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Auxetic Cellular Materials - a Review

Nejc Novak* — Matej Vesenjak — Zoran Ren

University of Maribor, Faculty of Mechanical Engineering, Slovenia

Auxetic cellular materials are modern materials which have some unique and superior mechanical properties. As a consequence of the
structural deformation of their internal cellular structure they exhibit a negative Poisson’s ratio, i.e. they significantly increase in volume when
stretched and vice versa. The effect of negative Poisson’s ratio is useful in many applications to enhance certain physical properties such
as the density, stiffness, fracture toughness, energy absorption and damping. These properties can be further tailored by using variable cell
geometry and density distribution, which can be achieved with functionally graded porosity of auxetic materials. This review paper provides the
state-of-the-art overview of the auxetic materials, their development, most common geometries, fabrication methods, mechanical properties,

applications and further possibilities for their development.

Keywords: cellular materials, auxetic materials, negative Poisson’s ratio, honeycombs, composites

Highlights

. Development, geometries, fabrication methods of auxetic cellular materials are presented.
e [dentification and comparison of mechanical properties of different types of auxetic materials.

e Applications of auxetic materials are introduced.

*  Possibilities for further development of graded auxetic cellular materials are indicated.

O INTRODUCTION

Cellular materials have some advantageous
mechanical and thermal properties in comparison
to solid materials [1], for example: low density,
high acoustic isolation and damping, better thermal
management (for use in heat exchangers, flame
arresters, heat shields), high energy absorption
capabilities (for crash absorbers), durability at
dynamic loadings and fatigue, filters etc. The
production methods of cellular materials are described
in [2] and [3]. Some cellular materials are being used
in practical applications [4], but most of them were
only investigated by experiments and simulations [5]
to [8]. This is due to high production costs and a lack
of mass production capabilities to control the shape,
size and distribution of cellular pores during the
production process which results in a certain scatter
of mechanical properties. Novel uni-directional
structures, such as lotus-type [7] and UniPore [8]
materials, hollow sphere structures [9] and [10] and
APM elements [11] to [13] were introduced recently,
and comprehensively characterised. The new additive
manufacturing technologies offer improvements in
the production of cellular structures with constant or
graded porosity.

The internal structure of cellular materials can
also be designed so that its deformation results in a
negative Poisson’s ratio behaviour. Poisson’s ratio
(v) is defined (in case of tension loading) as the ratio
between the longitudinal expansion and the lateral

contraction of material during the loading [14].
Materials that exhibit negative Poisson’s ratio become
wider when stretched and thinner when compressed
(Fig. 1), and are also called the auxetic materials [15].

Tension Compression
T
ORI  — }
o iy b b
-F : F F_x‘> -F
S S S N S
Yyl il

Fig. 1. Non-auxetic a) and auxetic b) behaviour during tensile and
compressive loading (dashed lines - undeformed geometry)

This paper provides a short review of the
development, geometries, manufacturing methods,
mechanical properties and applications of cellular
auxetic materials. Future prospects for further
development and new applications of cellular auxetic
materials are also discussed.

1 AUXETIC MATERIALS

The term “auxetic materials” was first introduced by
Evans et al. in 1991 (from the Greek auxetos: that may
be increased) [15]. The natural auxetic material can be
found in a-cristobalite [16], biological tissues (skin)
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[17] and pyrolytic graphite [18]. Man-made material
structures with similar behaviour were first used in
practical application as moderator core of a Magnox
nuclear reactor [19], where auxetic behaviour occurs
due to radial movement of the free-standing columns
of graphite bricks via sliding of the loose keys. The
structure was designed to withstand horizontal forces
generated during earthquake, whilst also allowing
free movement of the structure to accommodate
thermal movements between the graphite core and
steel supporting structures at the edges of the core.
Development of this structure was conducted to solve
a practical problem and auxetic behaviour was only a
by-product of the design.

Systematic research of auxetic materials first
started in 1985 with analysis of a 2D re-entrant
auxetic structure by Almgren [20] based on analytical
expressions presented a few years earlier for
conventional honeycombs [21]. In 1987 first auxetic
material was manufactured by Lakes and co-workers
with transformation of conventional open cell foam
[22]. Auxetic structures from polymers were also
fabricated later [23] to [25]. Further progress was
made by introducing composite structures that exhibit
negative Poisson’s ratio [26]. Next promising way to
produce cheaper, more complex and larger auxetic
structures is additive manufacturing.

It is not always necessary to have a porous
microstructure (like in cellular materials) to induce
the auxetic behaviour of the material structure [26].
The change in microstructure (molecular auxetic
materials) or composite structures with rotating units
can also exhibit the auxetic behaviour [27].

However, most of above mentioned auxetic
structures are highly anisotropic and thus not well
suited for the general structural applications in most
cases. For this reason, a very exciting development
of novel 3D cellular auxetic materials is being
investigated at several research centres around the
world and we can expect some promising auxetic
materials to emerge soon.

Most of auxetic materials can be classified into
three main groups: auxetic honeycombs, auxetic
microporous polymers and auxetic composites.
Auxetic materials which do not belong to any of these
groups are also described in Section 1.4.

1.1 Auxetic Honeycombs
Conventional and auxetic honeycomb 2D structures

are the most common types which have been
investigated widely over past few decades. These 2D

structures can be extended in the normal direction to
get a 3D unidirectional auxetic structure.

1.1.1 Re-entrant Structures

Development of 2D re-entrant honeycombs
(Fig. 2) started with analytical calculations of
various deformation mechanisms caused by flexing
the cell walls [20] or more realistic behaviour when
honeycombs undergo flexure, stretching and hinging
deflections when subjected to external loadings [28].

\ \

b)
Fig. 2. a) Undeformed and b) deformed re-entrant structure

1.1.2 Rotating Units

Auxetic structures with rotating units were presented
by Grima and Evans [27], where rigid rectangular
and triangular cells are connected together at selected
vertices by hinges (Fig. 3). These kinds of structures
result in analytical value of minus one for the Poisson’s
ratio. The auxetic behaviour of the rotating units was
analysed with analytical expressions for the rotating
rectangles [29] and [30] and the triangles [27]. Semi-
rigid rotating units were also developed [31]. Real
structures with similar behaviour as the rotating units
(square array with elliptical voids) were analysed with
experimental testing and numerical simulations [32].

O

{ /

2) b N
Fig. 3. a) Undeformed and b) deformed rotating rectangles

1.1.3 Missing Rib

Missing rib structure is derived from conventional
honeycomb (intact) where cutting of some ribs (Fig.

486 Novak, N. - Vesenjak, M. - Ren, Z.
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4) leads to the auxetic behaviour [33]. Experimental
testing of two different missing rib structures and two
conventional structures was done by Gaspar et. al [34].

a) b)
Fig. 4. a) Undeformed and b) deformed missing rib structure
(dashed lines-intact conventional structure)

1.1.4 Chiral Structures

Chiral structures are formed by connecting straight
ligaments (ribs) to central nodes which may be circles
or other geometrical forms (Fig. 5). The auxetic effects
are achieved through wrapping or unwrapping of the
ligaments around the nodes in response to the applied
force. Poisson’s ratio of chiral structures is —1, based
on theoretical and experimental investigation [35].

O ~ b)
Fig. 5. a) Undeformed and b) deformed chiral structure

1.1.5  Other Honeycomb Geometries

Many other auxetic geometries were also developed in
the past: antichiral structures with different strategies
of connecting central nodes [36], star [37] and double
arrowhead [38] structures, 2D planar structures using
Kagome patterns [39] and [40]. Geometry of auxetic
honeycombs was also developed with numerical
analysis of eigenvalues and natural frequencies of
different non-auxetic honeycombs [41].

1.2 Auxetic Microporous and Molecular Polymers
After successful production of auxetic material from

conventional polymer foam [22] researchers were
looking for procedure with which they can fabricate

stiffer materials for wider engineering applications.
Structure from expanded polytetrafluoroethylene
(PTFE) was produced and evaluated by tensile
testing methods [23] and [24]. Extremely low negative
Poisson’s ratio values up to minus 12 in one direction
were achieved and explained by the anisotropic foam
structure. A simple concept to explain the complex
microstructure deformation behaviour found in auxetic
PTFE is shown in Fig. 6, where hatched regions are
nodules. Further experimental testing and deformation
mechanism analysis was done by Alderson and Evans
[42] and Alderson et al. [43].

R

Fig. 6. a) Undeformed and b) deformed nodule-fibril model
network

ZA b)

a)

Similar microporous polymer microstructures
can be produced using the ultra high molecular
weight polyethylene (UHMWPE), with some distinct
differences: nodules in UHMWPE are nearly spherical
and the structure is more isotropic. These differences
also influence the Poisson’s ratio which for UHMWPE
is no lower than minus 1.24 [25].

Researchers have also observed that the auxetic
behavior of some of the polymer structures is not
depend on the scale of the material [44], which is
convenient for production of larger specimens and
components.

Microporous auxetic polymers possess auxetic
properties because their porous structures allows
sufficient space for the nodules to spread apart. But
this porosity leads to lower density and stiffness values
resulting in their unsuitability in many structural
applications.

One approach to overcome the problem with
material porosity is to develop molecular auxetic
material, where the molecular structure is tailored to
exhibit negative Poisson’s ratio [45] and [46]. Tailoring
is done by inserting molecular elements which causes
the auxetic behaviour in the molecular structure.
However, many problems in synthesizing and testing
these materials still need to be overcome [15]. In the
future, when synthesizing methods improve and allow
for the development of anisotropic molecular auxetic

Auxetic Cellular Materials - a Review 487
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materials, these kinds of materials could well turn out
to be the best auxetic materials for use in structural
applications.

1.3 Auxetic Composites

Composite materials are made of two or more
different components with different material
properties. Composite rod and hinge structures were
first analytically investigated by Milton [26]. The
model is shown in Fig. 7, where under infinitesimal
deformations in the increase in the width AB causes
an increase in the length CD. If a series of these
models are stacked together vertically in a matrix, a
composite laminate with negative Poisson’s ratio is
obtained.

A
B

C D
B

C D

Fig. 7. Rod and hinge model

Auxetic composites can also be prepared by
laminating unidirectional pre-preg tapes of epoxy
resin reinforced with carbon fibers [47], or using fibre-
reinforced Poly-Ether-Ether-Ketone (PEEK), which
are then bonded together in the triangular auxetic core
[48].

Composite sandwich panels which employ
cellular auxetic material as a core can also be useful
for applications in the aerospace industry [49].

1.4 Other Auxetic Geometries

Many other 2D auxetic geometries were developed
and analysed in the past, but only a few 3D structures
were investigated. Analytical formulas to calculate
mechanical behaviour for 3D re-entrant structures
were introduced by Choi and Lakes [50]. 3D
structures of the rotating units [51] and nodule-fibril
model [52] were also developed. Introduction of
additive manufacturing techniques enables different
and new 3D auxetic structures to be fabricated [53]
and [54]. Interlocking hexagon models [55] are
low porosity structures, which also exhibit auxetic
behaviour. Auxetic yarns can find useful applications
in composites and textiles [56].

2 FABRICATION

Structural auxetic materials can be made from
a variety of metals or polymers using different
manufacturing  procedures. First manufactured
auxetic material was re-entrant structure produced
by Lakes in 1987 from conventional polymer foam
[22]. This procedure is based on triaxial compression
and heat treatment of the polymer foam, and was
further developed for producing bigger specimens
[57]. Similar procedures using solvent instead of heat
treatment were also developed [58] with the added
advantage that the auxetic foams can be transformed
back to the conventional form.

Fabrication of the UHMWPE microporous
polymers is done in the following steps: powder
compaction, sintering and extrusion. The process is
similar in case of the PTFE microporous polymers
where the sintered part is rapidly stretched in the axial
direction instead of being extruded [25].

Two different molecular design approaches are
used to produce organic (molecular) auxetic materials:
liquid crystal polymers (LCP) [30], [31] and [59], and
three-dimensional tessellated polymer networks [15].

Large auxetic re-entrant honeycomb specimens
can be produced with Kevlar fabric and epoxy using
the Kirigami manufacturing process [60].

Additive manufacturing technologies offer new
manufacturing procedure to make large parts and
structures with complex geometries from various
metals and plastics [53] and [61], which can be
optimised using modern computational tools [41] and
[62].

3 MECHANICAL PROPERTIES

The effect of Poisson’s ratio on mechanical behaviour
of an isotropic material can be derived from Eq. (1),
with the Young’s modulus assumed to be constant
[63]:

3(1-2%)

G=K———72
2(1+%)°

)

where G is the shear modulus (material response to
shear stress), K is bulk modulus (material response to
volumetric stress) and v is Poisson’s ratio.

From Eq. (1) it can be seen that materials with
a Poisson’s ratio approaching 0.5 (i.e. rubber) readily
undergo shear deflections but resist volumetric
deformations. When Poisson’s ratio approaches the
negative limit of —1 for isotropic materials, the shear
modulus approaches infinite value and the material

488 Novak, N. - Vesenjak, M. - Ren, Z.
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preserves the shape during loading — material is strong
in shear but easy to deform. At this point it must be
pointed out that these relationships are valid only for
isotropic materials, since in the case of anisotropic
materials the bounds on Poisson’s ratio are larger,
theoretically —oo<v<oco [63].

During elastic deformations auxetic materials
do not preserve the volume: in the case of tensile
deformations the volume of the material increases
and vice-versa. This applies to the deformation
behaviour before the material reaches yield stress and
thereafter the material preserves the volume reached
at yield, since the Poisson’s ratio does not affect the
deformation behaviour during material yielding.

Auxetic materials with Poisson’s ratio near minus
1 resist indentation better than conventional materials,
because the indentation resistance is inversely
proportional to (1-v2). Enhanced indentation
resistance has been proven through investigation of
polymeric [64], metallic [65] foams and microporous
polymers [66]. In case of impact, non-auxetic
materials “flow” away from the impact area, while
they “flow” towards the impact zone in case of auxetic
materials. This makes the auxetic materials more
dense at the impact zone and therefore more resistant
to indentation [67].

The characterisation of the mechanical behaviour
different auxetic structures has so far been carried out
mainly using analytical methods and compressive or
tensile testing to determine Poisson’s ratio, Young’s
modulus and energy absorption capabilities [68].
Three-point bending tests were also performed
on different structures manufactured by the rapid
prototyping [69], electron beam melting (EBM) [70]
and  Directionally Reinforced Integrated Single-
yarn (DIRIS) concept [48]. Dynamic tests of auxetic
materials were performed using indentation of the
cylinder and ball [64], and, ballistic tests [71].

Experimentally determined values of Poisson’s
ratio and Young’s modulus for different auxetic
materials are shown in Table 1. The listed values are
the maximum values measured in specimens with
different porosities and at different strains [23] and
[53].

From Table 1 it can be seen that almost all of the
experimentally determined values for the Poisson’s
ratios in different materials and structures lie in the
range from minus 0.6 to minus 1.2. In only a few cases
are values smaller than minus 1.2, because of material
anisotropy. Values of the Young’s modulus are given
in lesser number of sources than Poisson’s ratio, but
it can be seen that structures produced with electron
beam melting (EBM) methods from Ti6AI4V alloy

are very stiff in comparison with any other material,
but they are also very brittle because of the production
method [75].

Table 1. Mechanical properties of different auxetic materials

Material Poisson’s Young’s
ratio [-] modulus

[MPa]

) [22] -0.7 0.072
ottt T R—
[57] -0.82 -

Re-entrant copper foam  [72] and [73] -0.39 30
Re-gntrant silicon rubber foam [73] -0.25 26
PTFE [23] -12 0.15
UHMWPE [25] -1.24 -
) [35] ~-1 -
6-chira 36 081 19.46
Anti -0.98 3.1
4-chiral [36] -0.26 7.08
Anti 4-chiral [69]  -1.831 5.374
Missing rib [33] and [34] -0.6 -
Polypropylene film [74] -1.12 340
. [53] -0.4 ~8000

Structures produced with EBM 75 1899 50853
3D printed re-entrant lattice [54] -1.18 -
Square array with voids [32] -0.73 -
Hierarchical honeycomb [76] -0.5 -
Rotating squares film [771  -0.963 -

4 APPLICATIONS

The auxetic materials have improved the shear
performance (increased shear modulus) [78], damping,
sound [79] (also with control of bands [80]) and energy
absorption [64] and [71] of structural components,
which makes them particularly useful for many
special applications.

They are being increasingly used in body and
vehicle armour applications in sandwich plates
for ballistic protection in combination with other
materials [81] and [82] fiber composites for greater
pull-out resistance (applied tension pull-out force
causes increase of cross section area), increased
sensitivity piezoelectric composites, new kinds of
fasteners, which transversally contract when pushed
into a socket (compression load) and expand when
attempted to be removed (tension load) [72], flexible
pads to reduce impact forces upon small (elbow)
and large objects (leg, human torso) [63] which
can also be used for sports applications [83], more
comfortable textiles with reduced clothing pressure,
medical devices (especially bandages) and fashion

Auxetic Cellular Materials - a Review 489



Strojniski vestnik - Journal of Mechanical Engineering 62(2016)9, 485-493

applications [84] and [85], promising and interesting
medical application of auxetic materials such as in
stents [77]. Very interesting applications in automotive
and aerospace engineering are also in double curved
sandwich structures, where the advantage of some
auxetic material plates to deform in a convex shape
(synclastic curvature) is exploited [22] and [86]. Also
the out-of-plane strength and stiffness of the auxetic
core materials are maximized, since the ribs are always
aligned normal to the curved surface [49]. Another
interesting application in aerospace engineering
shows morphing wings using auxetic structures [87].
There are some examples where auxetic
materials are used for thermal protection in aerospace
applications (pyrolytic graphite) and vanes for aircraft
turbine engines (large single crystals of Ni3Al) [88].

5 CONCLUSIONS

The paper gives an overview of fabrication,
characterisation, properties and current applications
of existing auxetic cellular materials with monotonous
internal cellular structure. The response of auxetic
materials to dynamic impact loading conditions
at different strain rates is not yet sufficiently
characterised and needs to be further investigated.

New advanced additive manufacturing techniques
provide means to fabricate the next generation of
auxetic materials with functionally graded porosity,
which can be adapted to the requirements of a
particular engineering application by computational
simulations and optimization techniques. Such
specifically designed internal cellular structure
of auxetic materials provides the best desired
mechanical response to particular loading conditions.
This response can for example result in constant
deceleration of impacting projectile or constant
reaction force on structures, which is very useful for
different applications in defence engineering and
crashworthiness.

The auxetic cellular materials and structures
show huge potential to become important light-
weight structural materials of the future with further
development of additive manufacturing technologies
or with introduction of some new, more cost effective
manufacturing techniques.
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The Bond Graph Method for Analysis of the Micro-Motion
Characteristics of a Micro Gripper

Chao Lin!* —Yi-hang Ren! — Jiu-xiang Ji! — Li-zhong Cai! — Ji-ming Shao?
1Chongqing University, The State Key Laboratory of Mechanical Transmission, China
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A full-flexure micro gripper with three-stage amplification has been designed. The pseudo-rigid-body (PRB) model of a bridge-type amplification
mechanism (BTAM) and micro gripper are established; the input/output stiffness of the BTAM are deduced on the use of the compliant
mechanism, Castigliano’s theorem and the PRB method. The characteristic equations and state-space equations of the micro gripper are
derived on the basis of bond graph theory. The displacement simulation curve and flexible hinge angular simulation curve of the micro gripper
are acquired through Matlab R2013b programming. Ansys13.0 finite element simulation software is utilized for simulation analysis of the
micro gripper micro-motion. The micro gripper is 3D printed using laser rapid prototyping technology, and a test bench has been set up.
The experimental value, finite element analysis value, and Matlab simulation value are comparatively analysed, and the change rules are
essentially the same. As a result, the validity of the bond graph model of the micro gripper is verified, and providing a new effective method for

the flexible mechanism analysis.

Keywords: micro gripper, pseudo-rigid-body (PRB), flexure hinge, bond graph, Matlab R2013b, 3D print

Highlights

o Afull-flexure micro gripper with three-stage amplification has been designed.
e  The bond graph model of the micro gripper has been set up, the characteristic equations and state equations of the micro

gripper are derived.

0 INTRODUCTION

In recent years, with the rapid development of science
and technology, micro/nanotechnology has been
becoming a key direction in research around the world.
The demand for micro-motion devices has increased
in many industrial applications, particularly in the
fields of manipulating biological cells, microsurgical
operation and assembling micro-machines. With the
operation objects trending towards miniaturization,
developing flexible, high precision and easily control
microrobots are becoming an urgent requirement, and
micro-manipulating robots combined with micro-
positioning technology and robot technology are
receiving increased attention [1] and [2]. According to
the driving principle, micro grippers can be roughly
divided into five categories: electrothermal actuators
[3], electrostatic actuators [4], piezoelectric actuators
(PZTs) [5], shape memory alloy (SMA) actuators [6],
and electromagnetic actuators [7]. PZTs are widely
used because they have many advantages such as
stable output displacement, great output force, high
resolution, high response speed and are easy to control
[8] and [9]. Nah and Zhong [9] designed a monolithic
compliant-flexure-based micro gripper, of which the
displacement amplification and maximum stroke
are 3.0 um and 170 pum, respectively. Zubir et al.
[10] developed a compliant-based micro gripper for
high precision manipulation; a high displacement

amplification and a maximum stroke of 100 pm
can be achieved. Ramadan et al. [11] proposed a
chopstick-like two-fingered micromanipulator
based on a hybrid mechanism for cell manipulation.
Xiao et al. [12] presented a micro gripper which has
absolutely parallel movement of the gripping arms; the
displacement amplification ratio is about 10, um, and
the micro gripper arm maximum stroke is 300 pm. Yu
et al. [13] studied a piezoelectric-based micro gripper
of which the displacement amplification of one side
can be 10.6, and the maximum output displacement
is 261 pm. Furthermore, other micro grippers have
been designed, such as a thin-walled copper tube by
Li et al. [14], a compliant piezoelectric actuator based
micro gripper by Jain et al. [15], a single active finger
ionic polymer metal composite (IPMC) micro gripper
by Ford et al. [16], a rotary micro gripper with locking
function by Hao et al. [17], a piezoelectric actuator for
micro gripper by Jain et al. [18], and a piezoelectric-
actuated micro gripper with a three-stage flexure-
based amplification by Wang et. al [19].

The transmission of flexible micro gripper motion
depends on the deformation of the material, so the
kinematic modelling accuracy is difficult to guarantee.
Furthermore, it is difficult to obtain the specific state
change of a single internal component of the micro
gripper. The bond graph is put forward by Paynter,
describing the transmission, storage, conversion
and consumption of power [20]. The nonlinearity of
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Fig. 1. Schematic diagram of micro gripper; a) geometrical model, and b) PRB model

systems can be intuitively considered in the bond
graph method, and state variables in the model are
all physical variables; thus, the state changes of
the system can be further described. Moreover, the
superiority of consistency between the bond graph
and systematic state equations is significant. The
corresponding mathematical model can be acquired
by the bond graph of the system [21]. At present, bond
graph modelling has been applied in the analysis of the
Stewart platform mechanism [22]; however, the use of
bond graph theory to analyse the flexible mechanism
remains to be further developed.

Given the advantages of the bond graph in
complex system physical model analysis, the bond
graph model of the micro gripper is built after the
analysis of working principles of the flexible micro
gripper, stiffness of the bridge type amplification
mechanism (BTAM) and parallel-guiding mechanism
(PGM). The characteristic equations and state-
space equations are derived. Finally, the output
displacement simulation curve and flexible hinge
angular displacement simulation curve of the micro
gripper are obtained by using Matlab simulation and
analysis.

1 STRUCTURE DESIGN AND WORKING PRINCIPLE
ANALYSIS OF THE MICRO GRIPPER

According to the basic theory of compliant
mechanism and mechanical principles, a micro
gripper mechanism with large output displacement
is designed (as shown in Fig. 1). The dimension is
106 mm x 76 mm % 10 mm. The micro gripper is
driven by PZTs; the input displacement provided by
PZTs is amplified by BTAM, and further enlarged by a
two-stage flexible lever. As a result, the micro gripper

arm has a large stroke. Meanwhile, the parallel-
guiding mechanism ensures gripper arm maintains
parallel movement and makes the grip jaw clip object
more stably and firmly.

2 STATICS ANALYSIS OF THE MICRO GRIPPER
2.1 Input Stiffness of the Micro Gripper

According to the PRB method, a BTAM can be
divided into 16 components, and each component is
connected by a flexure hinge without clearance. The
flexure hinge is equivalent to torsional spring, and the
rest of the components are equivalent to a rigid rod. A
quarter of the BTAM is taken for analysis because it is
entirely symmetrical in structure. The PRB model and
force analysis of BTAM are shown in Fig. 2.

F ’65') o Ls L2
Ms: |5 5
8 7 5
© ms 6
16
s | +
> 1714 miz NJ‘ 110 9
15 14 10
13| 12 11
L7+L3/2+L5/2‘ Ls | L3+L4/2+L2/2

Fig. 2. Graph of PRB model and 1/4 model force analysis of BTAM

Using Castigliano’s theorem, input stiffness and
output stiffness of BTAM were deduced by Lobontiu.
The derivation process of input stiffness is the same as
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in reference [23], in this paper, however, in order to
simplify the calculation, the shear force of flexure
hinge is ignored. The output stiffness can be obtained
in the same way while assuming the force F;,y is
applied to point 6’ when solving output stiffness.
Flexible hinges 2 and 4 have the same dimension;
hence, the compliance along the x-axis and around the
z-axis of flexible hinge 2 are equal to that of flexible
hinge 2 correspondingly. That is, C>,.=C?,,
Co=Col -

Based on the analysis and theoretical derivation,
the input stiffness and output stiffness of BTAM can
be expressed by:

F, 2

" Up, - 4C;-F +L2C92-M
2
k= o = ——
u6'y (L3 + L4) CO—M

where C;,,=12L,/(Ebt’), C?,.=L,/(Etb),t, L, and
L, to Ls are structural parameters of BTAM as shown
in Fig. 2, b is thickness of BTAM.

According to the movement of the micro gripper,
when the micro gripper is driven by PZTs, not
only the BTAM produces elongation deformation,
flexible hinge 16, 19, 26 and 29 also achieve bending
deformation in the driving force direction. As a
consequence, the input stiffness of the micro gripper
includes the input stiffness of BTAM and the bending
stiffness of flexure hinge, as,

1

K[n :kin +Z Cm >
y-F

where m = 16, 19, 26, 29, and I/C;_'LF is bending
stiffness of flexure hinge m when it is under the force
Fgy, which is parallel to the cross section, and
1/CT = Ebt3/ 6/’ ), [ is the length of flexure hinge.

(@)

3 THE BOND GRAPH MODEL OF MICRO GRIPPER

The energy conversion and transmission of
interactional components are the basic foundations
to set up the system bond graph in the engineering
system. In the bond graph theory, the system with
the co-existence of different forms of energy can
be processed in a unified way; any system can be
summarized into four state variables: flow variables
?), effort variables e(?), generalized momentum p(¢),
and generalized displacement ¢(7) .

Based on the theory and method of the bond
graph, combined with the characteristics of the micro
gripper driver and motion transmission, firstly the

bond graph models, respectively, of BTAM, leverage,
and PGM are set up; then the bond graph model of
each part to set up the bond graph model of the
microclamp is assembled. In the process of setting
up the bond graph model of PGM, the rotary angles
of the flexible hinges of PGM are assumed to be the
same. For BTAM, it works as one end fixed while
the other stretches, but in the bond graph model, both
ends are assumed to stretch.

According to the transmission characteristics
of the system and the causal relationships among
different parts, considering generalized displacement
q(t) of capacitive component and generalized
momentum p(¢) of inertial component as the state
variables, e(f) and f{¢) as the effort and flow of each
bond., numbering each key from 1 to 82, the bond
graph model of the micro gripper was established. The
model is displayed in Fig. 4.

In Fig. 4, ‘0’ connection and ‘1’ connection stand
for serial and parallel energy connections; the arrows
indicate energy flow directions of the system. /, C and
R represent the inertial component, capacitive
component, and resistive component, respectively.
Transformer (TF) helps to convert one type of motion
to another. Se is driving force, K;, is input stiffness of
the micro gripper, k;, M;, J; and u; represent stiffness,
mass, the moment of inertia and damping coefficient,
and the subscript label is the series number of parts in
Fig. 1b. k'=k, =1/C},, (m=2,4,6,8,9,11,13,15) is
bending stiffness of flexure hinge of BTAM,
k"=k,=1/C)*, (n=16,17,19,21,22,23,25,26,27,
29,31,32,33,35) is bending stiffness of flexure hinge
of PGM. J'=J; (j=3,7,10,14) is the moment of
inertia of the rigid rod of BTAM, J"=J, (k=18,20) is
moment of inertia of the rigid rod of lever, J"'=J,
(p=24,28,30,34) is the moment of inertia of the rigid
rod of PGM. By mechanics of materials, J=m/2/12.

