � ¼ A

1
hsol
þ dr;i

2kg
ln dr;o

dr;i

� �
þ 1

hc

dr;i
dr;o

� �� �

2

4

� Tc;in � Tsol;in
� �� Tc;out � Tsol;out

� �

ln Tc;in�Tsol;in
Tc;out�Tsol;out

� �

0

@

1

A

3

5 ð4Þ

The individual heat transfer coefficients hsol and hc can be deter-
mined from empirical correlations found in the literature [36]. The
correlations of hsol for the paddle-type agitator used in this work
are presented in the experimental section. The formation of an
ice layer on the inner surface of the crystallizer increases the heat
transfer resistance, thus reducing the value of the overall heat
transfer coefficient. This decrease in the heat transfer coefficient
results in making the process energy inefficient, which leads fur-
ther to an unplanned shutdown of the process. The global heat
transfer resistance Rh (s�K�m�1) and the mass transfer resistance
Rm (s�K�m�1) for the ice growth rate G (m s�1) on the crystallizer
wall can be expressed as Eqs. (5) and (6), respectively [10].

Rh ¼ DHfqice

hsol
ð5Þ

where DHf is the latent heat of freezing of water, which is
334 kJ�kg�1 [37], qice (kg�m�3) is the density of ice, which is
917 kg�m�3 [17] and hsol (W�m�2�K�1) the heat transfer coefficient
of the solution.

Rm ¼ qiceCint

qsol � a� ksol
ð6Þ

qsol (kg�m�3) is the density of ice, Cint (wt%) the solution concentra-
tion at the ice-solution interface, a (K�wt%�1) is the slope of the liq-
uidus curve of the phase diagram of the binary system, and ksol
(m s�1) is the mass transfer coefficient of water molecules in the
solution.

The driving force for ice-scaling to occur is the local undercool-
ing on the heat exchanger wall. The temperature of the inner sur-
face of the crystallizer, Tw, is lower than that of the bulk solution,
Tsol (Fig. 2), and prone to ice-scaling due to the temperature gradi-
ent (Tsol � Tw). Previous studies have shown that the formation of
encrustation/scale on the heat exchanger surface is somehow
influenced by fluid flow in the vicinity of the wall, the surface tem-
perature, surface material and roughness, fluid properties, and the
process of heat and mass transfer from wall to the bulk solution.
The mechanism of ice-scaling depends on the transportation of
ice crystallites from the bulk solution to the cooled wall, deposition

of those on the wall, and removal of crystallites by shear stress
imposed by the flow [34,38,39]. Thus, hydrodynamics in terms of
power input and fluid velocity in the locality of the heat transfer
wall play an important role in ice-scaling. Eqs. (7) and (8) can be
used to estimate the power requirement, P (W), and the pumping
capacity, Q (m3 s�1), of an impeller at a certain rotational speed,
respectively.

P ¼ NpN
3d5

impqsol ð7Þ

Q ¼ NqNd
3
imp ð8Þ

where Np indicates the power number (–), Nq the pumping number
(–), N the rotational speed (s�1), and dimp (m) the impeller diameter.

There are correlations available in the literature to calculate Np

and Nq for the non-baffled condition [40]. The impeller type and
reactor geometry of the reactor system used in this study differed
to some extent from the reactor systems reported in the literature.
Therefore, the torque values obtained from computational fluid
dynamics (CFD) simulations have been used to estimate
P = 2pNM, where M is the torque, (N�m), and Q and further Np

and Nq, for the experimental setup used in this work. CFD calcula-
tions are discussed in detail below.

3. Experimental setup

3.1. Material

A synthetic 4 wt% Na2SO4 (aq) solution was prepared by dis-
solving analytical-grade Na2SO4 from Merck (>99%) in deionized
water of resistivity 6.2 MX cm. Dissolution was performed at room
temperature under 500 rpm mixing condition for 60 min.

3.2. Apparatus for detecting the onset of ice-scaling on the crystallizer
wall

Experiments were conducted at different temperature driving
forces DT (=Tsol � Tj) and the rotational speed of the impeller
(e.g., 100 rpm, 200 rpm, 300 rpm), at a constant level of initial
undercooling of about 0.28 �C and residence time of 30 min in an
experimental setup, shown in Fig. 3.

The experiments were conducted in a Labmax 2-L jacketed ves-
sel type crystallizer (supplied by Mettler Toledo, Zurich, Switzer-
land) with a concave bottom section to facilitate the settling of
salt crystals. The ice slurry overflowed through the top section by
an inverted cone which had pushed ice outwards from the crystal-
lizer. The crystallizer was insulated properly to prevent heat loss to
the environment.

