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Numerical Modeling of Dust Lifting
from a Complex-Geometry Industrial Stockpile

Lovrenc Novak! — Benjamin Bizjan!.2* — Jure Praznikar3 — Boris Horvat23 — Alen Orbani¢2.3 — Brane Sirok!

1 University of Ljubljana, Faculty of Mechanical Engineering, Slovenia
2 Abelium Research and Development, Slovenia
3 University of Primorska, Institute Andrej Marusic¢, Slovenia

This paper investigates the dust lifting phenomenon at the coal and iron ore stockpile at the Port of Koper, Slovenia. Dust lifting presents a
serious environment and health hazard, thus the main objective of our study was to propose efficient measures for wind erosion reduction.
A numerical model of the stockpile was created using the computational fluid dynamics (CFD) software. Wind velocity fields above the piles
were calculated for the current stockpile layout and for several modified cases with rearranged piles and added porous barriers. Results from
numerical modelling were used in the USEPA model to determine dust emission factors. Comparison of selected cases shows a positive,
although limited effect of porous fences and barriers on reduction of local velocities and consequently, dust erosion rate. On the other hand,
pile rearrangement has little effect and may not be practical for implementation. Realistic stockpile geometry with adjacent structures has
shown to cause wind velocity distributions, which are not consistent with the most studied cases of regular pile shapes and layouts. The angle
of incoming wind is a key factor influencing effectiveness of both solid and porous windbarriers. The proposed placement of porous barriers
between the piles has shown to be effective in reducing wind exposure and dust emission. To maintain the dust emissions at an acceptably

low level, other measures such as spraying with water and crust-forming liquids may still be necessary at higher wind velocities.
Keywords: computational fluid dynamics, fugitive emissions, dust lifting, open storage pile, emission factor, wind velocity

Highlights
e Wind-driven dust lifting from port stockpile was studied.

e Wind speed across piles was calculated numerically using CFD software.

e Solid fences provide a very limited wind protection.
o Porous fences significantly reduce total emission rate.

. Properly placed transverse barriers reduce wind velocity and emissions.

O INTRODUCTION

Wind-driven erosion of fine particles from granular
materials stored in open stockpiles, also known as
dust lifting, is one of the main environmental and
safety issues of modern-day seaport operations. Most
problematic in this respect are loose dry materials
such as coal and iron ore due to the high fugitive
emission potential during handling and storage. Large
open stockpiles, such as those typically encountered
in cargo ports, are especially problematic due to their
exposure to wind. Different wind erosion mechanisms
can be identified depending on the ratio of wind
induced acrodynamic forces (lift and drag) and gravity
force, such as creep, saltation and suspension [1]. The
wind-induced fugitive dust emissions result in material
loss from the stockpile and at the same time increase
particulate matter concentrations, with significant
health hazards when particles are transported to urban
areas. Particulate matter emissions have become a
global health issue as negative effects are observed
at all levels of exposure [2], therefore particulate
emissions must be reduced as much as possible.

Over the last decade, computational fluid
dynamics (CFD) with experimental validation has
been used extensively for analysis of flow structures
over different stockpile configurations. Badr and
Harion [3] and [4] used 3D numerical simulations and
validated them for wind tunnel measurements. Toraio
et al. [5] found that the semicircular pile shape lowered
dust emissions and study made by Turpin and Harion
[6] showed that the flat-topped pile configuration is the
most favorable shape to lower dust emissions. In very
complex sites such as ports and power plants, where
“24/7” activity is present, it is not possible to perform
on-site experimental studies due to instrumentation
and logistical limitations. In such cases, CFD
simulations alone can be used as an alternative tool
for engineers to improve the understanding of flow
processes at fine spatial resolution and to evaluate
emissions at particular industrial sites [7].

To accurately evaluate occurrence of wind-
induced erosion in ports and other industrial sites,
stockpiles should not be considered as individual
elements. An aggregate storage yard is composed
of many stockpiles in addition to obstacles such as
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buildings and cranes, which can affect local wind
distribution [8]. Stockpile arrangement at storage
yards was found to significantly affect the dust
lifting. The simulation performed by Diego et al. [9]
showed that the front pile creates a “shadow” of wind
over the back pile, thus emission of adjacent piles
are not equal. Another step forward was made by
Cong et al. [10] who studied 16 stockpiles arranged
in 4 rows and 4 columns. Their analysis showed that
total dust emission is increased when the distance to
the adjacent piles is raised and vice versa. Therefore,
in order to evaluate emissions from a particular
stockpile, adjacent piles should also be considered.
Calculations by Furieri et al. [11] showed that not
only piles, but areas surrounding the piles could
contribute significantly to the total emission of dust
particles. Furthermore, the simulations made by
Turpin and Harion [8] revealed a significant effect of
adjacent buildings. In their simulation, three very long
stockpiles were included in the calculation domain.
While this may be a common situation in a power
plant storage yard, the situation is very different
at port terminals where coal is transported from
different destinations and is then delivered to various
customers. Coal at terminals cannot be “mixed up” to
form a large single coal pile, therefore it is common
that coal is warehoused in a large number of piles.
The size, location and arrangement of piles is set
up in a way to allow fast and efficient coal handling
for the port authorities, suppliers and customers.
Additionally, rearrangement or resizing of stockpiles
to reduce fugitive emissions is often restricted
by crane capabilities and placement of adjacent
buildings, meaning that large-scale modifications may
not be practical and economically justified. Taking all
these issues in consideration, modeling of an actual
configuration presents a challenge and an opportunity
to improve the understanding of fugitive emissions.

In this study, we have used measured wind speeds
and directions to simulate realistic scenarios in the
cargo port. The height, size, arrangement and shape
of piles were set to represent the most commonly
used distribution of coal at the fully occupied port
terminal. Moreover, surrounding buildings, solid
fence and cranes were also included to achieve a more
realistic model. Simulations of air flow in the model
were performed by employing state-of-the-art CFD
simulations. Additionally, simulated data were used
to estimate emission rates by using the United States
Environmental Protection Agency (EPA) emission
formulation.

1 METHODS
1.1 Location and meteorological conditions

The Port of Koper is located in northern Adriatic
Sea (Fig. la) and it covers about 5 km2. It is a multi-
purpose port and the basic activities in the Port of
Koper are handling and warehousing of various
cargos conducted at three terminals. At one particular
terminal, named the European energy terminal (EET),
port handles and stores coal and iron ore. The present
facility has current holding capacity of 8 million tones.
This terminal presents open storage area of 108,500
m?2 and is one of the largest bulk cargo terminals in
southern Europe.

Port of Koper
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Fig. 1. Regional location and wind conditions at the Port of
Koper; 90th percentile of wind speed (ECMWF) above land and sea
surface for: a) cold and b) warm period; ¢) wind rose and d) box
plot of measured wind speed for west and east direction

One of the most important factors that influence
fugitive emissions is wind speed. Due to the lower
sea roughness, wind speed above sea surface is higher
than wind speed over land (Fig. 1a). The regional wind
speed data was obtained from the European centre
for medium-range weather forecasts (ECMWF).
Following that, stockpiles located near seashore are
usually exposed to higher winds, which lead to higher
fugitive dust emissions. Statistical analysis of local
wind speed recorded data (at 50 m above terrain) for
the period between august 2012 and august 2013 at
the Port of Koper are shown in Fig. 1b. The box plot
(Fig. 1d) shows that gusts above 10 m/s are more
frequent from east direction.
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Nevertheless, maximum gust of 29 m/s was
recorded from west direction. Furthermore, analysis
of maximum wind speeds reveals that the highest
speeds were observed from 75° and 250° direction.
In summary, it is evident that winds from east and
occasionally west reach very high speeds and are
capable of causing significant dust emissions from the
EET stockpile.

The height of all piles was 10 m and base dimension
was between 65 m and 80 m.

Table 1. Buildings and structures in the 3D model

Dimensions (XxYxZ) [m]

Crane 1 25x15%25
Crane 2 25x25%30
) ) Crane 3 25x25%30
North side objects Crane 4 201520
Building 1 16.6x62.1x5.5
Building 2 42.9x20.7x6
Building 1 53x22x10
) ) Building 2 105%35x32
South side objects g g 3 182.5%65.4x7
Building 4 205x65.5x7
Stockpiles 65 to 75%x65 to 8010

Reservoir, diameter = 50 m, height = 15 m

|
_'l
oo == [N L
Fig. 2. a) Satellite image of the coal and iron ore stockpile with
surroundings; b) top view of the geometrical model

1.2 Numerical Method and Model

Before performing the actual simulations of airflow
over the coal and iron ore stockpile, a geometrical
model of the site and boundary conditions had to be
defined. The geometric 3D model was built on the
basis of a satellite image (Fig. 2a) available from
Geopedia [12]. It presents an area of 1380 m length
in east-west direction and 730 m length in north-south
direction (Fig. 2b). Vertically, the model was limited
to the height of 200 m above terrain or sea. Minimum
extent of the storage site surroundings, included in the
model was determined on the basis of guidelines from
relevant literature [13]. All significant wind directions
and influences of surrounding structures were also
taken in consideration and the model was further
extended in some directions (i.e. south). Heights
of included buildings and structures are presented
in Table 1. Port authorities provided all necessary
information about stockpiles, adjacent buildings and
cranes. Buildings that have no influence on conditions
at the stockpile at major wind directions were not
included in the model. Basic distribution of piles
in the model was made on the basis of the satellite
picture and information provided by port authorities.

North-south coal conveyor, height = 7mto 10 m

Discretization of the geometric model into finite
volumes (grid generation) was done with the Ansys
ICEM CFD 14.5 software. Grid density was chosen
on a basis of grid independence study, which was
performed on the single pile case (see section 2.4).
At the same time, available computer resources also
had to be considered. The final hybrid grid consisted
of 14.5 million hexahedral, tetrahedral and prismatic
elements. Prismatic elements were used on walls to
enable better resolution of the boundary layer. Near
wall grid density was designed for the use of wall
functions, which provide sufficient accuracy for flows
around buildings.

Ansys Fluent 14.5 software was used for the
CFD calculations. A Reynolds averaged Navier-
Stokes (RANS) method, which is an industry-standard
approach for simulation of atmospheric flows around
buildings, was employed. Turbulence was modeled
by the k—¢ model [14], which is a proven and robust
model, often employed in similar problems. Constants
of the model were adjusted to the recommended values
for simulation of atmospheric flows according to [15].
Standard wall functions with Fluent’s default rough
wall formulation [16] were employed. Since Fluent
Release 14.0, the default rough wall formulation shifts
wall location according to the local roughness height.
This eliminates the well known problems associated
with mesh resolution at walls with large roughness
heights [17], caused by the requirement to keep the
first node at the wall outside the specified roughness
height.

Air was used as a working fluid assuming
incompressibility (i.e. constant density). Steady state
conditions were simulated. Second order discretization

Numerical Modeling of Dust Lifting from a Complex-Geometry Industrial Stockpile 623
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schemes were used for all equations. Calculation
reached convergence when the maximum scaled
residuals for continuity and momentum equations
dropped below 5x10-4 and for turbulence equations at
least below 10-3.

1.3 Boundary Conditions

The model boundary conditions were set to represent
the actual conditions at the site. The inlet and outlet
boundary surfaces were set in pairs depending on the
simulated wind direction. For example, in case of the
north-eastern wind directions the inlets were defined
on the northern and eastern model boundaries while
the outlets were set on the southern and western
boundaries. Inlets were defined as velocity (U) inlets
with velocity and turbulence quantities (k, &) as
functions of the vertical coordinate. Standard
logarithmic profiles for atmospheric boundary layers
were used ([15] and [18]). For illustration, turbulence
intensity values, calculated from the inlet profiles as
Tu=./(2k/3)U , reach 33.5 %, 17.2 % and 12.2 %
at 1 m, 10 m and 50 m height, respectively. Terrain
roughness length of 0.1 m was assumed for the
profiles, meaning that the average roughness elements
are 1 m high. Outlet boundaries were set as pressure
outlets with average relative pressure of 0 Pa.

Walls of buildings and other structures, including
the fence, were defined as hydraulically smooth walls
with zero slip. Walls representing piles and terrain
inside the stockpile fence were set as rough walls with
equivalent sand grain roughness of 0.045 m. Terrain
outside the fence (both land and sea) was treated as
rough wall with equivalent sand grain roughness of 1
m, which takes into account the presence of different
objects such as cars, trucks, trains, piers, sea waves
etc.). Wall at the top of the model was set as a wall
with zero shear stress.

Porous walls were used to represent certain
structures, for example cranes located north of the
stockpile that were simplified to a cuboid shape.
Porous walls were also used to simulate perforated
walls and barriers that were included in some of
the calculated cases. The porous jump boundary
condition type, which can be seen as a model for a
thin membrane that has known velocity (pressure-
drop) characteristics, was employed for all cases
of porous walls. Only inertial resistance (quadratic
function of velocity) was prescribed. For cranes and
for porous fences the pressure drop at the wall equaled
0.2 times and 4 times the dynamic head of free flow,
respectively.

1.4 Computed Cases

The prevalent wind directions and intensities
were determined on the basis of continuous wind
measurements at the site. The measured values
provided the complete wind velocity vector at the
height of 50 m. Only horizontal velocity component
was taken into account since the vertical velocity was
significantly smaller. For simulations, cases were
defined at precise directions: 75° and 250° and two
wind velocity magnitudes were considered for the
simulations: 18 m/s and 22 m/s.

Taking into account the logarithmic velocity
profile, speeds at 50 m height, 18 m/s and 22 m/s,
correspond to 14.85 m/s and 18.15 m/s at the height
of 10 m, respectively. Wind speed values at the height
of 10 m were later used to calculate normalized
wind speed and emission factors according to EPA
methodology.

In addition to the simulation of base condition
representing currently existing structures and
fully occupied storage area, additional cases were
computed. All the modifications to the base conditions
were done with the aim of reducing exposure of piles
to high wind velocities. The cases were designated
with letters: (A) basic — current condition; (B) existing
fence changed into a porous fence; (D) basic condition
with piles on the south-west extended closer to the
fence; (H) insertion of porous barriers between piles
with heights of 11 meters.

Before performing simulations for different cases
with the realistic site model, a model with a single
pile was prepared to test grid independence and to
determine the influence of incoming wind magnitude
on normalized velocity distributions. The single pile
model covered the same area and height as the realistic
site model, but had all the structures and buildings
removed. It included only a single pile in the middle
of flat terrain. The pile was shaped as a cone with flat
top, where bottom radius was 25 m, height was 10 m
and side slope was 37°.

2 RESULTS AND DISCUSSION

Fugitive emissions are directly related to the wind
speed and predicting wind flow conditions at stockpile
surfaces plays an important role for assessment of the
erosion potential. CFD results will be therefore
presented in form of figures which show a top view of
the different degrees of wind exposure over the piles.
The piles were divided into subareas of constant uy/u,,
where u is wind speed measured 25 cm from the pile
surface and u, is wind speed reference measured at the
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height of 10 m above terrain. Furthermore, the
emission factors were calculated according to the EPA
method [19] where threshold velocity for coal
u, = 1 m/s [20] was used. EPA defines emission
factors as statistical averages of the rate at which a
pollutant is released to the atmosphere as a result of
some activity, divided by the level of that activity.
Formulae for their calculation are mostly based on
regression analysis of relevant measured data. The
emission factor for wind-generated particulate
emissions from granular materials subject to
disturbance is expressed in units of grams per year as
follows: N

k),  PBS. 1)

In Eq. (1), k is a particle size multiplier, N the
number of disturbances per year, P; the erosion
potential corresponding to the observed fastest mile of
wind for the ith period between disturbances and S; the
pile surface area. Particle size multiplier (k) was set to
0.5, which corresponds to emissions of PM, particles
[19].

The erosion potential function for a dry, exposed
pile surface is defined by Eq. (2):

P=58u" —u')* +25(u" —u), 2

where u, is threshold velocity and u* is given by Eq.

(3). *
u =0.luy,(u, /u,), 3)

where u,, is the fastest mile of wind at 10 m height.
When friction velocity u* is greater than the threshold
friction velocity u, , the erosion potential is positive.
Because of the non-linear form of the erosion potential
function, each ecrosion event must be treated
separately. Sub-areas of constant u* or u,/u, intervals
were therefore considered as separate sources and it
was assumed that there was only one disturbance per
year.

The EPA method by itself is only used to quantify
sources of particulate emissions and does not model
subsequent transport and dispersion of airborne
particles. Its prediction of yearly particulate emissions
due to wind erosion was considered sufficient for
the purpose of this study. In case spatial distribution
of particle concentration would be required, then an
additional dispersion model would need to be included
in the simulations [21].

2.1 Single Pile Case

Grid refinement on the single pile case included
three grids of variable element size near the pile (4

m, 2 m and 1 m maximum edge length). While finer
grids showed slightly more detail in the velocity
distributions, they did not show any major changes in
their patterns. It was decided that the maximum edge
length of 2 m at the pile surface, 4 m on terrain away
from the pile and 7 m on distant surfaces provided
sufficient resolution for final calculations. The same
grid density was applied also for the realistic stockpile
model, but with additional refinements near structures
(i.e. 1 m max. element edge on the fence).

. iR East wind
10

09 a)

West wind

002 ©) d)

-0.01
I -0.02
Fig. 3. a) and b) Top view of us/ur contours at 25 cm from the flat-
topped pile surface for wind magnitude 18 m/s;

¢) and d) top view of difference between us/ur contours at
magnitudes of U= 22 m/sand U= 18 m/s

Influence of the incoming wind magnitude on
normalized velocity distribution was studied by
performing calculations at two magnitudes, U=18
m/s and U = 22 m/s. Difference in results for the both
magnitudes is shown by subtracting the normalized
velocities u,/u, for the U = 18 m/s case from the
U = 22 m/s case and presenting this difference in
form of contour plot. Results shown in Fig. 3 show
only minimal differences (up to +0.02) for the
both wind directions (75° and 250°) and therefore
confirm independence of normalized velocity from
the incoming wind magnitude and direction. These
results are consistent with study of Badr and Harion
[4] in which the normalized wind speed over a
simple geometry was shown to be independent of
the incoming wind velocity magnitude. However, the
realistic configuration included multiple piles with
adjacent structures, therefore the normalized wind
speed distributions in the realistic model are expected

Numerical Modeling of Dust Lifting from a Complex-Geometry Industrial Stockpile 625



Strojniski vestnik - Journal of Mechanical Engineering 61(2015)11, 621-631

to show some dependence on the incoming wind
conditions.