4 THE ESTABLISHMENT OF THE STATE-SPACE EQUATIONS

The motion state of the system can be described by
a set of state variables. State-space equations are
the time-varying physical quantities of the system’s
internal state. As seen in Fig. 4, there are 30 energy-
storage components in the system, including 16
capacitive components and 14 inertial components.
In these components, /53 and Iz, have differential
causality, and the rest have integral causality. The
BTAM has equivalent damping in the direction of
a driving force, as do both the left and right parts
of micro gripper; as a consequence, the system also
has resistive components. From Fig. 4, characteristic
equations can be obtained as follows.
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Fig. 3. The bond graph model of micro gripper

The characteristic equations of the resistive label of each state variable is the series number of
component are: bonds in Fig. 4. the state-space equations of a micro
gripper can be deduced based on characteristic
e, <1k, e =R equations and characters of TF, connection ‘0’ and “1°.
€ ouloss €= 70Ry - 3) Since 28 state variables exist in Eq. (4), the state-
=R, =f,.R. space F:quat10n§ correspondingly conte'un 28
differential equations. The state-space equations can
The characteristic equations of the energy-storage be derived as:
components with integral causality are:
1 1 p,=se—e,—e,—e,—e, =
fr=—p, T G o Yeo : o e
I, Cy IR DS N B
) 1 C, 4~ Ky 1, P, IC, q; IC,, 16
63_543 o Ja ]_p64
3 64 43=fz:]_pz
“) 2
1 1 S| 1
g o fi=— e Sa
e
T 96 Jre I P L1, . I,
7 1 1 : . (6)
1877 Pis T T . L+ 1 L+l 1
I Cro 413~ _f74=%l_1759 _%[_pm
The characteristic equations of the energy- 6 e >
storage components with differential causality are: p L(e —e —e )=
76 I +l I 77 78
e.=
ol O R N I D
e,= szfxz I, +l72[7s I C, 973 — Ry L. P c, 79
Assuming the system s;ate variable s | Goy=t 2=~ Prs
X=(P2 4G 97 - G P s )lng » the subscript B 7
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In Eq. (3), the subscript labels of 7, C and R are a
series number of bonds, and /=L, L=13=L;+L;/2+
+1,/2, I5 and Ig are structural parameters of lever-
PGM, M is the quality of the translational components,
and M=m+m g+ myg, the subscript label is the series
number of parts in Fig. 1b. x4 is equivalent damping
of BATM, p, is equivalent damping of lever- PGM
mechanism.

5 PROCESSING, SIMULATION, AND EXPERIMENT
5.1 Processing of the Micro Gripper

Laser rapid prototyping technology an additive
manufacturing processing method; also known as “3D
printing, it is a new manufacturing technology that
integrates CAD, CNC, laser technology, automatic
control technology, new materials and other advanced
technologies. It has become widely used in machinery
manufacturing, aerospace, medical and other fields.
Because of the simple structure of the micro gripper,
the 3D printing process of the micro gripper is more
convenient. The micro gripper is processed through
the EOS M280 laser molten sintering moulding
machine, and separated from the base plate by using
Wire EDM; the machining process is shown in Fig.
5. TC4 titanium alloy is chosen as the material of the
micro gripper because of its good comprehensive
properties, good plasticity and durability, and high-
temperature deformation performance.

Fig. 4. Processing of the micro gripper; a) 3D printing of the micro
gripper and b) wire EDM processing

5.2 The Finite Element Simulation and Solution of State
Equations

The micro gripper is simulated and analysed with
Ansys 13.0; the bottom is selected as fixed support,
the mesh plots and working simulation diagram are
shown in Fig. 5.

A variable order Adams PECE algorithm is
a commonly used method for solving ordinary
differential equations. It has the advantages of high
precision, simple procedure, and stable calculation

A: Static Structural
Total Deformation
Type: Total Deformation
Unit: m

Time: 1

201655016 21:01

5.0527e-5 Max
4.4913e-5
3.8299e-5
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2807T1e-5
2.24568-5
1.6842e-5
1.1228e-5
56141e-B

0 Min
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L |

)
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Fig. 5. The finite element simulation diagram of micro gripper; a) mesh plots, and b) motion simulation diagram
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Table 2. Key parameters of the micro gripper

L [mm] Ly [mm] L, [mm] Lz [mm] L4 [mm] Ls [mm] ¢ [mm] b [mm] 14 [mm] [5 [mm]
1.5 11 3 22 3 4 1 10 30 40.4
I [mm] /7 [mm] K, INmm] &' [(N'mm)/rad] &' [N'mm)/rad] ~ J' [kg:-mm2] J" [kgrmmz2]  J""' [kg:-mm2]
19.6 72 88168 57680 21836 0.573 1.632 9.072
Table 3. Relations output displacement and driving force of PZT of micro gripper
AL [um] 1 2 3 4 5 6 7 8 9
Feﬁr[N] 49.6 99.2 148.8 198.3 247.9 297.5 3471 396.7 446.3
ALy [um] 10 11 12 13 14 15 16 17 18
Feﬁr[N] 495.9 545.5 595 644.6 694.2 743.9 793.5 8431 892.7

process; its step size is easy to adjust. In comparison
with the Runge-Kutta method, the variable order
Adams PECE algorithm is a better method to perform
the simulation analysis of the micro gripper, of which
the range of allowable error is comparatively strict.
Differential Eq. (15) is solved with the aid of the
Matlab mathematical tool box in this paper. Because in
the state equation represented by Eq. (6), the values of
the inertial element, capacitive element, and resistive
components are related to micro gripper parameters,
the parameters of the micro gripper will be introduced
before solving the state equation. The material of the
micro gripper is TC4, the basic parameters of which
are shown in Table 1. The key parameters of the micro
gripper are shown in Table 2.

Table 1. Relevant parameter of material

E u p oy
(elasticity modulus) (Poisson’s ratio)  (density)  (yield strength)
[GPa] [kg/cm3] [MPa]
206 0.28 7850 1176

The PZT used here is 40VS15, which is made in
China; its biggest driving force is 900 N, the maximum
displacement is 36 um, the closed-loop resolution is
1.2 nm, and stiffness is 15 N/um. According to the
stiffness characteristics of PZT, the relations between
output force and output displacement of PZT under
variable external loads can be obtained, shown in
Table 3.

AL, is the output displacement of the PZT under
variable load; F is the output force of the PZT after
overcoming the external loads.

The simulation curves of displacement of
component 1 and angle displacement of flexible plate
spring 21 within the scope of the biggest driving

force are firstly obtained, the displacement simulation
curves of component | are shown in Fig. 6.
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Fig. 6. Displacement simulation curves of component 1

The displacement simulation curves of
component 1 under the force of 892.7 N, 743.9 N, 595
N, 446.3 N, 297.5 N and 148.8 N are shown in Fig.
6, and the final simulation displacement values are
18.3 um, 15.15 pum, 12.2 pm, 9.15 pm, 6.11 pm and
3.06 um. Consequently, the fast response is crucial in
microstructure [24] and [25]. It takes about 1.2 s for a
steady response of component 1.

In the same way, the angle displacement
simulation curves of flexible plate spring 21 under
the same input force can be obtained. Taking input
force 148.8 N and 892.7 N as examples, the results are
shown in Fig. 7.

The final angular simulation displacement values
under 148.8 N and 892.7 N are 2.994x10-4 rad, and
1.786x10-3 rad according to Fig. 7, The response time
of the angular displacement of flexible plate spring 21
is about 3 s. The length of the rod in parallel guides
mechanism is 72 mm, so the displacements of the
gripping jaw can be approximately calculated to 21.53
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Fig. 7. Angular displacement simulation curves of flexible plate spring; under a) 148.8 N, and b) 892.7 N

pm and 128.81 um. The angular displacement of the
flexible spring plate 21 under input force ranges from
49.6 N to 829.7 N can be calculated with Simulink,
and the output displacement of the micro gripper can
be obtained.

5.3 Experiments

In order to verify the validity of the established bond
graph model of the micro gripper, the displacement
of the gripper arm (component 36) under different
driving forces F needs to be tested and measured
within a reasonable range. The experiment principle
diagram is shown in Fig. 8.

The displacement measurement test bench of the
micro gripper can be set up according to Fig. 8; it is
shown in Fig. 9.

During the experiment, the PZT is driven by the
PZT controller and the output displacement is 1 to 18
um, the displacement of gripper arm can be measured
by the capacitance displacement sensor.

The finite element values, bond graph theoretic
values and experimental values are compared; the
results are obtained as shown in Fig. 10.

Sensms
CH@ﬁt]ﬁ % &

Control computer  PID controller D/A converter PZT
(40VS15)

Micro, 31 ipper

e ] 0

A/D converter Measuring Unit

(capaNCDT6500)

Fig. 8. Experiment principle diagram

PLT Micro gripper MB-PG Capacitance sensor

PZT driver

Capacitive controller

Fig. 9. Test of micro gripper

When the input displacement is over 13 pm,
the increment of output displacement is decreasing
along with the increasing of input displacement.
When the input displacement is over 16 pm, the
PZT is overloaded, the input displacement cannot be
increased, so the finite element values, bond graph
theoretic values and experimental values of gripper
arm output displacement under input displacement
of I um to 16 pum are shown in Fig. 10a, and the
maximums are 134.77 um, 112.6 um, and 91.52 pm,
respectively.

Because of the high accuracy, the finite element
simulation result is usually considered as the basis
of the product performance analysis. The errors
between the finite element values and the other two
values are shown in Fig. 10b. It can be learned that
the error between bond graph theoretic values and
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finite element values is —(14.01 % to 16.42 %), the
error between experimental values and finite element
values is —(21.26 % to 32.09 %), where “—” means the
bond graph theoretic values and experimental values
are below the finite element values.

—— Experimental values

140 ——Finite element simulation values

T 120 —e—Bond graph theoretic values
=
+ 100 -
@
£ g0 -
<
=
& 60
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-
E_ 40
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Fig. 10. Output results of micro gripper; a) output displacement,
and b) comparative error

Table 4 can be obtained according to the analysis
above.

Table 4. Analysis result of micro gripper

Micro gripper Bond graph  Finite element  Experiment
One-way magnification 7.2 8.25 5.8
Max displacement [um] 112.6 134.7 91.5
Average error [%] -13.5 0 -23.4

The experimental values are smaller than the
finite element values, and the increase becomes slow
when input displacement is 13 pm, which is different
from the theoretical values 18 pm, that is because
the material characteristics have been changed
largely by the high-temperature energy of the laser
during the procedure of micro gripper. Without heat
treatment, the stiffness of micro gripper is influenced
by internal stress. The bond graph theoretical values

and experimental values are all smaller than the finite
element values, and the experimental values are closer
to the bond graph theoretical values, so the correctness
of the bond graph model of micro gripper and the
feasibility of using the band graph method to analyse
the fully flexured micro gripper are verified.

6 CONCLUSIONS

(1) A three stage amplifying micro gripper has been
designed, of which a PRB model has also been set
up. The micro gripper is processed based on laser
rapid prototyping technology, the stiffness of
BATM has been analysed, and the input stiffness
of the micro gripper has been derived.

(2) The bond graph model of the micro gripper has
been set up, the characteristic equations and state
equations of the micro gripper are derived. The
input/output displacement simulation curves
of the micro gripper and angular displacement
simulation curves of the flexible hinge are
obtained via Matlab simulation, according to the
state equations.

(3) The FEA for the micro gripper is conducted,
and the experiments to verify it have been done.
Matlab simulation values, FEA values, and
experimental values are compared, the Matlab
simulation values and FEA values are essentially
the same. The error between Matlab simulation
values and FEA values is small, which verifies
the correctness and feasibility of the established
bond graph model of the micro gripper;
therefore, the bond graph method provides a new
method of analysing the state changes of a fully
flexible mechanism and its individual internal
components.

In order to make the micro gripper more practical,
there still are some tasks for future study:

(1) The research of clamping force and the relevant
text need to be done;

(2) The bond graph method used in this paper
still need further study for other compliant
mechanisms.
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Optimization of the Brake Factor
for an S-Cam Foundation Brake using RSM

Irfan Sayim — Dan Zhang
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The brake factor (BF) scales the vehicle’s braking force; therefore, the vehicle brake performance variation due to the foundation brake can be
attributed to the BF variation. In this work, the BF reduction is considered in the design stage of an S-Cam foundation brake within dimensional
properties in order to have stable, predictable and improved vehicle brake performance. First, brake lining wear types were defined and
then actuation cam-roller position effects were formulated. Dimensional parameters were varied within certain design-possible ranges to
quantify BF variation theoretically. The response surface method (RSM) was used to identify the BF-reduced combination of dimensions within
theoretical results. In the meantime, a new testing procedure was introduced and then a new testbed was designed and built to validate
relative improvement of BF experimentally without thermal effects on friction. It was investigated that a substantial improvement (22.93 %) on

BF could be obtained if appropriate dimensions were selected in the design stage.
Keywords: brake factor, lining wear, S-Cam foundation brake, response surface method

Highlights

e Brake factor (BF) optimization was carried out to improve the brake performance.

e Acost-effective testbed was built to measure BF in a temperature-free manner.

e Cam-roller position effects and lining wear types were formulated in detail.

*  Response surface method (RSM) was used in the resizing process of dimensional design quantities.

0 INTRODUCTION

The brake system is usually considered to be a
safety part of the vehicle system and plays important
operational roles. Therefore, many countries have
recently introduced regulations and operational
requirements for brake systems [1] and [2].
Regulations define a controllable, stable, predictable,
and repeatable brake system performance for every
road, load, weather condition, or partial failure. All
these expectations can be met if the brake performance
remains stable during its operation.

The components of a brake subsystem, such
as valves and actuators, are well-controlled, and
they do not significantly contribute to the variations
in performance. They mostly respond to driver
inputs as prescribed in their specifications-outputs.
However, the performance variation of foundation
brake generally depends on previously unpredictable
physical conditions, such as load, road, and weather
conditions. In a brake system, these conditions can
arise as heat and wet affect the entire brake system
through variations in friction. Electronic subsystems
may partially reduce such performance variations of
brakes by preventing wheel locks or accommodating
vertical load related force distribution by controlling
line air pressure. However, such systems do not
guarantee a fully stable brake operation. Therefore,
in this study, the performance variation issue for

foundation brake is examined with regard to variation
in the brake factor (BF).

The overall brake performance due to drum type
foundation brake can be attributed to two criteria:
1) dimensional design parameters of foundation
brake, and 2) friction between drum and lining [3].
The relation between both factors is formulized as
brake factor (BF) [4]. Addressing issues related to
BF variation is critical for quantifying performance
variation in the overall vehicle brake system.
Therefore, the foundation brake performance must be
ensured before overall brake system performance is
addressed [5] to [7].

In general, there are two types of air-actuated
foundation brakes; disc and drum. For disc type, the
BF exhibits a linear relation with friction coefficient
however for drum type the BF generally grows
exponentially [4]. Since disc BF does not involve any
dimensional parameters, it will not be considered in
analysis here.

In past decade, a tendency showed that the drum
type foundation brakes were replaced by disc brakes
however, recently, a skeptical approach exists for
there has been increased scepticism towards using disc
brakes in the heavy commercial vehicle market. Drum
type brakes (S-cam, Wedge, etc.) are still greatly
preferred by truck, bus, and axle manufacturers [8].
A common belief among vehicle makers is that the
S-Cam type foundation brake has great potential if its
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performance is improved as a result of its reduced BF.
Lessons learned from the experience that brake caused
vehicle pull and vibration can also be attributed to
high BF variation that usually occurs in drum-type
foundation brakes [9]. In contrast, such problems
are relatively small for disk type foundation brakes
as a result of their low BF. In this context, the main
competitor for disc brakes among drum types is the
S-Cam brake in terms of BF quantity. Therefore,
improving S-Cam foundation brakes, with comparable
improved performance to disc brakes, may become an
advantage for extensively using it on the market in the
future.

In this study, the BF was optimized in the design
level for an S-Cam foundation brake with the best
combination of dimensional parameters. The response
surface method (RSM) was used to identify the best
selection option of dimensions within given ranges.
Afterward, two samples were tested to validate the
relative improvement. One sample was tested with
nominal dimensions as assembled on the vehicles
on the market. Another new sample was built based
on the modified dimensions after RSM analysis. In
the meantime, a new testbed was built to perform
experimental measurements of BF without any thermal
effects on friction. Whether a substantial reduction on
BF could be obtained if appropriate dimensions were
selected in the design stage was investigated.

1 S-CAM FOUNDATION BRAKE

An S-Cam foundation brake consists of a leading and
a trailing shoe (Fig. 1). Both shoes are pivoted to on
a foundation that is fixed on the vehicle’s axle. Shoes
rotate around their pivots at one end while they are

mechanically actuated by an S-profiled cam, called
S-Cam, at another end. The rotation of S-Cam for
actuation is executed by a slack adjuster that is pushed
by an air actuator from its tip.

Compressed air in the brake chamber generates a
mechanical force that is transmitted to the brake shoes
through the shoe roller and the S-Cam. The travel
of the roller increases due to the wear of the brake
linings and also due to the heat-related expansion of
the brake drum as a consequence of braking operation
[11] and [12]. Automatic slack adjusters, usually
clearance-sensing, are used to compensate for this
increase in roller travel because the force output
from the brake chamber to the brake shoes decreases
rapidly when the chamber stroke exceeds a certain
limit. The mechanical subsystem of the schematic
S-Cam air foundation brake system is illustrated in
Fig 1. Depending on the rotation direction of the drum
and shoes, the left side (C;) is a leading (i.e. drum and
shoe rotate at same direction) and the right side (Cy)
is a trailing shoe (i.e. drum and shoe rotate at opposite
direction) in Fig 1.

2 THE BRAKE FACTOR

The BF can be expressed as the ratio of drum-lining
friction drag force and the shoe actuation force:

C* — z Fdrum _drag ( 1 )

> F, '
shoe _actuation

where, X Fjum drag 18 the summation of drum drag
force and X Fje acuarioniS the summation of total shoe
actuation force. In order to compute the total BF (Eq.
(1)), first, each shoe’s BF can be computed separately
as follows [10].

N I

Fig. 1. S-Cam foundation brake (from [10])
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Here a= (Lf +L )1/2 and u is the friction
coefficient. L; and Ly are the brake shoe’s actuation
lever arm lengths for leading and trailing shoes
respectively and they can be calculated as:

L cosp —sing || L, +L .
Lo ¢ Pl Lot Ly + (%)
L, sing@  cosQ L r,
@ =arcsin(b, /L, )+arcsin(r, /b,). In this
b=R-(R*~(L,~L))" and
172
b=(0+L)" with R=((L,+L) +(L+ L)’
ry is the S-Cam evolving (i.e. S-Cam base) radius. In
analysis, L, is varied between L; (i.e. before lining
wear - full lining thickness) and Ly (i.e. after lining
wear - lowest lining thickness) depending the rotation
position of cam (L,<L,<Ls). Sub-index L and T
represent leading and trailing shoes respectively. Each

shoe’s BF versus friction coefficient is plotted in Fig.
2.

where,

equation,

[-]

1 // CT
—__—r____________,__(

o 0.1 0.2 0.3 0.4 0.5 0.6
n

Fig. 2. BF for leading and trailing shoes

3 TYPES OF LINING WEAR

In calculation of BF, the nominal values data in Table
1 were used [10]. Fig. 2 shows that the BF grows
exponentially for the leading shoe (C;) as the friction
coefficient increases. This occurrence is called “self-
energized”, and it can only be seen in type foundation
brakes [13]. Brake lining wear can be categorized into
two types, as follows:

Type A: Linear wear (LW): in this case, the
leading and trailing shoes have no floating mechanism

(€)

of actuation (i.e. actuation load transfer is prevented
between both shoes). This case implies an unequal
shoes actuation force or an equal lining wear. S-Cam
foundation brake is a typical example.

Type B: Differential wear (DW): In this case,
leading and trailing shoes have a floating mechanism
of actuation (i.e. actuation load transfer is permitted
between both shoes). This case implies an equal
actuation force or an unequal lining wear. A simplex
wedge foundation brake is a typical example.
Conditions for shoe actuation force, contact pressure
between drum and shoes, and resulting brake torque
are summarized [10] in Table 2.

Table 1. Nominal values (from [10])

Variable Quantity
L 40 mm
Li<L,<L, 40.3<L,<72mm
L, 143.15 mm
Ly 157 mm
7y 12 mm
g 196.85 mm (¢ 393.7 mm)
0, 28°
0, 145°

Table 2. Conditions for lining wear types (from [10])

Drum/ Shoes
Type Lining Torque Actuating Total BF
Pressure Force
= = Cy = 27(CLCT)
A PL_PT TL_TT FL<FT w = (CL+C7-)
B P, <Py T, <Ty F,=Fr Cu=C+C

In Fig. 3, contact pressure profiles between drum
and lining material are shown schematically for LW
torque generated via lining and drum friction forces,
F; and F7 represent actuation forces applied to the
shoes roller tips and DW. In Fig 3a, load transfer
is permitted between the shoes, and equilibrium
condition occurs through balanced contact pressure
[10]. In Fig. 3b, load transfer is prevented via the
aid of the S-Cam shaft and bushing. In this case, the
pressure accumulates at trailing shoe, and the force

Optimization of the Brake Factor for an S-Cam Foundation Brake using RSM 505
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balance occurs through wear on the lining between
two shoes [10].

Fig. 3. Lining-drum contact pressure profiles (from [10])

Equilibrium Condition. In S-Cam foundation
brakes, a mechanically rotating cam actuates both
shoes simultaneously. The function of the S-Cam
is not only actuating shoes but also preventing
actuation load transfer between leading and trailing
shoes during brake application. The advantage of
the preventing of load transfer between shoes is
(occurring in equilibrium through self-balanced lining
wear condition (LW)) to have a low BF and an equally
lasting lining life (Fig 4, BF for even wear rate). In
reality, however, the BF can exceed uneven wear
rate due to heat related shoes-drum expansions or
deformations (Fig 4, BF for uneven wear rate).

6
5 //
4 Type - A
=3 7
> P
il /& Type - B
_—
o
0 0.1 0.2 0.3 04 0.5 0.6

il
Fig. 4. Total BF for type A and type B

4 BRAKE PERFORMANCE VARIATION

The foundation brake performance variation 1is
quantified due to: 1) shoe dimensions, and 2)
actuated cam-roller position. The shoes’ dimensions
are generally specified in the initial stage of design.
In contrast, the roller position (L,) is a quantity that
changes during brake application. It depends on the
clearance between lining and drum that could be
changed due to wear- or heat-related expansions.
Therefore, these two sources of variation were
computed theoretically ~within  design-potential

dimensional ranges (Table 3) to investigate their
potential impacts on the complete brake system
design. In the analysis, Type A and B were evaluated
separately and shown in Figs. 5 and 6, respectively.
In the computation, each variable was assumed to
be usable within the predefined design-potential
dimensional range and varied in Egs. (2) and (3)
for a fixed value of friction. All calculations were
repeated for each evenly spaced discrete value of the
friction coefficient (i.e. increments of 0.05 in friction
coefficient). This approach was used to quantify the
total impact of variables on the BF model in terms
of maximum “increase” or “decrease”. Therefore,
the results were sorted between maximum and
minimum bounds and then plotted in Figs. 5. and 6.
Continuous curves represent the bounds of maximum
increase and decrease. Vertical data points represent
total BF variation due to incremented values of all
six parameters within given ranges. The direction of
variation for each parameter was also ranked as either
“increase” or “decrease” and summarized in Table 4.

@
i

Region of experiments

Variation of C
-

0 0.1 02 03 0.4 05 06

s

Variation of C

0 0.1 02 03 0.4 05 06
n

Fig 6. BF Variation for type B

Designing a foundation brake with improper
dimensions may produce unexpected high BF that
may cause a high variation in brake force when
friction changes slightly. The changes in friction are
unforeseeable; however, proper dimensions can be
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well evaluated in the design stage of the foundation
brake. In this work, the aim was set to lower the
BF as much as possible within specified design-
potential dimensional ranges during the design
process. Therefore, the cam-roller position and shoe
dimensions were carefully selected in the analysis
to theoretically compute the potential of reduction
on the BF. For example, in Fig. 6, a total variation
of 31.92 % was observed relative to nominal value
(dashed line) of BF at a friction of u=0.4. The
19.73 % of this variation was above the nominal
value; therefore, it was treated as irrelevant to analysis
because the target was set to obtain a lower BF. A
value of 12.19 % was below the nominal value which
indicated the availability of improvement on BF. That
is our primary focus of intention. Similarly, in Fig 5, a
total variation of 15.37 % was observed at the friction
of ©=0.4. The 8.08 % of total variation was above and
7.29 % was below the nominal.

5 THE RSM FOR THE BF MINIMIZATION

The RSM is a practical way to investigate relations
between changes on the input variables and responses
on the output variables in complex data systems. A
wide variety of RSM engineering applications can
be found in literature [14] to [16] such as aerospace,
tribology, manufacturing, etc. In this analysis, the
RSM is performed to minimize BF by using the values
in Table 3 and at the friction coefficient of £=0.4. Full
quadratic surface fit is applied in the RSM analysis. In
Fig. 7, nominal values (Table 1) were set as targeted in
RMS analysis.

In Fig. 8, the RSM is run for minimizing BF with
the best option of dimensional input variables. The
type of lining wear (LW and DW) was not known
precisely; therefore, RSM analysis was performed
on both cases simultaneously in order to the obtain
changes of same variables to the response of both

- Cpyr 42408+ 0.021
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25 :

139 140 141 142 154 156 158 160 20 25 30 35 140 145 150
40 55.308 140.65 157 28 145
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Fig. 7. RSM results based nominal target value
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Fig. 8. RSM results based nominal minimized target value
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Table 3. Data values used in RSM

Design variables

Response variables

L1 LZ L3 L4 91 92 * *
Index (35=45)  (40.308=70.308) (138.15=43.15)  (152=162)  (18=38)  (135=155) Ciw Cow
[mm] [mm] [mm] [mm] [degree] [degree]

1 35 40.308 138.15 152 18 135 1.6563 2.3286

2 35 40.308 138.15 154 18 135 1.6472 2.2909

3 35 40.308 138.15 156 18 135 1.6383 2.2551
11662 45 70.308 158 38 155 1.6646 2.5679
11663 45 70.308 143.15 160 38 155 1.6565 2.5259
11664 45 70.308 143.15 162 38 155 1.6485 2.4860

output variables. Both RSM runs perfectly fit to the
target (green solid lines) with a tolerance of +0.06
(red dashed lines). Results of RSM, Figs 7. and 8§, are
summarized in Table 6 for easy interpretation. The
effects of parameters were converted to percentage
change and then their ranks are numbered from one to
six, as shown in Table 4.

The most responsive variables (6,, Ly, and 6;)
are shown in shaded cells in Table 4. A new test
sample of S-Cam foundation brake was built based
on a modification of these three variables after RSM
analysis (6, = 38.5, L, =162 and 6, = 135). For testing
purposes, a new brake testbed was designed and
then built to measure BF in a practical, effective and
inexpensive way, as shown in Fig. 9. Most importantly,
this testbed was also capable of measuring BF without

thermal effects on friction (i.e. constant temperature
or constant friction coefficient). With the modified
test sample, one with nominal dimensions was also
selected for testing to experimentally validate relative
reduction on BF.

Table 4. Effects of design parameters on BF

Cuy l T T ! 1 T

% change 1.7221 1.7260 0.8989 4.2874 0.9992 7.7086
Rank 4 3 6 2 5 1

*

Cow l T T ! 1 T

% change 0.5622 0.9914 0.8885 1.3540 2.2661 1.9888
Rank 6 4 5 3 1 2

s ¥
. "C‘ontrol Unit

4

Pressure
Gauges

Brake
Chamber
.\‘:‘ v v
%’ e -~
TR
» ‘ \\

Fig. 9. Testbed for foundation brakes (from [10])
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6 EXPERIMENTAL VALIDATION
6.1 Testbed

In the testbed, a Type-30 brake cylinder actuates
both shoes. Cylinder input air pressure is controlled
with a very precise pressure control and a check
valve. In the meantime, the drum is forced to rotate
via two hydraulic cylinders with an attached rotation
flange, as shown in Fig. 9 [10]. These cylinders are
also controlled by a very precise hydraulic pressure
control valve. All three cylinders are plugged into a
single control unit. The control unit performs the
following jobs. First, it applies force to the shoe’s
roller through S-Cam actuation and holds the pressure
of brake chamber in the stable state. This action puts
the foundation and drum together in the brake state.
Then, the control unit applies hydraulic pressure to the
cylinders gradually to force the drum to rotate from a
very low to high pressure by very small increments
until the drum starts to rotate against the braked state.
Sensors were installed to capture the rotation of the
drum. Upon any detected small rotation in a short
time (i.e. 3 mm to 5 mm relative displacement of the
drum to the lining in the direction tangential to the
drum’s outer diameter), the sensor signals the control
unit for recording all the pressures from all actuations
including brake chamber and drum rotation cylinders.
This pressure is an average value of measurements
made by the control unit in very last short period
and just before the rotation is captured. Finally, the
measured force of rotation is assumed to be friction
force generated by the foundation brake. The S-cam
actuation force is calculated by considering the
mechanical advantages (i.e. brake cylinder membrane
surface, slack adjuster angles to pushrod). The ratio of
these two forces is taken as BF as described in Eq. (1).