A paddle with two blades was located in the middle section of
the crystallizer and connected to a 0.37 kW motor (supplied by
Bonfiglioli, Bologna, Italy) to agitate the solution in the crystallizer.
The feed solution was precooled by a two-stage double pipe heat
exchanger in which the Kryo40� coolant was pumped by a Lauda
RP845 (supplied by Lauda Brinkmann, Lauda-Königshofen, Ger-
many) thermostat in counter-current flow to the feed solution.
The temperature of the crystallizer content was controlled indi-
rectly by means of a silicone oil coolant flowing through the crys-
tallizer jacket. The Labmax unit had the capacity to exchange heat
between silicone oil within the unit by means of a plate heat
exchanger and the Kryo40� coolant circulated by the Lauda Proline
RP855 thermostat. The silicone oil then circulated through the
jacket of the crystallizer and exchanged heat with the solution
inside the crystallizer. A PT100 temperature sensor with the accu-
racy of ±0.015 �C was used to measure the temperature of the solu-
tion. Peristaltic pumps (Watson-Marlow Fluid Technology Group,

Tj

Tc,in

Tc, out

Q

Tsol

Tw

hc

δc

hsol

δsol

kg

Solution

dr,i

dr,o

Coolant 

Fig. 2. Temperature profile across the subcooled heat exchanger surface. Tj is the
average coolant temperature inside the jacket and Tsol is the average temperature of
bulk solution in the crystallizer.
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Falmouth, UK) were used to transport the feed solution and salt
slurry between the precooler, crystallizer and feed tank.

The onset of ice-scaling in the middle part of the crystallizer
wall was detected by visual inspection with in-situ image acquisi-
tion by a Dantech SpeedSense M type camera (supplied by Dantec
Dynamics, Skovlunde, Denmark) focused on the crystallizer wall
adjacent to the coolant inlet in the jacket, which is likely to form
ice scale first in the crystallizer. A light source was used to illumi-
nate that part of the crystallizer by means of an optical fiber. Com-
pressed air was used to blow deposited condensate on the focused
area in order to get a clear image. Determining the induction time
for ice-scaling (tind) is a method that can be used to control and
extend the requirements of EFC processes. In this work, tind was
defined as the time elapsed after adding seed-ice to the solution
to the onset of ice-scaling on the crystallizer wall.

The crystallizer was made of Duran glass (Borosilicate), and low
temp oil (polydimethylsiloxane silicone oil) was used as the cool-
ant. The physical properties of the 4 wt% Na2SO4 (aq) solution
was obtained by using the correlation [41]. Information about
the coolant and glass were received from the crystallizer manufac-
turer [42] and the database [43]. All the physical properties
enlisted in Table 1 are at 25 �C, with the exception of the density
of the Na2SO4 (aq) solution which is available in the literature for
0 �C, and thermal conductivity of glass at 90 �C.

The mass of the produced ice (mice) can be determined from the
sensible heat of the solution due to initial undercooling, which the
heat of freezing balances during the pseudo steady-state condition,
as shown in Eq. (9)

msolCp;sol Tsol;e � Tsol;s
� � ¼miceDHf ð9Þ

where msol is the mass of the solution (kg), Cp,sol is the specific heat
capacity of the solution at constant pressure (J�kg�1�K�1), Tsol;e

(=�1.12 �C) is the temperature of the bulk solution at equilib-
rium/eutectic condition, and Tsol;s (=�1.4 �C) the undercooling tem-
perature of the bulk solution. When substituting the values of the
studied system into Eq. (9), we found that the ice slurry had con-
tained only 0.33% of ice, which is quite negligible. Therefore, all
the calculations in this work were made by considering the solution
only, and the presence of the small amount of ice was ignored.
Information about the agitated vessel crystallizer used in this work
is given in Table 2.

3.3. Experimental procedure

The feed solution was pumped through the pre-cooler to the
crystallizer at 10�4 m3 s�1. In the crystallizer, the bulk temperature
of the solution (Tsol) was maintained at �1.40 �C. After attaining
this temperature, some ice and salt seeds were introduced to the
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Fig. 3. Experimental setup of continuous EFC to detect the onset of ice scaling at different operating conditions on the crystallizer wall, (1) feed tank; (2) peristaltic pump; (3)
precooler; (4) paddle type impeller; (5) crystallizer; (6) motor; (7) high resolution video camera; (8) computer; (9) Labmax unit; (10) discharge tank. Electric wire and fluid
flow pipe are represented by and — respectively.
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solution to initiate nucleation and to avoid further undercooling,
which was almost constant (average undercooling �0.28 �C) in this
work. In the literature, a range of eutectic points of the Na2SO4 (aq)
solution has been reported. For example, Pronk et al. found that the
eutectic point of the Na2SO4 (aq) solution was at 3.8 wt% and
�1.2 �C [16], but Randall and Lewis report that the eutectic point
of the Na2SO4 (aq) solution is at 4.19 wt% and �1.27 �C [31]. During
the experiments, we found the eutectic temperature to be mostly
�1.12 �C. The eutectic concentration was not analyzed. However,
it was observed visually that in every experimental run, the under-
cooling level was consumed by ice crystallization, which infers the
eutectic composition of 4.19 wt% to be more consistent.