2.2 Case A - Current State

Fig. 4 presents current state conditions (case A) for
two wind speeds for both west and east direction.
It is evident that intermediate and high normalized
velocities occur on top of the piles for the both wind
directions. Generally, highest wind exposure is seen
on pile edges. Wind exposure in case of west wind is
higher than in case of the equally strong east wind,
which indicates that existing wind protection is less
effective in case of the west wind. In fact, the solid
fence in the western part of the site is placed further
away from the piles and at an angle, which provides
favorable conditions for air currents to penetrate
lower. The west wind also has fewer obstructions
on its way over the central east-west oriented road,
which is used by the coal stacking and reclaiming
machinery. Therefore, higher wind exposure on the

. " East wind
10

C yeadUIRED s
e vl v T

Fig. 4. Case A for east and west wind; top view of us/ur contours
in rainbow color map and difference between us/ur contours at
magnitudes of U =22 m/s and U = 18 m/s in red-blue color map

piles downwind from the central road can be seen for
the case of west wind.

Both wind directions were calculated at two
incoming wind magnitudes, U = 18 m/s and U = 22
m/s. From Fig. 4 it can be seen that differences in
results for the both magnitudes are very small for both
wind directions. On average, a slight reduction in wind
exposure is indicated for the higher wind magnitude,
especially in case of east wind. Isolated spots with
local differences of up to +0.12 indicate shifts in flow
structures (vortices), caused by the objects located
upwind.

2.3 Case B - Porous Fence

Proper installation of porous fences and windbreak
barriers can reduce dust emissions and protect coal
stockpiles against high wind velocities [22]. The
installation of porous fences that yields optimal
protection is a challenging task and has been studied
by several researchers. Reported wind tunnel
investigations include measurements of surface
pressure fluctuations on a prism behind a porous
fence [23] and [24] or measurements of sand particle
movement from a pile located behind a porous fence
[25]. Field measurements on actual port stockpiles
combined with CFD simulations are reported in [7]
and [26], while a recent numerical study on a single
pile is reported in [27]. These studies provide valuable
knowledge for selecting optimal fence parameters
such as location, height and porosity, but with regard
to a single pile or to regular arrays of piles.

Replacement of the solid fence with a porous one
was the first simulated measure for wind exposure
reduction (Figs. 5 and 6). In case of solid barriers,
the airflow is initially pushed over the barrier but
then quickly lowers and continues without significant
reduction in velocities. A vortex is formed leeward
from the solid barrier, which can additionally
deteriorate local conditions. On the other hand, porous
barriers allow passing of fluid at a reduced velocity.
This means that a region of reduced wind speed
without any vortices is expected to form and stretch
further downstream compared to the solid barrier case.

Fig. 5 shows streamlines for west wind at 18 m/s
for solid fence (case A) and porous fence (case B). The
eastern part of the stockpile is shown and wind blows
towards the camera position. Streamlines originate
from a surface of 2 m height, located just above the
fence.

It is clearly seen that the existing solid fence
causes many vortices that are pushed towards the
stockpile edges, leaving the central part of piles
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exposed. The porous fence on the other side eliminates
any large-scale vortices and allows a uniform flow
over the entire stockpile.
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Fig. 5. Streamlines for east wind at 18 m/s; a) solid-fence-case A;
b) porous-fence-case B

Fig. 6 shows normalized velocity distributions
above piles for both east and west wind with the
porous fence. Reduced wind exposure compared to
the solid fence (Fig. 4) can be seen on some of the
piles, while on the other piles, wind exposure seems
to be unaffected or even increased. Reasons for
limited porous fence effectiveness can be attributed to
the large size of the terminal, which stretches in the
direction of dominant winds, and to the sharp angle
of incoming winds relative to the fence. Nevertheless,
the largest wind speed reduction occurs at locations
with the largest velocity magnitude while an increase
mostly occurs at spots with relatively low wind
velocities, meaning that velocity distribution becomes
more uniform and has fewer extremes.

Since the wind erosion is only problematic at
a relatively large wind velocity over piles, there
is clearly an advantage of a porous fence (case B)
in comparison with a solid fence (case A). This is
confirmed by a reduction in total dust emissions
which are lower in case B (consider the section 2.6 for
details). Differences between the U = 18 m/s and the

U =22 m/s cases are low and on average show slightly
smaller normalized velocities for the case of U = 22
m/s. This can be attributed to the non-linear resistance
characteristic of the porous fence, which was set as a
quadratic function of the upstream velocity.

" East wind
I 10
09

West wind

)

Fig. 6. Case B for east and west wind; top view of us/ur contours
in rainbow color map and difference between us/ur contours at
magnitudes of U =22 m/s and U = 18 m/s in red-blue color map

2.4 Case D - Distribution of Stockpiles

Another possible measure for wind exposure reduction
at the site would be to optimize distribution and size
of piles. Numerous combinations of pile locations and
sizes are possible in theory but in practice they are
limited by the technical possibilities of the stacking
and reclaiming machinery. Furthermore, technical and
logistical requirements dictate filling and emptying
of the stockpile and the length of individual piles.
Therefore it is difficult to perform such optimization
in reality, even if simulations indicated significant
benefits.

Fig. 7 shows basic condition, very similar to case
A, but with piles on the south-west extended closer
to the fence. No significant differences in normalized
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velocities can be seen relative to case A. However,
differences between the U = 18 m/s and the U = 22
m/s cases are more evident in case D than case A.
Especially in case of west wind, the effect of southern
fence seems to not scale linearly with the incoming
wind magnitude — lower normalized velocities are
computed downwind from the fence at the higher
incoming wind velocity magnitude.

1 East wind
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09

08
07
06

05

04

Fig. 7. Case D for east and west wind; top view of us/ur contours
in rainbow color map and difference between us/ur contours at
magnitudes of U =22 m/s and U = 18 m/s in red-blue color map

2.5 Case H - Transverse Porous Barriers

As said, effectiveness of both solid and porous fences
in reducing wind velocities above piles is greatly
limited due the stretched shape and orientation of the
cargo terminal and surrounding fences relative to the
incoming wind direction. Major portions of the fence
are hit by wind at sharp angles and the resulting area
of reduced wind velocity downstream the fence is too
short to reach piles further away. Therefore, a different
approach for wind damping was proposed. Porous
barriers between piles that were oriented transverse
to the main winds were included into the numerical

model (Fig. 8). Three porous barriers were placed
at the south-western part of the stockpile to test the
method mostly for west wind and another barrier was
placed on the eastern edge of the south-western row of
piles. All the barriers were 11 m high.

1 East wind
IiD
09
08 S . - -
L e e e T
04

Fig. 8. Case H for east and west wind; top view of us/ur contours
in rainbow color map and difference between us/ur contours at
magnitudes of U= 22 m/s and U= 18 m/s in red-blue color map

Positive effects of the barriers are evident mostly
in case of west wind. Wind exposure is significantly
reduced for the first pile and partially also for the
second pile downwind from the barrier. On average,
differences between the U = 18 m/s and the U = 22
m/s cases show smaller normalized velocities in case
of U = 22 m/s. As in the case of the porous fence
(case B), this can be partly explained by the resistance
characteristic of the barriers, which was set as a
quadratic function of the upstream velocity.

2.6 Comparison of B-A and H-D Cases
Effects of modified/additional wind protection

measures compared to the basic (current state)
conditions are presented in Fig. 9. Case B (porous
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fence) is compared to case A by calculating absolute
difference between the normalized velocities at U =
18 m/s. In the same way, case H (four porous barriers)
is compared to case D. Calculated differences are
presented in form of contour plots, where color map
is set to represent values between —0.2 and +0.2. Local
differences can slightly exceed these values, but the
color map was intentionally set to cap the extreme
values in order to better present the bulk differences.

East wind

T
O

Fig. 9. Top view of difference between us/ur contours for B-A, and
H-D case (U= 18 m/s)

Comparison of case B to case A shows that
replacement of the existing solid fence by a porous
fence would produce extensive regions of both
reduced and increased wind exposure for the both wind
directions. It is again evident that the large size of the
dry bulk cargo terminal and its orientation relative to
the direction of dominant winds present a challenging
configuration for wind protection by porous fence that
simply runs around the terminal perimeter. Judging
from the normalized velocity differences, replacement
of solid fence with a porous one seems to yield no
overall benefits in wind protection, however, when
taking into account emissions (see Fig. 10), benefits
become evident. Results shown in Fig. 10 reveal
that dust emission rates are lower for case B (porous
fence); they are reduced by 50 % for both east and west
wind. When comparing west and east wind emission
rates it can be seen that the west wind emission rate
is almost 10-times higher than the east wind emission
rate (Fig. 10). The reason for much higher west wind

emission rate is that fence in the western part of the
site is less efficient in wind protection. Its location
further away from the piles and its orientation relative
to direction of incoming west wind provide conditions
for air currents to penetrate lower and attain higher
wind velocities above the piles.

B East
I West

[ B = I
o N A
Il Il Il

Emission (kg)
[#2]
|

O Bl T T
A B D H
Fig. 10. Total dust emissions under west and east wind flow for
A, B, D and H case

On the other hand, placement of porous barriers
that are oriented transverse to the main wind directions
(case H) clearly shows a highly positive effect. In this
case, normalized velocities are significantly reduced
for the first pile and partially also for the second pile
downwind from the barrier. In case of west wind
positive effects of barriers can be seen also on other
piles in the wider stockpile area. Lower emission rates
in case H are observed only for west wind while east
wind emission rate is unchanged (Fig. 10). The reason
for unchanged emission rate in case of east wind is
that emissions in this case mostly occur on the eastern
piles, so barriers placed further downwind are not
effective in reducing critical wind velocities. In fact,
most barriers in the model were intentionally placed
at the south-western part of the stockpile to test their
effectiveness mostly for west wind. In this respect,
much lower emission reduction in case of east wind
is not surprising. Further emission reductions for both
wind directions could most probably be achieved by
performing optimization of barrier locations, size and
porosity parameters.

3 CONCLUSIONS

Simulations of wind conditions at the coal and iron
ore stockpile at the Port of Koper were performed by
employing CFD tools to assess the problem of dusting.
Experimental validation by wind tunnel measurements
or field experiments was not performed due to limited
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time and resources available, but should preferably
be executed in the future. Wind exposure of piles
was analyzed for different wind conditions and by
application of various physical measures for reduction
of wind velocity. Results of simulations show that the
existing solid fence provides a very limited protection
from high winds due to the size and stretched shape
of the stockpile area and its orientation relative to the
main wind directions. Modifications to the fence by
replacing it with porous structures were simulated and
showed that their efficiency is limited for the same
reasons as in the case of solid fence, although the total
emission rate could be significantly reduced.

An efficient measure for reduction of wind
velocity over the piles was found to be placement of
porous barriers between the piles, oriented transverse
to the main wind directions. However, such barriers on
the real stockpile could impose significant limitations
for the material stacking and reclaiming machinery.
Watering and spraying with crust-forming liquids still
remain a necessary step for prevention of wind erosion
and fugitive emissions. Nevertheless, maps of local
wind velocities that were created by the simulations
enable identification of critical spots for occurrence
of dusting and in this way help in optimization of
spraying and reduction of associated costs.

The study showed that wind reduction by physical
measures such as barriers is a very challenging task
when dealing with large stockpiles and strong winds.
Numerous dust emission research was done for single
piles or regular arrays of piles, however, realistic sites
are often hardly compared to such cases. Presence of
adjacent fences, buildings, structures and irregular pile
layouts have shown to have an important influence on
wind conditions and should therefore always be taken
into account when doing wind exposure analysis for
real sites.
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The Effects of a Pneumatic-Driven Variable Valve Timing
Mechanism on the Performance of an Otto Engine

Fatih Uysal* — Selami Sagiroglu
Karabuk University, Faculty of Engineering, Turkey

In this study, the classic cam mechanism of a single cylinder, four-stroke, 6 hp spark-ignited engine was replaced by an electro-pneumatic
rocker mechanism, which is designed and manufactured to open the intake valve at low (3.7 mm), normal (5.7 mm) and high (7.7 mm) lifts
between engine speeds of 1600 rpm to 2200 rom. An air compressor was used to feed 6 bar air pressure in order to have the plungers drive
the cams in an orderly manner. A control panel was used to control plungers in order to modulate the valve lifts gradually. The volumetric
efficiency, torque, power and specific fuel consumption with this operation were measured at full load and compared to the values with a
classic cam mechanism. The results of the study showed that decreasing the valve lift at low engine speeds and increasing the lift at high
speeds improve the engine performance. Moreover, it was concluded that the idle speed can be lowered by decreasing the valve lift at low
engine speeds.

Keywords: variable valve timing (VVT), valve timing and lift electronic control system (VTEC), Otto engine, engine performance, spark

ignition, electro-pneumatic rocker mechanism

Highlights

*  The effects of a pneumatic-driven valve mechanism on the performance a designed and manufactured engine is investigated.

*  The existing rocker system was bypassed, and exhaust and intake rockers were remanufactured in accordance with the
reference engine. Idle rockers were manufactured for both sides of the intake rocker. Two pneumatic-driven plungers were
designed and manufactured, which lock and unlock the idle rockers to the intake rocker according to their order.

*  The obtained values indicate that, depending on the engine speed, valve lifting at different heights has a positive impact on

the performance of the engine.

e  The reduction of valve lift makes the start-up of the engine easier and ensures that the engine can be started with less

electricity.

O INTRODUCTION

Factors such as fuel economy, time economy, social
concerns about environmental pollution and a
production philosophy formed according to customer
satisfaction, and the tightening of emission standard
values by governments have forced designers to
correct exhaust emissions accordingly and improve
cam mechanisms. Particularly in the United States
and Europe, the tightening of emission standard
values and aggressive competitive conditions have
forced automobile companies and universities to
conduct research and development activities on cam
mechanisms. Studies concentrate on the opening/
closing times of intake and exhaust valves, as any
failure in joining the fuel atoms with oxygen atoms
in combustion chambers deteriorates the quality of
combustion and, consequently, causes the emission
of carcinogenic materials from the exhaust, which are
hazardous to human health; these include nitrogen
oxides (NOx), carbon monoxide (CO), unburnt
hydrocarbons (HC), etc.

In internal combustion engines, volumetric
efficiency is the most important parameter affecting
combustion performance. The other parameters are

engine torque, power output, fuel economy, and
exhaust emission. At all engine speeds, increasing
the amount of charge taken into the cylinders, which
means an improved volumetric efficiency by variable
valve timing, will also affect other parameters
positively.

Volumetric efficiency is affected by several
factors: atmospheric conditions outside the engine,
and thermodynamic conditions inside the engine, such
as cylindrical volume, flow area of fuel-air mixture,
engine speed, open-close timing of intake and exhaust
valves and valve lifting (opening) level, pressure
changes inside the cylinder, and others.

The intake of fresh charge into the cylinder
and the expelling of burnt mixture in spark-ignited
(SI) engines are performed by opening and closing
of valves which are opened by a crankshaft driven
camshaft. The timing of the opening and closing of
valves is a function of the shape of the camshaft and
position of the crankshaft. In classic cam mechanisms,
the intake valve opens 12 deg before it reaches top
dead centre (TDC) and closes 56 deg after bottom
dead centre (BDC). This provides additional time for
taking more air-fuel mixture inside the cylinder [1].
This application can cause ideal results for an engine
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which works at fixed speed. Depending on the needs
of car drivers, it can be used at low speeds in urban
areas at first start-up and high speed in rural areas or
places which requires high performance. It must be
taken into consideration that classical valve timing is
optimized for a certain speed and engine load, but in
studies over or under this speed, volumetric efficiency
decreases. Changing the opening and closing advances
of the intake and exhaust valves affects the efficiency
of the engine, depending on its working rotation and
load status. Increasing the advance of intake valves
increases the volumetric efficiency at medium and
low engine speeds. In addition, volumetric efficiency
decreases with decreased intake valve opening
advance and decreased exhaust valve closing delay
[2].

Recently, the need for fuel economy and further
reductions of hazardous exhaust emissions has forced
engine designers to alter classic valve mechanisms
and seek alternative ones. As a result of research
activities, several camshaft and valve mechanisms
have been developed. The fundamental principle in
these mechanisms is the same and widely used on
vehicles today. Electromagnetic, electromechanical,
electrohydraulic, electro-pneumatic valve mechanisms
suffer from some problems; research in this area is
ongoing [3].

At low engine speeds, intake and exhaust
camshafts are taken to advance together; at high
engine speeds the intake camshaft or both camshafts
are delayed; thus, volumetric efficiency is improved
[4]. In a variable valve timing system used by
Ferrari, there are separate camshafts for both intake
and exhaust valves. A helical gear is opened on the
camshaft with intake valves and the shaft is moved
at axial direction according to engine rotation; thus
opening advances and closing delays of intake cams
are thus altered [5]. The movement of the crankshaft
is transmitted to the camshaft through a sprocket or
timing belt pulley. Gradual alteration of the calibration
of the tensioning system of the sprocket can change
the advance of the camshaft. The advance alteration
systems performed this way can also increase the
efficiency of the engine [6]. According to the data
received from the engine control unit, the solenoid
valve directs engine hydraulic to a hydraulic cylinder;
therefore, it can ensure that the cylinder moves the
pallet and the camshaft can perform thus relative
action independent of regular rotation movement, and
the opening and closing advances of the valves are
changed [7].

The opening amounts of the intake and exhaust
valves also affect engine efficiency, depending on the

engine speed and engine load status. Camshaft profiles
are used in order to change the opening levels of
valves. Mechanical, electrical, hydraulic, pneumatic,
and other energy sources are used to engage and
disengage different cam profiles. Usually, next to a
central cam profile, there are other cam profiles that
engage and disengage with the help of a feeder needle.
The Honda variable valve timing and lift electronic
control system (VTEC) is the first system in the world
that can simultaneously switch the timing and lift of
the intake and exhaust valves. This system has made
improvements in the maximum output at high rpm
and also improved the low rpm range, with regards
to idling stability and starting capability [8]. The
customization of valve lifts and open/close advances
according to engine speeds increase engine efficiency
[9]. With a two-graded Variable Valve Actuation
system, which is lower than the regular profile of
camshaft, a 6.9 % decrease in fuel consumption can be
achieved in dynamometer tests [10]. In such systems,
which perform gradual variable valve timing and valve
lift alteration, engine efficiency is optimum at several
engine speeds instead of a single speed. Although it
seems like a disadvantage, the low number of parts
and low level of friction forces make these systems
more utilizable.

Different systems of camshaft and its shape are
being developed in order to open valves at different
intake advances and close at closing advances. When
the position of hall-effected sensors is changed to alter
the advance of the valves in an electromagnetic valve
mechanism fed by 42 V voltage, volumetric efficiency
decreased and the air-fuel ratio deteriorated due to the
bouncing of the intake valve disk, and the opening and
closing delays at especially high engine speeds [3].
Appropriate systems have been developed for internal
combustion engines, consisting of a planetary gear
set, a worm mechanism, and a control motor that can
continuously control the valve timing and lift [11]. As
this type of system is being developed, its relation with
existing systems also has to be examined. With a VVT
strategy, a 5 % to 6 % improvement was observed in
specific fuel consumption and a 47 % decrease was
achieved in pumping losses compared to the classic
cam mechanism; in addition, a decrease was observed
in NOX values without any decrease in combustion
quality with EGR (exhaust gas recirculation) [12].