6.2 Experimental Work

Experiments were carried out by testing two samples
in the testbed under the same conditions such as
identical lining material (manufacturer-defined
friction coefficient is #=0.4+0.02), and same line air
pressure (8.1 bar). First, the S-Cam foundation brake
sample was tested with nominal design values, as
given in Table 1, about fifty experimental runs.

A mean value of BF of C*=3.467 with a standard
deviation of 0.1118 were recorded. Second, a modified
sample was tested over approximately fifty additional
experimental runs. A mean value of BF of C*=2.672
with a standard deviation of 0.1418 were recorded.
The average of these two tests indicated that a

relatively significant improvement of 22.93 % (or
0.795 of decrease on BF) on BF was obtained.
Therefore, it can be concluded that highly consistent
theoretical (19.48 %) and experimental (22.93 %)
results were obtained in this paper analysis and also
verified experimentally.

7 CONCLUSIONS

Performance improvement of an S-Cam foundation
brake has been carried out with respect to its
dimensional design criteria. First, a detailed precise
BF formulation is derived including cam-roller
position effects. Second, the BF variation is quantified
theoretically by varying all six variables within certain
design-possible ranges. Then, the contribution of each
parameter to BF is quantified and ranked via the use
of RSM. Finally, the experimental validation was
performed. In this regard, a new testbed designed to
measure BF effectively without any thermal effects
on friction. Based on the modification of the most
responsive elements, a new foundation brake test
sample was built. This sample was tested and its
results were compared with the nominal sample. A
significant improvement (reduction of 22.93 %) on
BF was obtained. With this result, we conclude that an
improved S-Cam foundation brake has been designed,
tested, and validated with comparable performance to
disc foundation brake.
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9 NOMENCLATURES

C* Brake Factor for foundation (Both shoes) [-]

C" Mean value of measured brake factor for
foundation [-]

C;,, Brake Factor for linear wear (Type A) [-]

C,,, Brake Factor for differential wear (Type B) [-]

w1 Friction coefficient for lining and drum couple [-]

C; Brake factor for leading shoe [-]

Cr Brake factor for trailing shoe [-]

Fr Force applied on the trailing shoe roller tip
through S-Cam [N]
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(1]

[2]

[3]

[4]
5]
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Force applied on the leading shoe roller tip
through S-Cam [N]

Torque developed about drum axis due to friction
drag force (trailing shoe) [Nm]

Torque developed about drum axis due to friction
drag force (leading shoe) [Nm]

Pressure between lining and drum (trailing shoe)
[N/m2]

Pressure between lining and drum (leading shoe)
[N/m2]

Radius of drum [mm]

Effective radius of S-Cam [mm)]

Effective radius of wheel [mm)]

Half-length between two shoes pivots [mm]
Length 2 [mm]

Length 3 [mm]

Length 4 [mm]

Initial distance between S-cam and roller centre
—Full lining thickness [mm]

Final distance between S-cam and roller centre —
Lowest lining thickness [mm]

Angle from reference line to tip of lining [rad]
Angle from reference line to end of lining [rad]
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Slip Flow of Nanofluids between Parallel Plates
Heated with a Constant Heat Flux

Aysegiil Oztiirk - Kamil Kahveci*
Trakya University, Turkey

This study investigates the steady fully developed laminar flow and heat transfer of nanofluids between parallel plates heated with a constant
heat flux. The governing equations were solved analytically under the boundary conditions of slip velocity and temperature jump. Water was
taken as the base fluid and Cu, CuO and Al,03 as the nanoparticles. The results were obtained for the slip factor in the range of O to 0.04, for
the Brinkman number in the range of -0.1 to 0.1, for three different values of the ratio of the liquid layering thickness to the particle radius
(0.1, 0.2, and 0.4) and for the solid volume fraction ranging from 0 % to 8 %. The results show that the nanoparticle presence in the base fluid
has a significant effect on both the velocity field and heat-transfer characteristics. The average Nusselt number increases considerably with
the increase of the nanoparticle solid volume fraction. The average Nusselt number takes much higher values for high values of the ratio of
the liquid layering thickness to the nanoparticle radius. The average heat transfer rate of nanofluids between parallel plates ranges from the

highest to the lowest when Cu, Al,03 and CuO are used as nanoparticles, respectively.
Keywords: slip flow, nanofluid, parallel plate, slip factor, Nusselt number

Highlights

*  The nanoparticle usage has a considerable effect on both the velocity field and heat transfer characteristics.
e Velocity takes lower values with the increase of the nanoparticle solid volume fraction.
e The average Nusselt number increases considerably with the increase of the nanoparticle volume fraction and ratio of the

liquid layering thickness to the nanoparticle radius.

*  The average Nusselt number from the highest to the lowest is for the nanofluids of Cu, Al,05, and CuO nanoparticles.

*  The average heat transfer rate shows a decrease with the increase of the Brinkman number.

e The average heat transfer rate gets higher values for the positive values of the Brinkman number and lower values for the
high negative values of the Brinkman number as the slip factor increases.

0 INTRODUCTION

Flow and heat transfer in microchannels have
attracted the interest of many researchers due to
several application areas such as the electronic
industry, microfabrication technology, and biomedical
engineering. In particular, one of the main issues of
the electronic industry nowadays is the transfer of heat
generated in state-of-the-art chips at a rate as high
as possible [1]. Since traditional air cooling systems
cannot meet the demand for an efficient cooling,
novel methods are being developed and analysed [1].
Cooling of electronic equipment with liquid flow in
microchannels is an effective method of heat removal,
which has the advantage of high heat capacity and
conductivity of the liquids and the large surface area
to volume ratio of the microchannels [2] and [3].

Fluid flow and heat transfer in microscale show
differences from macroscale as the surface effects
become more important at micro-scale flow. The
major difference between macro- and micro-scale
flows is slip velocity and temperature jump on the
walls. For gas micro-scale flows, flow regimes can be
slip (0.001 < Kn < 0.1), transient (0.1 < Kn < 10) and

free molecular flow (Kn > 10). In contrast, for liquid
micro-scale flows, the slip flow regime is primarily
observed [4]. Liquid slip flow occurs when there
is little interaction between the liquid and the solid
surface, which occurs when liquids are non-wetting or
when air (partly) covers the channel walls [5]. Both
experimental and theoretical studies on liquid slip
flow are available in the literature. Lichter et al. [6]
studied the mechanisms for the liquid slip along the
solid surfaces and observed that slip occurs by two
different mechanisms: localized defect propagation
and a concurrent slip of large domains. Their results
also show that well-defined transitions between
these mechanisms occur. Martini et al. [7] studied the
molecular mechanisms of liquid slip. Their results
indicate that global slip causes an increase in the
number of slipping atoms, leading to an increase in the
slip length. The slip length approaches a constant value
when forcing has significantly large values. Guan
et al. [8] performed an experimental and theoretical
analysis of the slip flow in super-hydrophobic
microtubes. Their results indicate that the decrease in
the slip length and slip velocity with an increase in the
pressure and Reynolds number is the dominant factor
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in the total resistance reduction in microtubes. Yu et
al. [9] experimentally investigated slip flow in super-
hydrophobic microtubes and concluded that the slip
length shows a dependency on the Reynolds number
similar to the pressure drop reduction. Lee et al. [10]
investigated slip on a nanostructured surface and found
that the liquid slip shows an increase with a decrease
of the characteristic length, and it is more pronounced
when the nonlinearity increases. Malvandi and Ganji
[11] performed a theoretical study on the convective
heat transfer of nanofluids in a circular microchannel
under the effect of a uniform magnetic field. Their
results show that the velocity gradients near the solid
surface increases when the magnetic field is present.
Therefore, slip velocity increases, and an increase is
seen in the heat transfer rate and pressure drop. Nikkah
et al. [12] investigated the slip flow of nanofluids
in a microchannel with an oscillating heat flux and
concluded that the Nusselt number experiences an
increase when the slip coefficient has higher values.
The increase in the Nusselt number has higher values
for high values of the Reynolds number.

Another factor important in microscale flows is
viscous dissipation. Resulting from high shear stress,
viscous dissipation acts as a heat source and therefore
influences temperature field severely.

There are a number of studies in the literature on
liquid flow and heat transfer in microchannels. Xu et
al. [13] investigated the liquid flow in microchannels
and found that the viscous dissipation influences
temperature, pressure, and velocity distributions
significantly. Satapathy [14] studied steady-state
heat transfer and fluid flow in an infinite microtube
and found that at the fully-developed conditions the
Nusselt number shows a decrease with an increase in
the slip factor. Ngoma and Erchiqui [15] investigated
liquid slip flow between two parallel plates with an
imposed heat flux. The results show that the Nusselt
number increases when the dimensionless slip
coefficient increases. Celata et al. [16] studied forced
convection heat transfer in microtubes and observed
that a decrease is seen in the Nusselt number with a
decrease in the diameter. Garcia-Hernando et al. [17]
performed an experimental study on liquid flow in
a micro-heat exchanger. The results show that the
thickness and material of the plate are two important
factors in micro-heat exchanger design. Peng and
Peterson [18] studied convective heat transfer and fluid
flow of water in microstructures and found that the
Nusselt number shows a dependency on the Reynolds
number, the Prandtl number, the microchannel aspect
ratio, and the ratio between the hydraulic diameter
and the microchannel width. They also found that

geometrical configuration of microchannel has a
critical effect on heat transfer. Yang et al. [19] studied
the influence of interfacial electrokinetic phenomena
on liquid flow and heat transfer in rectangular
microchannels and concluded that flow and heat
transfer are considerably affected by the presence of
the electric double layer and the induced electrokinetic
flow. Asthana et al. [1] investigated the segmented
flow of two immiscible liquids in a microchannel
experimentally and found that the Nusselt number
increases up to four times in the segmented flow
as compared to the pure water flow. Liu et al. [20]
conducted an experimental study on liquid flow and
heat transfer in a rectangular microchannel with
longitudinal vortex generators. They found that the
heat transfer performance improves 9 % to 21 % for
laminar flow and 39 % to 90 % for turbulent flow,
while the pressure drop increases 34 % to 83 % for
laminar flow and 61 % to 169 % for turbulent flow.
Liu et al. [21] performed a numerical study on the heat
transfer performance of microchannels with different
surface microstructures. The results show that the
shield-shaped groove microchannel has the highest
heat exchange performance.

From the literature given above, it can be
concluded that heat transfer enhancement methods for
liquid flow in microchannels have been investigated
extensively in recent years. As is well known, one
of the heat transfer enhancement methods is to use
nanoparticles within a base fluid. The addition of
nanoparticles to a base fluid results in an anomalous
increase in the effective thermal conductivity of the
fluid. There is only a limited number of studies in
the literature investigating the effects of nanoparticle
usage on flow and heat transfer in microchannels.
Koo and Kleinstreuer [22] studied the steady laminar
flow of nanofluids in microchannels. The results show
that nanoparticles of high thermal conductivity and
channels with high aspect ratios are advantageous.
Raisi et al. [23] made a numerical investigation on
the laminar forced convection of nanofluids in a
microchannel and found that the average Nusselt
number is considerably influenced by nanofluid solid
volume fraction and slip velocity coefficient for high
Reynolds numbers. Jung et al. [24] conducted an
experimental investigation on the forced convective
heat transfer of water-based Al,O; nanofluids in
microchannels. Their results show that the convective
heat transfer coefficient in a laminar flow regime
increases up to 32 % as compared to the pure water
at a volume fraction of 1.8 % without a considerable
friction loss.
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The aim of this study is to perform and analytical
investigation on the slip flow of nanofluids between
two parallel plates heated with a constant heat flux.
The results were analysed to reveal the effects of solid
volume fraction and the ratio of the liquid layering
thickness to the nanoparticle radius on the flow and
heat transfer.

1 METHODS

The geometry and the coordinate system used
to investigate the slip flow and heat transfer of
nanofluids between parallel plates heated with a
constant heat flux are shown in Fig. 1. The fluid flow
was assumed to be steady, laminar, incompressible
and fully developed with constant thermo-physical
properties. The nanofluid was assumed to be a single
phase fluid as the solid nanoparticles are of a very
small size and are easily fluidized. In the single phase
approach, fluid and solid particles are assumed to
be in thermal equilibrium and move with the same
velocity [25]. The coordinate system is at the centre
of the microchannel. The x-axis was taken along
the centreline of the microchannel, and the y-axis
was taken normal to it. Under these conditions, the
governing equations including the viscous dissipation
take the following form:

LLLLLLILLLY

P ffrffes

Fig. 1. Geometry and the coordinate system

du_ 1 dp "
dy’ unfdx’
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where u is the dimensional velocity component in the
x direction, p is the dimensional pressure, and 7 is the
temperature. 4 is the viscosity, pc,, is the heat capacity
and a is the thermal diffusivity.

As can be seen from Egs. (1) and (2), flow
and heat transfer has only a one-way coupling by
the velocity term in the energy equation. This is
because the buoyancy forces are negligible, and the
thermophysical properties of the fluid were assumed
to be constant [26]. The Grashof number, representing
the importance of buoyancy forces, is extremely
low for this flow regime and configuration as the
flow is pressure driven and the Grashof number is
proportional to the 3rd power of the characteristic
length [(24)3]. The term (2h)3 has extremely low
values for a microchannel.

The viscosity of the nanofluid was estimated in
this study using the following model proposed by
Brinkman for a two-phase mixture [27]:

__H

oy (1_¢)2A5 ’ (3)
where ¢ is the solid volume fraction of the
nanoparticles. It is useful to express that the
experimental results of Xuan et al. [28] for the effective
viscosity of the transformer oil-water nanofluid and of
the water-copper nanofluid in the temperature range
of 20 °C to 50 °C show reasonably good agreement
with the Brinkman model.

The thermal diffusivity of nanofluids is defined
as following:

k
a, =——, “

v ('Dcl’ ),,f

where £ is the thermal conductivity.

The reason behind the noticeable heat transfer
characteristics of nanofluids is the thermal
conductivity, and it is a function of the thermal
conductivity of both the base fluid and nanoparticle,
as well as the volume fraction, the surface area,
the shape of the nanoparticles, and distribution
of dispersed particles [25]. Due to the lack of a
theoretical formula in the literature for the calculation
of thermal conductivity of nanofluids, models for
the solid-liquid suspensions with relatively large
particles are generally used to estimate it. One model
of this type was developed by Yu and Choi [29]. In
this model, nanofluid is assumed to consist of a bulk
liquid, solid nanoparticles, and solid-like nanolayers
(see Fig. 2) acting as a thermal bridge between a solid
nanoparticle and a bulk liquid. With the assumption of
Kiayer = ks, the model for spherical nanoparticles takes
the following form:

ky k,+2k, +2(k,— k. )(1+) ¢

ko ok o+ 2k —(k —k ) (1+) 9

; (&)
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where f is the ratio of the liquid layering thickness
to the nanoparticle radius. To validate their model,
Yu and Choi [29] made a comparison between their
model results for f = 0.1 and experimental results
in the literature and found an acceptable agreement.
They observed that the model is more effective for
the nanofluids with nanoparticles of less than 10 nm
diameter. This model was used in the present study
to estimate the effective thermal conductivity of
nanofluids.

nanoparticle B=tr

liquid layering G

Fig. 2. Liquid layering around a nanoparticle

The heat capacity of nanofluids is defined as [16]:
(pcp)“/ :(1_¢)(pcp)_/ +¢(pcp)s' (©)

If the wall is not moving, the velocity-slip and the
temperature-jump boundary conditions can be defined
as [4]:

usziéa—u , TS—TwzJ_ria—T , )
|, Proy|,

where u, is the slip velocity, ¢ the slip factor, 7; the
temperature of the base fluid at the wall, 7,, the wall
temperature.

1.1 Velocity Profile

The dimensionless variables can be defined as:

YoX yod ot
H H

U,
H

U, = Ys , A:i, p=_Pr (8)

S, 2H M,

where u,, s is the mean velocity of the base fluid and
is defined as:

1 H

u , =—— | udy. 9

m,f 2 H 4 y ( )
The dimensionless x-momentum equation and
associated boundary conditions for hydrodynamically

fully developed flow can then be obtained as:
2

d lf = ﬂd_P, (10)
oY’ u, dx
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a9l o @ v=o, (11)
dy |,
U:Us:—2Ad—U atY =1. (12)
Y=l

The analytical solution of Eq. (10) subjected to
the boundary conditions given in Eqs. (11) and (12) is:

_y2?
U:Eﬁ 1-Y"+4A ) (13)
2u, | 1+46A

1.2 Temperature Distribution

The dimensionless temperature can be defined as:

T-T,
o H (14)
ky

The dimensionless energy equation can then be
obtained as:

622 i —(pc”)"f au £ Br(d—sz , (19
or: k, (pcp )f My day

0(y)=

Hu, , (pcp )/ dr,

Y dx
Brinkman number defined as:

where a= and Br is the modified

2
Br =t f”[";f' . (16)
9.

The energy equation is subjected to the following
boundary conditions:

LU R Y =0, (17)
dYly,
k
0=0, O 5y oyel (18)
dyl,, k,

The solution of Eq. (15) under the thermal
boundary conditions given in Eqgs. (17) and (18) is:

o)L uflm e 1],
a.H k||, (1+6A)3 1+6A

k

x —1Y4+§Y2+3A(Y2—1)—§ -
8 4 8

By 3B rye 19
/J,!f4(l+6A)2[ J} 1
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Eq. (19) is in terms of 7; and can be transformed
into an equation in terms of 7, using the following
conversion formula:

L-T,_ Kk A

2oL 2 (20)

M knf Pr

k,
Therefore, Eq. (19) takes the following form:

+
.1k, ||y (1+64) 1+6A

ky

x —1Y4+3Y2+3A(Y2—1)—§ -
8 4 8

[ —1]—2%}. 21)

_H 3Br
H 4(1+6A)
For fully developed flows, the mean fluid
temperature is preferred in defining the Nusselt

number instead of the centreline temperature. The
mean temperature of the fluid is defined as:

T

Hy 35(1+6A)

~ Tm,n 4y
kf

kf 1 ,uf 381" 1
=——q | — 7 + B X

ky | 35|ty (1+6A)  (1+6A)
x[420A2+168A+17]+

,uf 6Br A

gL 27 21A+4]-2—1L. 22

[214+4] Pr} (22)

The dimensionless mean temperature in term of
the modified Brinkman number can then be obtained
as:

A T m,nf - T‘w

9/71 nf = qw H

ky

kf 1 /'t/' 3Br 1
=——q - — 1 + P X
ky| 35|y (1+46A)  (1+6A)

x[420A2 +168A+17]+

p b OB iava]-2 Bl 3
Ky 35(1+6A) Pr

The convective heat transfer coefficient can be
defined as:

q
h, =—"— 24
nf Tw _ Tm’r!f- ( )
Therefore, the average Nusselt number takes the
following form:
2
Ny=———. 25
5 (25)
After the necessary substitution, the average

Nusselt number becomes:

Nu=—al ] LiR 3B 1),
k| 35|y (1+6A)  (1+6A)

m,nf

x[ 4204 +168A+17 |+
-1
ﬂ%[zmw]—zﬁ} RNG)
My 35(1+6A) Pr

2 RESULTS AND DISCUSSION

Hydrodynamically and thermally fully developed slip
flow of nanofluids between parallel plates heated with
a constant heat flux was investigated in this study.
Water was taken as the working fluid with Pr=6.2
and Cu, CuO, and Al,O; as the nanoparticles. The
thermo-physical properties of the base fluid and
nanoparticles are shown in Table 1. The results were
obtained for the slip factor ranging from 0 to 0.04, for
the Brinkman number ranging from —0.1 to 0.1 and
for the solid volume fraction ranging from 0 % to 8 %,
and for the ratio of the liquid layering thickness to the
nanoparticle radius ranging from 0 to 0.4.

To validate the analysis, the results obtained for
air as the heat transfer fluid were compared with the
results of the studies available in the literature. The
comparison shows that there is a good agreement
between the results (see [30]).

Table 1. Thermo-physical properties of the base fluid and
nanoparticles
Property Water Cu Cu0 Al,04
p [kg/m3] 9971 8933 6500 3970
c, [J/(kgK)] 4179 385 535.6 765
k [W/(mK)] 0.613 400 20 40

The dimensionless axial velocity profile is shown
in Fig. 3 for various values of the slip factor and
solid volume fraction. As the slip factor increases,
slip velocity on the walls increases and velocity in
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the core region takes lower values. Higher slip is
associated with the lower core velocities as expected.
As it is seen in Fig. 3, velocity gets lower values with
an increase in the nanoparticle solid volume fraction.
As Eq. (3) suggests, an increase in the nanoparticle
volume fraction causes an increase in the viscosity
of the nanofluid. Therefore, viscose forces get higher
values and a decrease in velocity is observed as the
nanoparticle volume fraction is increased.

Pure water
1.4 4 ——— ¢=004
//::_:\\\ ........ $=008

0.6 %

0.4 4 ///

0.2

0.0 + T T T
-1.0 -0.5 0.0 0.5 1.0

Y
Fig. 3. Velocity profiles for various values of the slip factor and
solid volume fraction

Variation of the average Nusselt number with the
slip factor is seen in Figs. 4 to 6 for various values
of the Brinkman number, solid volume fraction, and
the ratio of liquid layering thickness to nanoparticle
radius. The positive values of the Brinkman number
mean that the fluid is being heated by the hot wall,
while the negative values mean that the fluid is being
cooled by the cold wall. As the slip factor increases,
temperature jump at the microchannel walls increases.
This has a negative effect on the heat transfer.
However, an increase in the slip factor also decreases
the viscous forces near the wall. This has a positive
effect on the convective heat transfer from the wall to
the fluid and a negative effect on the convective heat
transfer from the fluid to the wall when the viscous
dissipation is at significant levels. As a result of the
combined effect of the velocity and temperature
jumps, an increase is seen in the heat transfer for
the positive values of the Brinkman number and a
decrease in the high negative values of the Brinkman
number. As it can be seen from Figs. 4 to 6, the
effect of the slip factor on the heat transfer decreases
when the Brinkman number has lower values. For
the hot wall case, viscous dissipation decreases the
temperature difference between the solid surface
and the fluid. Therefore, the average Nusselt number
takes lower values with an increase in the Brinkman

5.0

Br=-0.1
48 \
461 Br=-0.05
44 1

= Br=00________

=429y T
401 o Br=005 . ———r"

TR B -
3691 —— - Pure water
Pr=62
34 . . .
0.00 0.01 002 4 003 0.04

72

40
0.00 0.01 0.02 4003 0.04
10.0 ]
— p=01 ——— =02 - = -0.
9.5 £ ’ B=o4 Br =-0.05
Br=0.0
9.0 Br =0.05
e ] . s Y M W
804" N
EAES
=
7.0
6.5
6.0
5.5
5.0
45 . . .
0.00 0.01 002 4 003 0.04

Fig. 4. Variation of the average Nu number with the slip factor for
the Cu nanofluid

number. For the cold wall case, viscous dissipation
causes an increase in the temperature difference
between the solid surface and fluid. Therefore, the
average Nusselt number increases with an increase
in the Brinkman number in the negative direction. As
seen from Figs. 4 to 6, the nanoparticle usage has a
significant effect on the average heat transfer rate, and
the average Nusselt number increases considerably
with the increase of the nanoparticle volume fraction.
As was observed before, velocity decreases with the
increase of the nanoparticle volume fraction. This
creates a negative effect on heat transfer. Despite this
negative effect, the average Nusselt number increases
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Fig. 5. Variation of the average Nu number with the slip factor for
the CuO nanofluid
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Fig. 6. Variation of the average Nu number with the slip factor for
the Al,03 nanofluid

with the increase of the nanoparticle volume fraction
as the energy transport between the wall and fluid
increases considerably as a result of the increase
in the thermal conductivity of the fluid. The effect
of the slip factor on heat transfer decreases with an
increase in the nanoparticle volume fraction as the
thermal diffusion has higher values. The average
Nusselt number has much higher values for the higher
values of the ratio of the liquid layering thickness to
the nanoparticle radius, or in other words for lower
values of the nanoparticle diameter. As expected, the
average Nusselt number for the nanoparticles with a

1000

— 4=0.0
A=0.02

100 o

logNu

Pure water
Pr=6.2

Br

100 A

logNu

100 A

logNu

-15 0.5 Br 0.5 15

Fig. 7. Variation of the average Nu number with the Br number for
the Cu nanofluid
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Fig. 9. Variation of the average Nu number with the Br
number for the Al,O3 nanofluid

higher thermal conductivity has higher values. It is the
highest for Cu nanoparticles and the lowest for CuO
nanoparticles.

The variation of the average Nusselt number
with the Brinkman number is seen in Figs. 7 to 9
for various values of the slip factor, solid volume
fraction and ratio of the liquid layering thickness to
the nanoparticle radius. As it can be observed from the
figures, the average heat transfer rate shows a steep
decrease first and then progressively approaches to an
asymptotic value with the increase of the Brinkman
number. As can also be seen from the figures, the
average Nusselt number shows a similar trend for
all the nanofluids considered in this study. Only a
magnitude difference is seen in the average Nusselt
number for different nanofluids. As stated before, this
can be attributed to the more effective thermal energy
transport between the wall and the nanofluid.

3 CONCLUSIONS

The slip flow of nanofluids between two parallel plates
heated with a constant heat flux was investigated in
this study. Water was taken as the base fluid and Cu,

CuO, and Al,0O5 as the nanoparticles. The concluding

remarks are:

* The nanoparticle usage has a significant effect
on both the velocity field and the heat transfer
characteristics.

 The average heat transfer rate increases
considerably as the nanoparticle solid volume
fraction is increased.

e The average Nusselt number takes much higher
values for the high values of the ratio of the liquid
layering thickness to the nanoparticle radius.

* The average heat transfer rate of nanofluids
ranges from the highest to the lowest, when
Cu, ALO; and CuO nanoparticles are used,
respectively.

4 NOMENCLATURES

Br modified Brinkman number

specific heat at constant pressure [J/(kgK)]
h  convective heat transfer coefficient [W/(m2K)]
H half distance between plates [m]

Kn Knudsen number

k  thermal conductivity [W/(mK)]

Nu Nusselt number

p  pressure [Pa]

Pr Prandtl number

q,, wall heat flux [W/m2]

T temperature [K]
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velocity component in the x direction [m/s]
dimensionless velocity

dimensional axial coordinate [m]
dimensionless axial coordinate
dimensional normal coordinate [m]
dimensionless normal coordinate

~T xR s

Greek Symbols

o thermal diffusivity [m2/s]

f ratio of the liquid layering thickness to the
nanoparticle radius

0 slip factor [m]

A dimensionless slip factor
6  dimensionless temperature
6  dimensionless temperature
4 dynamic viscosity [Pas]

p  density [kg/m3]

¢ solid volume fraction
Subscripts

¢ centreline

f base fluid

layer  solid-like nanolayer
m mean

nf  nanofluid
s solid nanoparticles or slip
w  wall

5 REFERENCES

[1] Asthana, A., Zinovik, I, Weinmueller, C., Poulikakos, D.
(2011). Significant Nusselt number increase in microchannels
with a segmented flow of two immiscible liquids: An
experimental study. International Journal of Heat and Mass
Transfer, vol. 54, no. 7-8, p. 1456-1464, D0I:10.1016/j.
ijheatmasstransfer.2010.11.048.

[2] Tuckerman, D.B., Pease, R.FW. (1981). High-performance
heat sinking for VLSI. IEEE Electron Device Letters, vol. 2, no.
5, p. 126-129, DOI:10.1109/EDL.1981.25367.

[3] Upadhye, H.R., Kandlikar, S.G. (2004). Optimization of
microchannel geometry for direct chip cooling using single
phase heat transfer. Proceedings of the 2nd International
Conference on Microchannel and Minichannels, p. 679-685,
DO0I:10.1115/1CMM2004-2398.

[4] Karimipour, A., Nezhad, A.H., D'orazio, A., Esfe, M.H., Safaei,
M.R., Shirani, E. (2015). Simulation of copper-water nanofluid
in a microchannel in slip flow regime using the lattice
Boltzmann method. European Journal of Mechanics - B/Fluids,
vol. 49, p. 89-99, D0I:10.1016/j.euromechfiu.2014.08.004.

[5] Eijkel, J. (2007). Liquid slip in micro- and nanofluidics: recent
research and its possible implications. Lab on a Chip, vol. 7,
no. 3, p. 299-301, D0I:10.1039/B700364C.

[6] Lee, D.J.Cho, K., Jang, S., Song, Y.S. Youn, J.R. (2012).
Liquid slip on a nanostructured surface. Langmuir, vol. 28, no.
28, p. 10488-10494, D0I:10.1021/1a302264t.

[7] Martini, A., Roxin, A., Snurr, R.0., Wang, O., Lichter, S.
(2008). Molecular mechanisms of liquid slip. Journal of
Fluid Mechanics, vol. 600, p. 257-269, D0I:10.1017/
$0022112008000475.