The onset of ice-scaling (tind) after adding seeds to the solution
was investigated by setting different coolant temperatures in the
jacket (Tj) through the Lauda RP 850 thermostat. A constant tem-
perature in the bulk solution indicated the attainment of the eutec-
tic point. Ice and salt slurries were withdrawn from the top and
bottom of the crystallizer, which kept the composition of the crys-
tallizer content constant.

3.4. CFD modeling of heat transfer

Computational fluid dynamics (CFD) is a very proficient tool to
investigate heat and mass transfer-related phenomena in the local-
ities of the crystallizer. Therefore, we used CFD simulation in this
work to understand the underlying mechanism of the variation
of tind under the influence of the degree of the temperature gradi-
ent (DT) between the coolant and the bulk solution, as well as the
degree of agitation. As the fraction of ice within the ice solution
was insignificant and mostly salt deposited in the bottom section,
in order to avoid further complexities, the CFD simulations were
done mainly for the liquid phase in the middle section of the crys-
tallizer. This made it easier to visualize the difference in the tem-
perature contour within the solution with varying experimental
conditions and the location of the crystallizer during the non-
crystallizing condition in wake of displaying a very similar trend
at the real eutectic condition as well. Exploitation of this informa-
tion helped to understand the mechanism of ice-scaling on the
subcooled wall along with different influential parameters. CFD
software ANSYS Fluent 15.0 was used to simulate the influence

of mixing conditions on the heat transfer of the jacketed crystal-
lizer. Fig. 4 shows side and top views of the crystallizer used for
the CFD analysis.

The fluid flow was simulated by solving the three-dimensional
incompressible Reynolds averaged Navier-Stokes (RANS) equations
first. The physical properties of the Na2SO4 (aq) solution (see
Table 1) were assigned to the fluid used in the simulations. Model-
ing of the impeller rotation was done by the Sliding Mesh (SM)
technique. Using this approach, the crystallizer domain was
divided into a rotating zone containing the impeller, and a station-
ary zone connected through non-conformal interfaces. Thus, the
impeller region rotated relative to the stationary one. All the calcu-
lations were performed in the transient manner required by the SM
method. The RNG k-e turbulence model was employed to close the
RANS equations. When the flow solution was obtained, the energy
equation was activated to calculate the heat transfer. The fluid
properties were assumed temperature-independent and viscous
heating was neglected. Constant wall temperature -type of thermal
boundary conditions were applied on the cooling wall. The cooling
wall temperature was considered as the average value of the cool-
ant inlet, and the outlet temperatures the same as Tj. The glass
thickness was artificially modeled by using the Thin-Wall
approach to take the thermal resistance of the material into
account. The Pressure-Implicit with Splitting of Operators (PISO)
algorithm for pressure-velocity coupling, and second-order
upwind scheme for the discretization of the convection terms in
the respective equations were employed in the numerical calcula-
tions. Further details about the numerical methods applied in this
study can be found in the Fluent Theory Guide [44] and the Fluent
User’s Guide [45].

A tetrahedral grid with prism layers next to the walls generated
in ANSYS ICEM 14.5 software was used in this study. To predict the
flow and heat transfer in the boundary region accurately, this was
covered with 20 prism layers, and the Enhanced Wall Treatment
(EWT) was used, which requires the near-wall mesh to be fine
enough (y+ � 1). The mesh resolution for the simulations was
defined by analyzing the impeller power number, the average flow
velocity and the turbulent kinetic energy on grids consisting of dif-
ferent numbers of cells. Using the optimal resolution, the compu-
tational grids contained about 2 million cells.

To judge the flow field convergence, it is necessary to monitor
additional quantities along with the default criteria. Therefore, to
verify the convergence, area-weighted average of velocity magni-
tude on surfaces just above and below the impeller, and the vol-
ume integral of kinetic energy values in the crystallizer were also
monitored until they reached a constant value.