As a result, it is difficult to obtain the necessary
change in the closing of intake valve; late closing is
more appropriate in cases where the change in timing
is minor [13]. Difficulties in variable valve timing, the
fact that the resulting increase in efficiency is higher
than the energy needed to drive the developed system,
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the low number of parts used, the long service life of
the system, its failure-proof quality, and other factors
have cause several methods to be researched for
system development, although very few of them have
become commercialized. For this reason, researches
on the system is ongoing.

The purpose of this study is to investigate the
design, manufacturing and effects of a pneumatic-
driven valve mechanism on performance, which is
similar to the VTEC model that drives the low and
high cam noses with an unchanged profile at low and
high rotations in addition to the classic cam nose on
the same camshaft.

The design is based on the average speed of an
engine with a classic cam mechanism in order to the
optimize volumetric efficiency and air-fuel ratio.
Pumping losses increase at low engine speeds, and
the desired amount of charge cannot be taken into
the cylinders at high rotation levels, due to the fixed
cam mechanism, which results in a decreasing torque
curve. In order to prevent such problems and achieve
a horizontal torque curve, valves should open less at
low engine speeds and more at high speeds. That is
why variable valve timing is required.

1 MATERIAL AND METHOD

During the experiments two LONCIN brand,
G200F(D) model four-stroke, single-cylinder,
electronic ignition, 6 HP, gasoline engines and a
KEMSAN brand 10 kW dynamometer were used. In
Table 1, the technical specifications of the reference
and testing machines are given.

Table 1. Technical features of testing engine

Brand LONCIN BRAND 4 stroke, gasoline
Model G200F(D)

Number of cylinders 1

Piston stroke 54 mm

Cylinder diameter 68 mm
displacement 196 cm3

Ignition Electronic ignition
Classical cam intake valve lift 5.7mm

Intake valve low lift 3.7mm

Intake valve high lift 7.7 mm

The first engine is the “reference engine” (classic
cam mechanism engine), and the second engine is
“test engine” (variable valve mechanism engine).
Some modifications were made in the test engine:

1. In the reference engine, the crank and camshaft
gears were directly connected to each other,
whereas in the test engine the camshaft and

crankshaft are connected with a timing belt (Fig.
1). Theintake and exhaust cams on the camshaft
were remanufactured. In addition, 2 mm low and
2 mm high cams were added next to the regular
intake cam.

Fig. 1. Test engine

2. The existing rocker system was bypassed,
and exhaust (A) and intake rockers (B) were
remanufactured in accordance with the reference
engine. Idle rockers (C) were manufactured at
both sides of the intake rocker. Two pneumatic
driven plungers (D) were designed and
manufactured, which lock and unlock the idle
rockers to the intake rocker according to their
order (Fig. 2).

B

Planger Planger
b) Unlock dm=——p- |ock Lock === Unlock
Fig. 2. a) New camshaft and rocker system; b) idle rocker plunger
cross-sections
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3. A quick coupler (E) was mounted at the end
of rocker rod to feed air for pneumatic driven
plunger system. Due to this coupler rocker, a
carburettor was taken 30 mm away from the
intake manifold using an intermediate connecting
part (F) (Fig. 3).

Fig. 3. The connecting part between intake manifold and the
carburettor

4. A control panel was manufactured so that
the plungers could step in and out at desired
engine speeds. The air required by the system
was provided by an external compressor and
electricity was used from the mains (220 V,¢)
(Figs. 4 and 5).

Fig. 4. Control panel

A 220 Vpc to 12 Vpe supply unit (G), two 12
Vpc, 7 Ah batteries (H), a double-contact tachometer
(I), a conditioner (J), and a 5/3 electro pneumatic
valve (K) were used so that this panel does not cause
delay during operation (Fig. 4). The SET value on
the tachometer can be adjusted to define at which
engine speeds the system will engage and disengage

the low and high cams. The data-reading speed of
the tachometer can also be adjusted to prevent the
evaluation of instant changes in engine speed in order
to provide unnecessary fluctuation of engagement and
disengagement. The electricity needed to operate the
panel was supplied by two batteries in addition to the
engine, since the supply voltages of circuit elements
are different (12 or 24 V).

EZM-7750

] A e om

Timer & Counter -

Fig. 5. Tachometer on control panel

The testing mechanism is shown in Fig. 6.
Dynamometer
Coupler
Test engine
Conditioner
Air tank
Compressor
5/3 electro pneumatic valve
Plunger (single impact spring return)
Tachometer (double-contact, normally open,
normally closed)
10. 2 batteries (12 Vdc, 7 Ah)
11. Proximity switch

For the measurements, the engine was brought to
operating temperature, the throttle was blocked fully
open, and the engine was loaded with a dynamometer.
The engine was tested by increasing the engine speed
from 2000 rpm to 4000 rpm at 6 steps with 400 rpm
increments.

R S e

1.1 Method

In order to adjust the valve lift in the test engine, the
set values of the tachometer on the control panel were
adjusted. For the normal cam, the SET1 ON value was
set to 2300 rpm, the SET1 OFF value was set to 2200
rpm; for the high cam, the SET2 ON value was set to
3300 rpm, and the SET2 OFF value was set to 3200
rpm. Thus, it was ensured that during the acceleration,
low, normal and high cams operated at 0 rpm to
2300 rpm, 2300 rpm to 3300 rpm and 3300 rpm to
5500 rpm ranges, respectively. When the engine is
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TACHOMETER

.—— ENCLOSURE

)

\

U= =L ]

(e)

DYNAMOMETER

TESTENGINE

Fig. 6. Experimental setup

decelerating, low, normal and high cams operate at
below 2200 rpm, 2200 rpm to 3200 rpm and 3200
rpm to 5500 rpm ranges, respectively. Different limits
between acceleration and deceleration courses did
not affect the test results as they did not correspond
to the measurement speeds. The purpose of adjusting
different on/off values is to prevent damage caused on
the variable timing valve control system by frequent
engagement and disengagement due to minor engine
rotation changes and to ensure that the system has a
longer life.

Before the tests were started, the engine was
operated at idle for 15 minutes so that the operation
temperature could be reached. Then the throttle was
brought to the fully open position, the engine was
loaded with a dynamometer, and measurements were
taken.

Tests were conducted at 1600 rpm to 4000 rpm
interval with 400 rpm speed increments. Intake valve
lift data was taken at all speeds; 2000 rpm, 2800 rpm
and 4000 rpm engine speeds were chosen for low cam,
classical cam and high cam, respectively, in order to
compare engine performance as they were very stable
operating speeds for those cam types.

1.1.1 Effective Moment and Power of the Engine

When the engine is operated at the abovementioned
speeds, the force value was read from the
dynamometer indicator. The force value for each
speed (kgf: kilogram-force) was multiplied with the
dynamometer moment arm length (0.25 m) and the
effective moment at that speed was found [14] and
[15].

636

M, =FxIx9.81. (1)
The effective power of the engine is calculated by
using Eq. (2) [14] and [15]:

N M, xn

= ) 2
© 95493 @)

1.1.2 Measuring Fuel Consumption and Calculation of
Specific Fuel Consumption

Super gasoline was used as test fuel. Under testing
conditions, a chronometer was used to measure
the time depletion time of 15 ml fuel in the fuel
measurement tube under test conditions, and fuel
consumption was calculated.

The specific fuel consumption is calculated using
Eq. (3) [14] and [15].

b =2 1000 A3)
=—x .
‘N

e

1.1.3 Air Consumption and Volumetric Efficiency

For air consumption, an air orifice diameter suitable
for the engine was calculated first and the orifice
shown in Fig. 7 was used.

In the test orifice diameter (d) was applied as 18
mm and pressure (#) was taken from the manometer
as “mm H,O column”. Real air consumption was
calculated as [14].

0., =0.1123xd* x\/h. 4)
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The density of dry air at sea level under standard
atmospheric pressure and 15° C was taken as 1.225
kg/m?.

7

Flow N
Direction |

,»%

N
Fig. 7. Airflow orifice

o - |

Volumetric efficiency 1is calculated as a
percentage by dividing the real air consumption (Q,..;)
for every speed with the amount of air (Qeprericar) that
the engine theoretically has to consume at that speed
[15].

nv — Qreal i ( 5)

cheorelica/

Here, theoretical air consumption is calculated
according to displaced cylinder volume (V) [15] with

Eq. (6):

cheoretical = I/h X (6)

NS

1.1.4 Excess Air Coefficient (A)

Stoichiometric (or chemically correct or theoretical)
proportions of fuel and air can be defined as the
existence of just enough oxygen for conversion of all
the fuel into completely oxidized products (4 = 1) [15].

An MRU DELTA 1600L exhaust gas analysis
device was used to measure exhaust emissions and the
ambient temperature. The device calibrates itself in 15
minutes at start up. The exhaust-measuring probe of
the engine analyser is installed into the exhaust pipe
of the engine. After the engine was brought to normal
working conditions, excess air coefficient, exhaust
emissions and ambient temperature values were
measured at the given engine speeds.

2 EVALUATION OF TEST RESULTS

Tests were conducted at 1600 rpm to 4000 rpm range
with 400 rpm increments. Intake valve lift data was

taken at all speeds and 2000 rpm, 2800 rpm and 4000
rpm engine speeds were chosen as reference speeds
for low cam, classic cam and high cam, respectively,
in order to compare engine performance, as they were
very stable operation speeds for those cam types.

2.1 Volumetric Efficiency

It can be seen from Fig. § that at 2000 rpm the highest
volumetric efficiency was measured at the low cam
situation of the test engine with 60.86 %; at the same
speed, the volumetric efficiency of the reference
engine was measured as 44.51 %, meaning a 16.35 %
increase in volumetric efficiency of the test engine.
At 2800 rpm, the highest volumetric efficiency was
measured at the classic cam situation of test engine
with 52.20 %; at the same speed, the volumetric
efficiency of the reference engine was measured
as 50.05 %, which means a 2.15 % increase in the
volumetric efficiency of the test engine. At 4000 rpm,
the highest volumetric efficiency was measured at the
high cam situation of test engine with 38.55 %; at the
same speed, the volumetric efficiency of the reference
engine was measured as 35.19 %, meaning a 3.36 %
increase in the volumetric efficiency of the test engine.

The reason the test engine gives the highest
volumetric efficiency in the low cam situation at 2000
rpm is that, depending on the decrease of the valve
lift, pumping losses decrease, the flow speed of the
fuel-air mixture passing through the valve opening
increases, as a result of which turbulence inside the
cylinder increases and the fuel-air mixture becomes
more homogeneous.

65
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Fig. 8. Impact of intake valve lifts on volumetric efficiency
according to the engine speed

The reason the test engine gives almost the same
volumetric efficiency in a classic cam situation at
2800 rpm is that they have identical cams. As the
classic cam of the test engine is remanufactured,
a 2.15 % increase was witnessed in efficiency due
to differences attributable to manufacturing and

The Effects of a Pneumatic-Driven Variable Valve Timing Mechanism on the Performance of an Otto Engine 637



Strojniski vestnik - Journal of Mechanical Engineering 61(2015)11, 632-640

installation. The reason that the test engine generates
higher volumetric efficiency at high cam situation
at 4000 rpm is that, although the open period of the
valve at high speed decreased, the valve lift increased,
which reduced the flow speed of the fuel-air mixture
into the cylinder and increased the vacuum by the
downward movement of the piston. Therefore, the
volumetric efficiency increases.

2.2 Excess Air Coefficient (/)

When the excess air coefficient graph is examined
(Fig. 9), it shows that at 2000 rpm engine speed, when
test engine is at low cam status, 4 was measured as
1.048, whereas the 4 of the reference engine in the
same speed was measured as 1.111. The test engine
remained in the lean mixture side with a 4.8 %
deviation and stayed the closest to the ideal value. At
a 2800 rpm engine speed, when the test engine is at
classic cam status, A was measured as 0.978, whereas
the 4 of the reference engine in the same speed was
measured as 0.995. The test engine remained in the
rich mixture side with a 2.2 % deviation, and the
reference engine remained in the rich mixture side
with a 0.5 % deviation. At a 4000 rpm engine speed,
when 4 of test engine was measured as 0.842 at high
cam status, the 4 of the reference engine in the same
speed was measured as 1.072, and the test engine
remained in the lean mixture side with a 15.8 %
deviation.

The excess air coefficient (1) approached the
ideal value at low cam but moved away from it at high
cam to the rich mixture side.
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Fig. 9. Impact of intake valve lifts on A according to the engine
speed

This was partly the result of the carburettor
design, which was made for the classic cam system
and its detachment from intake manifold with a
connecting piece. This system is more suitable for fuel
injection systems.

2.3 Moment

The moment of the test engine (Fig. 10) at 2000 rpm
speed at low cam status was measured as 10.3 Nm,
whereas the moment of the reference engine at the
same speed was measured as 9.31 Nm, meaning a
10.63 % increase in the moment of the test engine
compared to the reference engine. The moment of the
test engine at 2800 rpm speed at classic cam status was
measured as 12.75 Nm, whereas the moment of the
reference engine at the same speed was measured as
12.51 Nm, meaning a 1.92 % increase in the moment
of the test engine compared to the reference engine.
The moment of the test engine at 4000 rpm speed at
high cam status was measured as 11.53 Nm, whereas
the moment of the reference engine at the same
speed was measured as 8.83 Nm, meaning a 30.58 %
increase in the moment of the test engine compared to
the reference engine.
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Fig. 10. The impact of the different intake valve lifts on the engine
moment according to the engine speed

At 2000 rpm, the reason for the moment increase
in test engine at low cam status is that the fuel-air
mixture taken inside the cylinder increased depending
on the increase in volumetric efficiency, and that 4
took an almost ideal value (1.048). At 2800 rpm, the
reason for which the test engine gave almost the same
moment in classic cam status is that the cams are
almost identical. As the classic cam of the test engine
was remanufactured, due to differences caused by
manufacturing and installation, a 1.92 % increase was
observed in efficiency. The reason for the moment
increase at high cam situation at 4000 rpm speed is the
increase in volumetric efficiency and that 4 remained
in the side of the rich mixture.

2.4 Engine Power

When Fig. 11 is examined, at 2000 rpm engine, and
the test engine at low cam status, the power of the
engine was measured as 2.16 kW; meaning a 10.77 %
increase in test engine compared to the reference
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engine. At 2800 rpm, and the test engine at classic
cam status, engine power was measured as 3.74 kW;
compared to the 3.67 kW power of the reference
engine at the same speed, meaning a 1.91 % increase
in the power of the test engine. At 4000 rpm, and
test engine at high cam status, the engine power was
measured as 4.83 kW, whereas the power of reference
engine at the same speed was measured as 3.70 kW,
meaning a 30.54 % increase in the power of the test
engine.
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Fig. 11. The impact of the different intake valve lifts on the engine
power according to the engine speed

As engine power is a function of its moment and
speed, at high engine speeds work production per unit
time increased and so the engine power was measured
more with increased moment at these speeds.

2.5 Specific Fuel Consumption

The specific fuel consumption of the test engine (Fig.
12) at 2000 rpm at low cam status was measured as
427.85 g/kWh, whereas the specific fuel consumption
of the reference engine was measured as 461.10 g/kWh,
meaning a 7.2 % decrease in the fuel consumption of
test engine compared to that of reference engine. At
2800 rpm, the specific fuel consumption of the test
engine at classic cam status was measured as 388.794
g/kWh, whereas the specific fuel consumption of the
reference engine was measured as 399.34 g/kWh,
meaning a 2.64 % decrease in the fuel consumption
of test engine compared to that of reference engine.
At 4000 rpm, the specific fuel consumption of the test
engine at high cam status was measured as 335.52
g/kWh, whereas the specific fuel consumption of the
reference engine was measured as 425.87 g/kWh,
meaning a 26.93 % decrease in the fuel consumption
of the test engine compared to that of the reference
engine.

The reason for the decrease in the specific fuel
consumption of test engine at low cam status at 2000
rpm speed is the increase in volumetric efficiency,
with the fuel-air mixture being more homogeneous

and the resulting in increase of moment and power
values.
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Fig. 12. The impact of the different intake valve lifts on the
specific fuel consumption according to the engine speed

At 2800 rpm, the reason the test engine gave
almost the same specific fuel consumption in
the classic cam status is that the cams are almost
identical. As the classic cam of the test engine was
remanufactured, a 2.64 % decrease was observed
in fuel consumption due to differences caused by
manufacturing and installation. At 4000 rpm, the
reason the test engine showed less specific fuel
consumption at high cam status of the test engine is
the increase in volumetric efficiency and A remaining
in the rich mixture side, as well as increased moment
and power outputs.

3 CONCLUSION AND RECOMMENDATIONS

In these tests, the highest volumetric efficiency was
found to be 60.86 % at low cam at 2000 rpm; the
most ideal 4 value was found to be 0.995 at classic
cam at 2800 rpm; the highest increase in moment was
found as 30.58 % at high cam at 4000 rpm; the highest
decrease in specific fuel consumption was observed
as 30.54 % at 4000 rpm. These obtained values
indicate that, depending on the engine speed, valve
lifting at different height has a positive impact on the
performance of an engine.

During these tests, the idle speeds of the engines
were also measured; when the idle of the classic
cam engine decreased below 1200 rpm, the engine
stopped; the test engine worked at 900 rpm idle speed
at low cam.

The improvements in engine performance at low
cam will contribute to fuel economy, particularly for
vehicles used in urban transportation.

The reduction of valve lift makes the start-up
of the engine easier and ensures that the engine can
be started with less electricity. An automatic stop-
start module that will be installed in cars will ensure
savings from electric energy when the engine is
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stopped and restarted at traffic lights. Thus, fuel
economy can be achieved especially in roads with
several and long traffic lights.

The fact that the engines used in the test had
carburettors, and that the amount of fuel mixed with
air depended on the structure of carburettor nozzle
led to different 1 values at different speeds. Repeating
similar tests with injection and semi-injection engines
will display different results.
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Numerical Modelling of Thermal Comfort Conditions
in an Indoor Space with Solar Radiation Sources

Igor Bonefacic* — Igor Wolf — Bernard Frankovic

University of Rijeka, Faculty of Engineering, Croatia

In this paper, a three-dimensional case of heat transfer and air flow is presented for indoor space cooling with a wall-mounted A/C unit
during the summer in Rijeka, Croatia. Numerical modelling is used to analyse the effect of different air flow angles of the A/C unit on the
temperature and air velocity distribution under standard conditions with and without a direct solar radiation source. As parameters of thermal
comfort conditions, the airflow velocities, indoor temperatures with its gradients, and the mean radiant temperature are analysed. Physical
processes are modelled using the FLUENT computational fluid dynamics software. Calculations are carried out for an empty room without
internal heat sources. When direct solar radiation through the window for an extreme case of summer solstice is included in the calculation,
considerable deviations from thermal comfort conditions are observed, yielding the conclusion that solar radiation must be included in

numerical simulations to properly predict heat balance and thermal comfort parameters in enclosed spaces.
Keywords: numerical modelling, thermal comfort, space cooling, air flow, solar radiation, mean radiant temperature

Highlights

e Enclosed space during cooling season is modelled to determine temperature distribution and air flow field.
e Influence of the solar radiation on thermal comfort is examined using a solar ray-tracing algorithm.