[8] Lichter, S., Roxin, A., Mandre, S. (2004). Mechanisms for liquid
slip at solid surfaces. Physical Review Letters, vol. 93, no. 8,
086001, D0I:10.1103/PhysRevLett.93.086001.

[9] Malvandi, A., Ganji, D.D. (2014). Brownian motion and
themophoresis effects on slip flow of alumina/water nanofluid
inside a circular microchannel in the presence of a magnetic
field. International Journal of Thermal Sciences, vol. 84, p.
196-206, D0I:10.1016/j.ijthermalsci.2014.05.013.

[10] Nikkhah, Z., Karimipour, A., Safaei, M.R., Forghani-Therani,
P., Goodarzi, M., Dahari, M., Wongwises, S. (2015). Forced
convective heat transfer of water/functionalized multi-
walled carbon nanotube nanofluids in a microchannel with
oscillating heat flux and slip boundary condition. International
Communications in Heat and Mass Transfer, vol. 68, p. 69-77,
DO0I:10.1016/j.icheatmasstransfer.2015.08.008.

[11] Guan, N., Liu, Z, Jiang, G., Zhang, C., Ding, N. (2015).
Experimental and theoretical investigations on the flow
resistance reduction and slip flow in super-hydrophobic micro
tubes. Experimental Thermal and Fluid Science, vol. 69, p. 45-
57, D0I:10.1016/j.icheatmasstransfer.2015.08.008.

[12] Yu, Z.,, Liu, X, Kuang, G. (2015). Water slip flow in
superhydrophobic microtubes within laminar flow region.
Chinese Journal of Chemical Engineering, vol. 23, no. 5, p.
763-768, D0I:10.1016/j.cjche.2014.12.010.

[13] Xu, B., Ooi, K.T., Mavriplis, C., Zaghloul, M.E. (2002).
Viscous dissipation effects for liquid flow in microchannels.
International Conference on Modeling and Simulation of
Microsystems, p. 100-103.

[14] Satapathy, A.K. (2010). Slip flow heat transfer in an infinite
microtube with axial conduction. International Journal of
Thermal Sciences, vol. 49, no. 1, p. 153-160, D0I:10.1016/j.
ijthermalsci.2009.06.012.

[15] Ngoma, G.D., Erchiqui, F. (2007). Heat flux and slip effects on
liquid flow in a microchannel. International Journal of Thermal
Sciences, vol. 46, no. 11, p. 1076-1083, DO0I:10.1016/j.
ijthermalsci.2007.02.001.

[16] Celata, G.P., Cumo, M., Marconi, V., McPhail, S.J., Zummo,
G. (2006). Microtube liquid single-phase heat transfer
in laminar flow. International Journal of Heat and Mass
Transfer, vol. 49, no. 19-20, p. 3538-3546, D0I:10.1016/j.
ijheatmasstransfer.2006.03.004.

[17] Garcia-Hernando, N., Acosta-lborra, A., Ruiz-Rivas, U.,
lzquierdo, M. (2009). Experimental investigation of fluid
flow and heat transfer in a single-phase liquid flow micro-
heat exchanger. International Journal of Heat and Mass
Transfer, vol. 52, no. 23-24, p. 5433-5446, D0I:10.1016/j.
ijheatmasstransfer.2009.06.034.

[18] Peng, X.F., Peterson, G.P. (1996). Convective heat transfer
and flow friction for water flow in microchannel structures.
International Journal of Heat and Mass Transfer, vol. 39, no.
12, p. 2599-2608, D01:10.1016,/0017-9310(95)00327-4.

[19] Yang, C., Li, D., Masliyah, J.B. (1998). Modeling forced liquid
convection in rectangular microchannels with electrokinetic
effects. International Journal of Heat and Mass Transfer,

Slip Flow of Nanofluids between Parallel Plates Heated with a Constant Heat Flux 519


http://dx.doi.org/10.1016/j.ijheatmasstransfer.2010.11.048
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2010.11.048
http://dx.doi.org/10.1109/EDL.1981.25367
http://dx.doi.org/10.1115/ICMM2004-2398
http://dx.doi.org/10.1016/j.euromechflu.2014.08.004
http://dx.doi.org/10.1039/b700364c
http://dx.doi.org/10.1021/la302264t
http://dx.doi.org/10.1017/S0022112008000475
http://dx.doi.org/10.1017/S0022112008000475
http://dx.doi.org/10.1103/PhysRevLett.93.086001
http://dx.doi.org/10.1016/j.ijthermalsci.2014.05.013
http://dx.doi.org/10.1016/j.icheatmasstransfer.2015.08.008

http://dx.doi.org/10.1016/j.icheatmasstransfer.2015.08.008
http://dx.doi.org/10.1016/j.cjche.2014.12.010
http://dx.doi.org/10.1016/j.ijthermalsci.2009.06.012
http://dx.doi.org/10.1016/j.ijthermalsci.2009.06.012
http://dx.doi.org/10.1016/j.ijthermalsci.2007.02.001
http://dx.doi.org/10.1016/j.ijthermalsci.2007.02.001
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2006.03.004
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2006.03.004
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2009.06.034
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2009.06.034
http://dx.doi.org/10.1016/0017-9310(95)00327-4

Strojniski vestnik - Journal of Mechanical Engineering 62(2016)9, 511-520

vol. 41, no. 24, p. 4229-4249, DO0I:10.1016/S0017-
9310(98)00125-2.

[20] Liu, C,. Teng, J-T., Chu, J.-C., Chiu, Y.-L., Huang, S., Jin, S., Dang,
T., Greif, R., Pan, H.-H. (2011). Experimental investigations
on liquid flow and heat transfer in rectangular microchannel
with longitudinal vortex generators. International Journal of
Heat and Mass Transfer, vol. 54, no. 13-14, p. 3069-3080,
DO0I:10.1016/j.ijheatmasstransfer.2011.02.030.

[21] Liu, Y., Cui, J., Jiang, Y.X,, Li, W.Z. (2011). A numerical study
on heat transfer performance of microchannels with different
surface microstructures. Applied Thermal Engineering, vol. 31,
no. 5, p. 921-931, D0I:10.1016/j.applthermaleng.2010.11.015.

[22] Koo, J., Kleinstreuer, C. (2005). Laminar nanofluid flow in
microheat-sinks. International Journal of Heat and Mass
Transfer, vol. 48, no. 13, p. 2652-2661, D0I:10.1016/j.
ijheatmasstransfer.2005.01.029.

[23] Raisi, A., Ghasemi, B., Aminossadati, S.M. (2011). A numerical
study on the forced convection of laminar nanofluid in a
microchannel with both slip and no-slip conditions. Numerical
Heat Transfer, Part A: Applications: International Journal of
Computation and Methodology, vol. 59, no. 2, p. 114-129,
DO0I:10.1080/10407782.2011.540964.

[24] Jung, J.-Y., Oh, H.-S., Kwak, H.-Y. (2009). Forced convective
heat transfer of nanofluids in microchannels. International

Journal of Heat and Mass Transfer, vol. 52, no. 1-2, p. 466-
472, D01:10.1016/j.ijheatmasstransfer.2008.03.033.

[25] Kahveci, K. (2010). Buoyancy driven heat transfer of
nanofluids in a tilted enclosure Journal of Heat Transfer, vol.
132, no. 6, 062501, D0I:10.1115/1.4000744.

[26] Aydin, 0., Avci, M. (2007). Analysis of laminar heat
transfer in micro-Poiseuille flow, International Journal of
Thermal Sciences, vol. 46, no. 1, p. 30-37, D0I:10.1016/j.
ijthermalsci.2006.04.003.

[27] Brinkman, H.C. (1952). The viscosity of concentrated
suspensions and solutions. The Journal of Chemical Physics,
vol. 20, p. 571-581, D0I:10.1063/1.1700493.

[28] Xuan, Y., Li, Q., Xuan, Y., Li, Q. (1999). Experimental research
on the viscosity of nanofluids. Report of Nanjing University of
Science and Technology, Nanjing.

[29] Yu, W., Choi, S.U.S. (2003). The role of interfacial layers in the
enhanced thermal conductivity of nanofluids: a renovated
Maxwell model. Journal of Nanoparticle Research, vol. 5, no.
1, p. 167-171, DO0I:10.1023/A:1024438603801.

[30] Ozturk, A. (2012). MHD slip flow between parallel plates
heated with a constant heat flux. Journal of Thermal Science
and Technology, vol. 33, no. 1, p. 11-20.

520 Oztiirk, A. - Kahveci, K.


http://dx.doi.org/10.1016/S0017-9310(98)00125-2
http://dx.doi.org/10.1016/S0017-9310(98)00125-2
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2011.02.030
http://dx.doi.org/10.1016/j.applthermaleng.2010.11.015
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2005.01.029
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2005.01.029
http://dx.doi.org/10.1080/10407782.2011.540964
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2008.03.033
http://dx.doi.org/10.1016/j.ijthermalsci.2006.04.003
http://dx.doi.org/10.1016/j.ijthermalsci.2006.04.003
http://dx.doi.org/10.1063/1.1700493
http://dx.doi.org/10.1023/A:1024438603801

Received for review: 2016-02-03
Received revised form: 2016-05-06
Accepted for publication: 2016-05-09

Strojniski vestnik - Journal of Mechanical Engineering 62(2016)9, 521-533
© 2016 Journal of Mechanical Engineering. All rights reserved.

DO0I:10.5545/sv-jme.2016.3482 Original Scientific Paper

Numerical Investigation of the Nanoparticle Volume Fraction
Effect on the Flow, Heat Transfer, and Entropy Generation of the
Fe;04 Ferrofluid under a Non-uniform Magnetic Field

Fazel Hosseinzadeh! — Faramarz Sarhaddi I-* — Davod Mohebbi-Kalhori2

1 University of Sistan and Baluchestan, Department of Mechanical Engineering, Iran
2 University of Sistan and Baluchestan, Department of Chemical Engineering, Iran

This paper presents research on the forced flow convective heat transfer of a ferrofluid (water and Fe30,4) in a horizontal two-dimensional
channel under the influence of a 2D non-uniform magnetic field, which is applied through a line dipole. The governing equations of this
research include continuity, momentum, energy and entropy generation, which are solved with a finite volume technique. Moreover, a grid-
independent test and the validation of numerical results are carried out. The effect of the Fe304 volume fraction (1 vol % to 6 vol %) on
the hydro-thermal characteristics of the ferrofluid flow and entropy generation is studied. Numerical results show that the flow pattern is
highly changed, because the kelvin body force overcomes the viscous force by increasing the volume fraction under applied magnetic field.
Furthermore, the average wall friction factor increases linearly. The average Nusselt number ( Nu ) increases with the increase of the Fe;0,
volume fraction, so that Nu increases by 51.1 % in comparison to the base fluid at 6 vol %. It is observed that the Nusselt number ratio
(NUR) at 6 vol % is enhanced by 10.4 % whereas the entropy generation ratio (NSR) is increased by only 6.2 % compared to 4 vol %. According
to the results of the study, it is concluded that using volume fractions between 4 vol % to 6% would result in an observable improvement in

convective heat transfer while enhanced entropy generation is relatively small, so it is thermodynamically affordable.
Keywords: ferrofluid, nanoparticle volume fraction, magnetic field, entropy generation, finite volume

Highlights

*  This paper represents a numerical investigation of laminar forced ferrofluid flow.

*  Aline diploe was used to generate the non-uniform external magnetic field.

*  The effect of the Fe30, volume fraction on the hydro-thermal parameters has been investigated.
*  Asthe external magnetic field is applied, the kelvin body force overcomes the viscous force.

0 INTRODUCTION

Ferrofluids are colloidal suspensions comprised
of a non-magnetic carrier liquid such as water,
hydrocarbon oils or kerosene, and the single-domain
ferromagnetic nanoparticles. They appear useful in
heat transfer applications and other fields of practice.
The magnetic behaviour of the ferrofluid is due to
the magnetic nature of the solid phase spread into
the liquid. The particles are usually 10 nm large,
and they have bipolar magnets; an applied magnetic
field causes them to take the same direction as the
magnetic field lines and form a unique magnetic
domain. To prevent the mixture from the aggregation
that is caused by the existing magnetic forces between
the particles while producing ferrofluid, they are
coated with a 2 nm layer of liquid surfactant [1].
Ferrofluids have significant potential to alter the
flow field through changing the magnetic field due
to the bilateral effects of the fluid’s nature and the
magnetic properties of particles. Moreover, for every
case-specific application, it is possible to regulate
the magnetic force applied to the ferrofluid via an
appropriate design of the external magnetic field.

Ferro-hydrodynamic characteristic lengths differing
from micro- to nano-scales bring a wide range of
novel applications in the various fields of study [2],
including thermal engineering [3] and bio-engineering
[4]. The transport of water in nanoconfined geometries
is different than in the bulk phase and has tremendous
implications in nanotechnology and biotechnology
[5]. Using electromagnetic fields for micro-fluid
applications presents a new method for controlling the
ferrofluid [6]. Some applications such as pumping and
mixing of the fluid in the micro-dimension apparatuses
are possible through the electromagnetic body force
(Lorentz force). The Lorentz force is created by an
interaction between a magnetic field and an electric
current, which is usually provided externally [7]. As
the heat and momentum transfer are limited to small
apparatuses, using an external magnetic field can
improve the convective heat transfer characteristics
inside them. This issue becomes significant in devices
working based on free convection heat transfer for
which the dimensions of the geometry are tiny, or
the effect of gravity is negligible. Furthermore, with
increasing interest in micro-scale heat exchangers
used in microelectromechanical systems (MEMS)
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systems, the application range of ferrofluids has
risen considerably. To have an optimal design
and a handy control over thermomagnetic heat
transfer applications, it is essential to determine the
relationship between the applied magnetic field, the
ferrofluid flow, and temperature distribution.
Finlayson [8] investigated thermomagnetic
convection heat transfer and analytically computed
a parameter for the critical stability of this type
of convection. Tangthieng et al. [9] numerically
investigated the heat transfer of ferrofluid flow
between two flat plates and within a square enclosure
subjected to a steady magnetic field. Their results
indicated that heat transfer caused by the magnetic
field gradient is increased significantly. Tzirtzilakis et
al. [10] worked on the flow of a biological magnetic
fluid in a 3D rectangular duct. Assuming a viscous,
laminar, incompressible and developed flow, they
simulated a nonconductor biomagnetic fluid under
the influence of an external magnetic field. Their
research showed that the flow is considerably affected
by the magnetic field. Ganguly et al. [2] conducted
research on the heat and mass transfer in ferrofluids
with application in the MEMS and biomedicine.
Their final results suggested that the effect of the
external field is nude unless kelvin force overcomes
viscous force and heat transfer increases with the
strengthening of the magnetic field. Jafari et al.
[11] simulated heat transfer of the kerosene-based
ferrofluid using a CFD method inside a cylindrical
geometry with a two-phase mixture model. They used
a range of temperature gradients and magnetic fields.
They showed that transfer phenomena increase in the
presence of magnetic field. They also demonstrated
that, when magnetic particles are aggregated, heat
transfer decreases. They concluded that magnetic
fields perpendicular to the temperature gradient cause
a greater deal of heat transfer in comparison to that
of a parallel situation. Lajvardi et al. [12] carried out
an experimental investigation on the convective heat
transfer of a ferrofluid flowing through a heated
copper tube under an applied magnetic field. A
significant increase in the amount of heat transfer
by applying magnetic field was observed in their
experiments. In addition, they examined the effect of
magnetic nanoparticle concentration and the magnet
position. Their examinations suggested that the main
reason behind the increase of heat transfer coefficient
is owing to the considerable enhancement in thermo-
physical properties of the ferrofluid, which happens
because of applying the magnetic field. Aminfar et
al. [13] numerically investigated the hydrothermal
behaviour of a ferrofluid (water and 4 vol % magnetite)

in a rectangular vertical duct using two-phase mixture
model and control volume technique under the
influence of a transverse magnetic field. Their results
showed that applying magnetic fields increases the
Nusselt number and friction factor and also creates
a pair of vortices, which prevents nanoparticles from
aggregating and enhances heat transfer. Afrand et
al. [14] investigated the effect of the magnetic field
intensity, the Hartmann number, the Rayleigh number,
the angle of magnetic field application, the ratio of the
inner to outer radii of the annulus on the flow, and the
temperature field of molten gallium in a long annulus
between two horizontal cylinders. They found that
with an increase in the Rayleigh number, the change
in Nu with the magnetic field intensity does not occur.
Natural convection of an electrically conducting fluid
in a tilted cylindrical annulus under the influence of
a magnetic field was carried out numerically by the
same team of researchers [15]. They showed that
the effect of the transverse magnetic field is more
significant than that of the axial magnetic field on the
average Nusselt number. In another work, Afrand et
al. [16] performed 3D numerical simulation and multi-
objective optimization of natural convection in a
cylindrical annulus mould filled with molten potassium
under a magnetic field. Mahmoodi et al. [17] studied
magneto-hydrodynamic (MHD) natural convection
fluid flow and heat transfer in a square enclosure filled
with liquid gallium with a pair of source and sink on
its walls. They investigated the effects of the Rayleigh
number, the Hartman number, and the locations of the
source and sink on the fluid flow and heat transfer
inside the enclosure. Their results showed that the flow
and temperature distributions inside the enclosure
are affected by the strength of the magnetic field,
the Rayleigh number, and the relative location of the
heat source and sink. Malvandi et al. [18] investigated
MHD mixed convection of alumina/water nanofluid
inside a vertical annular pipe. They used a model for
the nanofluid mixture involving Brownian motion
and thermophoresis diffusivities in order to take into
account the effects of nanoparticle migration. They
showed that the advantage of nanofluids in heat
transfer enhancement was reduced in the presence
of a magnetic field. Recently Goshayeshi et al. [19]
through an experimental work studied the effect
of Fe,Oj/Kerosene nanofluid to the copper closed-
loop oscillating heat pipe under the magnetic field
for inclination angles ranging from 0° to 90°, under
different heat inputs (10 W to 90 W). They showed
that Fe,O; nanoparticles could improve the thermal
resistance and subsequently thermal performance as
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well as the pipe’s heat transfer coefficient, especially
under the magnetic field.

The problem of entropy generation has attracted
a great deal of attention in various engineering
applications including heat exchangers, turbo
machinery, electronic cooling systems, combustion
engines, etc.

Thermodynamic irreversibility is related to
entropy generation as a phenomenon appearing in
every heat transfer Process. Various factors such as
heat transfer and viscous losses affect the entropy
generation. Bejan [20] studied entropy generation
due to the heat transfer and fluid viscosity as an
objective function for geometry optimization of
pipes in a heat exchanger. He showed that entropy
generation in forced flow convective heat transfer
is due to temperature gradient and viscous effects of
the fluid. Ibanez et al. [7] optimized an MHD fluid
flowing through two infinite parallel plates of limited
conductivity by means of the entropy minimization
method. They aimed to minimize the total energy loss
caused by irreversibilities, which are due to several
factors including thermal conductivity, viscous losses,
and the Joule dissipations. Thus, they analytically
solved velocity, temperature and electric current
density fields for computing total entropy generation
in terms of the dimensionless parameters of the
problem. They demonstrated that with decreasing
wall temperatures, entropy generation reaches a
minimum value. Mahian et al. [21] analytically studied
the first and the second laws of thermodynamics
for MHD flow between two rotating cylinders and
investigated the effect of MHD flow on the velocity,
temperature and entropy generation distribution
between them. They investigated the effect of the
Hartman number, Brinkman number and radius
ratio on the entropy generation. Their investigation
suggested that increasing the Hartman number, results
in increasing average entropy generation. Rashidi et
al. [22] studied effects of magnetic interaction number,
slip factor and relative temperature difference on
velocity and temperature profiles as well as entropy
generation in MHD flow of a fluid with variable
properties over a rotating disk using numerical
methods. Recently Mojumder et al. [23] numerically
analysed magneto-hydrodynamic convection in a
half-moon shaped cavity filled with ferrofluid. They
used cobalt-kerosene and Fe;O4-water ferrofluids for
their investigation. They concluded that the entropy
generation is increased with the increment of Ra, the
decrement of Ha and a moderate inclination angle
(y = 45°). They found that ferrofluid always causes
higher entropy generation and at the same time higher

heat transfer rate. Finally, they suggested that the
optimum value of solid volume fraction of ferrofluid
should be used to optimize the entropy and to enhance
the heat transfer simultanecously. However, there
is no significant research into entropy generation
caused by temperature difference, friction factor and
energy losses in ferrofluids. Although, owing to the
wide range of ferrofluid applications in industry, the
entropy generation investigation can be beneficial and
may provide basic knowledge for selecting design
parameters in systems of such type. Furthermore,
studying thermal and hydrodynamic parameters and
entropy generation in ferrofluids seems to be essential
for recognizing and eliminating or optimizing the
leading causes of energy losses in the system. This
research studies the effect of Fe;O4 volume fraction
on the flow, heat transfer and entropy generation
of the water-Fe;O, ferrofluid through numerical
investigation.

The problem chosen in this study is supposed
to have a small geometry (millimetre order) with
low Reynolds numbers. The domain of applications
related to this problem is comprehensive, for example
in small devices like MEMS, heat exchangers and
cooling systems for electronic devices as a possible
alternative for natural convection.

1 PROBLEM DESCRIPTION AND GOVERNING EQUATIONS

The main target in the present work is to investigate
the effect of Fe;0,4 volume fraction as the magnetic
nanoparticle with a diameter of 10 nm on the hydro-
thermal parameters and entropy generation of the
ferrofluid. The geometry in which the ferrofluid
flows is a two-dimensional rectangular channel
(20mm x 2 mm) in the axial and transverse directions,
respectively). The effect of gravitation is neglected
due to the small geometry. A line dipole with a dipole
strength of 0.1 Am is placed 1 mm below the lower
channel wall halfway along the channel length, acting
as the external 2D magnetic field. Heated ferrofluid
at characteristic Reynolds number Re=20, enters the
channel with the temperature of 344 K. The lower
wall is considered to be an isothermal heat sink at
300 K, while the upper wall is adiabatic (Fig. 1).
The laminar ferrofluid flow is assumed to be steady
state, incompressible, and viscous. The effect of
the magnetic field on the viscosity and thermal
conductivity of the ferrofluid is not considered, and
the Lorentz force caused by electric conductivity has
been neglected in comparison to the magnetization.
The Knudsen number is given by Kn=A1/L
where 1 is the mean free path in a gas and L is the
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Fig. 1. Schematic diagram of the physical model

characteristic channel length. For liquids, the lattice
spacing ¢ can be used as an alternative to mean free
path. For water, this spacing is 0.3 nm [24]. In this
work L is the channel height; therefore, the Knudsen
number is approximately about 1.5x10-7, and the
continuum flow assumption is satisfied.

Considering all the aforementioned assumptions,
the governing equations of the problem are as follows:
e continuity equation:

V-V =0, (1)

* momentum equation:

Py V-(WW)=-Vp+V-(u,VV)+(M-V)B, (2)

where V is the velocity vector, p,; is ferrofluid’s
density and p4 is effective viscosity. The last term in
Eq. (2) (M -V)B is called Kelvin body force. This
force is owing to the existence of the magnetic
gradient. As it is assumed that the ferrofluid does not
conduct electric current, Maxwell’s equations are
obtained as:

V-B=0, 3)

and
VxH=0. 4)

In Egs. (3) and (4), B and H are magnetic
induction and magnetic field intensity, respectively.
If we define M as the magnetization created inside
the ferrofluid, B, M, and H are related to each other
through B=uy(M+H). When a ferrofluid is exposed
to an external magnetic field, magnetic dipoles of
nanoparticles become aligned with the direction
of the external field vectors. The magnitude of
magnetization is a function of the external magnetic
field and temperature [8] and [25]:

M:M(H,T)%, (6))

where T is the temperature, H=|H| is the magnitude
of the applied magnetic field, and M=|M)| is the value
of magnetization created inside the ferrofluid [25].
According to Aminfar et al. [13], magnetization is
defined as follows:

6
M=ML()= :jf(coth(é)—éj. 6)

p

In Eq. (6), M, is the saturated magnetization of
the particles, ¢ is the volume fraction of magnetic
particles, m, is the particle magnetic moment, d,
is diameter, and ¢ is the Langevin parameter. A unit
cell of the crystal structure of magnetite (Fe;0,4) has
a volume of 730 A3 and includes 8 molecules of
Fe;0,, each of which has a magnetic moment of 4.
The magnetic moment of magnetite particles is then

obtained from Eq. (7):
4uynd,

= T 7
" T 6x91.25x10 @

Langevin parameter is the ratio of magnetic
energy to thermal energy which is given by:
&= M ®)
k,T
where up is the Bohr magneton which equals
9.27x10-24 (Am2) in SI system. The other parameter
kg, is the Boltzmann’s constant, which relates the
energy level of particle and its temperature. This
value is the relative magnitude of the universal
gas constant and Avogadro number which equals
1.3806503%x10-23 J/K. Langevin’s function is used to
describe the competent behaviour between disordering
(random thermal), and ordering (magnetic torque)
mechanisms [1] and is defined by Eq. (9):

L(g):com(g)—é ©)

External magnetic field components made by line
dipole in x and y directions are H, and H, which are
defined through Eqs. (10) and (11), respectively.

Zm(x—a)(y—d) ’
()c—a)2 +(y—d)2

m[(y—al)2 —(x—a)zl

(x-a) +(y-d)

H, (x,y)= (10)

and

Hy(x,y): (1)
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In Egs. (10) and (11), m is the magnetic dipole
strength per unit length of the -electromagnetic
coil, which is defined as m=1I1b/2x, I is electric
current inside the coil, b is the distance between the
conductors, and (a,d) represents the coordinates of
the dipole. The magnitude of the magnetic field is
computed in Eq. (12):

m

(x—a)2+(y—d)2.

Through defining magnetic susceptibility as
xm=M/H, the relationship between magnetization
and the external magnetic field becomes:

H(x,y): (12)

_MLE)
M=——>—H=y H. (13)
H
Magnetic  susceptibility of ferrofluid is a

dimensionless number that depends on the temperature
and the applied magnetic field. Substituting Eq. (13)
into Eq. (5), we obtain:

B=u,(1+y,)H. (14)

Eq. (14) correlates magnetic induction into
ferrofluid with the applied magnetic field. The energy
equation for incompressible and steady state ferrofluid
flow assuming single phase model is as follows [8]:

[( pC, )nf —u,H - [%)JV'VT +

+uoT@—Ale (V-VH)=V-(k,VT)+p,®, (15)
H

where @ is the loss function that expressed as below:
2 2 2
O=2 (a—u) + o + 6_u+@ . (16)
Ox Oy oy Ox

The entropy generation equation in the absence of
electrical effects is as follows [26]:

k
S, =L (VT) + 2L o (17)
T, T

The ferrofluid’s physical properties in the
aforementioned equations are as below:
o ferrofluid’s density:

Py =9p, +(1-9)p,, (18)
*  dynamic viscosity [27]:

ty =, (142,50 +6.597), (19)

» effective thermal conductivity for spherical
nanoparticles [28]:

Kk, +2k, _2('0(kf _kp)
AT e M

» effective specific heat:

(pC,),, =(1-0)(pC,), +0(pC,) - @D

K
1.1 Boundary Conditions

The governing equations have been subjected to the

following boundary conditions:

e Attheinlet (i.e. x/A=0), hot ferrofluid enters with
a temperature of 7) at characteristic Reynolds
Re=20:

—=0, u=u,,
h

e At the lower wall, the non-slip condition is
established and imposed at constant cold
temperature of 7,:

v=0, T=T, (22)

%:0, u=v=0, T=T. (23)

e There is a non-slip condition on the upper wall,
which is considered to be adiabatic:

—:1’ u:VZO, a—71:
h oy

o At the outlet (i.e. x/A=10), the atmospheric pressure
is assumed.

0. (24)

2.3 Dimensionless Parameters

In order to investigate hydrodynamic and thermal
behaviour, as well as entropy generation in the
ferrofluid in the present work, the dimensionless
numbers of friction factor on the lower wall, Nusselt
number, dimensionless temperature, and entropy
generation is defined as follows:

The Reynolds number is the ratio of inertial
forces to viscous forces and defined as below:

_ Py u,h
Hey

The Nusselt number is defined as the ratio of
convective heat transfer into heat transferred by
conduction in system boundaries. The local Nusselt
number on isothermal wall is given by:

Re (25)
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9,/
ky (T,=T.)
where T}, in is the bulk temperature of ferrofluid flow

which is obtained as:

Nu = (26)

Ioh uTd)
[

The average Nusselt number is obtained by the
integration of Eq. (28) in the longitudinal direction.

Tb:

. 27)

Nt =L [ N e 2
u—zjo u dx. (28)

The friction factor on the bottom wall can be
achieved from Eq. (30).