3.5. Comparison of heat transfer coefficient correlations

Correlations to estimate the heat (hsol) and mass (ksol) transfer
coefficient of transferring species in a stirred vessel at the tank wall
presented in the literature [36] are listed in Table 3.

where Re is the Reynolds number (–), Pr the Prandtl number (–),
N the impeller rotational speed (s�1), l the dynamic viscosity

Table 1
Physical properties used in calculation.

Physical properties Symbol and unit 4 wt% Na2SO4 (aq) solution Coolant Glass

Density q (kg�m�3) 1037.8 872
Kinematic viscosity m (m2 s�1) 9.7 � 10�07 2.00 � 10�5

Dynamic viscosity l (N�s�m�2) 1.01 � 10�03 1.74 � 10�2

Heat capacity Cp (J�kg�1�K�1) 4006 1350 800
Diffusion coefficient D (m2 s�1) 8.8 � 10�10

Thermal conductivity k (W�m�1�K�1) 0.52 0.16 1.2
Flow rate _q (m3 s�1) – 10�4 –

Table 2
Crystallizer specification.

Total crystallizer volume, V (m3) 0.0018
Impeller diameter, dimp (m) 0.08
Impeller blade width, b (m) 0.01
Impeller blade thickness, (m) 0.003
Inner diameter of internal vessel wall in solution side, dr,i (m) 0.1
Outer diameter of internal vessel wall in coolant side, dr,o (m) 0.11
Top section height, m 0.025
Length of heat transferring section, L (m) 0.15
Bottom section height (m) 0.05
Jacket outer diameter, dj,o (m) 0.13
Jacket inner diameter, dj,i (m) 0.12
Area of heat transferring section, A (m2) 0.08
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(Pa�s), lw the dynamic viscosity at the wall (Pa�s), and D the diffu-
sivity (m2 s�1). Similarly, the correlations shown in Table 4 can be
used for estimating hj in the jacket side [36]. Eqs. (10) and (11)
express the equivalent diameter, de (m), for heat transfer and the
cross-sectional flow area, Ax (m2), respectively [36].

de ¼
d2
r;o � d2

r;i

dr;i
ð10Þ

Ax ¼
p d2

r;o � d2
r;i

� �

4
ð11Þ

The overall heat transfer coefficient (U) was estimated theoret-
ically based on the individual heat transfer coefficients of the solu-
tion, the coolant within the jacket and the crystallizer material
(borosilicate glass) in variation with the impeller rotational speed.
The obtained results are compared in Table 5 with some of the
experimentally measured overall heat transfer coefficients (Uexp)
by using Eq. (1).

Accurate calculation of heat transfer coefficients was not possi-
ble because the required physical and thermodynamic properties

Fig. 4. Geometry of the crystallizer used in CFD simulations. The dimensions are in cm.

Table 3
Correlations of heat (hsol) and mass (ksol) transfer coefficients at tank wall in stirred
vessel.

Re = dimp
2 Nqsol/

lsol

Nu = hsol,dr,i/ksol Sh = ksoldr,i/Dsol

>4000 0.36 Re0.67 Pr0.33 (l/lw)0.14 0.36 Re0.67 Sc0.33 (l/lw)0.14

20 < Re < 4000 0.415 Re0.67 Pr0.33 (l/lw)0.24 0.415 Re0.67 Sc0.33 (l/lw)0.24

Npr,sol = Cp,sollsol/ksol and Sc = lsol/(qsolDsol).

Table 4
Correlations of heat transfer coefficient at outer surface of internal
tank wall in coolant side of un-baffled annular jacket.

Re = devcqc/lc Nu = hcdr,o/kc

<2100 1.86 [Re Pr (de/L)]0.33 (l/lw)0.14

>10,000 0.027 Re0.8 Pr 0.33(l/lw)0.14

Table 5
Comparison of theoretical and experimental heat transfer coefficients.

N
(rpm)

Re Tc,out � Tc,in
(�C)

Q
(W)

DTlm
(�C)

hsol

(W�m�2�K�1)
hc

(W�m�2�K�1)
hg,i

a

(W�m�2�K�1)
hg,o

a

(W�m�2�K�1)
Uexp

(W�m�2�K�1)
Ui

(W�m�2�K�1)
Uo

(W�m�2�K�1)
100 10,944 0.38 44.71 6.38 1825 145.2 251.8 228.9 87.61 92.75 84.32

0.20 24.26 3.38 89.68
0.15 17.46 2.40 90.97

200 21,888 0.27 31.98 4.58 2897 87.27 94.52 85.93
0.51 59.53 4.55 84.37
0.45 53.23 4.27 80.46

300 32,831 0.38 44.92 6.08 3796 88.23 95.26 86.60
0.51 59.97 4.63 83.56
0.55 64.85 5.28 79.22
0.47 54.79 4.14 85.38

a hg = Individual conductive heat transfer coefficient for crystallizer wall. Subscripts i and o indicate inner and outer wall of the vessel.