*  Mean radiant temperature is calculated.

e Local distortions from standard optimal comfort conditions are observed in cooling periods, taking into account solar

radiation through the window.

0 INTRODUCTION

The primary goal of the planning of the heating and
cooling of an indoor working space is to find adequate
microclimate conditions for occupants. This implies a
thermodynamic balance between the human body and
the environment. The balance and the perception of
thermal comfort depend on several physical quantities
that can be grouped as person-related (metabolic rate,
clothing insulation) and environment-related (air
temperature in the room, air humidity, local air velocity
and the surface temperature of the surrounding walls,
windows, and heating surfaces). These parameters
must be appropriately combined in order to achieve
a satisfactory thermal environment. Fanger et al.
[1] presented a model that predicts the sensation of
the draught as a function of air temperature, mean
velocity, and turbulence intensity. Olesen and Parsons
[2] presented the revision of EN ISO 7730 based on
requirements for general thermal comfort (operative
temperature and predicted mean vote) and local
thermal discomfort (radiant temperature asymmetry,
draught, vertical air temperature differences, and floor
surface temperatures).

Designers of A/C system can choose between
many different A/C unit types and setups. Alternative
solutions also exist, such as those presented by Stritih
and Butala [3] in which phase change materials are
used for cooling and ventilation or Dovjak et al. [4]

where low exergy H/C ceiling radiative panels and
conventional systems with electric heaters and cooling
split systems with indoor units are compared regarding
individual thermal comfort conditions. Numerical
simulations aid in selecting the most appropriate
solution, giving the designer an opportunity to check
in advance what level of thermal comfort can be
expected to be produced in the given space. For those
reasons, it is essential to develop optimally simple yet
reliable numerical tools that can accurately simulate
real spaces and the physical processes in them.

From a computational perspective, airflows in
enclosed spaces are very complex. In the context of
heating or cooling in warm climates, these flows are
buoyant; in some cases, buoyancy drives the mean
flow motion. In reality, most airflows are inherently
three-dimensional and unsteady. Due to these
characteristics, airflows in rooms present a great
challenge to the available numerical models.

In recent years, extensive research efforts have
been made in the development of general fluid flow
and heat transfer software for solving the flow of
air in enclosed spaces. Rutman et al. [5] and [6] and
Wolf [7] give extensive insight into using numerical
modelling tools for improving indoor environment
quality, component optimisation, and complete
system optimisation. Weather forecasting, including
solar radiation, can be incorporated to decrease the
energy demand of cooling systems using intelligent
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control as in the paper by Dovrtel and Medved [8],
in which a free-cooling system combined with heat
storage is shown, and the method of incorporating
weather forecasts into the control system is presented.
With the constant progress of central processing
units’ (CPU) power, three-dimensional models of
enclosed space with detailed geometry can now be
modelled according to thermal comfort predictions
with sufficient accuracy, as by Kuznik et al. [9] where
CFD methods are used to investigate the velocity
and temperature fields in a mechanically ventilated
enclosure. Sevilgen and Kilic [10] performed a three-
dimensional steady-state numerical analysis of the
room heated by two-panel radiators and Aziz et al.
[11] experimentally and numerically investigated
performance of vortex, round, and square ceiling
diffusers.

The objective of the study presented here is to
determine the impact of the solar radiation source
on the cooling performance of the wall-mounted
A/C unit and thermal comfort conditions using the
computational fluid dynamics (CFD) modelling
method. The space under consideration is an office
with one south-oriented external wall.

1 STUDY SETUP AND METHOD

A numerical model of the solar radiation through the
window has been verified experimentally prior to
analysing the effect of the radiation on the thermal
comfort parameters in the space, by comparing the
measured and calculated floor temperatures in the
area exposed to direct solar radiation. The temperature
measurements of the floor area have been carried out
using the thermal imaging camera FLIR ThermaCAM
S65. Results for indoor air flow velocity, temperature
distribution, mean radiant temperature (MRT) and
predicted mean vote (PMV) values are presented and
compared for four different cases regarding air flow
inlet angles from the A/C unit and solar radiation.
The impact of the direct solar radiation through the
window is verified with a thermal imaging camera.

1.1 Thermal Comfort Evaluation

Thermal comfort can be evaluated using different
comfort indices, among which the predicted mean
vote and predicted percentage dissatisfied (PMV/PPD)
model and adaptive comfort approach (ATC) are well
established and frequently used. For mechanically
conditioned spaces, the PMV/PPD model should be
used [12] and [13]. For offices and other spaces with
sedentary workers, the requirement for mechanically

air-conditioned buildings (based on the PMV/PPD
model-category II) is an operative temperature range
in winter 20 °C to 24 °C and 23 °C to 26 °C in summer.
Thermal comfort also depends on the vertical
temperature distribution in theroom. The recommended
vertical air temperature difference between 1.1 m and
0.1 m above the floor (at the head and at the ankle,
respectively, of a person in the sitting position)
or between 1.7 m and 0.1 m above the floor (at the
head and at the ankle, respectively, of the person in
an upright position) is less than 3 °C, ISO 7730:2005
[14]. According to [15], the most comfortable state
is when the floor temperature is the same or slightly
higher than the air temperature in the upper level. To
avoid local discomfort, [13] and [14] recommend the
air temperature difference between head and ankle to
be less than 3 K. The state of thermal comfort cannot
be determined simply by knowing the air temperature
in the room.

A human body is constantly exchanging radiant
heat with all the objects that surround it due to the
temperature differences between them. The MRT of a
space is the measure of the combined effects of the
temperatures of the surfaces within that area of the
human body. It is defined as the uniform temperature
of an imaginary enclosure in which the radiant heat
transfer from the human body is equal to the radiant
heat transfer in the actual non-uniform enclosure [16].
The larger the surface area and the closer the person
is to it, the more influence surface temperatures have
on the individual. The mean radiant temperature,
thus, changes with the position in the room and with
it the corresponding air temperature, which provides
thermal comfort.

Air-flow velocity is another important factor
in determining thermal comfort because increased
air velocity can cause discomfort due to increased
convective heat transfer from the surface of a human
body [14], limits local air flow velocity in offices and
spaces where no major physical activities occur at
0.15 m/s during the winter (heating periods) and 0.25
m/s during the summer (cooling periods). The sense
of draft is more pronounced with decreased physical
activity. Furthermore, discomfort caused by draft
increases with air temperature drops. Contrarily, if air
velocity in an enclosed space is too low, it could cause
a feeling of stuffiness and bad odour especially in
winter (heating periods). It is, therefore, necessary to
assure the optimal level of air circulation in the room.

The problem of indoor thermal comfort is
sensitive to other physical parameters, in the cases
of room environments with and without occupants.
The existence of a thermal occupant was found to
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produce thermal plume approximately 15% stronger
in magnitude than that from an unoccupied room [17].

1.2 Study Setup

An empty office with the double glazed window
facing south is modelled. Characteristic dimensions
of the room and the window are given in Fig. 1.
Four different cases regarding air flow inlet angles
from the A/C unit and solar radiation on external
surfaces and through the window are simulated and
examined (Table 1). A few simplifications are made
in the numerical model to decrease the number of
control volumes needed to discretize the domain
and, accordingly, accelerate the calculation. Internal
obstacles such as office desks and cabinets are
ignored. There are no additional heat sources in the
room such as occupants, computers, monitors, etc.

Table 1. Cases examined

Case Solar radiation A/C air inlet angle
A Not included 0°
B Not included 45°
C Included 0°
D Included 45°

Fig. 1. Modelled enclosed room

Based on the known surrounding air temperature,
convection boundary conditions are used to calculate
heat transfer to the external surfaces. Where surfaces
are exposed to the sun, radiation heat transfer is
included. A numerical simulation is conducted for the
most extreme case on the summer solstice at 13.00 in

Rijeka, Croatia. Solar data for that day are given in
[18]: direct solar radiation, 715 W/m? and diffuse solar
radiation, 185 W/m? Assumed radiation properties of
the wooden parquet and clear double-glazed window
are used in the model and are given in Table 2.

Table 2. Surface radiation properties

o Window Floor
Emissivity 0.9 0.9
Visible 0.1 0.6

Absorptivity IR 0.1 0.6
Diffuse 0.1 0.6

Visible 0.8 0

Transmissivity IR 0.7 0
Diffuse 0.7 0

The U-value of the wall and the U-value of
the double-glazed window, are estimated as 0.4
W/(m?K) and 2.2 W/(m?K), respectively. The interior
walls of the surrounding rooms are modelled with
convection boundary conditions. It is assumed that
the surrounding rooms (upstairs, downstairs and
side rooms) have the same air temperature of 26 °C,
corresponding to the indoor design temperature. The
outdoor temperature is 32 °C, defined as the dry bulb
temperature corresponding to 0.4 % of the annual
cumulative frequency of occurrence and the mean
coincident wet bulb temperature for Rijeka, Croatia.
Constant air flow velocity was taken as the inlet
boundary condition on the wall-mounted A/C unit
with the following parameters: the inlet air velocity
v, = 2.0 m/s, the inlet air temperature 7;, = 20 °C,
and the air flow inlet angle ¢ = 0°/45°. In the PMV
calculations, it is assumed that the metabolic rate is 1.2
met for sedentary activity (office), clothing insulation
is 0.6 clo (trousers and shirt) with relative humidity
assumed to be 50%.

1.3 Governing Equations

Transient solutions tend to be numerically more stable
and often converge when solution controls are too
restrictive to tend towards a steady-state solution. This
is the case with high Rayleigh number flows in which
the guidelines are to use time-dependent approach
[19]. The problem of heat transfer and fluid flow in
the space is solved using a mathematical model of
the unsteady three-dimensional turbulent flow of
incompressible fluid which is described with the
general differential equation:

0 0 0 0
5(pqp)+6—)6i(pui(p)—a[l“gj+5w, (1)

i i
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where variable j represents the velocity components u,
v, w and the temperature 7. In addition to the forced
convection imposed by the wall-mounted A/C unit, the
importance of buoyancy effects should be determined.
The ratio of the Grashof and Reynolds numbers is:

Gr/Re* = Ap-g-H/(p-vz). 2)

The ratio exceeds unity, showing that a strong
buoyancy effect in the flow could be expected.
Performances of different turbulence models in
similar studies were examined in [20]. Turbulence was
modelled using the realizable k&~ model, which consists
of the transport equation for turbulent kinetic energy,
and its dissipation rate and includes the generation of
turbulent kinetic energy due to buoyancy effects. The
values of model constants [21] are given in Table 3.

Table 3. k—& model constants

Model constants Value
C, 1.9
Cy, 1.0
CSs 1.2
oy 0.85
o, 0.85

The system of transport equations was solved
using the FLUENT CFD software, based on the
finite volume method [22]. Heat transfer from the
surroundings to the outer surface of the walls and
window, due to convection and radiation, is defined
as [21]:

q:aext.(]:)_Text)+gexr.6'|:Too4_T;xt4:" 3)
the second term in Eq. (3) represents the radiation term
and is accounts for surfaces exposed to sun radiation.
The radiation temperature 7,, is determined so that
radiative heat flux on the external surface is 375 W/
m?, taking into account the angle of the sun of 68°.
Heat flux through the walls and window is calculated
from [21]:

A
¢=1— (T~ T): “)
where Ax is the thickness of the wall/window with
constant thermal conductivity A. The external heat
transfer coefficients a,;, in Eq. (3) for the wall and
the window is calculated as 0.6 W/(m?K) and 6.5
W/(m?K), respectively.

The radiation energy source that results from

incident solar radiation passing through the window

is predicted with the solar ray tracing algorithm [21].
It uses the sun’s position vector and two irradiation
parameters, direct and diffuse solar irradiation, to set
solar intensity. The resulting heat flux is coupled to
the FLUENT calculation via the source term in the
energy equation. The solar ray tracing algorithm also
accounts for internal scattered and diffusive loading.
The reflected component of direct solar irradiation is
applied to all internal surfaces of the enclosed space.

1.4 Mean Radiant Temperature Calculation

The MRT calculation consists of the determination
of view factors F), in every point of the room where
MRT is to be calculated. It is based on the geometric
position of the irradiated surface (human body)
surrounded by surfaces with different temperatures,
[16]. MRT should be calculated in relation to the
human body surface area and orientation, but such a
calculation is highly complicated. For simplicity, it
is reduced to the point in space that is located in the
human centre of gravity. The view factor for a very
small surface area on the wall 4;, from an arbitrary
point in space (x, y, z) can be calculated as:

A
P =2
P An

®)

where 4/ is the projection of the surface area 4, to the
sphere of radius »=1 (Fig. 2).

Fig. 2. View factors calculation

The projection area is then calculated as:

e A4, cos¢
i 2 2 2
X +y +z

i'(xz +y2 +Zz)3/2 , (0)

where ¢ is the distance from the originating point to
the wall. When wall surfaces have a high emittance
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(¢), they can be assumed to be black, and thus the
following equation for MRT can be used [23]:

]"’.4:714.Fp71+7"24~Fp72+...+ TN4'Fp—N' (7

To be valid, the wall surface area A; should
be adequately small. Using CFD software, such as
FLUENT, allows for very small surface areas to be
defined on walls so that this condition for view factor
calculation is fulfilled. The user-defined function
(UDF) was created and incorporated in FLUENT
solver to calculate MRT in post-processing based
on previously calculated wall surface temperatures.
Different face mesh sizes were examined to determine
the optimal value of surface area A; regarding
calculation time and discretization error. Four
different mesh sizes with surface areas of 50 cm x 50
cm, 25 cm x 25 em, 10 cm x 10 cm, and 5 cm x 5 cm
were considered. Based on the results on calculated
mean radiant temperatures for enclosed room with
dimensions 5 m x 3 m x 2.5 m and arbitrary wall
temperatures (Fig. 3), where maximum percentage
error is about 0.7 % between cases 3 and 4, the optimal
value for 4; is taken to be 10 cm x 10 cm as in Case 3.

Cas;: 2:25cmx 25 cm

Cas3: 10cm x 10 cm Case4:5cmx 5 cm

Fig. 3. Influence of face mesh size on calculated mean radiant
temperatures

1.5 Model Verification

Verification of the solar ray tracing algorithm was
conducted prior to analysing the effect of the solar
radiation source on the thermal comfort conditions
in the room. The temperature measurements of the
floor area exposed to direct solar radiation through the
window are done using the FLIR ThermaCAM S65
thermal imaging camera. Due to weather conditions,
it was not possible to collect data exactly on the
summer solstice, instead measurements were carried
out on a clear sunny day on the 9th of July at 13.00

which is close to the most extreme case examined in
the paper. To avoid reflections from the floor, a piece
of cardboard was used to cover the entire window
a moment before acquiring the thermogram. The
modest resolution of the thermal imaging camera
(320 pixels x 240 pixels) limited the target area to
a square of approximately 1 m x 1 m. The acquired
temperature field is compared with the temperature
field of the same area calculated with CFD software.
The photograph and thermogram of the target area are
given in Fig. 4, and the calculated temperature field of
the same area is given in Fig. 5. The measured and the
calculated data show similar temperature fields as can
be seen in Figs. 4 and 5.

303¢

Fig. 4. Photography and thermogram of the floor area
exposed to the sun

window a

30
w
3
3
n
2

Fig. 5. Calculated temperature field on the floor

The average measured temperature of an area
directly exposed to the sun is about 2.5 °C lower
than calculated. The difference could be explained by
the presumed values of absorptivity, emissivity and
transmissivity of the floor and the clear double-glazed
window.
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Fig. 6. Temperature field at room cross section (x=1.5 m) for a) case A and b) case B
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Fig. 7. Air flow velocity field at room cross section (x=1.5m) for a) case A and b) case B
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2 RESULTS AND DISCUSSION 2)
250 4 :
2.1 Solar Radiation Source Not Included 225 1
2.00 * e

The room is cooled by the cold air with an air inlet 175 4
angle set to 0° from horizontal (Case A) and 45° _ 1o g
from horizontal (Case B). In both cases, direct solar £ 1259
radiation through the window is not included in g 1 H
the calculation. By observing only the indoor air g 078
temperatures (Fig. 6) and air flow velocities (Fig. -l :
7), both cases lead to satisfactory thermal comfort 02 ;
conditions regardless of the air flow inlet angle. When S s A S b, B Bt oA BB T8 B
comparing the vertical temperature distribution in the Temperature [°C]
middle of the room (Fig. 8), Case A leads to a more b)
comfortable state where the temperature difference 250 L.
betweenz= 1.1 m and z= 0.1 m (at the head and at the 2254 ..."o
ankle of a person in the sitting position) or between 2003
z=1.7m and z = 0.1 m (at the head and at the ankle 18 . >
of a person in an upright position) is negligible. In — .
Case B, the air temperature is about 1°C lower at B, 128 s
the floor level than at the head level, which is not g) ;:Z '
recommended. It is a consequence of the cold air = 0:50_
flowing downward from A/C unit resulting with the air 025 ] s
stratification. S N

Flg 9 ShOWS the MRT proﬁle at z = 06 m’ 25.0 252 254 256 258 26.0 26.2 264 266 268 27.0
corresponding to the chest level of a human in a Temperature [°C]
sitting position. It can be seen that it does not change Fig. 8. Vertical temperature distribution for
significantly with the air flow inlet angle, because a) case A and b) case B
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Fig. 9. MRT at z = 0.6 m (sitting position) for
a) case A and b) Case B

in this case, it has only a small influence on the wall
temperature. As Case A leads to more comfortable
thermal conditions, PMV values are calculated for it.
PMYV values are displayed at three different heights, z
=0.6m,z=1.1 mand z = 1.7 m, corresponding to the

34
I a)

)

omEm

Fig. 10. PMV values at three different levels for Case A;
a)z=1.7m,b)z=11m,andc)z=0.6m

chest level and the head level of a human in the sitting
position, and at head level in the standing position,
respectively (Fig. 10). It can be seen that PMV values
are within the recommended values for Category II of
indoor environments as defined by [12] at all levels
(-0.5 <PMV < +0.5).

b)

Fig. 11. Temperature field at the room cross-section (x=1.5 m) for a) Case C and b) Case D

I 0.2
0.0

b)

Fig. 12. Air flow velocity field at the room cross-section (x = 1.5 m) for a) Case C and b) Case D
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2.2 Solar Radiation Source Included

The room is cooled the same way as in Section 2.1
but with direct solar radiation through the window
included in the calculation (Case C and Case D).
The solar altitude is set to 68°, matching an angle at
summer solstice at noon on a latitude of approximately
45° North (Rijeka, Croatia), which represents the
worst case scenario. As the sun’s rays enter the room,
they hit the floor at approximately 0.5 m from the
window where the region of increased temperature
is created. This region significantly affects the room
temperature and flow field. As can be seen from Fig.
11, the cooling capacity of the same presented A/C
unit is no longer sufficient to achieve thermal comfort
conditions in the room, as the mean room temperature
is about 4 °C higher when solar radiation is included
in the calculation. Furthermore, the larger temperature
difference between the surrounding air in the room and
cold air from the A/C unit results in a different air flow
field. In Case C (Fig. 12), it can be seen that, as opposed
to cases without solar radiation (Fig. 7), the stream of
cold air from the A/C unit drops much sooner due to
a smaller buoyancy force, i.e. larger air temperature
difference.