C, = r— (29)

where:

IR (30)

wall

Dimensionless entropy generation number:

Ns=—%, 31)

where, S is the characteristic entropy generation rate

[29]:
ATY
S, =k, [h—TO] . (32)

In Eq. (32), AT=T,-T, and T, is the reference
temperature which is 300 K. the average entropy
generation rate is obtained by integrating Eq. (31)
over the whole volume from the Eq. (33) given below:

Ns :lesdv, (33)
v v

where V presents the volume of the whole channel.
Dimensionless temperature:

_L-T

0, = .
" T-T,

(34)
2 NUMERICAL METHOD
Because of the non-linearity of coupled governing

differential equations, the numerical method was
chosen to solve them. The control volume technique

was applied to discretize continuity, momentum and
energy equations. For convective and diffusive terms,
a second order upwind method was applied while a
simple algorithm was developed for pressure-velocity
coupling. A structured grid has been used to discretize
the computational domain (Fig. 2). As can be seen, the
grid is finer near the dipole, because of higher gradient
amounts in this area.

Fig. 2. Schematic of grid

Several different grid distributions were examined
to ensure that the results are grid independent. For this
purpose, the ferrofluid (water and 6 vol % Fe;0,4) flow
into a channel under a magnetic dipole with a strength
of 0.1 Am and Reynolds number equal to 20 has
been considered. Physical properties of the base fluid
(water) and particles (Fe;O,) at the temperature of 25
°C are presented in Table 1.

Table 1. Properties of the water and magnetite

property water Fe304
p 998.2 kg/m? 5200 kg/m3
C, 4184.8 J/ (kg K) 670 J/(kg K)
k 0.6 W/(m K) 6 W/(m K)
u 0.001 kg/(m s) -
diameter 0.2nm 10 nm

The grid used for calculation has 300 and 90
nodes in the x and y directions, respectively. As shown
in Table 2, a further increase of grid nodes does not
affect the results.

Table 2. Grid independent test

Node number (xx)) m ﬁ
20040 5.6415 0.3413
X 300x40 5.4822 0.3597
45040 5.4513 0.3612
300x40 5.4513 0.3612
300x60 5.7432 0.3584
Y 300x90 5.9084 0.3458
300x135 5.9119 0.3441

Because the same lab work has not been done in
this context, in order to demonstrate the validity and
accuracy of numerical results, a comparison with the
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previously published numerical work using a water-
based ferrofluid with the following properties at 300 K
reference temperature: p=1180kg/m’, C,=4180J/
(kgK), 1o=0.001kg/(m"s), Pr=>5.5 and y,=0.06 under
the influence of a line dipole has been done. The
characteristic Reynolds number was Re=11.8 and
a comparison was performed for dipole strength of
0.19 Am. Fig. 3 indicates the comparison of the bulk
temperature along the channel between the present
work with the numerical ones of Ganguly et al. [2].

1

Present work

— — - Ganguly et al. [2]

5
x/h

Fig. 3. Comparison of the bulk temperature along the channel
with same numerical results

As seen, there is a good agreement between them
and the average relative error (Er) is 5.4 %.

3 RESULTS AND DISCUSSION

In this work the forced flow of water-based ferrofluid
consisting of 1 vol % to 6 vol % Fe;0, particles with
10 nm mean diameter under the influence of a variable
external magnetic field applied by a line dipole with
dipole strength of 0.1 Am has been investigated
numerically using control volume technique. The
characteristic Reynolds number Re=20 has been
considered, so the flow regime is laminar. In the
absence of the external magnetic field and zero
volume fraction of magnetic nanoparticles, the forced
flow reaches a hydro-dynamically fully developed
profile at a length of x/h=2.284 and achieves a
constant velocity magnitude that is 1.5 times of the
inlet ones. As the external magnetic field is applied,
the kelvin body force overcomes the viscous force,
and the fluid flow is strongly changed. Fig. 4a shows
the kelvin body force distribution at 5 vol % Fe;0y,.
Vectors denote the kelvin body force direction while
contours denote its magnitude. Furthermore, Fig.
4b demonstrate streamlines under the influence of
external magnetic field at 5 vol % Fe;O, particles.
Upstream of the dipole, the pressure-driven
flow moves forward while a strong kelvin body

force drives ferrofluid downward to the line dipole
and causes significant momentum transfer toward
the bottom wall. By moving ferrofluid toward the
dipole at a distance of approximately 8§ mm from
the inlet (x/A=4) Vertical flow barrier due to the
magnetic field has been generated then it creates
a flow pattern similar to being a vertical wall in a
two-dimensional channel; thus, around the dipole
a large vortex is formed. Downstream of the dipole,
the kelvin body force resists the viscous force that
moves the ferrofluid forward, so the fluid near bottom
wall recirculate towards the dipole. Fig. 5 shows
the velocity magnitude changes in the longitudinal
direction at y/h=0.5.

0.002

0.0016

a)
0.002

0.0016 |
8, 0.0012
=

0.0008 [

0.0004

0

b)
Fig. 4. a) Kelvin body force distribution, (M . V)B [N/m3], b)
streamlines for 5 vol % Fe304 under influence of magnetic field

As shown in Fig. 5, increasing the volume fraction
of the Fe;0O,4 particles causes a slight reduction in the
velocity magnitude at the inlet due to increasing the
ferrofluid’s density at a constant Reynolds number.
Upstream the dipole, the velocity magnitude on the
central line of channel reduces markedly because
of the increasing kelvin body force by adding more
volume fractions of Fe;O, particles. As discussed,
this force causes momentum transfer toward the
bottom wall. Around the dipole, the vortex makes
sinusoidal variations which their amplitude decreases
gradually within approximately 8 mm after the dipole
downstream and eventually a constant trend has been
observed near the outlet. Owing to a larger kelvin
body force caused by rising in the Fe;04 volume
fraction, more oscillations are observed in the velocity
magnitude. The effect of Fe;0, volume fraction on the
kelvin body force in the longitudinal direction near the
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bottom wall is presented in Fig. 6. As illustrated, the
kelvin body force is symmetric about a vertical line
passing through the dipole.

Applying the external magnetic field resulting
from the dipole will increase the velocity and
temperature gradients and leads to change in
hydrodynamic and thermal parameters. Fig. 7 shows
the variation of the friction factor on the bottom wall
at different volume fractions.

It is seen that the friction factor has a relatively
large amount at the inlet due to a high-velocity
gradient. In the absence of an external magnetic
field, the friction factor on the wall decreases along
the channel length and reaches a constant amount in
the hydrodynamic developed area. As said earlier,
applying an external magnetic field while increasing
Fe;04 volume fraction will enhance the kelvin body
force; thus, upstream the diploe the friction factor
increases with a considerably sharp slope along
the channel close to the dipole to reach a maximum
value at the streamlines’ jump due to the momentum
transfer toward the bottom wall and consequently
rising horizontal velocity gradient near the wall.
Afterward, with a drop of the horizontal component

0.03 —— m=0,¢0=0
e m=0.1 Am, p=0.01
0.025 ¢ , " m=01Am, =003
E 002 f "\i ""‘. m=0.1 /?/1_1\1, ¢=0.06
= 0015 | errmmmme T e B =
= f IR Ii\‘.\‘ ’," '
0.01 : A\ "r" !I “‘ /, 1 /
g \\\1' A
0.005 F J |‘-., X7 o/
3 Lo
0 I I I I 1 I I I I 1 I I I I 1 I I I I J
0 0.005 0.01 0.015 0.02

x [m]
Fig. 5. Comparison of the velocity magnitude in the longitudinal
direction at y/h = 0.5 for different volume fractions.
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Fig. 6. Variation of the kelvin body force along the channel length
for different values of ¢

of the velocity and upward ferrofluid flow, the friction
factor diminishes such that reaches to the zero over
the dipole. Downstream the dipole, first because of
the backflow, friction factor becomes negative and
finally away from dipole reaches to a constant positive
amount near by the outflow. Fig. 8 depicts the effect of
the Fe;0,4 volume fraction on the average wall friction
factor. As seen, with the increase in the Fe;0,4 volume
fraction, the mean wall friction factor enhances with a
linear trend.

To characterize the overall effect of the Fe;04
volume fraction on the pressure drop, the pumping
work of the fluid Wp =mAp/ p, (Where m=p ,u,h
and Ap is the total pressure difference between inlet
and outlet) is presented in Fig. 9.

As seen, applying the external magnetic field
enhances the required pumping work. Furthermore,
the greater the volume fraction, the more pumping
work is needed. Altering the flow field due to applying
the magnetic field will cause to changes in temperature
distribution. Fig. 10 shows the ferrofluid’s temperature
distribution under the influence of magnetic dipole
strength m = 0.1 at 5 vol % Fe;0,.
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Fig. 7. Variation of the wall friction factor along the channel length
for different values of ¢
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Fig. 8. Variation of the average friction factor versus ¢
(m=01Am)
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Fig. 10. Temperature distribution at m = 0.1 and ¢ = 0.05

As the flow field changes, the temperature field is
also altered accordingly such that a hump is made in
the thermal boundary layer near the dipole. Upstream
the dipole, the hot ferrofluid moves toward the bottom
wall, and the thermal boundary-layer thickness is
reduced. Due to the vertical motion of the ferrofluid
before the dipole, the cold fluid near the downwall
moves upward and downstream the diploe recirculates
towards the dipole, so the thermal boundary-layer
thickness Significantly increases. Fig. 11 indicates the
variation of dimensionless bulk temperature along the
channel length at different volume fractions.

As observed the bulk temperature is regularly
reduced along the channel length in the absence of the
magnetic field, while it will encounter a sudden drop
around the dipole by adding magnetic nanoparticles
and applying an external magnetic field. In fact, an
augmentation in the Fe;O, volume fraction creates a
stronger vortex around the dipole, thus leading to an
increase in heat transfer.

Altering the temperature distribution due to
the exerted magnetic field causes changes in the
temperature gradient within the ferrofluid. Thus,
the convective heat transfer and the Nusselt number
deals with change. Variation of Nu at different volume
fractions is presented in Fig. 12.
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Fig. 11. Variation of the bulk temperature along the channel
length for different values of ¢

20
— m=0,9=0
w6 e m=0.1 Am, p=0.01
----m=0.1Am, p=0.03
I ! —-m=0.1Am, p=0.06
3
=
8
~.
4 _ i
v
0 n n n n 1 n n 1 \A"\-(N}; 1 n n n n 1 n n n n J
0 2 4 ym 6 8 10

Fig. 12. Variation of the local Nusselt number along the channel
length at different volume fractions

In the absence of a magnetic field, the amount of
Nu has been diminished from a maximum value at the
inlet to 2.745 when x/h is 10. It is seen that exerting the
magnetic field will increase the local Nu with a sharp
slope upstream of the dipole. This is because of a high-
temperature gradient at the wall, which has resulted in
the reduction of the thermal boundary-layer thickness
due to downward thermomagnetic convection. At the
recirculation region above the dipole, colder ferrofluid
formation prevents heat transfer; therefore, the local
Nu is reduced. After this region, the thermal boundary-
layer thickness decreases; the local Nu thus rises
above the base fluid ones. An increase in the Fe;Oy
volume fraction, causes the overall heat transfer and
Nu to rise further from the base fluid. Fig. 13 depicts
the effects of Fe;O, volume fraction on the average
Nusselt number. As seen, Nu is increased as more
Fe;0, particles is added, so that for 6 vol % Fe;Oy,, the
Nu is enhanced by 51.1 % under the influence of the
magnetic field and 8.5 % in the absence of a magnetic
field in comparison to the base fluid.

The overall heat transfer is given by Q =mC,AT ,
where AT is the bulk temperature difference between
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Fig. 13. Effect of the Fe30, volume fraction on the average
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Fig. 14. Effect of Fe;0, volume fraction on the overall heat
transfer

inlet and outlet. Fig. 14 shows the effect of Fe;04
volume fraction on the overall heat transfer.

As illustrated the overall heat transfer increases
by applying the external magnetic field, so that its
maximum enhancement compared to the absence of
a magnetic field accrues in 6 vol % Fe;04 by 28.6%.
Furthermore, the value of Q at 6 vol % with respect
to 1 vol % Fe;0, increases by 27.2% and 8.7% under
magnetic dipole strength of m = 0.1 Am and without
an external magnetic field, respectively. According
to Figs. 9 and 14, the required pumping work can be
neglected against the overall heat transfer.

The flow field and temperature distribution of
ferrofluid is changed when an external magnetic field
is applied; as a consequence of it, the velocity and
temperature gradient of ferrofluid is altered. All these
factors affect the entropy generation rate within the
system. Fig. 15 depicts the effect of volume fraction
on the average entropy generation. As seen, Ns
increases with higher vol % of Fe;O,4. Also applying
the external magnetic field enhances Ns due to higher
temperature and velocity gradients.

Fig. 15. Effect of volume fraction on the average entropy
generation
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Fig.16. Nu versus Ns and C_' / under magnetic dipole
strengthm=0.1A-m

Fig. 16 shows the variation of Nu versus Ns and
average wall friction factor under the influence of
magnetic dipole strength m = 0.1 at different Fe;0,
volume fractions.

As seen, increasing nanoparticle volume fraction
at the same time enhances Nu, Ns and C o In
contrast, although adding nanoparticles to the base
fluid increases the heat transfer rate, it also imposes an
extra pumping work within the system and causes
higher entropy generation. So the value of the solid
volume fraction must be chosen so that the maximum
heat transfer rate is obtained while having an optimum
value of pumping work and entropy generation.

In order to have a better description for the effect
of the Fe;O4 volume fraction on the thermomagnetic
convection, the Nusselt number ratio and the entropy
generation ratio have been developed as follows:

Nusselt number ratio:

NUR = — (35)
Ni U,1-0,9=0,Re=20
entropy generation ratio:
NSR=—N (36)
Ns m=0,0=0,Re=20
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Fig. 17 shows the effect of Reynolds number
on the NUR and NSR within different Fe;O, volume
fraction under the influence of magnetic dipole
strength m = 0.1.
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Fig. 17. Effect of the Reynolds number and nanoparticles volume
fraction on the NUR and NSR

As expected, with an increase in the Reynolds
number, both NUR and NSR enhance. Furthermore,
a comparison has been carried out between different
values of the Fe;O4 volume fractions. It is observed
from Fig. 17 that using nanofluids at low Reynolds
numbers have a good heat transfer performance while
there is relatively less entropy generation.
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Fig. 18. Comparison of the effect of base fluid Reynolds number
and Fe;0, volume fraction on the NUR and NSR

Fig. 18 indicates the variation of NUR and NSR
versus required pumping work for two cases of an
accelerated base fluid without using nanoparticles
and another non-accelerated nanofluid with different
nanoparticle volume fractions of Fe;0,. As seen for a
fixed value of the pumping work, at the low Reynolds
numbers a slight increase in the base fluid Re (up to
Re = 60) has a better effect on the heat transfer rate so
that NUR for the accelerated base fluid is more than
the non-accelerated nanofluid (volume fractions up
to 0.04), but from the standpoint of thermodynamics
causes higher entropy generation (more NSR
compared to the non-accelerated nanofluid). At the
higher values of the base fluid Reynolds number (Re

> 60), the non-accelerated nanofluid with the volume
fractions greater than 0.04 give a better heat transfer
performance (more NUR) compared to the accelerated
base fluid and also cause lower entropy generation.
With increased volume fraction of Fe;O,4 up to
4 %, NSR within the system is greater than NUR while
for the volume fractions between 0.04 and 0.06, this
trend was reversed so that NUR at 6 vol % is enhanced
by 10.4 % whereas NSR is increased by only 6.2 %
compared to 4 vol % of the magnetic nanoparticles.
This interesting result suggests that using volume
fractions between 0.04 and 0.06, while increasing the
convective heat transfer is also affordable, from the
perspective of the second law of thermodynamics.

4 CONCLUSION

This paper represents a numerical investigation of
laminar forced ferrofluid (consisting of water and
Fe;0, nanoparticles) flow through a tiny horizontal
2D channel by using the control volume technique.
A line diploe was used to generate a non-uniform
external magnetic field which is placed 1 mm below
the lower channel wall halfway along the channel
length. It was considered that the incompressible
and viscous ferrofluid flow and the continuum flow
assumption was satisfied. The effect of Fe;O, volume
fraction on the hydro-thermal parameters and entropy
generation of the ferrofluid was studied.

* As the external magnetic field is applied, the
kelvin body force overcomes the viscous force, so
that the ferrofluid flow is strongly changed and a
large vortex is formed around the dipole.

e Increasing the Fe;O4 volume fraction under
the influence of the magnetic field causes more
changes in the velocity and temperature fields,
which leads to an obvious enhancement in the
heat transfer.

e The required pumping work and average friction
factor are enhanced by increasing the value of the
Fe;04 volume fraction.

e The average Nusselt number increases as more
Fe;0, particles are added, so that for 6 vol %
Fe;0,, the Nu enhances by 51.1 % under the
influence of the magnetic field and 8.5 % in the
absence of a magnetic field in comparison to the
base fluid.

e The results showed that the overall heat transfer
is more affected in the presence of the external
magnetic field, so that its value at 6 vol % with
respect to 1 vol % Fe;0, increases by 27.2 %
and 8.7% under a magnetic dipole strength of
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m = 0.1 Am and without an external magnetic
field, respectively.

The average entropy generation rises with
higher vol % of Fe;O4 but the Nusselt number
ratio at 6 vol % is enhanced by 10.4 % whereas
entropy generation ratio increases by only
6.2 % compared to 4 vol % of the magnetic
nanoparticles. This result emphasizes that using
volume fractions ranging from 0.04 to 0.06 while
increase the convective heat transfer, from the
perspective of the second law of thermodynamics
is also affordable.

6 NOMENCLATURE

x component of the dipole location [m]
magnetic induction vector [T]

distance between the conductors [m]

friction factor

specific heat [J/(kgK)]

y component of the dipole location [m]
particle diameter [nm]

magnetic field vector [A/m]

x component of magnetic field intensity [A/m]
y component of magnetic field intensity [A/m]
channel height [m]

current [A]

thermal conductivity [W/(mK)]

Boltzmann constant [1.3806503x10-23 J/K]
Knudsen number

characteristic channel length [m]

magnetic dipole moment per unit length [A-m]
Magnetization vector [A/m]

particle magnetic moment [A-m?]

velocity vector [m/s]

pumping work [W]

axis in the Cartesian coordinate

axis in the Cartesian coordinate

Greek symbols

) Lattice spacing

& Langevin parameter

% dimensionless temperature

A mean free path in a gas

U dynamic viscosity

Up Bohr magneton

o magnetic permeability in vacuum
A4 volume

Ms  saturation magnetization [A/m]
Ns  Entropy generation number

Ns  average entropy generation
NSR  entropy generation ratio

Nu  local Nusselt number

532

Nu  average Nusselt number

NUR Nusselt number ratio

P pressure [Pa]

Pr Prandt]l number

0 overall heat transfer [J/s]

q, wall heat flux [W/m?]

Re  Reynolds number

S, entropy generation [W/(m*K)]
Sqe0  characteristic entropy generation
T temperature [K]

u x component of velocity [m/s]
v y component of velocity [m/s]
P Fluid density [kg/m?]

T shear stress

® volume fraction

Subscripts

b pertaining to bulk fluid

c pertaining to cold fluid

eff  effective

f pertaining to base fluid

h pertaining to hot fluid

m mean value

2 pertaining to particle

0 pertaining to reference conditions
w pertaining to wall
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Dynamic Characterization of Microcantilevers
with a Shock Wave Excitation Method under High Temperature
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Aiming at the dynamic characteristics of silicon microcantilevers under a high-temperature environment, a shock wave excitation method was
proposed, and a dynamic testing system with high-temperature loading unit for MEMS microstructures was established. In the system, the
shock wave generated by electrical discharging was used to excite the testing microcantilever. The vibration response signals were acquired by
laser Doppler vibrometer system. A T-shaped microcantilever and a microcantilever with uniform rectangular crossing section were fabricated
and tested under the high-temperature environment ranging from 299 K to 773 K. Their temperature coefficients of natural frequency were
obtained. The results show that for both two microcantilevers, the temperature coefficients of the natural frequency is very close to each other,
which is only decided by the temperature coefficient of the elastic modulus and the linear thermal expansion coefficients.

Keywords: dynamic characteristics testing, microcantilever, shock wave, temperature coefficient of natural frequency, high temperature

Highlights

*  The temperature coefficient of natural frequency of a single crystal silicon microcantilever was reported.
*  Ashock wave excitation method was proposed to excite the microcantilevers in a high-temperature environment.
*  The T-shaped silicon microcantilever and the silicon microcantilever with uniform rectangular crossing section have the same

TCF.

e The TCF of the single crystal silicon microcantilever is negative.
*  Results can be used in the design of MEMS sensors and actuators for high-temperature application.

O INTRODUCTION

Microelectromechanical system (MEMS) sensors and
actuators have shown great potential in many areas
including automotive, aerospace, missile weapon
and nuclear power, etc. [1] and [2]. Thus, there is a
need for MEMS devices to work in high-temperature
environments. Because the performance of MEMS
devices is strongly influenced by the dynamic
characteristics of its internal microstructures, studying
the dynamic characteristics of microstructures under
high-temperature environments is urgently needed.
The temperature coefficient of natural frequency
(TCF) is an important parameter for MEMS design.
Based on the TCF, the variation tendency of resonant
frequencies for microstructures can be predicted when
the temperature changes. Many researchers have
studied the TCFs of basic MEMS microstructures.
Sandberg, et al. tested the TCF of the first five modes
of SiO, microcantilevers under the temperature
ranging from 303 K to 353 K. They found that the TCF
of the uncoated SiO, microcantilever is a constant of
ca. 9.79 E-5 K-1 [3]. However, the TCF of the gold-
coated SiO, microcantilever is highly irregular for
different modes. Boyd, et al. studied the TCFs of
single crystal silicon microcantilevers and 3C silicon
carbide microcantilever at temperatures ranging from

200 K to 273 K, respectively. They found that the
TCF of single crystal silicon microcantilevers is about
—2.47 E-5 K1, and the TCF of 3C silicon carbide
microcantilevers is about —1.8 E-5 K-! [4]. Chuang
tested the T-shaped silicon nitride microcantilevers
under a cryogenic temperature environment. They
found that there was a slight decrease in the resonance
frequency when the temperature was elevated from
30 K to 298 K. The TCF of the T-shaped silicon nitride
microcantilevers are —5.65 E-5 K-1[5]. It can be seen
that there are great differences in TCF for different
materials.

To obtain the TCFs of microstructures
experimentally, a dynamic testing system with a
temperature loading unit is needed. For the last three
decades, much effort has been made on developing
methods and techniques for the dynamic testing of
microstructures. The dynamic testing techniques
for microstructures mainly include the vibration
measurement techniques and the excitation methods.
Because the microstructures have the features of
small size, light weight, and high natural frequency,
conventional measurement methods cannot be
applied without modification. So far, the vibration
measurement techniques for microstructures can
be divided into two types: built-in self-test (BIST)
methods and non-contact optical methods. The BIST
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methods need to integrate the embedded sensing
elements, such as piezoresistive elements [6] and
capacitive elements [7], into the microstructures. The
non-contact optical methods, such as laser Doppler
vibrometer (LDV) [8], stroboscopy and interferometry
technique [9] and electronic speckle pattern
interferometry (ESPI) [10], have several advantages
over the BIST methods. Since there are no additional
elements needed, the dynamic characteristics of the
original microstructures will not be modified. In
particular, laser Doppler vibrometer is widely used in
out-of-surface vibration measurement due to its high
accuracy. Regarding excitation methods, there are
three categories: excitation method with embedded
elements [11] to [13], non-contact excitation method
[14] to [16] and base excitation method with a bulk
piezoelectric ceramic transducer (PZT) [17] and [18].
Compared to other excitation methods, base excitation
with bulk PZT is non-destructive, simple, and suitable
for microstructures with high resonant frequency.
However, this method cannot be used in high-
temperature environments, because the piezoelectric
ceramic is non-effective when the temperature is
elevated approaching its Curie point.

In this paper, the TCF of single crystal silicon
microcantilevers was studied under high temperatures
ranging from 299 K to 773 K. A dynamic testing
system with a high-temperature loading unit was
established. In the system, an impact base excitation
device with shock wave was developed to excite
the microstructures. A LDV was used to obtain the
vibration response signals of microstructures. A silicon
microcantilever with uniform rectangular crossing
section and a T-shaped silicon microcantilever were
fabricated. The TCFs of two microcantilevers were
tested, and the results were discussed.

1 METHOD

An impact base excitation method with shock wave
was proposed to excite the microcantilevers. In this
method, the testing microcantilever is attached on
one side of a base structure that is installed on a rigid
platform. A plate electrode is attached on the other
side of the base structure. A needle electrode is fixed
on a feeder. The distance between two electrodes can
be changed by adjusting the feeder. Two electrodes
are wired to the two poles of a capacitor. A direct
current (DC) high voltage supply is used to charge
the capacitor. The shock wave can be generated
when the distance between two electrodes meets
the requirement of electrical discharging. The base
structure will be impacted by the action of the shock

wave. The microcantilever can be excited by the
movement of the base structure.

The laser Doppler vibrometer technique is
used to obtain the vibration response signals of
microcantilevers. The principle of this method is as
follows: when a laser is projected to the surface of
a moving object, the Doppler effect will occur. The
frequency of the reflected light will be changed. The
frequency shift is related to the moving speed of the
object, and can be written by:

fo=2" (1)

c—v

where f, is the frequency shift of the reflected light,
¢ is the speed of the light and v is the moving speed
of the object. The moving speed of the object can be
obtained if the frequency shift has been measured.
Furthermore, the vibration parameters of the object
can also be obtained based on its moving speed.

2 TESTING SYSTEM SETUPS

A dynamic testing system was established to measure
the dynamic characteristics of microstructures under
the high-temperature environment ranging from 299 K
to 773 K. In the system, an impact base excitation
device with shock wave was developed to excite the
microcantilevers. A laser Doppler vibrometer was
employed to detect the vibration response signals of
the microcantilevers.

2.1 Excitation Device

An excitation device was developed basing on the
principle of the impact base excitation method with a
shock wave, as is shown in Fig. 1.

Five high voltage capacitors were connected
in parallel with each other to provide a high impact
voltage power. The capacitance of each capacitor is
0.22 pf. The discharging electrodes were fabricated
with Wu-Cu alloy material due to its high-temperature
resistance and ablative resistance. A crossing leaf
spring was used as the base structure. A straight
micrometer was chosen as the feeder to adjust the
distance between the two electrodes. A ceramic disc
was attached between the crossing leaf spring and the
plate electrode for the electrical insulation. For the
same purpose, a ceramic tube was installed between
the needle electrode and the straight micrometer.

Dynamic Characterization of Microcantilevers with a Shock Wave Excitation Method under High Temperature 535



Strojniski vestnik - Journal of Mechanical Engineering 62(2016)9, 534-542

1) cover plate
2) chip carrier
3) ceramic disc
4) ceramic ring
5) needle electrode
6) guiding shaft
7) mounting base
8) shaft sleeve
9) retaining snap ring
10) snap ring for micrometer
11) microcantilever
12) crossing leaf spring
13) plate electrode
14) brass block
20 15) supporting pillar
16) ceramic tube
17) connecting plate
18) sleeve
19) bottom plate
20) straight micrometer

Fig. 1. Exploded views of excitation device

2.2 Data Acquisition and Analysis System

A Polytec OFV-534 laser Doppler vibrometer system
was employed to measure the dynamic characteristics
of microstructures. The system mainly consists of
a compact vibrometer sensor head, a CCD camera,
a He-Ne laser, an illumination unit, a VDD-E-600
digital front end, a PCI-6110E date acquisition card,
and VIBSOFT-VDD vibration measurement software.
The principle of the OFV-534 laser Doppler
vibrometer system is as follows: the He-Ne laser emits
a 632 nm laser into the compact vibrometer sensor
head, in which the laser is split into two laser beams.
One is used as the reference laser; the other is used
as the incident laser which is irradiated on the testing
microcantilever. As soon as the microcantilever
vibrates, due to the Doppler effect, the reflected laser
contains the frequency signal of the microcantilever.
The reflected laser enters the compact vibrometer
sensor head in which the reflected laser interferes with
the reference laser. Then the interference signal is fed
into the VDD-E-600 digital front end, and converted
to a standard electrical signal. The obtained standard
electrical signal is read through the PCI-6110E data
acquisition card, using the VIBSOFT-VDD vibration
measurement software. Thus, the vibration response
signal of the testing microcantilever is obtained.

536

As shown in Fig. 2, the compact vibrometer
sensor head was mounted on a translation and rotation
stage, which contains three translational degrees
of freedom and two rotational degrees of freedom.
With the aid of the CCD camera and the illumination
unit, the laser spot can be positioned on the testing
microcantilever easily and precisely by adjusting the
translation and rotation stage.

Laser Doppler

High Voltage | B
Capacitors  EXCitation

Device

/
'l‘cmperature
(‘nvtmllet /

~

e h ~
Fig. 2. Dynamic testing system for microstructures with high-
temperature loading unit

2.3 High-Temperature Environment

Four resistive heaters were installed into the brass
block, which can change the temperature of the
microcantilever from room temperature 299 K up to
773 K. The heat transferred from the heaters to the
testing microcantilever through the brass block and
the crossing leaf spring. The excitation device was
installed in a protective chamber to decrease the heat
loss. Through the quartz glass window on the top
of the chamber, the dynamic response of the testing
microcantilever can be obtained by the laser Doppler
vibrometer.