Table 6
Np and Nq values obtained from CFD simulations with
various mixing speeds.

N (rpm) Np Nq

100 0.53 0.171
200 0.44 0.169
300 0.42 0.166
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were available mostly at 25 �C and these properties are
temperature-dependent, and the wall viscosity factor was ignored.
Therefore, the calculated hsol, hc, and hg values did not change with
the temperature. Nevertheless, the experimental values are in good
agreement with the predicted values. If the properties were avail-
able at 0 �C or at the eutectic temperature, the accuracy level could
be improved. The individual heat transfer coefficient for the inside
film of the vessel (hsol) changed with the agitation level. For our
experimental system, heat transfer from the solution to the coolant
was dominated mainly by hc. Therefore, the influence of rotational
speed and temperature of the coolant inlet and outlet on U was not
very significant.

3.6. Estimation of specific power input (e) and mixing time (s)

As mentioned in the theory part, there are correlations available
in the literature to estimate Np and Nq for different vessel geome-
tries and baffled conditions. However, the correlations are defined
mainly for flat bottom types of vessels. Our crystallizer had a hemi-
spherical bottom. Therefore, the power number Np and pumping
number Nq were estimated based on torque values obtained from
CFD calculations performed for the impeller agitation speeds of
100, 200 and 300 rpm and are shown in Table 6.

The specific power input e (=P/V, unit [W�m�3]) and macromix-
ing time s (=V/Q, unit [s]) were calculated from the crystallizer vol-
ume V (m3), respectively, in variation with the impeller rotational
speed (Fig. 5).

It can be seen in Fig. 5 that e increased and s decreased with the
degree of agitation, which implies that higher agitation results in
better mixing of the solution. In the case of poor macromixing,
local undercooling is very likely to occur near the cooled surface,
therewith promoting faster ice-scaling. Likewise, efficient
macromixing results in extending the induction time for ice-
scaling on the subcooled heat transfer surface.

4. Results and discussion

4.1. Operational stability

As mentioned in the experimental procedure section, during the
experiments after undercooling the solution at a certain level (in
this work �0.28 �C), ice and salt seeds were added to trigger nucle-
ation. The temperature jump just after adding the seeds in the bulk
of the solution indicated (Fig. 6) secondary nucleation after 4000 s.
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Fig. 5. Variation of e and s with Re obtained from CFD calculation.
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At this point, the heat of crystallization was balanced by the cool-
ing capacity of the crystallizer, assuming no heat flow from the sur-
roundings to the crystallizer. The eutectic/equilibrium condition
prevailed until ice-scaling started to form at 6810 s on the crystal-
lizer wall. Because of the increased heat resistance due to the ice
scale, the cooling capacity was then not capable of balancing the
heat of crystallization. Consequently, the temperature of the bulk
solution increased and the equilibrium condition shifted to the
non-equilibrium state. Thus, the pseudo steady-state condition
remained from seeding to the onset of ice-scaling. A typical tem-
perature profile is displayed in Fig. 6. After the onset of ice-
scaling, it continued until 8640 s when the whole surface was cov-
ered, while the temperature continued increasing again and ice
crystals disappeared.

4.2. Effect of temperature driving force (DT) on ice-scaling onset time

After seeding, tind was investigated at different temperature
driving forces (DT = Tsol � Tj) and mixing conditions, as these two
parameters are very influential for operating any type of stirred
tank crystallizer. The experimental results are shown in Fig. 7.

Fig. 7 shows that a linear reciprocal relationship was main-
tained between 1/tind and DT in the range of 3–6 �C. A nonlinear
relationship appeared for DT > 6 �C. A clear dependency of the
degree of agitation on tind was ostensible until Re � 21,000. For
DT < 4 �C and Re > 21,000, this dependency tended to decay. How-
ever, forDT > 6 �C, the impact of the degree of agitation in the crys-
tallizer turned out to be very substantial.