The mean radiant temperature profile, as seen in
Fig. 13, is greatly affected by the high-temperature
region on the floor (Fig. 14). MRT is also affected by
the air flow inlet angle, as can be seen in Case D in
which cold air from the A/C unit flows right over the
heated region and, as a result, lowers its temperature
by about 6 °C. In Case C, such an effect is not present
because cold air from the A/C unit passes much higher
over the heated region on the floor.

Based on the calculated temperature and air
flow field, Case D leads to more comfortable thermal
conditions; therefore, PMV values are calculated for
that case. PMV values are displayed at three different
heights, z=0.6 m, z= 1.1 m and z = 1.7 m (Fig. 10).
It can be seen from Fig. 15 that PMV values are much
higher when solar radiation is included and that the
recommended values are significantly exceeded even
for category IV of indoor environments, as defined by
[12].

As the quality of the installed windows is very
low, such results were more or less as expected. To
be able to cope with the increased air temperature in
the room the cooling capacity of the wall-mounted
A/C unit should be appropriately increased. As an
alternative, high reflectivity window films could be
used but they also block the sun’s heat in the winter.
Shading is often implemented to protect against
overheating during the warm months. Most shading

devices are attached to the exterior of the building,
such as overhangs and louvers.

37.0

36.5

36.0

35.5

35.0

34.5

34.0

Fig. 13. MRT at z = 0.6 m (sitting position) for a) Case C and b)
Case D

56.0

52.0

48.0

44.0

40.0

36.0

32.0

28.0

Fig. 14. Surface temperatures for a) Case C and b) Case D

It has to be emphasized that the implemented
numerical simulation includes some simplifications
as mentioned before. It was found in [17] that the
presence of furniture in the room could induce
complicated flow re-circulations and high local air
velocities around the edges of the furniture. The study
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also showed that there was little influence on room
temperature and airflow buoyancy strength compared
with that of an empty room. Including occupants,
however, did have an impact on the temperature field
through the formation of strong thermal plumes, with
increased air temperature in comparison to the case of
the unoccupied room.

oM Sm

Fig. 15. PMV values at three different levels for Case D;
a)z=1.7m,b)z=11m,andc)z=0.6m

3 CONCLUSION

In this paper, cooling of the indoor space is simulated
using CFD software. Numerical analysis is used
to calculate the fluid flow and the heat transfer
in an indoor space. A steady state solution was
achieved using an unsteady solver and resulted in air
temperature distribution, mean radiant temperature,
and air velocity field with or without the influence
of solar radiation through the window. No additional
heat sources were present in the room.

A theoretical analysis has shown that when
certain boundary conditions are met, average values of
air temperature and air flow velocity in the room can
be in an acceptable range, although local distortions
from standard optimal comfort values could exist.
Considerable differences in thermal comfort
conditions are observed in cooling periods, taking into
account solar radiation through the window. In cases
where solar radiation is included in the simulation,
average temperatures in the room are approximately
4 °C higher than in cases without a solar radiation
source. Furthermore, some differences were observed
depending upon the air flow angle from the A/C unit,
where a temperature drop in the lower layers occurred

due to buoyancy effects. In this case, to eliminate the
buoyancy effects, it is necessary to increase the air
flow velocity from the A/C unit, which could lead
to local air velocity distortions resulting in disturbed
optimal comfort values.

Both measurement and CFD modeling revealed
significant temperature rises of the floor area directly
exposed to the sun. Although, a relatively small area,
it greatly influences comfort conditions by raising
the average temperature of the air and by introducing
strong buoyancy.

Even though the simulation of the room is
simplified by omitting occupants, furniture, and
additional heat sources, it could be concluded that
solar radiation is a very important factor in estimating
comfortable thermal environments. To properly
predict heat balance and comfort conditions in the
room, it must be included in numerical simulations.

The presented numerical analysis can be relatively
casily expanded to similar technical problems from
the field of heating, ventilation and air-conditioning.
It could also include air humidity internal heat
sources, such as people, computers, monitors, etc.
Furthermore, time-dependent boundary conditions
could be included as a variable air flow outlet angle
achieved by swinging flaps on an indoor A/C unit.
Including those factors leads to more realistic
simulations but a major limiting factor in simulating
such, more complex problems is the available CPU
power, i.e. calculation time.

4 NOMENCLATURE

constant
acceleration due to gravity, [m/s?]
height, [m]
turbulence kinetic energy, [m2/s?]
heat flux, [W/m?]
source term
time, [s]
temperature, [K]
) velocity, [m/s]
X0z Cartesian coordinates

N T e Pvm%('}

=
=
=

heat transfer coefficient, [W/m?K]
diffusivity

turbulent dissipation rate, [m?/s?]
emissivity

Thermal conductivity, [W/mK]
dynamic viscosity, [Pa-s]
kinematic viscosity, [m?/s]
density, [kg/m?]
Stefan-Boltzmann constant,
5.67-108 [W/m?K4]

QA = ® >0 O NQ
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o turbulent Prandtl number for &
o, turbulent Prandtl number for ¢
® transported scalar

D angle, [°]

Subscripts

0 outdoor

0 radiation source

in inlet

int internal surface

ext external surface

(1]

[2]

3]

[4]

[5]

[6]

[7]

(8]

[9]
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The Experimental Investigation of Effects
of Multiple Parameters on the Formability
of the DCO01 Sheet Metal

Hakan Giiriin* — Ibrahim Karaagag
Gazi University Faculty of Technology, Department of Manufacturing Engineering, Turkey

The formability of sheet metal materials through the deep drawing process is affected by various parameters, such as die chamber pressure,
die radius and sheet thickness, all of which directly influence the product’s quality. This paper investigates the formability of the DCO1 sheet
metal material. DCO1 is a carbon steel sheet, which has a wide range of usages from the automotive industry to the manufacture of radiators
by means of hydro-mechanical and conventional deep deep drawing methods. This study, for the first time, empirically investigates the effects
of die chamber pressure, die radius and sheet thickness on the formability of DCO1 sheet metal material through hydro-mechanical and
conventional deep deep drawing methods. The study also helps to determine the forming parameters for this material. With regard to the
hydro-mechanical deep drawing process, the drawing ratio increased from 2.16 to 2.33, solely due to an increase in die chamber pressure.
The results of the experiment revealed suitable forming parameters through hydro-mechanical and conventional deep drawing methods for

samples of DCO1 material having a cylindrical geometry.

Keywords: deep drawing, hydro-mechanical deep drawing, conventional deep drawing

Highlights

e The effects of die chamber pressure, die radius, and sheet thickness on the formability of DCO1 sheet metal material were

empirically investigated.

o The formability properties of DCO1 sheet material were compared using conventional and hydro-mechanical deep drawing

processes.

e The effect of each parameter and suitable parameter values were empirically identified and evaluated.

e The biggest drawing ratio in the hydro-mechanical deep drawing process was obtained as 2.33.

*  The biggest drawing ratio in the conventional deep drawing process was obtained as 2.16.

e The maximum thickness change in the hydro-mechanical deep drawing process was observed to be a 12 % decrease.

0 INTRODUCTION

The deep drawing process is widely used for forming
sheet metal products. Medication and perfume tubes,
pots and pans, household appliances, automotive
parts and defence industry products are examples of
the different applications of this process. In products
formed using deep drawing, homogenous sheet
thickness distribution and achievement of the highest
drawing ratio is expected.

Conventional deep drawing is one of the most
widely used sheet metal-forming methods for turning
blank sheets into hollow pieces. The process includes
forming the sheet metal with compression and tensile
forces. In the process, the punch pulls the sheet
material through the space between the punch and the
die ring and shapes it [1]. In this process, the blank-
holding slide transfers the blank-holding force via the
blank holder onto the blank and the draw die. The die
and the ejector are located in the lower die on the press
bed. During forming, the blank holder brings the sheet
metal into contact with the die, the punch descends
from above into the die and shapes the part, while

the sheet metal can flow without any wrinkling of the
blank-holding area. In this case, the drawing process
is carried out with a fixed blank holder and moving
punch. The conventional deep drawing process is
shown schematically, in Fig. 1.

When analysing previously performed studies,
it was found that there are experimental-analytical
and numerical research results. Through the finite
element method (FEM), which is a numerical method,
Volk et al. attempted to determine the optimal blank-
holding force, through the finite element method, by
changing the geometry and the structure of the blank
holder. The best results were obtained with flexible,
segmented blank holders [2]. Trzepiecinski and Lemu
worked on the effect of sheet metal surface roughness,
lubricant conditions and sample orientation on the
value of the friction coefficient in the draw-bead
region of the sheet metal-forming processes. They
ascertained several relationships showing the effect
of surface profile and lubrication on the value of the
friction coefficient. Simulations have been performed
to study the stress/strain state in the stretched sample
during draw-bead simulator tests [3]. Assempour and
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Taghipour worked to evaluate the effect of normal
stress in the hydromechanical deep drawing (HDD)
process. Analyses were carried out for axisymmetric
elements of the formed cup-shaped part for increments
of the punch travel. They found some differences
between thickness values, radial and circumferential
strains and stresses, and punch force under plane
stress and three-dimensional stress conditions [4].

Numerical simulation methods were also used
to aid in the development of the forming tool and
the determination of the process parameter. Jurendi¢
and Gaiani developed a numerical simulation method
to aid in forming tool development and process
parameter determination. They used the Barlat 1989
material model and employed an experimental strain-
hardening curve to consider the anisotropic hardening
of the material [5]. Garcia et al. used a Hill-48
associate plasticity model to analyse the modelling
and experimental validation of the Erichsen test, a
cylindrical cup test, and an industrial sheet metal-
forming process [6].

The hydro-mechanical deep drawing process is
forming using liquid pressure. Hydromechanical deep
drawing (HDD), as a combination of conventional
deep drawing with sheet hydroforming, has been
widely used in the forming of complex-shaped

Blank
holder

Blank
holder

Chamber
pressure

sheet materials [7]. Onder and Tekkaya worked to
determinate the optimum sheet metal-forming process
and process parameters for various cross-sectional
workpieces by comparing the numerical results of
high-pressure sheet metal forming, hydromechanical
deep drawing and conventional deep drawing
simulations. The analyses revealed that certain
processes are preferable for obtaining satisfactory
products depending on the workpiece geometry and
dimensional properties. Furthermore, it has been
found that hydromechanical deep drawing is mostly
suitable for deeper products where the flange is
large [8]. Khandeparkar and Liewald worked on the
advantages of hydro-mechanical deep drawing, such
as increased deep drawing ratio, transfer of complex
contours from a punch to the blank surface, reduction
of drawing stages and better part quality. The process
was simulated using the LS-DYNA FEM solver [9].
Sharma and Rout developed a finite element (FE)
model for simulating the sheet hydromechanical
forming process using LS-DYNA dynamic explicit
commercial code. The analysis revealed that higher
cup depth with minimum thinning, for forming
dominated by stretching mode, can be achieved
with material of a higher anisotropy ratio and strain
hardening exponent by using a rough punch and

Fig. 2. Schematic presentation of the hydro-mechanical deep drawing process
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effective lubrication at blank-die-blank holder
interfaces [10].

As shown in Fig. 2, the lower die is a pressure
medium reservoir or water container or chamber. The
upper part of the die consists of the blank holder and
the draw punch. In this process, to form the sheet metal
the forming punch moves toward a high-pressure
liquid mass in a controlled manner. As the drawing
punch enters the chamber filled with the liquid, the
pressure of the fluid starts to increase. During the
deformation, the sheet material is pressed around the
drawing punch. The pressure activated through the
entry of the drawing punch into the pressured liquid
has a multi-directional effect. Because of the pressure,
the sheet material is forced to wrap around the
punch. As a result of this force, the friction between
the punch and the sheet material increases. This
increase in the friction prevents the sheet material
from irregularly tapering and being torn or cracked.
As a result of the pressure inside the die, the drawing
forces reach a higher level than what is expected from
the conventional deep drawing process [11] and [12].
The hydro-mechanical deep drawing process is shown
schematically, in Fig. 2.

With the use of the DCO1 sheet material, many
products in different sectors are being produced
using the deep drawing process. Because the sheet
material has widespread usage, it was chosen as the
experimental material. The aim of this experimental
study is to find the forming parameters that allow
achieving the highest experimentally observed
forming of a drawing ratio. Furthermore, it was aimed
comparison of formability properties of DCO1 sheet
material using conventional and hydro-mechanical
deep drawing processes in terms of drawing force. By
identifying ideal forming parameters, trial and error,

Coordinate reader
scale
Forming punch
cylinder

Blank holder
cylinders

Blank holder group
Die group and
liquid chamber

Mechanical
construction

and the preparation that take place in the production of
a product can be eliminated, reducing the product and
die costs for similar geometry and forming parameters.

1 MATERIAL AND METHODOLOGY
1.1 Experimental Setup

Experimental studies were conducted using the
experimental setup that was designed, produced and
calibrated. The experimental setup was designed
to be able to use both the conventional and hydro-
mechanical forming processes and realize the process
of data acquisition in real time while being controlled
electromechanically.

In general, the experimental setup has three main
parts: mechanical construction and dies; hydraulic
power unit; and electronic control and data acquisition
software. The experimental setup is shown in Fig. 3.

The mechanical components of the experimental
setup are the main construction, forming punch, blank
holder, die group, and a liquid chamber. A detailed
schematic of the mechanical construction of the
experimental setup, die group, and liquid chamber is
shown in Figs. 4 and 5, respectively.

The electronic control of the experimental setup
and data acquisition process is done through software
and a data acquisition card. The imposed forming
speed, punch displacement, blank holder force
and chamber pressure are entered into the system
through the designed software. Forming speed can be
adjusted via the speed adjustment valves controlling
the forming cylinders. The punch displacement is
observed using the coordinate reader scale connected
to the punch cylinder; when the displacement entered
by the user is achieved, the process is complete. The

Hydraulic valve group
i Return oil filkering group
Hydraulic tank

Hydraulic engine
and pump group

Electirc panel

— Electronic control and
data acquisition panel

—= Control software

Fig. 3. The experimental setup
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Fig. 4. Detailed view of the mechanical construction of

experimental setup

Blank
holder

blank holder force can be observed and controlled
via the pressure of the cylinders controlling the
blank holder, which is adjusted using the pressure
adjustment valve. The forces read from the load
cells, according to the configured pressure value,
are simultaneously observable using the software.
The control of chamber pressure is done through the
reading of data collected from a pressure transducer
inside the die. This reading is compared to the value
entered into the software, leading to the opening and
closing of the proportional pressure valve that controls
the pressure inside the die until the expected value is
achieved. Fig. 6 shows a screenshot of the software
designed for data acquisition and electronic control.
In the hydro-mechanical deep drawing
experiments, hydraulic oil that conforms to ISO 11158
standard with a kinematic viscosity of 46 mm/s* at 40

Operation
Start - Stop

. ™ Chamber
Q-ring pressure

Sk

Fig. 5. Detailed view of the die group and liquid chamber

°C (Hydro-Oil Aw 46, Petrol Ofisi, Turkey) was used
as the forming liquid.

1.2 Experimental Study

In the experimental study, the parameters that are
effective in the forming processes and that need to be
inspected were primarily identified. The values of the
identified parameters are:

e Sheet thickness,  [mm]: 0.5, 0.8 and 1.0.

* Dieradius, ¥ [mm]: 4, 6 and 8.

¢ Chamber pressure, p [MPa]: 10, 20 and 30.

o Initial blank diam. D [mm]: 120, 130 and 140.

*  Punch shape and size: cylindrical, @60 mm.

e Punch velocity, v: 6 mm/s.

Mechanical and chemical specifications of the
experimental material have been obtained through
the identification of experimental parameters. To
obtain the mechanical properties, tensile test samples

Hydraulic Motor Manually Filling
Start / Stop ?witch
] ]
|- I -

'=

b pee Pmen Gpees| jem e oy
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Zero Return

Blank Holder
Velocity Steps

Graphic
Panel
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Report File Path
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Distance

Fig. 6. Hydromechanical deep drawing experimental setup control software
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with 1 mm sheet thickness in ASTM E8-M standards
have been prepared in 0°, 45° and 90° to the rolling
direction and have been subjected to tensile tests,
which were done three times in each direction. Fig. 7
shows images of the experimental samples on which
the tensile tests were done.

Fig. 7. DCO1 sheet material tensile test experimental samples

The material in which the same properties are
measured in any direction is termed isotropic, but most
industrial sheets will show a difference in properties
measured in test-pieces aligned with the rolling
direction, and at 90° and 45° to the rolling direction.
Different material properties working in different
directions can have a significant effect on the degree
of difficulty of the forming operation. In particular, the
textures and orientation of the crystal structure to the
rolling direction of the sheet metal lead to anisotropic
directional behaviour. The anisotropy of the plastic
behaviour of sheet metals is characterized by the
Lankford’s coefficient » [13], which is determined by
uniaxial tensile tests. In such tests, the ultimate tensile
results are achieved in the rolling direction. In the case
of a 45° direction, tensile stress decreased, and in the
case of a 90° direction, the lowest values of tensile
stress were obtained. The results of tensile tests were
used only to determine the blank holder forces. The
tensile stress values obtained as a result of the tests is
shown in Table 2; the other properties of the sample
are shown in Table 3, and the chemical composition of
the material is shown in Table 4.

The recommended drawing speed value between
5 mm/s to 10 mm/s for hydro-mechanical deep
drawing processes was found in the relevant literature

Table 3. DCO1 sheet material mechanical properties

[14] to [18]. In the experimental study, the drawing
speed for the forming DCO1 sheet material using
hydro-mechanical deep drawing was kept constant
at 6 mm/s. The blank holder force was kept constant
during the experimental study. In the study, constant
blank holder force values for both conventional and
hydro-mechanical deep drawing processes were
calculated separately. In the calculation of the blank
holder pressure value used in the conventional deep
drawing experiments Eq. 1 was used and in the
calculation of the blank holder pressure value used in
the hydro-mechanical deep drawing experiments Eq.
2 was used. In the calculation of blank holder forces
for both processes, Eq. 3 was used. The blank holder
forces used in experimental studies are given in Table
5.