3 MICROCANTILEVERS

Two single crystal silicon microcantilevers were
fabricated and named Microcantilever #1 and
Microcantileva #2. Microcantileva #1 is a T-shaped
silicon microcantilever, and Microcantileva #2 is a
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microcantilever with uniform rectangular crossing
section. Their scanning electron microscope (SEM)
photographs were shown in Fig. 3.

Fig. 3. SEM photos of microcantilevers. a) #1, b) #2

The dimensions of Microcantileva #1 are as
follows: /., is the length of the microcantilever
beam, which is equal to 800 um. wp,,,, is the width of
the microcantilever beam, which is equal to 600 um.
lass 18 the length of the proof mass, which is equal
to 1000 pum. w,,, is the width of the proof mass,
which is equal to 1500 pm. 4, is the thickness of the
microcantilever, which is equal to 10 pm.

7957 Max
n 7072.9
6188.8
5304.7
4420.5
I 3536.4
2652.3
1768.2
l 884.11
0 Min

a)
20850 Max
. 18533
16217
13900

11583
I 9266.7
6950
4633.4
I 2316.7
0 Min

b)
Fig. 4. Finite element analysis results of natural frequencies
at the room temperature. a) #1, b) #2

The dimensions of Microcantileva #2 are as
follows: / is the length of the microcantilever, which is

equal to 800 um. w is the width of the microcantilever,
which is equal to 500 pm. %, is the thickness of the
microcantilever, which is equal to 10 um.

The first-order natural frequencies of both
microcantilevers in 293 K were simulated with
ANSYS software. The reference values of material
properties of silicon are as follows. The elastic
modulus £ is equal to 167 GPa. The density p is equal
to 2330 kg/m?. Poisson’s ratio is equal to 0.278 [19].
The results are shown in Fig. 4. It is 2.7995 kHz for
Microcantileva #1, and 21.988 kHz for Microcantileva
#2.

4 EXPERIMENTS AND DISCUSSION
4.1 Natural Frequency at Room Temperature

Two microcantilevers were tested with the developed
dynamic testing system at room temperature. The
obtained vibration response signals are shown in Figs.
5 and 6, respectively. Applying FFT to these signals,
the frequency domain signals were obtained, as shown
in Figs. 7 and 8§, respectively.

In Fig. 7, there are two distinct peaks at 2.692 kHz
and 45.632 kHz. In Fig. 8, there are two distinct
peaks at 20.712 kHz and 45.649 kHz. According
to the finite element analysis (FEA) results of two
microcantilevers in Section 3, it can be inferred that
the first-order resonant frequency of Microcantileva
#1 is 2.692 kHz, and the first-order resonant frequency
of Microcantileva #2 is 20.712 kHz. The common
frequency peak, 45.6 kHz, may be the resonant
frequency of the base structure or the resonant
frequency of the substrate of the silicon chip. The first-
order resonant frequencies of the microcantilevers can
be considered to be approximately equal to their first-
order natural frequencies because the air damping is
negligible compared with the structural damping.

There are some differences between the obtained
natural frequencies and the FEA results. The following
reasons may cause the differences. Firstly, the
material properties, such as elastic modulus, density,
and Poisson’s ratio, will be changed by the fabrication
process of silicon microcantilevers. Thus, the actual
values of silicon material parameters are different
from the selected values in FEA. Secondly, the actual
boundary conditions of microcantilevers are different
from the ideal conditions. Thirdly, the dimensions of
microcantilevers are different from the theoretical
values, such as the length, the width, the thickness
and the shape of the crossing section. Finally, the
measurement error is another affecting factor.
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Fig. 5. Vibration response signal of Microcantileva #1
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Fig. 6. Vibration response signal of Microcantileva #2
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Fig. 7. Frequency spectrogram of Microcantileva #1
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Fig. 8. Frequency spectrogram of Microcantileva #2
4.2 Natural Frequency versus Temperature temperature to 773 K, and the results are shown in

Figs. 9 and 10.
The dynamic testing experiment was carried out under It can be seen that for both microcantilevers,
a high-temperature environment ranging from room their first-order natural frequencies slightly decrease
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with the elevated temperature. Furthermore, there is
an almost linear dependence between the first-order
natural frequency and the temperature. The rate of
change is about —0.069 Hz/K for Microcantileva #1,
and —0.51 Hz/K for Microcantileva #2.
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Fig. 9. The first-order natural frequency of Microcantileva #1
at the different testing temperature
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Fig. 10. The first-order natural frequency of Microcantileva #2
at the different testing temperature

To determine the TCFs of microcantilevers,
the normalized natural frequencies of two
microcantilevers were calculated and are shown
in Fig. 11. For each microcantilever, its TCF
is the slope of the corresponding linear fitting
line. It can be seen that the two microcantilevers
almost have the same TCF. The obtained TCF is
—2.56 E-5K-1 for Microcantileva #1, and —2.46 E-5 K1
for Microcantileva #2. They are very close to the value
reported in reference [11]. To figure out why both two

different shaped microcantilevers have the same TCF,
the theoretical TCFs for both microcantilevers were
analysed as follows.

1.002 iz

1.000 F ® 2+
c:)‘ F Liner fit of 1#
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=3 I
2 0.996 -
£ 0.994 |
E I
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Fig. 11. Normalized natural frequencies of microcantilevers as
functions of temperature

Generally, the TCF can be determined by:

TCF=—1 II) (T), 2

/(1) er
where 7| is the starting temperature, f{7,) means the
reference natural frequency.
For the microcantileva #1, its first-order natural
frequency can be expressed as [20]:

1 3E]
e (3)
2\ L'(m,, +cmy,, )

mass

where f; is the first-order natural frequency, £ is the
elastic modulus, m,,, is the proof mass, mp,,, is the
mass of microcantilever beam, ¢ is a constant that is
equal to 0.2357 [21], L is the effective length of the
T-shaped microcantilever, and /; is the area moment of
inertia. L and 7 can be determined by Egs. (4) and (5),
respectively.

1
L=+ 4
beam 2 mass ( )
1
]1 = Ewbeamhl3' (5)

Inserting Egs. (4) and (5) into Eq. (3), and then
introducing the temperature variable 7 into Eq. (1),
the first-order natural frequency of Microcantileva #1
can be written as:
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1 3

F(T) =k - E(T)? Wy, (T)? -1 (T)? -

'[lheam () + %lmm (T)j_2 . ()

In Eq. (6), k; is a temperature-independent
constant, which can be expressed as:
1
k = . @)

'g
”\/C’”beam +m

mass

Differentiating Eq.(6) with respect to the
temperature and dividing by Eq.(6), then inserting T
to the results, the TCF of the T-shaped microcantilever
can be obtained.

TCF = _3 . lbeam (T) A aL
2 L)+, (T)/2

mass

3 IWIGSS (T)
= a; +
41 (T)+1_(T)/2

beam mass

3 1 1
+oa, =0, +— B, (®)
2 h 2 w 2 ﬁ

where ¢, is the linear thermal expansion coefficient in
the length direction, a, is the linear thermal expansion
coefficient in the height direction, a,, is the linear
thermal expansion coefficient in the width direction,
B is the temperature coefficient of the elastic modulus.
Thus, the TCF of the T-shaped microcantilever can be
simplified as:
TCF:—%aL+§ah+%aw+%[3. Q)
For the microcantileva #2, its first-order natural
frequency can be expressed as [20]:

3.515 |EI
T

where m is the mass of the microcantilever, /, is the
area moment of inertia. /, can be determined by the

Eq. (11).

1
I, =—wh,. 11
2= ))
By introducing the temperature variable T
into Eq. (10), the first-order natural frequency of
Microcantileva #2 can be written as:

1 1 3

£,(T) =k, - E(T)? -w(T)? -h(T)>-I(T) 2. (12)

In Eq. (12), k, is a temperature-independent
constant, which can be expressed as:

b - 3.515
P an3m’

Using a similar method as for Microcantilever 1#,

the TCF of Microcantileva #2 can be obtained.

TCF:—%a,+%ah+%aw+%ﬁ, (14)
where o, is the linear thermal expansion coefficient in
the length direction.

It can be seen that for both the T-shaped
microcantilever and microcantilever with a uniform
rectangular crossing section, the TCF is only decided
by the temperature coefficient of the elastic modulus
and the linear thermal expansion coefficients. Both
microcantilevers were fabricated using a 220 pum
thick, [100] oriented, single crystal silicon wafer.
The length directions of the microcantilevers were
all along the [110] crystal orientation. Thus, the same
TCF can be obtained.

According to Eq. (10), the first-order natural
frequency of Microcantileva #2 can also be expressed

as:
3515 h |E

SECLUNLN Y 15

% NI \/; (15)

where p is the density of the microcantilever. By
introducing the temperature variable 7" into Eq.(15),
the first-order natural frequency of Microcantileva #2
can also be written as:

(13)

1

So(T) =k - E(T)> -(T)-U(T)* - p(T)?.  (16)

In Eq. (16), k3 is a temperature-independent
constant, which is approximately equal to 0.162.
Differentiating Eq. (16) with respect to the
temperature and dividing by Eq. (16), then inserting
T to the results, the TCF of Microcantilever 2# can
be obtained.

TCF:—2a1+ah+%[}—%5, (17)

where ¢ is the temperature coefficient of density. As
for the single crystal silicon material, its temperature
coefficient of elastic modulus is about —5.2 E-5K-!
[22] and [23], and its temperature coefficient of
density is about —1.3 E-5K~! [24]. The linear thermal
expansion coefficient in the [110] crystal orientation,
0y, is almost equal to the linear thermal expansion
coefficient a;, in the [100] crystal orientation [25].
Moreover, they increase with the elevated temperature.
The linear thermal expansion coefficient in the length
direction or in the height direction is 2.57E-6K-! in
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293 K, and 4.14E-6K-! in 800 K. Thus, according to
the Egs. (9), (14) and (17), the theoretical TCF of both
two microcantilevers is about between —2.207 E-5K~1
and —2.364 E-5K-1. The experimental results are very
close to the theoretical values.

5 CONCLUSION

The dynamic testing system for MEMS
microstructures was developed, and the TCF of two
single crystal silicon microcantilevers was tested. The
impact base excitation method with shock wave was
proved to be effective for the dynamic measurement
of microstructures under the high-temperature
environment. The experimental results show that
under the high-temperature environment, the first-
order natural frequencies of silicon microcantilevers
slightly and linearly decrease with the elevated
temperature. The variation is induced by the changes
in the elastic modulus and physical dimensions. Both
the T-shaped microcantilever and the microcantilever
with a uniform rectangular crossing section almost
have the same TCF. The experimental result is very
close to the theoretical analysis.
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Volume Flow Characterization of PWM-Controlled
Fast-Switching Pneumatic Valves

Miha Pipan* — Niko Herakovi¢

University of Ljubljana, Faculty of Mechanical Engineering, Slovenia

In this paper we present results of an experimental analysis of the dependence of volume flow on pulse width modulation (PWM) control signal
through a fast-switching pneumatic valve. The main goal of this study is to determine how the PWM frequency and duty cycle (pulse width)
influence the volume flow and if there is a correlation between them. The highest PWM signal frequencies that can control the tested fast-
switching valve were used. This way we minimised the influence of pressure pulsation that can make a pneumatic system, pressure regulator
and flow sensor unstable at lower frequencies. The aim was also to determine if pressure difference and PWM frequency have any influence
on the shortest pulse needed to open the valve. The volume flow was measured with a state-of-the-art mass flow sensor that can calculate
average volume flow and isn’t influenced by high-frequency pressure pulsation. We also made temperature measurement in a valve solenoid
and pressure chamber during an 8-hour excitation with a PWM signal.

Keywords: fast switching valves, PWM, flow characteristics, pulse width

Highlights

e The minimum width of PWM pulse needed for a fast-switching valve to open increases with the increase of pressure

difference.

e The correlation between pulse width and average volume flow of the valve is highly nonlinear with initial steep response at

lower pressure differences.

*  Maximum PWM frequency used to control the fast-switching valve is limited by response time of the valve and also by the

maximum number of valve cycles.

o Experimental results show that digital PWM control technique can be used effectively with fast-switching valves.

O INTRODUCTION

Pneumatic actuators are widely used in industry and
are generally used for two position controls. When
the continuous position control is required, pneumatic
servo or proportional valves are used. Pneumatic
servo valves are expensive and proportional valves
do not have the fastest response time due to the spool
dead band. The alternative is to use fast-switching
valves with digital control techniques to achieve linear
flow control characteristics with the fastest possible
response. The implementation of fast switching
valves for position control using digital control
techniques has been in development for the last 10
years. The main reason that enables us to use pulse
width modulation (PWM) control method is newly
developed valves with response times shorter than a
few milliseconds. PWM signal is [1] a sequence of
short electrical pulses that open a valve for a fraction
of time. After each pulse another pulse with the
same or different pulse width follows. The change
of pulse width achieves different air pressure bursts.
The change in number and duration of these pressure
bursts modifies the average flow through the fast-
switching valve. In this paper we wanted to analyse
the influence of different PWM control signals on the

average flow characteristics of the fastest switching
pneumatic valve that is currently available in the
market.

The results will be used for the development of
a control algorithm for fast-switching valves that
control contraction of pneumatic artificial muscles.
This has been done before with switching valves that
have shorter switching time of 2 ms [2], 20 ms [3],
2 ms [4] and without taking into account the change
of minimum pulse and nonlinear relation between
pulse width and air flow. If flow pulsation is in
high frequency domain it can be defined as average
flow since a pneumatic muscle with a large enough
volume acts as a low-pass filter similar to DC motors
controlled via PWM [5]. The natural frequency of
muscle changes depending on internal pressure and
contraction but based on our and other research [6] the
natural frequency has values between 9 Hz to 42 Hz.
With the use of high PWM frequency we excitate the
muscle with pulsation that is in over-critical frequency
domain and does not make the pneumatic muscle
unstable.

Many researchers used PWM control techniques
to drive pneumatic switching valves with good results.
The PWM signal frequencies fppy, [Hz] used depend
on the valve response time and were between 10 and
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50 Hz [7], 100 Hz [8], up to 50 Hz [9], 100 Hz [10],
50 Hz [11] and 20 to 60 Hz [12]. Efforts were made
to develop electro-pneumatic valve models based on
the electrical and pneumatic parts modelling and to
use these models in a PWM-driven pneumatic system
[8], [9] and [13]. The relationship between the pulse
width and the fluid flow was always defined to be
linear, and the minimum PWM pulse was used in
only one paper, [7] and [14]. The relationship between
electrical, magnetic and mechanical components can
be modelled with lumped parameter valve model to
simulate switching times and to compare results with
obtained valve experimental data [15]. An interesting
finding was that the closing time of the valve is not
only a function of pressure difference but also of
magnetic hysteresis, magnet supply voltage and Eddy
current. In the latest research, the relationship between
the pressure difference and the solenoid current in
pneumatic switching valves [16] is considered.

But there were no experimental analyses
performed or models developed that would directly
describe the influence of the valve pressure difference
on the minimum pulse width. The standard equation of
the fluid flow through a pneumatic valve is defined in
the ISO 6358 standard, Eq. (1) [17], and is used in this
form in almost all mathematical models of pneumatic
switching valves.

T,
PCL for iSb
L R

1

where Va represents the volume flow [m3/s], P; the
absolute inlet pressure [Pa], P, the absolute outlet
pressure [Pa], C the acoustic conductivity
[m3/(s-Pa)], T, the ambient temperature [K], 7; the
temperature of inlet air [K], and b the critical ratio.
The characteristics of the tested valve MHJ10-MF are
as follows: C'=2.6167 x 10-9 m3/(s-Pa) and b = 0.433.
But this model does not describe what happens when
the valve is controlled via the PWM signal and when
the valve is in constant transit states between being
opened and closed. Therefore, this model can only be
used when the valve is fully opened. To accurately
simulate air flow through a valve in transit state and
single switching (probably multiple Eddy flows), a
combination of Lumped Parameter Valve Model [15]
for determining the spool position as a function of
time for a single actuation with additional field

simulation for flow rate calculation [18] is needed.
Simulation model based on this will be developed in
future work and will be compared with experimental
data presented in this paper.

Experimental data will also enable verification
of a new valve model developed in the future based
on a similar simulation model [19], the development
of control algorithm for position and force control
[20], failure analysis [21] and deformation analysis of
controlled pneumatic actuator [22].

In this paper, we present the results of an
extensive analysis of the behaviour of fast- switching
valves when using different PWM signals and the way
the average flow changes. In the first part of the paper
the executed test plan with all PWM frequencies,
pulse widths and pressure differences is described.
Later the experimental setup with all the components
is presented. In the last part of the paper results are
presented, compared and discussed.

1 METHODS

The Experimental analysis is performed under
various pressure differences AP [bar], three different
frequencies and multiple pulse widths. The tested
valve is MHJ10-LF. This valve has an open time
to,n and close time 7, less than 1 ms. The maximum
usable frequency is therefore 500 Hz if it takes 1 ms
to open the valve and 1 ms to close the valve. But at
this frequency we can only open and close the valve
without having any influence on the duration in
which the valve is opened. Therefore, we chose to test
frequencies between 200 Hz and 300 Hz. With these
frequencies we were able to control the duration in
which the valve is opened and closed while staying
as far from the natural frequency of the pneumatic
systems as possible. At lower frequencies the long-
lasting pressure bursts can cause problems [23] and
the controlled pneumatic systems can become unstable
since we come closer to pneumatic components’
natural frequencies that are between 9 Hz to 42 Hz [6].

The pulse width can be measured in time (7,
[ms]) or as the percentage of the PWM period width
(Lpuiseos [%0]) called ‘duty cycle’. In Fig. 1 the valve
input control PWM signal with the amplitude of 24 V,
frequency fpy, =250 Hz and 25 % duty cycles (pulse
widths) and measured average volume flow is shown.

The average flow measurement was taken
when measured flow stabilised after 10 seconds
of continuous valve control with PWM for single
frequency and duty cycles. The 10 seconds are needed
because of slow response of the flow sensor.
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Valve input: PWM control signal
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Fig. 1. Valve input PWM signal and average volume flow
measurement

Different pulse widths were chosen to measure
the influence on the average volume flow. The pulse
width was changed in steps of 1 % for the range of
0 % to 10 % and with steps of 10 % from 10 % to
100 % of pulse width (duty cycle). Smaller steps of
pulses between 0 % and 10 % are needed to accurately
measure how the average volume flow changes when
the valve is just beginning to open. The minimum
pulse width ¢,,,+, [%] when the air mass flow sensor
detects the flow is set with the accuracy of 0.1 %.
Maximum pulse that still has an influence on volume
flow ¢,,,.04 1s set with the same accuracy. The executed
experimental analysis plan with all used frequencies,
pressure differences and pulse widths is shown in
Table 1.

Table 1. Fast switching valve PWM test plan

f}’WM AP 7 ‘pulse% 4 pulse% tmin% tmax%
[Hz]  [bar] 0to10[%] 10to 90 [%] [%] [%]
0.10
0.30
200 (1)(5)8 manual ~ manual
250 200 1%stp  10%sep  qh oo
300 3.00 . L
400 step step
5.00
6.00

Experimental analysis was performed for every
frequency using the following steps:

1. Set the PWM frequency, fps-

2. Set the desired pressure difference, AP, with
the pressure regulator and fine tune it using the
pressure sensor for reference.

3. Increase the PWM pulse, ,,,5.9;, until the flow is
detected to find z,,,;,,0;.

4. Increase the 7,5, from 0 % to 10 % in 1 % steps
and save the measured flow.

5. Increase the 0, from 10 % to 90 % in 10 %
steps and save the measured flow.

6. Find the maximum pulse width, #,,,.., which still
has an effect on the flow.

7. Set the new pressure difference, AP, and repeat
steps 3to 7.

8. Repeat steps from 1 to 7 for all frequencies,
Jfpwar =200 Hz, 250 Hz and 300 Hz.

2 EXPERIMENTAL

The dependence of the fluid flow characteristics on
the pulse width and frequency needs to be accurately
measured. Fig. 2 shows the experimental setup scheme
and all electrical and pneumatic components used
where: A is air preparation, B is pressure regulator,
C is pressure sensor, D is fast-switching valve, E is
air mass flow sensor, F is PC with Matlab/Bronkhorst
FlowPlot software and G is CX controller with
modules for pressure sensor and PWM modulation.
The CX controller communicates with the PC via
LAN network while mass flow sensor data is gathered
on the PC via RS-232.

Fig. 2. Schematic d/agram of the experimental setup

The pressure sensor, the fast-switching valve and
the air mass flow sensor are connected via piping with
an internal diameter of 4 mm. To avoid air turbulence,
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the components must be mounted 100 mm apart, as
shown on the experimental setup photography in Fig.
3.

Fig. 3. Photograph of experimental setup main pneumatic
components connected: A is air mass flow sensor, B fast-switching
valve, and C pressure sensor

The most important part of the experimental setup
is the air mass flow sensor F-112AC by Bronkhorst.
Sensor’s measuring range in normal litres per minute
is @y, = 1.4 Nl/min to 200 NI/min with an accuracy
of 0.5 % of measured value plus 0.1 % of full-scale
[24]. Because of the sensor used and a relatively
high PWM frequency, there is no need for special
measurement equipment due to pressure pulsation
[25]. The average volume flow of pulsation air flow
can be measured with thermal anemometers if certain
rules are taken into account [26]. First there must
be no backflow. Since the inlet pressure is always
higher at the valve outlet and there is no nozzle at the
F-112AC outlet port, the backflow should not occur.
F-112AC has two combined windings for heating and
temperature measurement mounted on the capillary
tube bypass [24]. The mass of the capillary tube with
winding and housing, where the temperature drop is
measured, is much greater than in hot-wire sensors.
Air flow pulses with high frequency are damped
since the mass temperature cannot change with same
frequency. To get the average value of the air flow, the
FlowPlot acquisition software sensor’s exponential
smoothing filter was set to slow the response [27].
The response time of F-112AC #5439, is 2 to 4 seconds,
therefore the measurement for every pulse width
will be at a minimum 10 seconds to achieve accurate
measurement.

The tested valve, MHIJ10-MF, is the fastest
switching valve from Festo with the following
specifications: nominal flow rate of @, = 100 1/min,
response time for opening ¢,, = 0.7 ms, closing time
tor = 0.5 ms at pressure difference AP = 0.1 bar, and

ton = 0.9 ms, closing time 7,5 = 0.4 ms at AP = 6 bar
[28]. The opening time, ¢,,, increases and the closing
time, 7,4 decreases with the increase of the pressure
difference due to the internal structure of the valve.
The valve is normally closed due to pressure forces
acting on the spool. The increased pressure difference
increases the necessary electromagnetic force to open
the valve and also closes the valve more rapidly. The
internal structure schematics of the fast-switching
pneumatic valve is presented in Fig. 4, where A is the
solenoid, B is the air gaps that enable air pressure to
close the valve, C is the metallic control spool, D is
the valve inlet, E is the metering edge and F is the
valve outlet.

Fig. 4. Schematics of the fast switching valve internal components

T, and T are positions of holes made on the valve
housing 1.6 mm deep where we measured temperature
during continuous excitation with PWM signal of
250 Hz and 50 % duty cycle.

The pressure difference is set with the help of the
pressure regulator and the pressure sensor positioned
before the valve. Measurement uncertainty is
calculated using the sensor and an A/D converter with
specifications shown in Table 2.

Table 2. Measurement uncertainty

Measurement element Uncertainty Uncertainty [% FS]
p Repeatability 0.25
ressure Sensor —
SDET-2T Linearity 0.4
Temperature 0.15
AP A/D converter Repeatability 0.3
EL3104 Res. 16 bit 0.00385
Pressure Combined
measurement Uncertainty 0.62916
Volume flow . 0.5 % measured
@ sensor F-112AC Repeatability value + 0.1 % FS
Y Volume flow Combined 0.5 % M.V, value
measurement Uncertainty +01%FS
T EasyCal 315 Accuracy +1.1°C
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From the calculation we can conclude with 95 %
certainty that the measured pressure difference AP is
in the range of £0.0503 bar and volume flow @y, is in
the range from +0.207 Nl/min at flowrate 1.4 Nl/min
to 1.2 NI/min at flowrate 200 NI/min.

2.1 Experimental Results

All gathered data is available in Matlab data matrices
for further analysis. The pulse width, 7,557 [%0], was
converted to time, #,,,, [ms] for better compatibility
between frequencies. Fig. 5 presents the results for the
measured flow at AP = 6 bar, Fig. 6 for AP = 3 bar
and Fig. 7 for AP =0.1 bar.

At the pressure difference of AP = 6 bar, the
relation between pulse width and flow is almost linear.
The maximum flow is reached at different pulse width
as a function of PWM period and is defined by the
PWM frequency period. Therefore the maximum
flow for fpy, = 200 Hz is reached with pulse a width
around #,,;, = 5 ms, for fpy), =250 Hz in 4 ms and
fpwar=300 Hz in 3.33 ms.

120

e
o
o

Volume flow @Vn, [NI/min]

0 1 2 3 4 5
Pulse width t , [ms]
pulse

Fig. 5. Comparison of test results for pressure difference
AP =6 bar and different PWM frequencies

S [2] [0 ]
o o o

Volume flow @Vn, [NI/min]
N
o

o

Pulse width ¢t
puls

Fig. 6. Comparison of test results for the pressure difference
AP = 3 bar and different PWM frequencies

As the pressure difference drops, the relationship
between valve control signal pulse widths and volume
flow becomes nonlinear. This is most prominent at
lower frequencies when the valve starts to open. The
volume flow has a steeper slope in the beginning and
later becomes flatter.

w S &3]

Volume flow @, [NI/min]
N

—_

0 1 2 3 4 5
Pulse width t , [ms]

pulse

Fig. 7. Comparison of test results for the pressure difference

AP = 0.1 bar and different PWM frequencies

At the lowest pressure difference, the flow
increases almost vertically when the valve starts to
open. Also at fppy, = 200 Hz the relation between the
pulse width and the volume flow is not linear even at
the initial steep response.

The minimum pulse #,,;, [ms] increases from 0.14
ms to 0.4 ms and increases with pressure difference.
In Fig. 8, the comparison of all three frequencies
and different pressure differences is given. There is a
slight difference between frequencies in Fig. 8. Since
the resolution of #,,;,0,1s 0.1 % and the measurement
accuracy of the pulse width is + 0.01 ms. The extended
normal distribution of measurements is = 0.00944 ms.
which means, that differences between all the three
frequencies is within 95 % certainty (Table 1) of the
measurement error domain and is not a function of
different PWM frequencies.

0.5
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»

t

o
w

o
o

Minimal pulse

o
o

1 2 3 4 5 6
Pressure difference A P, [bar]

o

Fig. 8. Minimum PWM pulse tmin as a function of AP
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The widest pulse that still has an effect on the
volume flow characteristics ¢,,,, [ms] is the function
of frequency because the frequency determines
the period of the pulse. Experimental results of the
maximum pulse width are presented in Fig. 9.

5
)
E 45
%
E 4 »
8 35
>
o
g 3 o oy =200 HZ
% 25 o oy = 250 HZ
E - fPWM =300 Hz
5 | | | : ‘
0 1 2 3 4 5 6

Pressure difference A P, [bar]

Fig. 9. Maximum PWM pulse tmax as a function of AP

To choose the best of three tested frequencies, the
comparison of flow characteristics and pulse widths
for three pressure differences is necessary.

Presented data shows that there are differences
between frequencies but it is hard to see clearly which
one has the smoothest transition for lower pressure
differences. To choose the optimal PWM frequency,
all the data is normalized. This is done by converting
the mass air flow data to volume flow as percentage
at a given pressure difference. Also pulse widths are
converted from milliseconds to percentages. In Fig.
10, the comparison of all three different frequencies at
three differential pressures is shown.

100

— 80 Detail A

2

3 60 JuF WA P=0.1bar

° WA P=_3bar

£ 40} MAP=6bar

% * fPWM= 200 Hz

> ool © Ty =250 Hz
) - fPWM: 300 Hz

0 — y. - L L L
0 20 40 60 80 100

Duty cycle, [%]
Fig. 10. Comparison of normalized data for all three PWM
frequencies and three pressure differences

It is obvious that at lower pressure differences the
flow through the valve has a very steep curve which
normalizes at about 10 % or 0.5 ms of the pulse width
and then progresses relatively linearly. At higher
pressure differences, the characteristics are almost
linear. To achieve the best control of the volume flow

through the valve using fast pneumatic valves and
PWM, it is crucial to have smooth characteristics at
lower pressure differences as well. The smoothest
transition from the closed valve to the first 10 %
(0.5 ms) of the PWM duty cycle was found for the
frequency fpy, = 250 Hz as shown in detail A of Figs.
10 in 11. Higher frequencies decrease the life span and
the control resolution of the valve.