Two experiments were conducted at the rotational speeds of
100 rpm and 300 rpm, which correspond to Re = 10,944 and
Re = 32,831, keeping DT = 6.61 �C while the average wall tempera-
ture (Tw) calculated from heat balance equation was at �1.43 �C. In
this case, the average local undercooling in the wall was 0.31 �C
(i.e., Tsol,e � Tw = �1.12 � (�1.43)). The higher agitation intensity
depleted the local undercooling faster. Thus, tind was longer for
the higher rotational speed. For example, at constant
DT = 6.61 �C, tind was 3 min and 19 min for 100 rpm and
300 rpm, respectively. In the case of DT � 2.2 �C, the average local
undercooling at the wall was about 0.1 �C. At this lower undercool-
ing, the influence of rotational speed appeared to be very negligi-
ble. For DT < 2.0 �C, tind would be very prolonged, but on the
other hand, for DT > 7.0 there was a high possibility of primary
nucleation, and tind would be too short to be measured accurately
for the low agitation level (100 rpm). Therefore, most of the

experiments were performed in the array of DT = 3–6 �C. It is evi-
dent in Fig. 7 that for the constant degree of agitation inside the
crystallizer within this range of DT, Eq. (12) can be obtained

tind � DT ¼ Constant ð12Þ
The magnitude of the constant can be calculated from the recip-

rocal of the slope of linear lines in Fig. 7.

4.3. Heat (Rh) and mass transfer resistance (Rm)

The heat transfer (Rh) and mass transfer (Rm) resistances for G
are calculated by Eqs. (5) and (6) and represented as a function
of agitation level in Fig. 8. In all cases, both Rh and Rm decreased
with the increased agitation level, which indicates that a higher
degree of agitation level is congenial for heat and mass transfer
from the wall to the solution and promotes ice-scaling on the crys-
tallizer wall. On the other hand, the experimental data showed that
for the same DT, the higher degree of agitation extended the tind of
ice-scaling (Fig. 7). This implies that the fluid shear stress exerted
by the impeller during agitation dominated over the heat and mass
transfer -related driving force of G on the crystallizer wall.
Furthermore, it is also apparent in Fig. 8 that Rh is of the order of
105 K�s�m�1 and Rm is of the order of 104 K�s�m�1, which indicates

1/t = 0.0002×Re - 0.0002
R² = 0.9641

1/t = 0.0009×Re - 0.0019
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Fig. 7. Plot of induction time (tind) of ice scaling on the crystallizer wall at different undercooling with mixing speeds of 100 (d), 200 (N) and 300 (j) rpm.
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that heat transfer dominates the kinetics of ice-scaling on the
crystallizer wall.

4.4. Mechanism of ice-scaling

In our experimental setup, the onset of ice-scaling can be inter-
preted as heterogeneous nucleation of ice crystallites from the bulk
solution on the crystallizer wall. Theoretically, tind is inversely pro-
portional to the nucleation rate. If the lower rotational speed of the
impeller is sufficient to keep the existing crystals suspended in the
solution, then part of the crystals may flow near the highly

undercooled wall surface. A higher agitation intensity can increase
the nucleation rate, thus decreasing tind. On the other hand, if the
rotational speed is high enough to wipe out crystallites from the
wall, then fewer ice nuclei or crystals will attach on the wall or
encrust and tind would be longer. Furthermore, the high degree of
agitation would increase the order of local undercooling on the
wall, which consequently increases the nucleation rate, thus
decreasing tind. The fluid shear stress imposed by the agitation
can also affect the heterogeneous nucleation by the removal of
deposited ice crystallites on the crystallizer wall. In the video taken
at different times it is evident that the ice scale on the surface grew
with time, which indicates that the ice crystallites tended to
deposit on the undercooled wall surface rather than to flow freely
in the ice-mother suspension. This was possibly due to strong
adhesive forces between the crystallizer wall and the ice crystal-
lites. Melting of ice particles in the solution suspension occurred
after a certain fouling period due to the elevated temperature
above the freezing point of the solution.

At the higher DT, the ice scale looked hazy or opaque. This
could be due to solution entrapment within the ice crystallites.
Contrary to this, for the lower DT, the ice scale was very trans-
parent. At the lower growth rate of the ice layer on the wall,
solution entrapment within the crystal lattice was not observed,
which was the case at the higher growth rate. This could be

Fig. 9. Ice scaling on crystallizer wall at (a) DT = 2.2 �C and (b) DT = 3.5 �C at 100 rpm from 4 wt% Na2SO4 (aq) solution.

Table 7
Area-weighted average temperature of the cooling surface (Tw) for the impeller
rotational speeds of 0, 100, 200 and 300 rpm and corresponding elapsed time.

Elapsed time (s) 0 rpm 100 rpm 200 rpm 300 rpm

Tw (�C)

0.5 19.04 19.07 19.06 19.10
1.0 18.88 18.94 18.92 18.97
2.0 18.66 18.80 18.79 18.87
3.0 18.50 18.72 18.73 18.80
4.0 18.38 18.68 18.69 18.75
5.0 18.28 18.65 18.64 18.69

Fig. 10. Contours of the solution temperature (�C) in the boundary region of the cooling surface with rotational speed of (a) 0 rpm; (b) 100 rpm at 5 s state.
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explained by the dendritic growth of ice on the crystallizer wall
at the higher DT, which was susceptible to incorporate the
solution within the ice crystallites. At the lower DT, the growth
was planar, and thus the solution was mostly driven out by the
advancement of the ice layer. This phenomenon is visualized in
Fig. 9.