Table 2. Sample orientation with respect to roll direction

Rolling Direction

DCO1 0° 45° 90°
Ultimate tensile stress [MPa]

1. Test 360.6 3441 342.3

2. Test 356.5 344.8 339.6

3. Test 356.9 345.9 340.6

Blank holder pressure p [1]:
p =[(B-1)2 + D/200¢] - (R,,/400) (1)
p =0.002[(f-1)2+D/2001] -R,, 2)

where f is the drawing ratio, D is the initial blank
diameter, ¢ is sheet material thickness [mm] and R, is
the ultimate tensile stress.

Blank holder force Fpy [1]:

Fpy = Apn) (D), 3

where A4y is the area the blank holder is effective on
the sheet material [mm?2] and p is the blank holder
pressure.

The one-sided space measured between die and
punch in deep drawing dies is called the drawing
clearance. In the experimental studies, dies with
different drawing clearances for each sheet material
thickness (1=0.5 mm, t=0.8 mm, =1.0 mm) were

Material ~ Tensile stress [MPa] Yield stress [MPa]  Elongation [%]  Modulus of elasticity [GPa] ~ Poisson rate  Specific gravity, [g/cm3]
DCO1 350.0 253.0 18.81 142.0 0.28 7.83
Table 4. Chemical composition of DCO1 sheet material
Material C [%] Mn [%] P [%] S [%] Cr [%] Fe [%) Others %
DCO1 0.094 0.224 0.002 0.007 0.027 99.4 0.246

The Experimental Investigation of Effects of Multiple Parameters on the Formability of the DCO1 Sheet Metal 655
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Hydro-mechanical deep drawing

Conventional deep drawing

Sheet thickness, t

Sheet thickness, ¢

0.5 mm 0.8 mm 1.0 mm 0.5mm 0.8 mm 1.0 mm
Initial Blank Diameter Blank Holder Force [kN] Blank Holder Force [kN]
120 mm 13.056 10.385 9.495 16.320 12.981 11.869
130 mm 19.448 15.885 14.697 24.310 19.856 18.372
140 mm 27.939 23.323 21.784 34.923 29.154 27.230

Table 6. Experimental results obtained using the hydro-mechanical deep drawing process

Die radius, r: 4 mm

Die radius, r: 6 mm Die radius, r: 8 mm

Sheet material: DCO1 Chamber pressure [MPa]

Chamber pressure [MPa]

Chamber pressure [MPa]

10 20 30 10 20 30 10 20 30
D:120 mm, t = 1.0 mm v 4 \ \ v v v 4 4
D:130 mm, t = 1.0 mm 4 4 \ v v v v v 4
D: 140 mm, t = 1.0 mm X X X X v v v v v
D: 120 mm, t = 0.8 mm v v \ \ v v v 4 4
D:130 mm, t = 0.8 mm 4 4 \ \ v v v 4 4
D: 140 mm, t = 0.8 mm X X X v 4 v v 4 v
D: 120 mm, t = 0.5 mm v v \ \ \ v v 4 4
D:130 mm, t = 0.5 mm v \4 \ \ v v v v \4
D: 140 mm, t = 0.5 mm X v 4 \ \ v v v 4

(V: Successful forming process, x: Tearing and unsuccessful forming process)

produced. The calculation of the drawing clearances
between the die and the punch is given by:

w=t+k,

“

where w is drawing clearance value [mm], ¢ is sheet
thickness [mm] and & is material constant (k = 0.07
mm for steel material [1] and [13]. The drawing-
clearance values were calculated according to sheet
material thickness and used in the experimental study.

Experimental studies have been conducted using
both the conventional and the hydro-mechanical
deep drawing processes according to the identified
experimental parameters. In the study, 27 experiments
for the conventional drawing process and 81
experiments for the hydro-mechanical deep drawing
process were done. For trials using both methods,
each experiment was repeated three times.

2 RESULTS

The results obtained from hydro-mechanical deep
drawing experiments are shown in Table 6, and the
results obtained from conventional deep drawing
experiments are shown in Table 7. The obtained
results have been evaluated according to the effects
of chamber pressure, die radius, and sheet material

656

thickness experimental parameters to the drawing
ratio and the drawing force.

Table 7. Experimental results obtained using the conventional
deep drawing process

. Die radius  Dieradius  Die radius
Sheet Material: DCO1 4 mm 6 mm 8 mm
D:120 mm, t = 1.0 mm v v v
D: 130 mm, t = 1.0 mm v v v
D:140 mm, t = 1.0 mm X X X
D: 120 mm, t = 0.8 mm vV v v
D:130 mm, t = 0.8 mm X v v
D:140 mm, t = 0.8 mm X X X
D:120 mm, t = 0.5 mm 4 4 v
D:130 mm, t = 0.5mm X X X
D:140 mm, t = 0.5 mm X X X

(V: Successful forming process, x: Tearing and unsuccessful forming
process)

The drawing ratio is the ratio of the maximum
sheet diameter drawn without any wrinkling or tearing
(D) to the punch diameter (d). The aim of the deep
drawing process is to produce parts with no defects
within the required tolerances. In the experimental
studies, while a maximum drawing ratio of 2.33 was
obtained using the hydro-mechanical deep drawing
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Fig. 8. Parts formed at different drawing ratios from DCO1 sheet material; a) B =2, b) 3 = 2.16, ¢) B = 2.33

process, a maximum drawing ratio of 2.16 was
obtained using the conventional deep drawing
process. More than one reason was observed for the
fact that the drawing ratio for the hydro-mechanical
deep drawing is larger than that for the conventional
drawing process. In the hydromechanical deep
drawing process, as the forming medium is lubricated,
the friction between the sheet material and the die
lessens, and the forming process becomes easier.
In contrast, the pressure created inside the die
presses the sheet metal into the punch, increasing
the friction between the sheet metal and the punch,
thus preventing it from tearing as a result of non-
homogeneous thinning of the material. As the pressure
inside the die is the same on the sheet material from
all directions, non-homogeneous thinning is again
prevented. Another function of the pressure inside the
die is observed as the die radius friction is reduced,
and the forming is improved, resulting from the sheet
material being pressured toward the punch. The effect
of chamber pressure was observed clearly in the
experimental study regarding the hydro-mechanical
deep drawing process. In this study, while for 0.5 mm
sheet material thickness, a 4 mm die radius and 10
MPa chamber pressure, a maximum of 2.16 drawing
ratio could be obtained, as the chamber pressure was
increased to 20 MPa, a maximum of 2.33 drawing ratio
was obtained. In another experimental group, while at
1.0 mm sheet material thickness, 6 mm die radius and
10 MPa chamber pressure a maximum drawing ratio
of 2.16 could be obtained, as the chamber pressure
was increased to 20 MPa, a maximum drawing ratio
of 2.33 was obtained. Images of sheet materials
shaped in different drawing ratios in the experimental
study are shown in Fig. 8. It was observed that as the
chamber pressure is increased, the drawing force is
increased, this being a result of the force being in the
reverse direction of the punch movement. The punch

forces obtained using 0.5 mm, 0.8 mm, and 1 mm
sheet material thicknesses with 4 mm die radius and
120 mm initial sheet material diameter at chamber
pressures of 10 MPa, 20 MPa, and 30 MPa in the
experimental studies are given in Fig. 9.

Table 8. Punch forces of the conventional deep drawing process,

kN
Sheet Material: DCO1 Di.e radius Dig radius Di.e radius
r:4mm r:6mm r:8 mm
D:120 mm, t = 1.0 mm 101.493 96.163 89.642
D:130 mm, t = 1.0 mm 115.426 110.665 106.382
D: 140 mm, t = 1.0 mm Tearing Tearing Tearing
D:120 mm, t = 0.8 mm 99.718 94.588 82.726
D: 130 mm, { = 0.8 mm Tearing 104.472 99.926
D: 140 mm, { = 0.8 mm Tearing Tearing Tearing
D:120 mm, t = 0.5 mm 58.625 56.384 54.447
D: 130 mm, { = 0.5 mm Tearing Tearing Tearing
D:140 mm, t = 0.5 mm Tearing Tearing Tearing

When the die radius value is increased, the
sheet material’s flow into the die becomes easier and
the drawing ratio increases while the tensile force
decreases. As a small die radius creates resistance to
the sheet metal material flow in the opposite direction
to the shear direction during forming; this situation
makes the forming of the sheet material more difficult.
As a result of this, thinning of the sheet material and,
in the end, tears were observed. In the experimental
studies, regarding both the hydro-mechanical deep
drawing process and the conventional deep drawing
process, the effect of die radius can be observed
clearly. In the hydro-mechanical deep drawing
process, while sheet materials of 0.5 and 0.8 mm
thickness cannot be formed using 140 mm initial
sheet material diameter and 10 MPa chamber pressure
with 4 mm die radius, as the die radius is increased
to 6 mm and 8 mm they can be successfully formed.
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Fig. 9. Deep drawing force at different sheet

material thicknesses and chamber pressures;
a)t=0.5mm,b)t=0.8mm, ¢)t=1.0mm

In the conventional deep drawing process, while 0.8
mm sheet material thickness, a 130 mm initial sheet
material diameter experimental sample could not be
formed with a 4 mm die radius when the die radius
value was increased to 6 mm, the forming process
could be completed. In Fig. 10, the forming forces,
obtained at different die radius values belonging
to forming studies at different die radii are shown.
The punch forces obtained from conventional deep
drawing processes have been given in Table 8.

It can be observed that as sheet material thickness
increases, the drawing ratio increases. The drawing
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Fig. 10. Forming forces at different die radius measures
(D=130 mm, p=10 MPa); a) t=0.5 mm, b) t=0.8 mm, c¢) t=1 mm

ratio for sheets with smaller thicknesses decreases
during forming because the sheet material is more
prone to wrinkling [19]. It was observed that the
increase in sheet material thickness increases the
formability in forming with conventional deep
drawing. However, in the hydro-mechanical deep
drawing process, it was found that chamber pressure
must be increased depending on the sheet material
thickness increase. When the liquid pressure was
not being increased, it was found that the hydraulic
liquid pressure was not enough to pressure the sheet
material onto the punch. Furthermore, insufficient
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Fig. 11. Forming studies at different die radii using hydro-mechanical deep drawing process-1;
D=140mm, p=10MPa,t=0.5mm,a)r=8mm,b)r=6mm, c)r=4 mm

a) &) £

Fig. 12. Forming studies at different die radii using hydro-mechanical deep drawing process-2
D=140 mm, p =10 MPa,t=0.8 mm,a)r=8mm,b)r=6mm, ¢c)r=4 mm
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Fig. 13. Forming studies at different die radii using conventional deep drawing process
D=130mm,t=0.8mm,a)r=8mmb)r=6mmc)r=4mm

pressure causes a large contact area on the die
radius. In this case, the effect of the most important
parameter of the hydro-mechanical forming process,
chamber hydraulic liquid pressure decreases, and
the positive effect chamber pressure provides to the
forming process cannot be fully observed. In the
deep drawing process, a thickness increase in the
sheet material postpones wrinkling and lets the sheet

material be better formed without wrinkling. Using
the conventional deep drawing processes, sheet metal
cannot be formed using 0.5 mm thick sheet material,
although when using 0.6 mm and 1.00 mm thick
sheets, the forming process can be completed. It was
found that this situation is caused by the thin sheet
material starting to wrinkle and tearing right at the
beginning of the forming process.
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In the deep drawing process, tearing is an
important aspect: tears with higher amplitude were
observed in the conventional deep drawing process.

In the formability of sheet metal materials, the
control of thickness change is an important parameter
that can affect product quality. Minimum thickness
change indicates that the forming of the product has
been done successfully. Cups with the maximum
drawing ratio value obtained in experimental studies
were cut on a wire EDM in order to examine thickness
change, which were measured from the measurement
points indicated in Fig. 14a using a 0.01 sensitive
micrometer. Measurement results are given in Fig.
14b.

a :
)
| 5
4
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1 2
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F +20%F E 18%
-,% +10% T Hydromechanical
&
= 0 +—3% a0 =
8
c 10% T
e
- 20%7t 16%

Measurement points

Fig. 14. Thickness variation measurements of DCO1 sheet
material a) measurement points, b) measurement results

Maximum thickness thinning was observed at the
ending points of the punch radius (4th point) and wall
(5th point) for both processes. However, an increase
in thickness was observed at the flanges (6th point). In
the hydro-mechanical deep drawing method, because
the contact to sheet material shaped by the liquid is
the same in every direction, the unstable thinning of
the sheet material is prevented; thus, thickness change
is more homogeneous compared to the conventional
deep drawing process.

In the investigation of the experimental
specimens’ thickness change, it was observed that
the thinning in thickness change did not exceed 12%
in the hydro-mechanical deep drawing process. This
result shows that thickness change in the product
is considerably homogeneous compared to the
conventional forming method.

3 DISCUSSIONS

This is the first study in which the effects of
parameters such as die radius, sheet thickness and die
chamber pressure affecting the formability of DCO1
sheet metal material through hydro-mechanical and
conventional deep drawing methods are together
empirically investigated. The rate of the effect of each
parameter and suitable values of these parameters
were empirically identified and evaluated. The results
of the study are provided below.

Die chamber pressure is a key parameter in the
forming processes of the hydro-mechanical deep
drawing method. Prebulge pressure is usually applied
in the hydro-mechanical deep drawing method in order
to avoid and decrease in advance the sheet material
contacting the die radius, thus helping to increase the
drawing ratio. In the empirical study, die chamber
pressure tended to increase once the punch penetrated
into the die. The present study yielded the smallest
die radius of 4 mm and a drawing ratio of 2.33 at
the smallest die thickness of 0.5 mm for DCOI sheet
material, although prebulge pressure had been applied
in advance. In conventional drawing experiments, the
highest drawing ratio, 2.16, was obtained in 0.8 mm
and 1.0 mm thick sheets, which are the higher sheet
thicknesses, or in bigger die radiuses.

Die chamber pressure, die radius, and sheet
material thickness affect the forming force. In the
hydro-mechanical deep drawing method, a higher
drawing force is obtained because the die chamber
pressure generates a reverse force on the punch. If
the die chamber pressure is increased by 10 MPa,
the forming force increases by approximately 30 kN.
An increase in the die radius causes a decrease in the
forming force. This arises because the sheet material
is exposed to less tension at a higher die radius size.
Where die radius increases by 2 mm, forming force
decreases by approximately 5 kN.

Because the forming environment using the
hydro-mechanical deep drawing method is very
efficiently lubricated, there is little friction between
the sheet material on the die (flange region) and the
die. Moreover, because there is a pressured thin fluid
layer between the die and the sheet material, the sheet

660 Guriin, H. - Karaagag, I.



Strojniski vestnik - Journal of Mechanical Engineering 61(2015)11, 651-662

material has decreased contact with the die radius.
This contributes to obtaining better surface quality
in the parts that are formed. Although the empirical
studies did not go as far as extremely high die chamber
pressure values (>30 MPa), the sheet material could
be drawn to the end without any wrinkles on it. In the
conventional forming methods, however, scratches
appearing on the punch along with the scratches and
burrs on the sheet material are among the factors that
decrease formability and surface quality.

The thickness of sheet material is an important
parameter in the drawing and forming processes. Die
chamber pressure and sheet material thickness are
closely related parameters, and die chamber pressure
must be specified according to sheet material thickness
during the hydro-mechanical deep drawing process.
Die chamber pressure in the hydro-mechanical deep
drawing process must have a value that will uniformly
press the sheet material on the punch and decrease its
contact with the die radius. Otherwise, the impact of
the hydro-mechanical deep drawing process could not
be notably observed. In empirical studies, the biggest
drawing ratio, 2.16, was obtained in 0.8 mm thick
sheet material and at a die radius of 4 mm under 20
MPa of die chamber pressure, while a drawing ratio of
2.33 was obtained in the 0.5 mm thick sheet material
under the same conditions. It was due to the fact that
the effect of die chamber pressure increases as the
sheet material thickness decreases.

As the value of the die radius increases, the
formability of the sheet material also increases.
However, the impact of the die radius may decrease
in the hydro-mechanical deep drawing method under
high die chamber pressure in case of elimination of the
contact between the die radius and the sheet material
due to the pressure. In the empirical studies, the effect
of the die radius was fully observed in both methods.
It was also observed that as the die radius increases,
the drawing ratio increases in both methods, while the
forming force decreases.

The desired end product cannot be obtained
taking into account a single parameter in the forming
processes through hydro-mechanical and conventional
deep drawing methods. As indicated by the empirical
studies, die chamber pressure, die radius and sheet
material thickness parameters are interrelated and
cannot be considered separately. In the forming
processes in which all these parameters are taken into
account, the biggest drawing ratio, 2.33, in the hydro-
mechanical deep drawing process, and the biggest
drawing ratio, 2.16, in the conventional deep drawing
process were obtained in a pressure range of 0 to 30
MPa for DCO1 sheet material.

4 CONCLUSIONS

The following shows the results obtained from the

experimental study.

* Die chamber pressure, die radius and sheet
material thickness parameters are interrelated
parameters, and cannot be considered separately.

e The biggest drawing ratio, 2.33, in the hydro-
mechanical deep drawing process was obtained in
a pressure range of 0 MPa to 30 MPa for DCO1
sheet material.

 The biggest drawing ratio, 2.16, in the
conventional deep drawing process was obtained.

e In the hydro-mechanical deep drawing process,
the forming force rises with increasing chamber
pressure.

* Anincrease in the die radius causes a decrease in
the forming force.

e In the hydro-mechanical deep drawing method,
the forming environment is very efficiently
lubricated. This situation allows the sheet material
to be drawn to the end without any wrinkling.

*  Die chamber pressure and sheet material thickness
are closely related parameters, and die chamber
pressure must be specified according to sheet
material thickness during a hydro-mechanical
deep drawing process.

e The thickness change in the hydro-mechanical
deep drawing process was observed as a
maximum 12 % decrease. This phenomenon
has a lower value than thickness decreases in
parts formed by the conventional deep drawing
method.
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A Study of Disorder Shell Effects
on the Mechanical Properties of SiC Nanowires

Bin Zheng* — Huiling Du
1Xi’an University of Science and Technology, School of Materials Science and Engineering, China

The mechanical properties of SiC nanowires were investigated using molecular dynamics simulation method. The results show that the
disorder shell layer reduced the elastic modulus of SiC nanowires. This reduction mainly depends on the thickness and the atomic type of the
disorder shell. Thicker C and Si disorder layers can strengthen and weaken the nanowires, respectively. Also, the core-shell wires have size-
dependent strength, which can be understood by examining the variation of Young’s modulus and the volume fraction of the isolated core and
isolated shell. Furthermore, the disorder coating was found to facilitate the brittle-ductile transition in the SiC core. The simulation results are

expected to help the design and manufacturing of complex nanoscale architectures with desired mechanical properties.
Keywords: core/shell nanowire, mechanical properties, Young’s modulus, molecular dynamics simulation

Highlights

e The disorder shell layer reduces the elastic modulus of SiC nanowires.

*  Thicker Cand Si disorder layers can strengthen and weaken the nanowires, respectively.

e The bigger the SiC core, the larger Young’s modulus of the core-shell nanowires.