—_
o
o

Volume flow, [%]
H [o)] [e]
o o o

N
o

0 ke ‘ :
0 2 4 6 8 10
Duty cycle, [%]
Fig. 11. Detail A of Fig. 10: PWM frequency comparison for
AP =0.1bar

Experimental results show that with faster
response of fast-switching valves higher PWM
frequencies can be used. The maximum tested
frequency so far was 100 Hz. With even higher
PWM frequencies we get further away from natural
frequencies of pneumatic components and achieve
more stable control and faster responses.

O

-

Fig. 12. Temperature measurement of T during temperature
testing of Festo valve (A is a digital thermometer EasyCal 315, and
B Festo valve with thermocouple inserted in position T}

Measurement of the temperatures 7 (measured
in a hole made in the valve housing between 2
solenoids) and 7, (measured in a hole made on the
bottom of two solenoids) was made for duration of 8
hours using a digital thermometer EasyCal 315 with
thermocouple. The ambient air temperature was 24.2
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°C. The measurement was taken automatically every
minute. Measurement during temperature 7 test is
shown on Fig. 12. Fig. 13 shows temperatures 7]
and 7, during the 8 hour testing of the Festo Valve
with the PWM frequency fpyy, = 300 Hz and duty
cycle of 50 %. The solenoid temperature 7| becomes
stable at approximately 70 °C and T, at 28 °C. Both
temperatures are below maximum temperature
defined by the manufacturer (7,,,. = 155 °C and 75,4,
=60 °C) [28]. The temperature 7} increases due to the
heating of the solenoid and heat is mainly transferred
through valve housing into ambient air. 7, is also
heated with solenoid but the majority of the heat is
transferred via constant air flow through the valve.

Valve temperature 77 and 7, achieves its
maximum value after approximately 10 minutes as
shown in Fig 14.
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4 CONCLUSIONS

In this paper, we presented an experimental analysis of
flow characteristics of fast-switching valve controlled

via different PWM signals. We tested the effects
of different frequencies and pulse widths of PWM
signals at various pressure differences on volume
flow through the fast-switching valve. Experiments
clearly show that minimal pulse width needed to open
the valve increases with the incensement of pressure
difference from 0.14 ms to 0.4 ms. This is the result of
air pressure forcing the spool into the closed position
and therefore electromagnetic force needs more time
to open the valve.

At lower pressure differences (AP < 1 bar), when
the valve is just starting to open, the volume flow
increases almost vertically. This is due to the unstable
dynamic equilibrium of low pressure forces that are
controlled by stronger pulses of electromagnetic
forces.

At pressure differences higher than 1 bar, the
correlation between PWM duty cycle and volume
flow becomes almost linear and does not have initial
vertical responses.

The frequency fpyy, = 250 Hz is the most
stable and has the most continuous transition at
lower pressures. It is 5 times higher than the natural
frequency of standard pneumatic components.
Considering the calculation that the valve lifespan is
5 billion of switching cycles, the valve could work
continuously for 243 days.

Experimental results will be used to develop a
new control algorithm that will be able to continuously
control volume flow via PWM control signals and
fast-switching pneumatic valves. To achieve short
response time and linear volume flow control, the
smart algorithm must be based on the following
conditions:

1. The pressure difference must be measured or
calculated so that the control algorithm can
calculate the best solution for the given system
state.

2. The control algorithm must define the minimal
PWM pulse as a function of the pressure
difference. This way the shortest response time
that mimics the characteristics of pneumatic servo
valve can be achieved.

3. Depending on the pressure difference and the
desired volume flow, the pulse width must be
calculated.

4.  The PWM frequency will be 250 Hz.

The new control algorithm will be based on
mathematically modelled experimental data to
accurately describe the correlation between the
pulse width and the desired valve opening. Valve
temperature measurement showed that the temperature
does not exceed maximum allowed valve temperature
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when exciting the valve with PWM fpy,, = 300 Hz.
Therefore, we have proved that the PWM frequency
of up to fpya, = 300 Hz can be used without additional
cooling. Experimental data will also be used to
validate a new Lumped Parameter Model simulation
model.
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Avkseti¢ni celi¢ni materiali - pregled

Nejc Novak* — Matej Vesenjak — Zoran Ren

Univerza v Mariboru, Fakulteta za strojnistvo, Slovenija

Avksetiéni celi¢ni materiali so sodobni materiali, ki imajo Stevilne edinstvene mehanske lastnosti v primerjavi s
konvencionalnimi celi¢nimi materiali. Avkseti¢ni materiali so materiali z negativnim Poissonovim stevilom, kar
pomeni, da se ob enoosni natezni obremenitvi pre¢ni prerez materiala na to smer poveca, obratno pa velja ob tlacni
obremenitvi. UCinek takSnega obnaSanja materiala je uporaben pri razlicnih aplikacijah, kjer lahko z uporabo
avkseti¢nih materialov izboljsamo mehanske lastnosti (npr. trdnost, lomno Zilavost, absorpcijo energije in dusenje).
Te lastnosti so lahko tudi prilagojene razlicnim vrstam obremenitev z uporabo razli¢nih geometrij in razporeditev
gostote, kar lahko dosezemo s funkcionalno gradiranimi avkseticnimi celicnimi materiali. V preglednem ¢lanku
je predstavljeno podrocje avkseticnih celi¢nih materialov, njihov razvoj, najpogostejse geometrije, proizvodni
postopki, mehanske lastnosti, aplikacije in nadaljnje moznosti za razvoj teh materialov.

Na podlagi pregleda literature je v c¢lanku podan strukturiran pregled zgodovine razvoja avkseti¢nih
materialov, od zacetkov transformiranja konvencionalnih odprto-celi¢nih pen, do sodobnih avkseti¢nih struktur
z zapleteno geometrijo, ki so izdelane s pomocjo dodajalnih tehnologij. Predstavljenih je nekaj najznacilnejsih
dvodimenzionalnih avkseti¢nih struktur (satovij), na osnovi katerih je shematicno prikazan postopek njihove
deformacije in vzrok za doseZeno negativno Poissonovo Stevilo. Na osnovi enacb mehanike kontinuuma so podane
teoreti¢ne prednosti teh materialov in vpliv negativnega Poissonovega Stevila na mehanske lastnosti, ob tem pa so
zbrani tudi podatki iz literature o vrednostih Poissonovega Stevila in modula elasti¢nosti Ze izdelanih avkseti¢nih
materialov.

Avkseticni celi¢ni materiali lahko s svojimi edinstvenimi mehanskimi lastnosti nudijo napredek v razli¢nih
aplikacijah. S sposobnostjo boljse absorpcije energije, ki je dosezena tudi s tem, da se material steka v smeri
podrocja udarca in ne stran od tega podro¢ja, imajo ti materiali izjemen potencial za uporabo na podrocju balisticne
zasCite vozil, stavb in ljudi. Zaradi edinstvenega deformacijskega obnasanja lahko z uporabo avkseti¢nih celi¢nih
materialov izboljSamo tudi razlicna podrocja v letalski in vesoljski industriji, medicini ter Sportnih aplikacijah.

Pregled literature pokaZze, da se na podrocju avkseticnih materialov trenutno odvija intenziven razvoj novih
geometrij, ki pa so bile zaenkrat le redko testirane pri visokih hitrostih deformacije, tako da je potrebno odziv
avkseti¢nih celi¢nih materialov na visoke hitrosti deformacije Se preuciti. Odziv materiala na razli¢ne hitrosti
deformacije in nacine obremenitve pa je mozno z uporabo numeri¢nih simulacij in optimizacijskih metod tudi
vnaprej predvideti in geometrijo avkseticne celi¢ne strukture konstruirati tako, da bo med obremenjevanjem
povzrocila zelen odziv na konstrukcijo (konstantna reakcijska sila) ali na udarno telo (konstanten pojemek). To je
mogoce doseci z uporabo funkcionalno gradiranih avkseti¢nih celi¢nih materialov, kar je lahko zelo koristno pri
balisti¢ni zasc¢iti in zasc€iti pri trku.

Clanek podaja izérpen pregled podrogja avksetiénih celi¢nih materialov, s tem pa prispeva k boljsemu
razumevanju lastnosti teh sodobnih materialov, ki kazejo velik potencial, da v prihodnosti postanejo pomembni
lahki konstrukcijski materiali. Podane so smernice za nadaljnji razvoj avkseticnih celicnih materialov, predvsem
v smeri funkcionalno gradiranih struktur, ki nudijo dodatno izboljSanje mehanskih lastnosti avkseti¢nih celi¢nih
materialov.

Kljucne besede: celi¢ni materiali, avkseti¢ni materiali, negativno Poissonovo $tevilo, satovje, kompoziti
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Analiza mikrogibanj mikroprijemala po metodi grafa povezav

Chao Lin!* —Yi-hang Ren! — Jiu-xiang Ji! — Li-zhong Cai! — Ji-ming Shao?
aUniverza v Chongqingu, Drzavni laboratorij za mehanske prenose, Kitajska
b Drzavni laboratorij v Sanghaju za mehanizme vesoljskih plovil, Kitajska

Mikro- in nanotehnologije so v zadnjih letih s hitrim razvojem znanosti in tehnologije postale ena od glavnih
raziskovalnih smeri po vsem svetu. V mnogih industrijah se povecuje povprasevanje po mikromehanizmih, e
posebej za manipulacijo z bioloskimi celicami, mikrokirurgijo in montazo mikrostrojev. Zaradi miniaturizacije so
se pojavile nujne potrebe po razvoju fleksibilnih, visokonatancnih in preprosto vodljivih mikrorobotov, vse vec¢
pozornosti pa pridobivajo tudi mikromanipulatorji v kombinaciji s tehnologijo mikropozicioniranja in robotsko
tehnologijo. Mikroprijemala postajajo vse pomembnejsi del sistemov za mikromanipulacijo. Prenos gibanj pri
fleksibilnih mikroprijemalih je odvisen od deformacij materiala, zato je tezko jamciti za tocnost modeliranja
kinematike. Prav tako je tezko zajeti specificne spremembe stanj pri internih komponentah mikroprijemal.
Nelinearnost sistemov je mogoce intuitivno popisati z metodo grafa povezav, pri ¢emer so vse spremenljivke stanj
v modelu fizikalne spremenljivke in omogocajo popis sprememb stanj sistema. Pomembno je tudi ujemanje med
grafom povezav in enaCbami sistemskih stanj. Na podlagi grafa povezav sistema je mogoce postaviti ustrezen
matematicni model in takSen pristop je bil do zdaj uporabljen pri analizi mehanizma Stewartove platforme. Za
analizo fleksibilnih mehanizmov pa bi bilo treba metodo grafa povezav $e dodatno izpopolniti.

Zaradi prednosti uporabe grafov povezav pri analizi fizicnih modelov kompleksnih sistemov je v tem
¢lanku postavljen model grafa povezav za mikroprijemalo, in sicer na podlagi analize principa delovanja,
togosti ojacevalnega mehanizma BTAM in PDM. Izpeljane so karakteristi¢ne enacbe in enacbe prostora stanj.
S simulacijo in analizo v okolju MATLAB sta bili pridobljeni simulacijski krivulji za odmik izhoda in za kotni
odmik fleksibilnega teCaja. Mikroprijemalo je bilo izdelano s pomocjo laserske tehnologije za hitro izdelavo
prototipov, za verifikacijo eksperimentov pa je bila narejena primerjava eksperimentalnih in teoreti¢nih rezultatov.

Clanek predstavlja zasnovo tristopenjskega ojatevalnega mikroprijemala, za katerega je postavljen model
psevdotogega telesa (PRB). Analizirana je togost BATM in izpeljana je vhodna togost mikroprijemala. Postavljen
je model grafa povezav mikroprijemala, izpeljane pa so tudi karakteristi¢ne enacbe in enacbe stanj mikroprijemala.
Krivulje vhodno/izhodnih odmikov mikroprijemala ter kotnega odmika fleksibilnega tecaja so bile pridobljene
s simulacijo v Matlabu na podlagi enacb stanj. Opravljena je bila analiza mikroprijemala po metodi kon¢nih
elementov, kakor tudi eksperimenti za verifikacijo. Primerjava rezultatov simulacij v Matlabu, rezultatov analize
po metodi konénih elementov in rezultatov eksperimentov je pokazala, da so prvi in drugi prakti¢no enaki. Razlika
med rezultati simulacij v Matlabu in rezultati analiz po MKE je majhna, kar potrjuje pravilnost in uporabnost
tega modela grafa povezav. Metoda grafa povezav je torej primerna nova metoda za analizo sprememb stanj pri
fleksibilnih mehanizmih in njihovih komponentah.

Za izboljsanje prakticnosti mikroprijemala je treba raziskati tudi vpenjalne sile. Uporabljeno metodo grafa
povezav je treba Se dodatno izpopolniti na drugih mehanizmih.

Kljuéne besede: mikroprijemalo, psevdotogo telo (PRB), fleksibilen tecaj, graf povezav, Matlab, 3D-tiskanje
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Optimizacija zavornega faktorja pri bobnastih zavorah
z S-odmikalom po metodi odzivne povrSine

Irfan Sayim — Dan Zhang
Univerza v Ontariu, Institut za tehnologijo, Oddelek za strojnistvo, avtomobilski in proizvodni inZeniring, Kanada

Zavorni sistem spada med varnostne podsisteme vozila in kot tak opravlja pomembne delovne naloge. Predpisi
zahtevajo nadzorovano, stabilno, predvidljivo in ponovljivo delovanje zavornega sistema na vsaki cesti, pri vsaki
obremenitvi ali vremenskih razmerah, pa tudi v primeru delnega izpada. Zaradi vseh nastetih pricakovanj mora
biti delovanje zavor stabilno. Deli zavornega podsistema, kot so ventili in izvr$ni ¢leni, so dobro nadzorovani in
ne prispevajo pomembneje k variabilnosti uc¢inkovitosti delovanja zavornih sestavov na oseh. Ta je tako odvisna
predvsem od nepredvidljivih fizi¢nih razmer, npr. od obremenitev, stanja vozis¢a in vremena. Te razmere se
lahko v zavornem sistemu odrazajo kot vrocina ali vlaga, ki vplivata na trenje in s tem na celoten zavorni sistem.
Elektronski podsistemi lahko delno zmanj$ajo variabilnost uéinkovitosti delovanja zavor tako, da preprecujejo
blokiranje koles ali omogocijo porazdelitev vertikalnih sil z upravljanjem tlaka v zrac¢nih vodih. Ti sistemi
pa vseeno ne morejo jamciti za to, da bo delovanje zavor popolnoma stabilno. Predstavljena Studija raziskuje
variabilnost u¢inkovitosti delovanja zavor pri gospodarskih vozilih z ozirom na zavorni faktor (BF). Zavorni faktor
je povezan z zavorno silo vozila in celotna variabilnost u¢inkovitosti delovanja zavornih sestavov na oseh pri
gospodarskih vozilih je tako odvisna od variabilnosti BF. Popis tezav zaradi variabilnosti BF je klju¢nega pomena
za kvantifikacijo variabilnosti u¢inkovitosti delovanja zavornega sistema vozila. Z drugimi besedami: u¢inkovitost
delovanja zavornih sestavov na oseh ima prednost pri zagotavljanju uc¢inkovitosti delovanja celotnega sistema.

V zadnjem desetletju je bil opazen trend zamenjave bobnastih zavor na oseh gospodarskih vozil s kolutnimi
zavorami, do katerih pa mnogi proizvajalci ostajajo skepti¢ni. Bobnaste zavore (v izvedbi z S-odmikalom,
razpiralom itd.) so Se vedno prva izbira pri proizvajalcih tovornjakov, avtobusov in prem. Med proizvajalci
vozil velja konsenz, da imajo bobnasti zavorni sestavi na oseh z S-odmikalom Se vedno velik potencial, ¢e bo le
mogoce izboljsati njihovo ucinkovitost delovanja. Izkusnje so pokazale, da je mogoce vibracije na vozilih pripisati
visoki stopnji variabilnosti BF pri sestavih bobnastih zavor, medtem ko so te tezave pri kolutnih zavorah zaradi
manjsih vrednosti BF razmeroma neznatne. Bobnasta zavora z S-odmikalom predstavlja v tem kontekstu glavno
konkurenco kolutnim zavoram glede vrednosti BF. Ce bi pri bobnastih zavorah z S-odmikalom uspeli dosegi
primerljivo u¢inkovitost delovanja kot pri kolutnih zavorah, bi bila to zanje gotova konkurencna prednost na trgu
tudi v prihodnje.

Predstavljeno delo obravnava optimizacijo BF v fazi snovanja bobnaste zavore z S-odmikalom v sklopu
dimenzijskih lastnosti, in sicer z namenom izbolj$anja uéinkovitosti delovanja zavor vozila. Najprej so opredeljene
vrste obrabe zavornih oblog in vplivi polozaja odmikalnega valja. S spreminjanjem dimenzijskih parametrov
znotraj tehni¢no izvedljivega obmocja je bila teoretiCno kvantificirana variabilnost BF. Za identifikacijo
kombinacij dimenzij z zmanj$ano vrednostjo BF znotraj teoreti¢nih rezultatov je bila uporabljena metodologija
odzivne povrsine (RSM). Nato sta bila preizkusena dva vzorca za validacijo relativnega izboljSanja. Preizkusen
je bil en vzorec z imenskimi dimenzijami, kot se vgrajuje v vozila na trgu, zgrajen pa je bil tudi nov vzorec
z dimenzijami, spremenjenimi na podlagi analize RSM. Izkazalo se je, da je z izbiro ustreznih dimenzij v fazi
snovanja mogoce dose¢i pomembno izboljsanje BF.

Kljuéne besede: zavorni faktor, obraba oblog, bobnasta zavora na osi z S-odmikalom, kolutna zavora, metoda
odzivne povrsine, polozaj odmikalnega valja

*Naslov avtorja za dopisovanje: Univerza v Ontariu, Institut za tehnologijo, Oddelek za strojnistvo, SI1 85
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Drseci tok nanofluidov med vzporednima plos¢ama,
ogrevanima s konstantnim toplotnim tokom

Aysegiil Oztiirk - Kamil Kahveci*

Univerza Trakya, Turcija

Predstavljena Studija preuCuje stacionarni, polno razviti laminarni tok in prenos toplote v nanofluidih med
vzporednima plos¢ama, ogrevanima s konstantnim toplotnim tokom. V literaturi je dostopnih veliko $tudij toka
plinov in kapljevin v mikrokanalih, po drugi strani pa obstaja le malo $tudij vpliva nanodelcev v osnovnem
fluidu na drseci tok. Namen predstavljenega dela je zato analiticna preiskava vpliva nanofluidov na drseci tok ter
razkrivanje vpliva razli¢nih parametrov na tok in prenos toplote.

Privzet je stacionaren, laminaren, nestisljiv in popolnoma razvit tok s konstantnimi termofizikalnimi
lastnostmi. Nanofluid je obravnavan kot enofazen fluid, saj so trdni nanodelci zelo majhni in se zlahka fluidizirajo.
Momentne in energijske enacbe so bile analiti¢no razreSene pri robnih pogojih nenicelne hitrosti na povrsini in
temperaturnega skoka. Osnovni fluid je voda, dodani pa so ji bili nanodelci Cu, CuO in Al,05. Viskoznost nanofluida
je bila ocenjena po Brinkmanovem modelu za dvofazno zmes. Dejanska toplotna prevodnost nanofluidov je bila
ocenjena po modelu Yu-Choi. Nanofluid je po tem modelu sestavljen iz glavne mase kapljevine, trdnih nanodelcev
in trdnim podobnih nanoplasti, ki delujejo kot toplotni most med trdnimi nanodelci in maso kapljevine. Pridobljeni
so bili rezultati za faktor drsenja v obmocju od 0 do 0,04, za Brinkmanovo §tevilo v obmo¢ju od 0,1 do 0,1, za tri
razli¢ne vrednosti razmerja med debelino tekocih plasti in polmera delcev (0,1, 0,2 in 0,4), ter za volumski delez
trdnih delcev v obmocju od 0 % do 8 %.

Rezultati kazejo, da se s povecevanjem faktorja drsenja povecuje hitrost fluida ob stenah, hitrost v sredini
kanala pa se zmanjSuje. Prav tako se povecuje temperaturni skok na stenah, kar pa negativno vpliva na prenos
toplote. S povecevanjem faktorja drsenja se zmanjsujejo tudi viskozne sile v blizini stene, kar ima pozitiven vpliv
na konvektivni prenos toplote iz stene na fluid ter negativen vpliv na konvektivni prenos toplote iz fluida na
steno v razmerah nezanemarljive viskozne disipacije. Kombiniran vpliv hitrostnih in temperaturnih skokov se
kaze v povecanju/zmanjSanju prenosa toplote pri pozitivnih/negativnih vrednostih Brinkmanovega Stevila. Vpliv
faktorja drsenja na prenos toplote je manjsi pri manjsih vrednostih Brinkmanovega Stevila. Viskozna disipacija
ob vro¢i steni zmanjsa temperaturno razliko med trdno povrsino in fluidom in povpre¢no Nusseltovo Stevilo se
tako s povecevanjem Brinkmanovega Stevila zmanjSuje. Viskozna disipacija ob hladni steni poveca temperaturno
razliko med trdno povrsino in fluidom. Povpre¢no Nusseltovo Stevilo tako raste z veCanjem Brinkmanovega
Stevila v negativni smeri. Iz rezultatov sledi, da prisotnost nanodelcev v osnovnem fluidu pomembno vpliva tako
na hitrostno polje kakor tudi na lastnosti prenosa toplote. Povprecno Nusseltovo Stevilo se z rastjo volumskega
deleza trdnih nanodelcev obcutno poveca, prav tako pa zavzame bistveno vecje vrednosti pri vecjih vrednostih
razmerja med debelino tekocega sloja in polmerom nanodelcev. Povprecni toplotni tok pri nanofluidih z razli¢nimi
nanodelci je tako razvrscen od najve¢jega do najmanjsega: Cu, Al,O; in CuO. Izkazalo se je tudi, da povprecni
toplotni tok najprej strmo pade, nato pa se z rastjo Brinkmanovega Stevila postopoma priblizuje asimptotski
vrednosti.

Kljuc¢ne besede: drseci tok, nanofluid, vzporedna plos¢a, faktor drsenja, Nusseltovo Stevilo
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Numeri¢na preiskava vpliva volumskega deleza nanodelcev
na pretok, prenos toplote in ustvarjanje entropije
v ferofluidu Fe;O4 v neenakomernem magnetnem polju

Fazel Hosseinzadeh! — Faramarz Sarhaddi!-* — Davod Mohebbi-Kalhori2

I Univerza v Sistanu in Balucistanu, Oddelek za strojnistvo, Iran
2 Univerza v Sistanu in Baludistanu, Oddelek za kemijsko tehnologijo, Iran

Ferofluidi so koloidne suspenzije, sestavljene iz nemagnetne nosilne tekocine, kot je voda, organsko olje ali kerozin,
ter enodomenskih feromagnetnih nanodelcev. Ferofluidi imajo potencial za uporabo v nalogah prenosa toplote. Za
optimalno zasnovo in nadzor nad termomagnetnimi aplikacijami prenosa toplote je treba poiskati povezave med
apliciranim magnetnim poljem, pretokom ferofluida in porazdelitvijo temperature. Clanek predstavlja raziskavo
konvektivnega prenosa toplote s prisilnim tokom ferofluida (voda in Fe;0,) v vodoravnem dvodimenzionalnem
kanalu pod vplivom neenakomernega dvorazseznostnega magnetnega polja, ustvarjenega z linijskim dipolom.

Glavni cilj je preucitev vpliva volumskega deleza magnetnih nanodelcev Fe;O, premera 10 nm na
hidrotermalne lastnosti in ustvarjanje entropije v ferofluidu. Ogrevani ferofluid vstopa v kanal pri temperaturi
344 K. Spodnja stena je izotermni toplotni ponor s temperaturo 300 K, zgornja stena pa je adiabatna. Laminarni
tok ferofluida je stacionaren, nestisljiv in viskozen. Vpliv magnetnega polja na viskoznost in toplotno prevodnost
ferofluida ni uposStevan, prav tako pa je zanemarjena majhna Lorentzova sila zaradi elektri¢ne prevodnosti v
primerjavi z magnetizacijo. Zaradi nelinearnosti sklopljenih vodilnih diferencialnih enacb je bila uporabljena
numeri¢na metoda resevanja. Pri diskretizaciji kontinuitetnih, momentnih in energijskih enacb je bila uporabljena
tehnika kontrolnih volumnov.

Za konvektivne in difuzijske ¢lene je bila uporabljena gorvodna metoda drugega reda, za sklapljanje tlaka
in hitrosti pa je bil razvit preprost algoritem. Za neodvisnost rezultatov od mreze je bilo raziskanih ve¢ razli¢nih
porazdelitev mreze. Veljavnost in to¢nost numeri¢nih rezultatov dokazuje primerjava z objavljenimi rezultati
numeri¢nih raziskav vodnih ferofluidov pod vplivom linijskega dipola. Vsiljeni tok v odsotnosti zunanjega
magnetnega polja in pri ni¢elnem volumskem delezu magnetnih nanodelcev doseze hidrodinami¢no popolnoma
razvit profil pri dolzini x/hA = 2,284 ter konstantno hitrost, ki ustreza 1,5-kratniku vstopne. Ob aktiviranju
zunanjega magnetnega polja Kelvinova sila na telo premaga viskozno silo in tok fluida se moc¢no spremeni. Ko se
spremeni preto¢no polje, se spremeni tudi temperaturno polje tako, da v termi¢ni mejni plasti blizu dipola nastane
grba. Sprememba temperaturne porazdelitve zaradi magnetnega polja povzroci tudi spremembo temperaturnega
gradienta v ferofluidu. Rezultati kazejo rast povpre¢nega Nusseltovega sStevila z dodajanjem delcev Fe;Oy, tako da
se vrednost v primerjavi z osnovnim fluidom pri 6 vol. % Fe;O,4 poveca za 51,1 % pod vplivom magnetnega polja
oz. za 8,5 % v odsotnosti magnetnega polja. Ugotovljeno je bilo, da imajo ferofluidi pri majhnih Reynoldsovih
Stevilih dobro sposobnost prenosa toplote, ker se ustvarja razmeroma malo entropije. Pri fiksni vrednosti ¢rpalnega
dela in majhnih vrednostih Reynoldsovega Stevila rahlo povecanje vrednosti Re za osnovno tekoc¢ino (priblizno do
Re =60) ugodno vpliva na prenos toplote. NUR za pospeseno osnovno tekocino je tako vecji kot pri nepospesenem
nanofluidu (volumski delez do 0,04), z vidika termodinamike pa se ustvarja ve¢ entropije (veéji NSR v primerjavi
z nepospesenim nanofluidom).

Nepospeseni nanofluid z volumskim delezem nad 0,04 ima pri vecjih vrednostih Reynoldsovega Stevila
za osnovno tekocino (Re > 60) boljse lastnosti prenosa toplote (ve¢ja vrednost NUR) v primerjavi s pospeseno
osnovno tekocino, ustvarja pa se tudi manj entropije. Vrednost NSR z rastjo volumskega deleza Fe;O,4 do 4 % v
sistemu presega vrednost NUR, pri volumskih delezih med 0,04 in 0,06 pa se trend obrne. NUR pri 6 vol. % je
tako v primerjavi s 4-odstotnim volumskim delezem magnetnih nanodelcev vecji za 10,4 %, NSR pa le za 6,2 %.
Iz tega zanimivega rezultata sledi, da je s staliS¢a drugega zakona termodinamike primerno tudi povecanje
volumskega deleza nanodelcev iz 0,04 na 0,06 ob povecanju konvektivnega prenosa toplote.

Kljuéne besede: ferofluid, volumski deleZ nanodelcev, magnetno polje, ustvarjanje entropije, koncni
volumni
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Karakterizacija dinamike mikrokonzol
po metodi vzbujanja z udarnim valom

Dongsheng Shel.* —Yiliu Yang2 — Zefei Weil — Zhen Yu!

1 Univerza Bohai, Tehniski kolidz, Kitajska
2 Univerza Bohai, Raziskovalni in u¢ni institut pri kolidzu za racunalnistvo, Kitajska

Senzorji in aktuatorji MEMS za visoke temperature imajo velik potencial na razlicnih podrocjih, kot so
avtomobilska, letalska in vesoljska, oborozitvena in jedrska industrija. Na ucinkovitost delovanja naprav
MEMS moc¢no vplivajo dinamicne karakteristike njihove notranje mikrostrukture, zato je nujna preucitev
dinamiénih znacilnosti mikrostrukture v visokotemperaturnem okolju. Pomemben parameter zasnove MEMS je
temperaturni koli¢nik lastne frekvence (TCF). Na podlagi TCF je mogoce napovedati variabilnost resonan¢nih
frekvenc mikrostruktur v rezimu spreminjajoce se temperature. Za eksperimentalno dolo¢itev vrednosti TCF za
mikrostrukture je potreben sistem za dinamicno preizkuSanje z enoto za toplotno obremenjevanje.