4.5. Effect of degree of agitation on cooling

Based on the discussion above, it is very clear that the agitation
level plays a vital role in the cases of mixing, cooling the solution,
and ice-scaling on the subcooled crystallizer surface. So far, every-
thing has been discussed at the pseudo steady-state condition, and
the sensible heat/non-crystallizing condition has been prevalent.
CFD modeling can be used to investigate the influence of mixing
conditions on cooling in a stirred tank.

In order to investigate the impact of the agitation level in the
non-crystallizing condition, five seconds of the heat transfer phe-
nomenon were simulated to define how the impeller rotational
speed affects the cooling rate of the solution. In addition, the con-
duction of heat through the crystallizer wall without any agitation

Fig. 11. Pathlines of the fluid particles in the agitated crystallizer.

Table 8
Area-weighted average temperature of the solution over the plane at 18 cm distance
from the bottom of the crystallizer for the impeller rotational speeds of 0, 100, 200
and 300 rpm and corresponding elapsed time.

Elapsed time (s) 0 rpm 100 rpm 200 rpm 300 rpm

Tsol (�C)

0.5 19.50 19.50 19.50 19.50
1.0 19.50 19.50 19.49 19.49
2.0 19.50 19.49 19.48 19.43
3.0 19.50 19.49 19.43 19.35
4.0 19.50 19.48 19.36 19.26
5.0 19.50 19.46 19.30 19.18

Table 9
Area-weighted average temperature of the solution Tsol (�C) over the plane at 7.5 cm
distance from the bottom of the crystallizer for the impeller rotational speeds of 0,
100, 200 and 300 rpm and corresponding elapsed time.

Elapsed time (s) 0 rpm 100 rpm 200 rpm 300 rpm

Tsol(�C)

0.5 19.49 19.39 19.33 19.32
1.0 19.49 19.36 19.30 19.30
2.0 19.48 19.33 19.24 19.22
3.0 19.47 19.30 19.19 19.15
4.0 19.47 19.27 19.13 19.08
5.0 19.46 19.24 19.08 19.02

Fig. 12. Contours of the solution temperature, Tsol (�C) on the plane at 18 cm distance from the bottom of the crystallizer with rotational speed of (a) 100 rpm; (b) 300 rpm at
5 s state.
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was investigated. The cooling wall (see Fig. 4) temperature (Tj) was
kept constant in each simulation. The other surfaces were treated
as adiabatic. The initial temperatures of the solution (Tsol) and
the cooling wall (Tj) were the same in all the four cases, 19.5 �C
and 15 �C, respectively. As the main aim of this modeling was to
demonstrate the influence of impeller rotation on the cooling pro-
cess, the selection of the temperature values should not be impor-
tant, as long as the fluid properties and the temperature difference
between the solution and the cooling wall defined in the simula-
tions were consistent with those used in the experiments. This
was also verified by the fact that the lower temperature range in
the CFD calculations and the obtained results at both temperature
ranges were consistent with each other.

The numerical simulations provided temperature data within
the crystallizer domain. The area-weighted average temperatures
of the cooling surface at each case are given in Table 7. In the case
of the rotating impeller, the cooling surface exhibited higher tem-
perature values compared to the case where the fluid was at rest.
This can be attributed to the flow circulation induced by the
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Fig. 13. Volume-weighted average temperature of the solution Tsol (�C) over the
fluid domain for the impeller rotational speeds of 100, 200 and 300 rpm and
corresponding elapsed time.

Fig. 14. Contours of cooling surface temperature, Tw (�C), (a) 100 rpm; (b) 200 rpm; (c) 300 rpm.
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rotating impeller. Fig. 10 compares the near-wall region at the non-
agitated and agitated conditions. With no impeller rotation, the
near-wall region was not disturbed by the fluid movement,
whereas in the case of the agitated crystallizer, the impeller caused
mixing, exchanging the warmer and cooler fluids.

The cooled fluid also spread over the crystallizer in upward
and downward directions, as shown in Fig. 11. The area-
weighted average temperatures were then estimated at cutting
planes perpendicular to the impeller rotation axis in order to
evaluate how the temperature field was influenced in various
areas of the fluid domain. The plane positions were at
distances of 7.5 cm for impeller off-bottom clearance, and
18 cm (the location of the temperature sensor in the crystal-
lizer) for the crystallizer part surrounded by the adiabatic wall,
from the crystallizer bottom.