*  The modulus of the crystal core dominates the strength of the whole wire.

e The disorder shell induces the amorphization of the crystal core and makes the semiconductor core-shell nanowires ductile.

0 INTRODUCTION

The core-shell heterostructure of nanomaterials
is critical to the extraordinary tunability of the
properties of nanomaterials [1]. The crystalline phase
structure has been the subject of many experimental
investigations. More recently, crystalline core-
disorder shell materials have attracted attention,
owing to their interface boundary effect applied in
lithium ion batteries and high-conversion energy solar
cell devices [2] and [3].

The application performance of crystalline-
disorder core-shell materials depends on their stable
mechanical properties. Recently, there has been
considerable interest in studying the effect of the
core-shell interface on the mechanical properties of
nanowires (NWs) [4] and [5]. Some investigations
have shown that high internal stress gradients, owing
to lattice mismatch, develop at the interface, which
then results in an unusual deformation mechanism in
metallic nanomaterials [6]. For brittle semiconductor
materials, the disorder shell is considered to play
a significant role in stabilizing the crystalline core
[7] and [8] and in dominating the brittle-ductile (B-
D) transition [9]. Therefore, the core-shell structure
can modulate the elastic modulus of NWs and
induce plastic deformation. Despite the progress in
understanding the mechanical deformation of core-
shell NWs, knowledge of the tuneable properties of
such nano-hetero-structures remains limited.

In this paper, we focused on the mechanical
properties of core-shell NWs with silicon carbide
(SiC) crystalline core and disorder carbon (d-C) or
silicon (d-Si) shell, which have been synthesized
experimentally by many routes [10] and [11]. We
performed calculations for the SiC-d-C and SiC-
d-Si core-shell NWs to evaluate their mechanical
properties and to understand the core-shell interface
effect.

1 SIMULATION MODEL

The simulation model consists of the [111]-oriented
3C-SiC crystalline core and the disorder layer.
We built the atomic model of the SiC core with a
hexagonal cross section (Fig. 1). The size of the
nanowire cores (1 nm, 1.3 nm, and 1.7 nm diameters)
is defined as the average from the centre to the corner
and edge distances. To obtain the disorder shell,
crystalline C and Si diamond specimens were heated
above their melting points (C: 3820 K and Si: 2500
K), and then cooled to room temperature at 200 K/
picosecond (ps) to obtain disorder bulk materials for
cutting the hexagonal disorder shells [12] and [13].
Subsequently, core-shell NWs were assembled (Fig.
1) by inserting the crystalline core into disorder shells
with thicknesses of 0.3 nm, 0.6 nm, and 0.9 nm. An
initial distance of 0.15 nm between core and shell was
designed for interface structure relaxation.
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Molecular dynamics (MD) simulations were
used to perform uniaxial deformation under
simulated quasistatic conditions and to obtain the
mechanical properties of SiC-disorder core-shell
NWs. The LAMMPS software [14] with a time step
of 1 femtosecond (fs) was used to carry out the MD
simulations. Before loading, two order steps were
performed to establish the atomic rearrangement
of the free surface or the core-shell interface. First,
energy minimization based on the conjugate gradient
(CG) algorithm was used to guarantee the atomic
optimization position at zero temperature. Second,
the internal stresses of the initial nanostructure were
released by relaxation under constant atmosphere
pressure for 1 ns and constant volume for another
1 ns to thermally equilibrate the system at 300 K
using a Nosé-Hoover thermostat [15] and [16]. In a
stepwise manner, the compressive force was loaded
along the axial direction with periodic boundary
conditions. For each step, the uniform displacement
increment was 0.1 nm and the relaxation time at
constant temperature was 500 ps. An equivalent 0.2
m/s (0.002 % ps-1) compressive rate was obtained. No
significant difference appeared when the compressive
rate decreased to 0.1 m/s (0.001 % ps-1). All the
reported numerical simulations were performed using
the Tersoff potential for C, Si, and SiC, where the
total energy of the system with one-body, two-body,
and three-body contributions and testing indicated its
transferability from the molecular to the bulk regime,
making it a good choice for atomistic simulations [17].

L rxed | R
Fig. 1. Top and side view of a) SiC-d-C and
b) SiC-d-Si core-shell nanowire

In the simulations, uniaxial loading was applied
along the z direction. The reported stresses (o°°) were
calculated by summing the stress tensor (f7) of all
atoms along the z-direction and then dividing them
by the volume of the system (V), as shown in Eq. (1).
The volume V is the product of the hexagonal cross-
sectional area and the equilibrium length in every
loading step. For strain from —3.0 % to 3.0 %, linear
regression, and the stress-strain curves were used to
estimate Young’s modulus (Y) with Eq. (2).

o2 f )
oc’=Ye,. @

2 RESULTS AND DISCUSSION

The stress—strain curves for SiC-disorder core-shell
nanowire materials loaded both in compression and
tension are shown in Fig. 2, from which we find the
typical characteristics of the mechanical properties
of semiconductor nanowires: ultra-strength and super
ductility. Their elastic strains are larger than 3 %,
and failure strength reaches to above 10 GPa for all
nanowires. Also, Fig. 2 shows the tuneable mechanical
properties of the nanowires through the thickness and
the type of shell layer.

Young’s modulus can be extracted from the
stress-strain curves, as shown in Table 1. The elastic
strength of wires was compared with the different
sizes of core and shell. Furthermore, the Si core was
employed to show the effect of the disorder shell on
Young’s modulus of core/shell NWs.

From Table 1, it is clear that Young’s modulus of
naked NWs is bigger than that of wires coated with
disorder layers; this observation is consistent with
previous reports [18].

Previous publications [1] showed that the high
internal stress gradients, owing to lattice mismatch,
exist at the core/shell interface, which can change
the mechanical properties of the wires, although the
shell layers are crystallized structures. In this work,
the shell layer becomes a disordered structure, which
potentially will saturate those dangling bonds on
the core surface due to no limitation of the lattice.
The atomic stress distribution will be analyzed to
understand the strength of the wires coated by the
disorder shell, as shown in Fig. 3.

From Fig. 3a, we found that most of the atoms in
naked NW are under compressive stress state (peak 1).
All those atoms located on the surface of the nanowire
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Fig. 2. Stress vs. strain curves for a) 3C-SiC nanowires with different thicknesses of disorder carbon shell and
b) the SiC nanowires coated with different types of disorder shell

Table 1. Young’s modulus of crystalline-disorder core-shell nanowires with different core diameters and shell thicknesses; the values were
obtained using linear regression from the stress-strain curves for strain from -3.0 % to 3.0 %

Young’s modulus (GPa) of the core/shell NWs

SiC core, D=1 nm SiC core, D =1.3nm SiC core, D=1.7 nm SiC core, D=2 nm Sicore, D=4.2 nm
Shell size d-C d-Si d-C d-Si d-C d-Si Shell size  d-SiC Shell size d-Si
[nm] shell shell shell shell shell shell [nm] shell [nm] shell

0 561 561 547 547 544 544 0 520 0 131.1

0.3 250 209 269 259 276 248 0.3 440 0.3 113.9
0.6 258 94 272 189 288 218 0.6 435 0.6 103.6
0.9 259 92 273 151 292 173 0.9 430 0.9 82.7

a) Naked SiC NW
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Fig. 3. Atomic stress distribution in a) naked SiC nanowire, b) SiC core, ¢) disorder C shell and
d) the whole core/shell nanowire; the strain of all nanowires is 0%
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Table 2. Young’s modulus and volume fraction of core-shell nanowires

0.9 nm d-C shell 0.6 nm d-C shell 0.3 nm d-C shell
Core size [nm] 1 1.3 1.7 1 1.3 1.7 1 1.3 1.7
Y [GPa] of core/shell 259 273 292 258 272 288 250 269 276
Y [GPa] of core 426 441 449 415 445 461 446 457 471
Veore/ Veore-shen [%] 14 19 24 23 27 33 40 44 46
Y [GPa] of shell 231 235 244 211 212 204 168 124 113
Vishet/ Veore-shel [%] 86 81 76 77 73 67 60 56 54

and the surface dangling bonds result in their high
compressive state. To reach the force equilibrium
of the whole wire, the atoms in the inner region are
under a tension stress state (peak 2 in Fig. 3a). When
stretching the naked NWs, the external force has
to overcome an additional barrier coming from the
surface atoms in a compressive state. Furthermore,
the compressive loading will be resisted by the inner
atoms under tension. The high fraction of surface
atoms in nanowires guarantees above non-uniform
stress distribution and then strengthen the whole wire.
This is especially true in thinner nanowires, i.e. size
effect.

The disorder shell can change the stress
distribution of the SiC core, reflecting the fact that
most of the atoms in the wire are close to the zero
stress state (Fig. 3b). The shell atoms at the interface
saturate those dangling bonds in the surface of the SiC
core and then the surface stress in the naked state is
almost released. In addition, we observed that most of
the atoms in the disorder shell are in a zero stress state
(Fig. 3¢), regardless of the existence of a free surface.
This can be understood by the disorder structure, in
which atoms can freely choose their coordination
atoms to eliminate the surface stress. Therefore, most
of the atoms in SiC-disorder core-shell nanowires are

0% strain

1% strain

in near a zero stress state (Fig. 3d), and then the wires
are softer than their naked counterparts.

Another interesting trend in Table 1 is that SiC-
d-C and SiC-d-Si NWs stiffen because of the large
crystalline core, for fixed disorder shell thickness. In
order to understand this size effect, we rearrange the
calculation equation of Young’s modulus of the core-
shell NWs, as shown below.

According to Eq. (1), the deformation stresses of
the core-shell NWs under loading are:

N

1 core

N
core—shell — v Z f;Z + z
i=N,

core—shell \ =l

zZZ

(@

5 |-

+1

=Neore

77

V.
= = GCO]‘C +
V. V.

core—shell core—shell

V.
shell GZZ (3)

shell *

We then obtained the Young’s modulus of the
core-shell NWs by integrating Eqs. (2) and (3) [19].

Vi Yo @

VCOI‘G Y +

core—shell — core V
core—shell core—shell

From the above formula, we see that the
Young’s modulus of core-shell NWs is the weighted
combination of the Young’s modulus of the cores and
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Fig. 4. Atomic stress distribution in SiC-d-C core-shell nanowires with different strains
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the shells. The weight factor is the fractional volume
Vcorc/ Vcorc—shcll (Vshcll/ Vcorc—shcll =1- Vcorc/ Vcorc—shcll)~
These values are represented in Table 2. From this
table, we found that both of the modulus values of
the core and the shell increases with the rising of
the core size. Moreover, the Young’s modulus of
the core is 2 to 3 times larger than that of the shell.
Although the value of Vo /Veore-shenl DeCcOmes small
in the large core, the whole nanowires still stiffen due
to the more important role of the core in deciding the
strength of the core/shell wires. The role of the core
and the shell in the deformation of core-shell NWs is
confirmed by the atomic stress distribution of wires
under loading (Fig. 4). This figure shows that most of
the atoms in core enter a tensile stress state in respond
to the external stretching force (peak right shift).
Comparatively, the peak of atoms fraction in shell still
locates in the zero stress position during loading.

The volumes in Table 2 are nominal values, and
we ignored the temperature and core-shell interface
space. The latter can cause difficulties in defining
the volumes of the isolated cores and shells in core-
shell NWs. Liu et al. [19] defined the geometric and
physical volumes. The physical volume is due to the
existence of the core-shell interface region. The basis
for this definition is the division of the interface region
into two parts that belong to the core and the shell.
Liu et al. [19] also calculated the physical volume
according to the ratio of the bond lengths of the core
and the shell. In the proposed core-shell model, the
ratio of bond lengths was not obtained owing to the
disordered structure. Instead, we used the ratio of the
average atomic potential energy of the core and the
shell to divide the interface region and then calculated
the physical volume as well as the Young’s modulus
of the isolated core and the isolated shell, as shown in
Tables 2 and 3.

For fixed crystalline core diameter, the Young’s
modulus of SiC-d-Si, SiC-d-SiC, and Si-d-Si core/
shell NWs decreases as the thickness of the disorder
shell increases (Table 1). An opposite trend was
observed in SiC-d-C core/shell NWs, i.e. the thicker
the disorder carbon shell is, the larger the modulus.
This difference can be understood by comparing the
strength of disorder carbon and disorder silicon. In
disorder carbon, we do find some ultra-strong local
structures (diamond-like carbon), which results in the
relatively high strength in SiC-d-C core/shell NWs.

In addition to affecting the strength, the
disorder coating can cause plastic deformation in
semiconductor materials, as shown in Fig. 5, from
which it can be seen that NWs with or without
disorder coating buckle under uniaxial compression.

Makeev et al. [20] also reported the buckling modes of
SiC NWs. Buckling is related to the smaller diameter
for a given length of nanowires regardless of the
core-shell structure. No structural defects appeared in
naked SiC wires below the critical strain (31 %) with
additional compression. Upon exceeding the critical
strain, the abrupt rupture of the Si-C bond outside the
buckling region and the subsequent clean cut indicates
brittle behaviour. In contrast, for core-shell NWs, no
clean rupture was observed in the isolated core and
shell during deformation, as indicated by the plastic
deformation of SiC NWs owing to the disorder layer.
Comparing the configuration of the naked wire and
the isolated core in Fig. 5, we see that the structure
of the latter is more disordered. We believe that the
amorphization of the core induced by the disorder
shell is the main contributor to the ductile properties
of core-shell NWs.

Naked
SiC NW

Isolated

SiC core

335
b P

0% 31% 32% 50%
Fig. 5. Atomic configurations of selected stages of naked SiC
nanowires with 1.3 nm diameter, isolated SiC core with 1.3 nm
diameter, and a disorder layer with 0.6 nm thickness

Isolated S

d-C shell .

3 CONCLUSION

We used molecular dynamics to simulate the
mechanical deformation of SiC-d-C and SiC-d-Si
core-shell nanowires and studied the Young’s modulus
and plastic deformation due to the disorder shell. We
found that the strength of SiC nanowires decreased
after the application of disorder coating, as can be
attributed to the release of the interface atomic stress
by the disorder shell. Furthermore, the size effect was
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observed, i.e. the bigger the SiC core, the larger the
Young’s modulus of the core-shell nanowires. The
interface effect was considered to divide the core-shell
interface into two parts belonging to the core and the
shell, and the modulus of the crystal core dominates
the strength of the whole wire. Additional deformation
beyond the elastic region suggests that the disorder
shell induces the amorphization of the crystal core
and makes the semiconductor core-shell nanowires
ductile. The simulation showed that the mechanical
properties of the semiconductor core-shell nanowires
depend on the type and thickness of the disorder shell,
which will facilitate their application to nanoscale
devices.
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Numerical Study of the Effect of the Reynolds Numbers
on Thermal and Hydrodynamic Parameters of Turbulent Flow
Mixed Convection Heat Transfer in an Inclined Tube

Farhad Vahidinia* — Mohadeseh Miri

University of Zabol, Department of Mechanical Engineering, Iran

A numerical investigation of the effect of the Reynolds number on the thermal and hydrodynamic parameters of mixed convection heat
transfer of the water-Al,05 nanofluid turbulent flow in an inclined circular channel is the subject of this article. The upper wall of the channel
was under non-uniform heat flux and its lower part was isolated. The two-phase mixture model, the finite volume method, and the second-
order upstream difference scheme were used to solve the governing equations. After reviewing the results, it was found that by increasing
Reynolds number, the convective heat transfer coefficient and shear stress increase, but the surface friction coefficient decreases. In the
case of Nusselt number and the surface friction coefficient, some equations were extracted.

Keywords: mixed convection, inclined channel, turbulent flow, Reynolds number, surface friction coefficient

Highlights

e New correlations are proposed to calculate the Nusselt number and surface friction coefficient in an inclined tube which is a
function of the Reynolds number and the angle of the tube from the horizon surface.

e The convective heat transfer coefficient increases with the increase of Reynolds number in an inclined tube.

* Inaninclined tube, the surface friction coefficient of the length tube decreases when the Reynolds number is increased.

*  Byincreasing volume fraction of the nanoparticles in an inclined tube, the convection heat transfer coefficient is increased.

0 INTRODUCTION

Convective heat transfer in inclined tubes has
long been considered. One of the most important
applications of the inclined tube is their use in solar
collectors and refrigerant distillation in condensers
of heat transfer systems [1] to [3], since introducing
the subject of adding nanoparticles to the base fluid
to improve the efficiency of heat transfer systems,
extensive studies were done both numerically and
experimentally in horizontal tubes with different
boundary conditions and various cross sections
[4] to [6]. Saha and Paul [7] studied numerically
turbulent flow forced convection heat transfer of
two nanofluids and concluded that by increasing the
Reynolds number, the Nusselt number increases.
Azmi et al. [8] investigated experimental convection
heat transfer of nanofluids turbulent flow under
constant heat flux of the wall in a circular tube and
indicated that the convection heat transfer coefficient
increases with increasing the Reynolds Numbers in
different volume fractions. Forced convective heat
transfer of the water/Al,O; nanofluids turbulent flow
was numerically investigated in a horizontal circular
tube by Hejazian et al. [9]. They concluded that
convective heat transfer coefficient increases with an
increased Reynolds Numbers and volume fraction.
Furthermore, these studies were widely investigated
using nanofluids in the vertical tubes. [10] to [12].

He et al. [13] examined experimental heat transfer
and flow behaviour in a vertical tube and concluded
that by increasing the Reynolds Numbers, convective
heat transfer coefficient and the flow pressure drop
increase. Saberi et al. [14] investigated the numerically
forced convective heat transfer of laminar flow with
nanofluids under wall uniform heat flux in a vertical
circular tube. They found that the convective heat
transfer coefficient and the Nusselt number increase
with increased Reynolds Numbers.

The inclined tubes also were selected for the
studies [15] and [16]. Solar collectors are the most
important devices which use of the inclined tubes to
investigate heat transfer by using nanofluids is studied
in them [17]. Numerical study of the mixed convective
heat transfer water/Al,O; nanofluids laminar flow
is conducted in the horizontal and inclined tubes by
Akbari et al. [18]. They indicated that by increasing
the inclination of the tube, surface friction coefficient
continuously increases, but convective heat transfer
coefficient has maximum value at an angle of 45°.
Cimpean and Pop [19] investigated mixed convective
heat transfer of laminar flow in an inclined channel
and concluded that use of nanofluids increases heat
transfer. Allahyari et al. [20] studied numerically
mixed convective heat transfer of water/Al,O4
nanofluids laminar flow with the wall non-uniform
heat flux in an inclined circular tube; they concluded
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that convective heat transfer coefficient increases
with enhancing nanoparticles volume fraction, but
it decreases with increasing the tube angle from the
horizontal surface. Mansour et al. [21] examined
experimentally mixed convective heat transfer of
water/Al,O3 nanofluids laminar flow in an inclined
tube. They observed that by increasing nanoparticles
volume fraction and the Reynolds number, the Nusselt
number decreases. On the other hand, the Nusselt
number increases with increasing the Grashhof
number. Investigating pressure drop of nanofluids
laminar flow under the wall uniform heat flux studied
experimentally in an inclined tube by Pirhayati
et al. [22]. They made a conclusion that pressure
drop increases with increasing volume fraction of
nanoparticles, but increasing the inclination of the
tube from the horizon from 0 degrees to 30 degrees
for Reynolds number less than 170, reduces the
pressure drop. Derakhshan and Akhavan-Behabadi
[23] used fin and flat inclined tubes to evaluate
the flow characteristic, pressure drop, and friction
coefficient by using MWCNT- oil nanofluid. They
observed that by increasing the inclination of the tube
from 0 degrees to 90 degrees, the pressure drop and
friction coefficient increase. Also, pressure drop in the
fin tubes is more than the flat tubes. Maré, et al. [24]
also analyzed experimentally mixed convective heat
transfer of laminar flow in a circular inclined tube.