Za preucitev TCF mikrokonzol iz enokristalnega silicija pri visokih temperaturah od 299 do 773 K je bil
postavljen sistem za dinamicno preizkusanje z enoto za toplotno obremenjevanje. Predlagana je metoda vzbujanja
mikrokonzol z udarnim podstavkom po metodi udarnega vala, vibracijski odziv mikrokonzol pa se zajema s tehniko
laserske Dopplerjeve vibrometrije. Sistem za dinami¢no preizkuSanje je sestavljen iz treh glavnih delov: sistema
za zajem in analizo podatkov, priprave za vzbujanje in enote za visokotemperaturno obremenjevanje. Izdelani sta
bili dve mikrokonzoli iz enega kristala silicija, poimenovani mikrokonzola 1 in mikrokonzola 2. Mikrokonzola 1
je v obliki ¢rke T, mikrokonzola 2 pa je enakomernega pravokotnega prereza.

Obe mikrokonzoli sta bili preizkuSeni v visokotemperaturnem obmocju od sobne temperature do 773 K.
Rezultati kazejo, da so se lastne frekvence pri povisanih temperaturah pri obeh mikrokonzolah nekoliko zmanjsale,
odvisnost med lastno frekvenco prvega reda in temperaturo pa je prakticno linearna. Obe mikrokonzoli imata
skoraj enako vrednost TCF. Da bi ugotovili, zakaj imata mikrokonzoli razli¢nih oblik enak TCF, smo analizirali
teoreti¢ni TCF za obe mikrokonzoli. Iz teoreticne analize sledi, da na vrednost TCF tako pri mikrokonzoli v obliki
¢rke T kakor tudi pri mikrokonzoli z enakomernim pravokotnim prerezom vpliva le temperaturni koli¢nik modula
elasti¢nosti in temperaturnega koeficienta linearnega raztezka.

Predlagana metoda vzbujanja z udarnim valom je ucinkovita pri mikrostrukturah z visokimi lastnimi
frekvencami. Gre za brezkontaktno in neporusno metodo, ki uporablja tlacni impulz udarnega vala kot silo
za vzbujanje mikrostrukture. Metoda vzbujanja z udarnim valom ima prednost pred vzbujanjem podstavka
s piezoelektriénim kerami¢nim pretvornikom (PZT), ki je najbolj razsirjen na¢in za dinamicno karakterizacijo
mikrostruktur. Pri vzbujanju z udarnim valom prejme preizkusana mikrostruktura samo en udarec, pri vzbujanju
prek podstavka s PZT pa je teh udarcev véasih tudi ve¢ zaradi kompleksnih elektromehanskih sklopitev. Metoda
vzbujanja z udarnim valom je primerna tudi za visokotemperaturna okolja, je pa zahtevnejSa v smislu potrebne
opreme in upravljanja eksperimenta. Prav tako ne omogoc¢a dolocanja vrednosti FRF za mikrostrukturo, saj je sila
vzbujanja tezko merljiva.

Kljucne besede: preizkuSanje dinami¢nih karakteristik, mikrokonzola, udarni val, temperaturni koli¢nik
lastne frekvence, visoka temperatura, laserski Dopplerjev vibrometer

S| 88 *Naslov avtorja za dopisovanje: Bohai univerza, Tehniski kolidZ, No. 19, Keji cesta, Jinzhou, Kitajska, mems-sds@163.com



Strojniski vestnik - Journal of Mechanical Engineering 62(2016)9, SI 89 Prejeto v recenzijo: 2016-02-26
© 2016 Strojniski vestnik. Vse pravice pridrZane. Prejeto popravljeno: 2016-05-27
Odobreno za objavo: 2016-06-07

Karakterizacija volumskega toka
skozi PWM krmiljen hitri preklopni ventil

Miha Pipan* — Niko Herakovi¢
Univerza v Ljubljani, Fakulteta za strojnistvo, Slovenija

Namen raziskave je podrobno analizirati vpliv razlicnih frekvenc in Sirine pulza PWM krmilne metode na
karakteristiko volumskega toka hitrega preklopnega pnevmaticnega ventila. Prav tako je namen analizirati
vpliv drugih pomembnih parametrov kot so tlacna razlika in najmanjsa Sirina pulza potrebna za odprtje ventila.
Pomemben cilj predstavljajo raziskave moznosti izdelave novih krmilnih algoritmov za hitre preklopne ventile s
PWM metodo.

Pnevmati¢ni servo sistemi, ki uporabljajo hitre preklopne ventile in so krmiljeni z digitalno tehniko, imajo
prednost pred konvencionalnimi zvezno delujo¢imi pnevmati¢nimi servo ventili glede ekonomicnosti, zanesljivosti
in odziva. Uporabljene frekvence PWM signala za krmiljenje pnevmaticnih hitrih preklopnih ventilov so bile do
sedaj med 20 Hz in 100 Hz in so pretezno omejene z odzivnim ¢asom ventilov. Novejsi preklopni ventili, ki
delujejo na osnovi JetFlow tehnologije, uporabljajo krmilne membrane z majhno maso, in dosegajo odzivne Case
pod 1 ms, s ¢imer omogocajo krmiljenje s PWM metodo frekvence do 500 Hz.

Pnevmati¢ni hitri preklopni ventil smo krmilili z uporabo PWM krmilne metode pri frekvencah 200 Hz, 250
Hz in 300 Hz in merili volumski tok na izhodnem prikljucku pri tlacnih razlikah 0.1 bar do 6 bar. Analizirali smo
vpliv tlacne razlike na minimalno $irino pulza, pri kateri se je ventil odprl, ter odvisnost volumskega toka od Sirine
pulza krmilnega signala. Za natan¢nejsi popis odziva ventila, se je Sirina PWM-pulzov v prehodnem podrocju
spreminjala od 0 % do 10 % s korakom 1 % in od 10 % do 100 % s korakom 10 %. Posebej smo z natan¢nostjo
0.1% 8irine pulza dolo¢ili najkrajsi pulz potreben za prvi odziv ventila.

Na podlagi rezultatov raziskav smo ugotovili, da s spreminjanjem Sirine pulza lahko zvezno krmilimo velikost
odprtja ventila in s tem pretok skozi ventil. Minimalna §irina pulza, potrebna za odpiranje ventila, se spreminja
nelinearno glede na tlacno razliko in znasa med 0.1 ms in 0.4 ms. Povezava med Sirino PWM pulza in povpre¢nim
tokom skozi ventil pri visjih tla¢nih razlikah (nad 2 bar) postane linearna. Pri nizjih tla¢nih razlikah (do 2 bar) in
Sirini pulza, ko se ventil zacenja odpirati, pojavi strmo povecanje volumskega toka, ki se nato stabilizira in postane
linearen.

Z upostevanjem rezultatov analiz je mogoce izdelati krmilni algoritem, ki bo uporabil PWM metodo s
frekvenco 250 Hz, ki je za 150 % visja od sedanjih krmilnih algoritmov in se nahaja v nadkriti¢cnem frekven¢nem
obmocju pnevmati¢nih komponent. Prav tako je prvi¢ eksperimentalno izmerjena odvisnost spreminjanja
minimalne Sirine pulza v odvisnosti od tlacne razlike.

Za linearno krmiljenje volumskega toka skozi ventil bomo odvisnost med Zelenim odprtjem ventila in Sirino
PWM pulza upostevali pri izdelavi krmilnega algoritma, ki bo glede na tlacno razliko doloc¢il minimalno Sirino
pulza in uposteval strm zacetni prehod. Razvit krmilni algoritem bo zaradi visoke frekvence in majhnih tla¢nih
udarov omogocil natan¢no zvezno krmiljenje aktuatorjev pnevmaticnih komponent. Odvisnost med Sirino pulza
in zelenim odprtjem ventila se bo dolocila z matematicnim popisom odvisnosti pretoka od Sirine pulza, oz. ¢e
to ni mogoce, z uporabo numeriénih metod. S tem bo omogocéena izdelava hitro odzivnega digitalnega servo
pnevmaticnega sistema za krmiljenje pnevmati¢nih linearnih pogonov, tudi pnevmati¢nih misic, v zaprti zanki.
Kljucne besede: hitri preklopni ventil, pulzno Sirinska modulacija, pretocne karakteristike, Sirina pulza
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DOKTORSKE DISERTACIJE, ZNANSTVENA MAGISTRSKA DELA

DOKTORSKA DISERTACIJA

Na Fakulteti za strojniStvo Univerze v Ljubljani so
obranili svojo doktorsko disertacijo:
e dne 5. julija 2016 Andrej SKRLEC z naslovom:
»Razvojna metoda za napoved obnaSanja konstrukcij
pri delovanju kratkotrajnih sunkovitih mehanskih
obremenitev« (mentor: izr. prof. dr. Jernej Klemenc);
V delu je predstavljena metodologija za
ocenjevanje parametrov materialnih modelov, ki
opisujejo obnaSanje materiala pri poviSanih hitrostih
specificnih deformacij. Postopek ocene parametrov
materialnih modelov, ki opisujejo vpliv hitrosti
specificnih deformacij, je osnovan na preizkusu
vtiska kroglice v plo¢evinast preizkuSanec. V ta
namen smo izdelali napravo, s katero smo nadgradili
ze obstojece preizkuSevalis€e za razpocni test ohisij
turbokompresorjev. Na osnovi eksperimentalnih
rezultatov smo ocenjevali parametre Cowper-
Symonds-ovega in Johnson-Cook-ovega materialnega
modela, s katerima izvajamo kompleksna numeri¢na
vrednotenja izdelkov oz. posameznih komponent
v primerih udarnih mehanskih obremenitev. Za
oceno optimalnih vrednosti parametrov materialnih
modelov smo med seboj povezali numeri¢ne
simulacije, metode nacrtovanja preizkusov, nov
nacin modeliranja odzivnih povrSin in numeri¢ni
optimizacijski algoritem. Dobljene parametre smo
primerjali z vrednostmi iz literature in rezultate
simulacij z optimalnimi parametri primerjali z
eksperimentalnimi vrednostmi. Predstavljena metoda
ocenjevanja parametrov s kombinacijo genetskega
algoritma in razvitega globalno-lokalnega modela
odzivne povrsine obcutno skrajsa Cas za oceno
parametrov materialnih modelov in je zato uporabna
tudi na inzenirskem nivoju;
e dne 5. julija 2016 Gasper SKULJ z naslovom:
»Samoorganizacija avtonomnih delovnih sistemov
v decentraliziranem proizvodnem sistemu« (mentor:
prof. dr. Alojzij Sluga, somentor: doc. dr. Rok Vrabic);
Doktorska disertacija obravnava organizacijo
proizvodnih sistemov v nepredvidljivem okolju

sodobnega globaliziranega sveta z namenom
razvoja konceptualnega modela personalizirane
proizvodnje. Razvit konceptualni model dCM

temelji na samoorganizaciji avtonomnih delovnih
sistemov. Model je eksperimentalno preizkusen
z uporabo metod eksperimentalne ekonomije.
Lastnosti eksperimentalnega proizvodnega sistema
so opazovane z vidika robustnosti in organiziranosti.
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Organiziranost sistema je analizirana z uporabo mere
samoorganizacije decentraliziranega proizvodnega
sistema, ki je razvita na podlagi teorije informacij.
Potrjeno je, da se v eksperimentalnem proizvodnem
sistemu izvede proces samoorganizacije;

e dne 6. julija 2016 Jost POTRPIN z naslovom:
»Mehansko optimiranje polozajev gomoljev v
lehi krompirja« (mentor: prof. dr. Rajko Bernik;
interdisciplinarni Studij Bioznanosti);

V letih 2011, 2012 in 2013 smo na poskusnem
polju Biotehniske fakultete v Ljubljani izvajali poljski
poskus s Stirimi razli¢énimi sortami krompirja (faluka,
manitou, madeleine in stirling). Namen poskusa je
bil ugotoviti, e obstajajo statisticno znacilne razlike
v rastnih zahtevah razli¢nih sort po prostoru v lehi
krompirja. V ta namen smo opredelili in preucili
naslednje parametre: povrsino oblike okrog gomoljev
(elipsa), povrSino precnega prescka lehe krompirja,
vertikalni in horizontalni razpon gomoljev v lehi
krompirja, dolzino a in b polosi elipse, najmanjSo
oddaljenost gomoljev od zunanje stranice Ilehe
krompirja in najmanjSo oddaljenost elipse od
zunanje stranice lehe krompirja. Ker smo v letu 2012
ugotovili, da obstojeca metoda ME doloc¢anja povrsine
oblike okrog gomoljev (elipsa) ni dovolj natan¢na, saj
zavzema preve¢ praznega prostora v lehi in posledi¢no
ni dovolj statisticno znacilnih razlik, smo v letu 2013
nadgradili matemati¢ni model (metoda MCP), ki v
izratun povrsSine oblike okrog gomoljev (ogrinjaca)
vkljuéi tudi fizikalno lastnost gomoljev - maso.
Ugotovili smo, da imajo razlicne sorte razlicne rastne
zahteve po prostoru v lehi krompirja. Za izbrane sorte
smo dolocili optimalno obliko lehe na tak nacin, ki
zagotavlja kar najvecji pridelek in kakovost krompirja;
e dne //. julija 2016 David KALJUN z naslovom:
»Optimizacija  nartovanja  optinega  sistema
LED svetilke« (mentor: prof. ddr. Janez Zerovnik,
somentor: prof. dr. Jozef Duhovnik);

Delo obravnava podrocje simulacije prostorske
porazdelitve svetlobe z vidika moZznosti implementacij
optimizacijskih metod. Sestavljeno je iz analiticnega
in eksperimentalnega dela. Analiticni del raziskave
predstavlja implementacijo matemati¢cnega modela
in razvoj ve¢ iskalnih raCunalniskih algoritmov
potrebnih  za delovanje optimizacijskih metod.
Eksperimentalni del zajema racunalniske simulacije
za verifikacijo razvitih algoritmov in realno meritev
za dokon¢no potrditev razvitih metod.Zakljucek
dela predstavljajo: razvita metoda za optimizacijo
prostorske porazdelitve svetilnosti LED svetila,
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potrditev ustreznosti matemati¢nega modela, predlog
novega zapisa datoteke prostorske porazdelitve
svetilnosti in optimizacijska aplikacija.

e dne /2. julija 2016 Ivan DEMSAR z naslovom:
»Kinematika in dinamika nadkolenske proteze
za dvosledno smucanje« (mentor: prof. dr. Jozef
Duhovnik, somentor: izr. prof. dr. Matej Supej);

Delo  prestavlja rezultate teoreticne in
eksperimentalne analize in razvoja proteznega
kolena za obi¢ajno dvosledno alpsko smucanje oseb
z nadkolensko amputacijo. Delo temelji na analizi
naravnega procesa kinematike in dinamike nog pri
laboratorijski simulaciji gibanja smucarja v zavoju.
Izdelana je simulacija kinematike, dinamike in
trdnosti obstojeCega proteznega kolena. Ustreznost
matematicnega modela je preverjena z meritvami.
Glede na vkljuenost smucarskega cevlja smo
izdelali tudi meritve togosti smucarskega cevlja. Z
meritvami kinematike in dinamike proteze in zdrave
noge pri osebi z nadkolensko amputacijo in kontrolne
skupine smo preverili ustreznost obstojece proteze
in oblikovali konstrukcijske smernice za nadaljnji
razvoj proteze za dvosledno alpsko smucanje oseb z
nadkolensko amputacijo;

e dne 2. julija 2016 Vladimir PEJAKOVIC z
naslovom: »Vpliv ionskih teko¢in na mejno mazanje
jeklenih povrSin« (mentor: prof. dr. Mitjan Kalin);

V doktorski disertaciji smo raziskovali triboloske
lastnosti razlicnih kombinacij kationov in anionov v
sulfatnih ionskih tekoc¢inah, ki smo jih uporabljali kot
dodatke v baznih oljih za mejno mazanje v kontaktih
jekla. Raziskovali smo vpliv baznih olj, koncentracije
ionskih tekocin v baznem olju, dolzine alkilne verige
in kontaktnih pogojev ter v povezavi s tem predlagali
mehanizme mazanja. Uporabljena sulfatna skupina
ionskih tekoCin pred tem S$e ni bila raziskana v
literaturi, kar predstavlja znanstveno novost naloge.
Rezultati so pokazali jasen vpliv vrste kationov, kakor
tudi dolzine alkilne verige anionov na triboloSko
obnasanje maziv. Za nekatere kontaktne razmere je
bila ugotovljena tudi optimalna koncentracija ionskih
tekocin. Zascitni povrsinski mejni filmi, ki se tvorijo
med triboloskimi kontakti temeljijo predvsem na
osnovi sulfidov, ki omogocajo znizanje trenja.

*

Na Fakulteti za strojniStvo Univerze v Mariboru so
obranili svojo doktorsko disertacijo:

e dne 7. julija 2016 Gregor VEDENIK
z  naslovom:  »Upravljanje = sprememb  za
prestrukturiranje poslovnih procesov v proizvodnji
duroplastov s pomoc¢jo genericnega modela« (mentor:
doc. dr. Marjan Leber);

Slovensko gospodarsko okolje je v zadnjih desetletjih
dozivelo ogromno tranzicijskih, lastniskih, trznih,
politiénih in tudi finan¢nih sprememb. Podjetja,
ki teh sprememb niso pravocasno upostevala pri
oblikovanju in izvajanju strategij, so se hitro znasla v
tezavah oziroma sploh niso prezivela. Obvladovanje
sprememb je kljunega pomena za konkuren¢no
delovanje podjetij, organizacij. Podjetja lahko za
podporo uporabljajo razliéne pristope, tehnike, orodja,
modele, ki pa niso prilagojeni zahtevam, ki izhajajo iz
strategije in okolja ter tipu podjetja, Se posebej, ¢e so
ta mala in srednje velika. V disertaciji je predstavljena
zasnova in na Studiju primera prikazano delovanje
genericnega modela za obvladovanja sprememb,
ki na osnovi simulacij menedzmentu v malih in
srednje velikih podjetjih nudi podporo pri zaznavanju
problemov, definiranju reSitev in implementaciji
nujnih sprememb v poslovnih procesih. Uporaba
generi¢nega modela za upravljanje sprememb stati¢no
podjetje spreminja v dinamicno, ki je sposobno hitrih
prestrukturiranj, ko je to potrebno;
e dne /4. julija 2016 Tina ZELJKO z naslovom:
»Uspesnost naprednega oksidacijskega postopka pri
¢isCenju tekstilne odpadne vode ter njena ponovna
uporaba v procesu barvanja z reaktivnimi barvili«
(mentor: prof. dr. Alenka Majcen Le Marechal);
Doktorska disertacija je razdeljena na dva
vecja sklopa. Prvi je namenjen kemometrijski
karakterizaciji tekstilnih odpadnih vod, drugi pa
UV/H,0, postopku. V prvem sklopu smo s pomocjo
podrobne kemijske analize posameznih tekstilnih
procesnih odpadnih tokov iz tovarne Svilanit ter
uporabljenih  kemometrijskih metod (korelacijska
analiza, CA, PCA in LDA) odpadne tokove
klasificirali in loc¢ili na tiste, ki bi se jih dalo obdelati z
MBR ter evapokoncentracija) v tekstilni tovarni sami.
V drugem sklopu, ki je namenjen UV/H,0, postopku,
smo izvedli S$tevilne eksperimente na razli¢nih
napravah. Na laboratorijski UV/H,0, napravi smo
obdelali realne tekstilne odpadne vode iz tovarne
Svilanit in Tekstina ter vodne raztopine hidroliziranega
reaktivnega barvila RB 4. Na pilotni UV/H,0,
napravi smo obdelali razli¢ne realne tekstilne odpadne
vode iz postopka barvanja z reaktivnimi barvili,
nekaj primerov smo izvedli tudi na tekstilni odpadni
vodi, ki je bila predhodno obdelana z UF v tovarni
Svilanit. V tovarni Tekstina smo s pilotno UV/H,0,
napravo obdelali realne tekstilne odpadne vode, ki so
bile predhodno c¢is¢ene z drugimi tehnologijami (NF,
MBR ter evapokoncentracija). Najboljse rezultate
smo dobili v primeru c¢is¢enja nizko koncentriranih
tekstilnih odpadnih vod (absorbanca < 1). Z in situ
elektrokemijsko proizvedenim H,0O, na plinsko-
difuzijski elektrodi smo pri modificiranem UV/
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H,0, postopku prav tako dosegli dobre rezultate
razbarvanja in razgradnje realne tekstilne odpadne
vode ter raztopin hidroliziranih reaktivnih barvil.
Preostali H,O, smo po laboratorijski UV/H,0,
obdelavi uspesno odstranili z encimatsko razgradnjo
(katalaza). Dolo¢ene tekstilne odpadne vode iz obeh
tovarn smo po UV/H,0, obdelavi ponovno uporabili
v procesu barvanja ter s pomoc¢jo barvne metrike
dolo¢ili kvaliteto obarvanega tekstilnega materiala.
1z rezultatov je razvidno, da so le nekatere tekstilne
odpadne vode (absorbanca < 1) po UV/H,0, postopku
primerne za ponovno uporabo, primernost ostalih
pa lahko izboljSamo $e s predhodnim ¢isenjem z
drugimi tehnologijami;

e dne /6. julija 2016 Martin KODRIC z naslovom:
»Razvoj hibridnega stroja za delo na strmem terenu«
(mentor: prof. dr. Joze FLASKER);

Obravnavamo problem vzdolzne obdelave
nasadov na strmih kmetijskih povrsinah, ki se
danes obdelujejo z vitelnimi obdelovalnimi stroji.
Za ugotavljanje energijske ucinkovitosti obdelave
kmetijskih povrSin smo uvedli pojem izkoristek
procesa obdelave kmetijskih povrSin, s katerim
je opredeljeno razmerje med energijo delovnih
prikljuc¢kov in skupno vlozeno energijo. Razvili smo
koncept stroja, ki izkori§¢a razpolozljivo potencialno
energijo in v ¢asu voznje po strmi povrSini navzdol
uporablja dva delovna prikljucka hkrati. Izdelali smo
samovozni stroj z vitelnim in kolesnim pogonskim
sklopom ter s hidrostaticnim prenosom moci. Prednosti
novega stroja smo dokazali z metodo nevronskih
mrez. Napisali smo algoritem za ugotavljanje in
napovedovanje izkoristka procesa obdelave strme
kmetijske povrsine. Rezultati izboljSav so manjsa
poraba goriva, manjsa koli¢ina proizvedenega CO, in
manjsi stroski obdelave.

ZNANSTVENO MAGISTRSKO DELO

Na Fakulteti za strojniStvo Univerze v Ljubljani je z
uspehom zagovarjal svoje magistrsko delo:

e dne 31. avgusta 2016 Andrej GLOJEK z
naslovom: »Celovit in rac¢unalnisko podprt proces
zasnove in izdelave orodij za brizganje majhnih
izdelkov iz polimernih materialov« (mentor: prof. dr.
Karl Kuzman)

Na Fakulteti za strojniStvo Univerze v Mariboru so z
uspehom zagovarjali svoje magistrsko delo:

® dne 1l. julija 2016 Alenka BOTOLIN z
naslovom: »Ekoloski in ekonomski vidiki odvajanja

in ¢is€enja izcednih vod deponije« (mentor: prof. dr.
Darinka Fakin);

S192

o dne 13. julija 2016 Tva MLINSEK LESNIK z
naslovom: »Dejavniki tveganja v procesu realizacije
invencije« (mentor: doc. dr. Marjan Leber);

® dne 13. julija 2016 Joze PAVLINJEK =z
naslovom: »Uporaba vrednostno-¢asovnega profila
pri optimizaciji stroskov investicijskega projekta«
(mentor: prof. dr. Borut Buchmeister);

e dne 14. julija 2016 Damir LUKEZIC z
naslovom: »Uporaba analize toka vrednosti pri
optimizaciji poslovno-proizvodnih procesov«
(mentor: prof. dr. Borut Buchmeister);

® dne 14. julija 2016 Ale§ ELBL z naslovom:
»Optimizacija procesov razvoja z uvedbo koncepta
soCasnega inzenirstva« (mentor: prof. dr. Borut
Buchmeister);

® dne 15 julija 2016 Barbara KOLAR z
naslovom: »lzdelava metodologije za ocenjevanje in
sporocanje o okoljski uspesnost izdelka — »izracun
okoljskega odtisa« za barvne koncentrate CCMaster -
masterbatch« (mentor: doc. dr. Marjan Leber);

e dne 16. avgusta 2016 Peter KERS z naslovom:
»Optimiranje verige dodane vrednosti pri nacrtovanju
in izdelavi preoblikovalnih orodij« (mentor: prof. dr.
Borut Buchmeister);

® dne 17. avgusta 2016 Marko SMRTNIK z
naslovom: »Analiza stroskovno-¢asovnega vlozka v
proizvodnji Kopur, d.o.0.« (mentor: prof. dr. Borut
Buchmeister);

e dne 17. avgusta 2016 Stanka VUCKO
PAVLEKOVIC z naslovom:  »Optimizacija
krmiljenja proizvodnje po naro€ilu« (mentor: prof. dr.
Borut Buchmeister);

e dne 18. avgusta 2016 Martin SMODIS z
naslovom: »Raziskava vsebnosti elementov redkih
zemelj v prenosnih telefonih« (mentor: prof. dr. Niko
Samec);

® dne 18 avgusta 2016 Janez CIGUT z
naslovom: »Upravljanje projektov v podjetju za
proizvodnjo medicinske opreme« (mentor: izr. prof.
dr. Iztok Palcic);

® dne 18. avgusta 2016 Irena KRAMBERGER
z naslovom: »Problematika adsorbljivih organskih
halogenov in tenzidov v odpadnih vodah zdravstvene
dejavnosti« (mentor: prof. dr. Milenko Ros);

e dne 18. avgusta 2016 Sabina HRASAN
z naslovom: »Vpliv hrupa na proizvodni in
izobrazevalni proces« (mentor: doc. dr. Natasa Vujica
Herzog);

e dne 18. avgusta 2016 Katja TEMENT z
naslovom: »Zaznavanje amoniaka na osnovi sol-gel
senzorskih nanosov« (mentor: prof. dr. Aleksandra
Lobnik);

® dne 18 avgusta 2016 Vesna MASTEN
GUBELJAK z naslovom: »Odstranjevanje svincevih
in kromovih ionov iz vodnih raztopin s pomocjo
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adsorpcije na nanodelce« (mentor: prof. dr. Aleksandra
Lobnik);

® dne 22. avgusta 2016 Bo$tjan ZIGON z
naslovom: »Modeliranje trka osebnih vozil« (mentor:
prof. dr. Zoran Ren);

® dne 23. avgusta 2016 Zoran BELIC z
naslovom: »Validacija racunskega modela za
vrednotenje hrupa v okolju z meritvami v realnih
pogojih« (mentor: prof. dr. Bojan Acko);

e dne 23. avgusta 2016 Drazen MARKOVIC
z naslovom: »lIzboljSava procesa nadzora kakovosti
dobavljenih izdelkov« (mentor: prof. dr. Bojan Acko);

o dne 24. avgusta 2016  BoStjan
MARZIDOVSEK z naslovom: »Uvedba metode
SMED kot korak na poti k vitki proizvodnji« (mentor:
prof. dr. Borut Buchmeister);

e dne 25. avgusta 2016 Bojan CURIN z

naslovom: »Razvoj in optimiranje elektricne
oscilatorsko tangentne glave« (mentor: doc. dr.
Marjan Leber);

o dne 29. avgusta 2016 Bojan KROPF

z naslovom: »Zasnova inteligentnega modela
racunalniS§ko integrirane proizvodnje v topli valjarni
aluminija« (mentor: prof. dr. Joze Bali¢);

e dne 29. avgusta 2016 Tilen RAVLAN z
naslovom: »Optimizacija kapacitet za proizvodnjo

industrijskih nozev s simulacijsko analizo« (mentor:
prof. dr. Borut Buchmeister);

o dne 30. avgusta 2016 Silvo BORSIC z
naslovom: »Model optimalizacije sprozanja Vv
sanitarnih sistemih« (mentor: doc. dr. Mirko Ficko);

o dne 30. avgusta 2016 Miran ROZMAN
z naslovom: »Metoda za dolocitev degradacije
vroCevodnih cevi na osnovi meritev neravnin profila«
(mentor: prof. dr. Nenad Gubeljak);

e dne 30. avgusta 2016 Beno JURJOVEC z
naslovom: »Analiza vpliva postopka izdelave jekla
30MnVS6 na pojav povrsinskih napak z uporabo
genetskega programiranja« (mentor: prof. dr. Joze
Bali¢);

® dne 30. avgusta 2016 Petra FURMAN z
naslovom: »Problematika odpadnih vod v proizvodnji
sukancev in trakov« (mentor: prof. dr. Darinka Fakin);

o dne 30. avgusta 2016 Joze TURNSEK z
naslovom: »Obravnava elastiéne povratne deformacije
pri globokem vleku visokotrdnostnih jekel« (mentor:
prof. dr. Zoran Ren);

® dne 31. avgusta 2016 Jano MULEJ z
naslovom: »Trdnostna analiza in razvoj livarskega
blazilca kineti¢ne energije taline« (mentor: prof. dr.
Nenad Gubeljak).
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