As can be seen in Table 8, at higher rotational speeds, variations
of the temperature field in the crystallizer top took place in a
shorter time (Fig. 12). A similar tendency was observed in the
impeller region (see Table 9). However, here, due to the location,
the temperature changes occurred earlier than in the upper part
of the crystallizer.

Thus, higher agitation rates promoted more rapid propagation
of the cooled solution over the domain, and therefore the cooling
rate of the solution increased with the impeller rotational speed.
To verify this, the simulations of the agitated systems were
extended to 15 s, and volume-weighted average values of the solu-
tion temperature over the entire computational domain were cal-
culated (Fig. 13).

The difference between the temperatures in the cases of 100
and 300 rpm became more pronounced with time, while it
remained relatively small for the speeds of 200 and 300 rpm. The
temperature over the cooling surface (Tw) after 15 simulated sec-
onds was also examined. In general, the temperature distribution
over the surface was found to be nearly uniform, except near the
impeller. A higher wall temperature area was particularly observed
there in the case of 100 rpm, as can be seen in Fig. 14(a), but at the
higher agitation intensity, the wall temperature started to vary
slightly (see Fig. 14(b) and (c)).

Nevertheless, the cooling surface demonstrated close to each
other area-weighted average temperatures of 18.43 �C, 18.33 �C
and 18.35 �C corresponding to the agitation rates of 100, 200 and
300 rpm respectively. The wall shear stress increased significantly

Fig. 15. Contours of shear stress in the layer of fluid next to the cooling surface, Pa, (a) 100 rpm; (b) 200 rpm; (c) 300 rpm.
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with the impeller agitation speed, especially in the impeller region
(see Fig. 15). Therefore, the deposition of ice crystallites would be
more likely reduced substantially in that area, resulting in a thin-
ner ice scale layer. Thus, a higher impeller rotational speed could
facilitate a longer induction period due to improved heat transfer
and lower deposition rate of ice crystallites.

The experimental results infer that the crystallizer hydrody-
namics became significant on tind for Re � 11,000 and DT > 3 �C.
For Re > 21,000 and DT = 3–4 �C, tind was not influenced much by
the agitation level (Fig. 7). For DT < 2 �C, tind would be very pro-
longed at even very low specific power input, but the heat transfer
rate between the coolant and the bulk solution would decline
(Fig. 8). On the other hand, for DT > 6 �C, even intense mixing,
i.e., Re > 32,831 would not be capable of extending tind much. For
Re = 32,831, tind was almost indifferent with the variation of
DT = 3–6 �C. Therefore, DT = 3–4 �C and Re = 21,888–32,831 might
be considered for extended ice-scaling free operating conditions.
However, optimized operating conditions depend further on the
level of the initial undercooling, residence time, productivity, yield,
purity, product quality, overall cost of the whole EFC process, etc.
according to the specific goal of the process, which could be con-
sidered in the future.

5. Conclusions

In an agitated, non-baffled, non-scraped wall for an indirect
cooling system, the induction time (tind) for ice-scaling from a
4 wt% Na2SO4 (aq) solution on the crystallizer wall was investi-
gated at a constant level of initial undercooling and residence time
in variation with DT and degree of agitation. Exploitation of this
knowledge is very crucial for running the EFC process because tind
towards ice-scaling on the inner surface of the crystallizer impedes
heat transfer and thereby initiates unsteadiness. Therefore, the
operation conditions should be manipulated in the way of
extended tind. In general, higher agitation intensity and lower
degree of undercooling serve for extended tind. The experimental
results showed that for DT < 2 �C, the influence of the degree of
agitation on tind was likely to be insignificant. On the other hand,
for DT > 6 �C, the influence of the degree of agitation on tind was
very significant. The crystallizer was simulated by using Fluent
15.0 software. CFD modeling of fluid flow and heat transfer was
performed for the impeller rotational speeds of 0, 100, 200 and
300 rpm. The CFD simulations showed how a higher agitation
intensity and lower degree of undercooling depleted local under-
cooling at the subcooled inner wall of the crystallizer, and eventu-
ally increased tind. The simulation results also demonstrated that
the cooling rate of the solution was improved at a higher impeller
rotational speed. The increased wall shear stress observed at a
higher agitation intensity reduced the deposition of ice crystallites
on the crystallizer wall, and thus improved the heat transfer. The
data obtained by conducting experiments and numerical simula-
tions are very useful for optimized crystallizer design based on
the ice and salt production rate for an EFC system operating in a
continuous mode.
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