In this paper, the effect of Reynolds number on
thermal and hydrodynamic parameters including
convective heat transfer coefficient, Nusselt number,
surface friction coefficient is investigated numerically
in mixed convective heat transfer Al,Oj/water
nanofluids turbulent flow within an inclined copper
tube under non-uniform heat flux of the upper wall
and insulation of the lower wall by using two phase
mixture model. According to the obtained numerical
results, some equations are extracted to calculate the
average Nusselt number and the wall surface friction
coefficient in terms of Reynolds number changes and
different inclinations of tube.

1 MATHEMATICAL MODELING

Turbulent mixed convection of a nanofluid consisting
of water and Al,O; in a horizontal circular tube
with non-uniform heat flux on the upper wall and
insulation in the lower wall has been considered.
In order to discretize of governing equations the
upstream difference scheme of second-order and finite
volume method are used. Fig. 1 shows the considered
geometrical configuration. The tube has a diameter
of 0.01 m and a length of 1 m. Tube thickness to

diameter ratio of 0.1 is assumed. In this paper, the two
phase mixture model is employed for the simulation.
The nanofluid is a mixture of water and particles of
Al,O5 and the size is uniform 32 nm.

g ,\*
Adiabatic

Fig. 1. Studied geometry (schematic of an inclined tube)

The conservation equations for steady state
mixture model with assumption incompressible and
Newtonian of flow are as follows [25]:

Continuity equation:

Conservation of momentum:
V0V Vi) =-Vp, +V.[1-7,]-
=Py Boyy (T —Tp)g +

+V‘(ZZ:1@(9¢Vdr,kar,k)- 2

Conservation of energy:

V@V (ph +p)=V-(4,VT-C,p, ).  (3)

Conservation of energy:

V(6,0,V) =Y (6,0,Vur )- )

where V,, and p,, are defined as:

n
Z@fpkvk ,,
Vm:k=1—9 pmzzq}{l%{’ (5)
Pegyr [
In Eq. (2), V4, is the drift velocity for the
secondary phase £, i.e. the nanoparticles in the present
study which is defined as:

Vark = Vi =V (©)

and in Eq. (2), 7 and 7, are the viscous shear stress and
turbulent shear stress which are defined as:
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T= :umVVm’ rt = _Z@pk E’ (7)
k=1

where ,, is defined as:

0, =Yt ®)

V, is the slip velocity or relative velocity that

defines as the velocity of a secondary phase (p)
relative to the velocity of the primary phase (f).

fo = VP _Vf. (9)

The drift velocity is related to the relative velocity
which is defined as:

- " hh
Vo=V, ‘Zk=1p_vfk‘ (10)

The relative velocity is determined from Eq. (9)
proposed by Manninen et al. [26]:

2
Py (pp—p,,,)a
lgluffdmg pp

V= (11)

In this equation the drag function, f4,, is
calculated by Schiller and Naumann [27]:

1+0.15Re,”" ", Re, <1000 12
% 10.0183Re,,  Re, 21000/

The acceleration (a) in Eq. (11) is:
a=g—(V,-V)V,. (13)

2 TURBULENCE MODELING

Turbulence is modeled with the Launder and Spalding
[28] k—¢ turbulence model for the mixture. It is
expressed by Egs. (14) to (16):

Him
Oy

V-(p,V,0) =V -2V 4G, pe. (14)

Hy
(o)

&

V-(p,V,e)=V( Vk>+§(chk,m —e,p,6), (15)

where:
2

k
lut,m = p’”cﬂ ;’ Gk,m = :ut,m (V Vm + (V Vm)T)s

¢=144,¢,=192,¢c,=.09,0,=1,0, =13, (16)

where ¢ and ¢, are constants.

3 BOUNDARY CONDITION

The boundary conditions are expressed as follows:
* Atinlet of tube (Z=0):

V.=V, V,=V.=0, T=T, I=I, (17)

Turbulent intensity calculated based on the
formula [29]:

-1
1, =0.16(Re)s . (18)
o At the tube wall (r = ry):
oT,

0<6<n: -A,—=g¢,, (19)
S or
T<0<2n: -/1S£=0. (20)
or
e At the solid/fluid interface: (» = r;):
oT, oT,
T=T, A—2=A,—2L, V.=V.=V,=0. (1)

R R

* At the tube outlet:
The diffusion fluxes are set to zero at the exit
for all dependent variables and an overall mass
balance correction is obeyed.

4 NANOFLUID THERMO-PHISICAL PROPERTIES

The physical properties are:
Effective density:
The nanofluid density is given by [30]:

P =(1-9)p; +¢p,, (22)
where the volumetric concentration is given by:
pf¢m

=—J7 23
¢ s+ P, (1-4,,) 2
and where ¢,, is the mass fraction.
An accurate equation is used for calculating the
effective heat capacitance:

(€),,=1-0)(eC,), +6(eC,), | /o 9

The thermal conductivity of the nanofluid is
calculated from Chon et al. [31] correlation, which
considers the Brownian motion and mean diameter of
the nanoparticles.

}“e — 0.746
% =1+64.7%¢"* x(d, /d,

X(A‘n //’Lf )0.746

X

)0.369

XPI’O'9955 XRel'2321, (25)
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X

)0.369

A _ 0.746
fflf—1+64.7x¢ x(df/dp
0.746
X(/lp//lf) w Py0-9955 XRel.ZSZl’ (25)

where Pr and Re in Eq. (25) are defined as:

BT _B
Pr:—#f , Re:—pf 20 , H=Ax10T-C,
PrOy 3mu lbf
C =140, B=1247, A=2414e7. (26)

Iy is the mean free path of water and B, is
Boltzman constant (B, = 1.3807x10-23 J/K).

Effective viscosity is calculated by the following
equation proposed by Masoumi et al. [32] that
considers the effects of volume fraction, density,
and average diameter of nanoparticles and physical
properties of the base fluid:
pPVBd;
Mo =1 00s

VB:L lgﬁ 5:3ld , 27
d, \np,d 6¢ ”
P p=p

C=u' |:(cldp+c2)¢+(c3dp +c4)],

where ¢y, ¢,, ¢ and ¢, are:

>

(28)

¢, =-0.000001133,
¢,=-0.00000009,

¢,=-0.000002721,
¢,=—0.000000393.

Thermal expansion coefficient proposed by
Khanafer et al. [33]:

By = ﬂp/(1+(1_¢)9f/¢/3p)ﬂ.f +

+1/(1+¢p, /(1-9)p, )- (29)

5 NUMERICAL METHOD AND VALIDATION

In this work, the fluid enters the tube with a constant
inlet temperature 7, of 293 K and with uniform axial
velocity of V4. The Reynolds number for simulation
and selection grid of 5000 is assumed. This set of
coupled nonlinear differential equations is discretized
with the control volume technique. For the convective
and diffusive terms the second order upwind method
is used while the SIMPLEC procedure is introduced
for the velocity—pressure coupling. A structured non-
uniform grid distribution has been used to discretize
the computation domain. It is finer near the tube inlet
and near the wall where the velocity and temperature

gradients are large. Several different grid distributions
have been tested to ensure that the calculated results

are grid independent.
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Fig. 2. Grid independence test: a) fully developed temperature,
b) centerline axial velocity

The selected grid for the present calculations
consisted of 170, 30 and 38 nodes, respectively, in the
axial, radial and circumferential directions.

As shown in Fig. 2 increasing the grid numbers do
not significantly change the velocity and temperature
of the nanofluid. Other axial and radial profiles have
also been verified to be sure the results are grid
independent.

In order to demonstrate the validity and also
precision of the model and numerical procedure,
comparisons with the available experimental and
numerical simulation have been done. As it is
shown in Fig. 3, good agreements between the results
are observed.

Fig. 3a shows the comparison of the calculated
results with the results obtained by Gnielinski and
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Sruher [34] and experimental results obtained by
Wusiman et al. [35].

Another comparison has also been performed
with the experimental results obtained by Torii [36].
(See Fig. 3b).

120 ® ® & e Gniclinski equation
| - 4--a-- present work A
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Fig. 3. Comparison of the axial evolution of Nu in a horizontal
tube with the results obtained by a) Gnielinski and Sruher [34] and
Wusiman et al. [35]; and b) Torii [36]

6 RESULTS

One important factor in the study of mixed convective
heat transfer of the turbulent flow is to investigate
the Reynolds number changes and its effect on
thermal and hydrodynamic parameters. The Reynolds
number, the volume fraction of nanoparticles and
Grashof number are considered 4000 to 6000, 4 %,
Gr = 1x108 respectively. In this study, the inclination
of the tube from horizon is considered 45 degrees

and flow of Aluminum oxide/water nanofluids is
investigated. Considering that the Reynolds number
is the ratio of inertial forces to viscosity forces, with
constant volume fraction of the nanoparticles and thus
constant viscosity forces, increase or decrease of the
Reynolds number will increase or decrease the inertial
forces. On the other hand, the Richardson number
was defined as the ratio of the Grashof number to
the square of Reynolds number in reference [20] and
[38]. According to the reference [37], if the above
ratio is (Gr/Re2«K1), there will be forced convection
heat transfer and we can neglect the effect of natural
convection. If, (Gr/Re?>>1), we will have natural
convection heat transfer and can neglect the effect
of forced convection. Regarding this subject, the
references [20], [25] and [38] deal with the study of
mixed convection heat transfer. Reference [38], shows
the mixed convection heat transfer of nanofluid in
laminar flow at Richardson numbers of (Ri = 0.33,
1.66 and 5) in a horizontal tube and reference [20],
studied this matter in an inclined tube. Reference
[25], also studied the mixed convection heat transfer
of nanofluid of turbulent flow in a curved horizontal
tube at similar Richardson numbers. As can be seen
in references [20], [25] and [38], we will have mixed
convection heat transfer at Richardson number (Ri =
4) that is assumed in the present paper. It means that
we will have both the effects of buoyancy forces and
inertia forces.

Re =5000 Re =4000

Re =6000

Fig. 4. Dimensionless axial velocity contours in the radial direction
for different Reynolds numbers of Z/D = 94, ¢ = 0.04 and & = 45
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Fig. 4 indicates dimensionless axial velocity
contours for Grashof number Gr = 1x108 at 4 %
volume fraction in different Reynolds numbers and an
angle of 45 degrees from horizon.

As figure shows, dimensionless axial velocity
contours become longer in the vertical direction with
increase of the Reynolds number and it will not have
any movement to the up or down of the wall.

Fig. 5 shows dimensionless axial velocity
profile in an inclined tube at an angle of 45 degrees
from horizon at different Reynolds numbers. As can
be seen, in this case velocity profile becomes more
uniform with increasing the Reynolds number. Fig.
6 indicates dimensionless axial velocity profile on
the tube centerline in an inclined tube at an angle
of 45 degrees from horizon at different Reynolds
numbers. It is shown in this figure that flow rate is
reached to a maximum value after the tube inlet and
then is developed. The reason for this is that after
the tube inlet, the growth of the tube boundary layer
causes contraction and conducts flow towards the
tube centerline, thus increases the velocity on the
tube centerline. By increasing the Reynolds number,
the velocity maximum point inclines down, since by
increasing the Reynolds number, the axial momentum
and turbulence production in the flow direction
increase.

0.4F
02k — = Re=4000
I ———em Re =5000
— Re=6000
)
T O \
[ Gr=1x10° ,
I ¢ =0.04
02F
L a =45
-0.4F
I . .

0 0.2 0.4 0.6 0.8 1 1.2
VIV,

Fig. 5. Dimensionless axial velocity profile in the radial direction

for different Reynolds numbers of Z/D = 94

The dimensionless axial velocity maximum and
the amount of development reduce with increase of
Reynolds number and the most important reason for
this process is that the velocity profile become more
uniform with the increase of Reynolds number.

—  Re=4000
Re = 5000
Re = 6000

Gr=1x10°
$=0.04
a =45

ZlD
Fig. 6. Dimensionless axial velocity profile in the tube centerline
for different Reynolds numbers

Fig. 7 displays dimensionless temperature
contours on Z/D = 94 of an inclined tube with an angle
of 45 degrees from horizon, constant Grashof number
Gr = 1x108, and 4 % volume fraction at different
Reynolds numbers. As can be seen in the figure,
dimensionless temperature decreases with the increase
of the Reynolds number. At the end of the tube at high
Reynolds, fluid has enough time to get the heat. So the
temperature contours are asymmetric.

Re =6000

Fig. 7. Dimensionless temperature contours for different Reynolds
numbers of Z/D =94, ¢ = 0.04, Gr = 1x108 and o = 45
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Fig. 8 shows the turbulent kinetic energy profile
on Z/D = 94 of an inclined tube with an angle of 45
degrees from horizon at Grashof number Gr = 1x108,
and different Reynolds numbers. In this figure, the
turbulent kinetic energy increases with increase of
the Reynolds number and its main reason will be
increase of velocity and turbulences. Fig. 9 indicates
changes of convective heat transfer coefficient in the
tube dimensionless length within an inclined tube
at different Reynolds numbers. At the beginning of
the tube after the inlet, the convective heat transfer
coefficient is very high due to the proximity of the
wall temperature and the fluid bulk temperature. This
coefficient reaches to the minimum value with distance
from the inlet and there is maximum temperature
difference between the wall temperature and the
fluid bulk temperature in this area. Then, it remains
constant due to the same temperature difference in the
developed area. As observed in this figure, convective
heat transfer coefficient increases with the increase of
Reynolds number and its main reason is the increase
of turbulent kinetic energy and turbulences.

0.4
0.2 . —  Re=4000
Y Y A Re = 5000
Re =6000
20
[=
Gr=1x10°
02k g ¢ =0.04
i ] \ =45
I \ .
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[ - = 4 T IR S T A N1
0.001 0.002 0.003 0.004
K(m:/:f]

Fig. 8. Turbulent kinetic energy profiles in the radial direction for
different Reynolds numbers of Z/D = 94

Fig. 10 displays the shear stress changes in the
dimensionless length of an inclined tube with Grashof
number Gr = 1x108, and solid to liquid volume ratio
of 4 % at different Reynolds numbers. By increasing
Reynolds number in a constant volume fraction, the
flow rate increases resulting in increased velocity
gradient. With increase of the velocity gradient and
constant viscosity, the shear stress increases. Fig. 11
shows changes of surface friction coefficient in the
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Fig. 9. Changes of convective heat transfer coefficient for different
Reynolds numbers in the tube dimensionless length
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Fig. 10. Changes of shear stress in the dimensionless length of
the tube for different Reynolds numbers
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Fig. 11. Changes of surface friction coefficient in dimensionless
length of the tube for different Reynolds numbers
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tube dimensionless length within a horizontal inclined
tube with Grashhof number Gr = 1x108, and solid
to liquid volume ratio of 4 % at different Reynolds
numbers. By increasing the Reynolds number, the
surface friction coefficient of the tube decreases;
this is because of interactions between shear stress
and flow rate changes with increase of the Reynolds
number.

Fig. 12 shows changes of convection heat transfer
coefficient in dimensionless length of the tube at
Grashof number Gr = 1x108, Reynolds number Re =
5000, and with an angle of 45 degrees from horizon
in different volume fraction of solid-liquid particles.
As can be seen in this figure, by increasing volume
fraction of the nanoparticles in an inclined tube, the
convection heat transfer coefficient increases; the main
reason is the fluid’s thermo-physical characteristics
improving with increase of nanoparticles volume
fraction.

2400

2300

2200

2100

h (W/(m2K))

2000

1900

Fig. 12. Changes of convective heat transfer coefficient in
dimensionless length of the tube for different volume fraction

7 EXTRACTED EQUATIONS FROM THIS STUDY

The behavior of nanofluids heat transfer depends on
various parameters such as thermal conductivity,
convective heat transfer coefficient, viscosity, heat
capacity, angle of the tube from horizon, and volume
fraction of nanoparticles. Considering investigation of
the hydrodynamic and thermal behavior of nanofluids
in an inclined tube, the following equations are
obtained to calculate average Nusselt number and
surface friction coefficient of the wall.

The following equations are for Nusselt number
and surface friction coefficient in an inclined tube

which is a function of the Reynolds number and angle
of the tube from the horizon surface. In the volume
fraction ¢ = 0.04 for the developed area, it obtains:

Nu,, =0.115R"*""(34.408+a)™'™  (30)
C, =0.31Re™(0.684 +a)""". (31)

Fig. 13 displays changes of the average Nusselt
number in terms of the Reynolds number in different
angles within an inclined tube. As observed, the
Nusselt number increases with increase of the
Reynolds number. On the other hand, by increasing
angle of the tube from horizon, the Nusselt number
decreases in a certain Reynolds number. By comparing
the obtained values from the Eq. (30) and numerical

65
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Fig. 13. Changes of average Nusselt number in terms of Reynolds
number for different inclinations of tube
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Fig. 14. Changes of surface friction coefficient in terms of
Reynolds number for different inclinations of tube
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data of the thesis, the correlation coefficient is equal
to R2=0.9998 for the Eq. (30).

Fig. 14 indicates changes of surface friction
coefficient in terms of the Reynolds number in
different angles within an inclined tube. As can be
seen, by increasing the Reynolds number, the surface
friction coefficient decreases. On the other hand, by
increasing angle of the tube from horizon, the surface
friction coefficient increases in a certain Reynolds
number. By comparing the obtained values from
the Eq. (31) and numerical data of the thesis, the
correlation coefficient is equal to R2 = 0.9997 for the
Eq. (31).

8 CONCLUSION

In this paper, the effect of Reynolds number on
thermal and hydrodynamic characteristics of the
nanofluids turbulent flow mixed convective heat
transfer within an inclined tube is numerically studied
with non-uniform heat flux on the upper wall of
the tube and insulation in the lower wall by using
two phase mixture model. The results indicated that
dimensionless axial velocity becomes more uniform
with increase of the Reynolds number in a certain
Grashof number and constant volume fraction. By
increasing the Reynolds number, the axial momentum
increases and turbulence produces in the flow
direction. Dimensionless axial velocity maximum and
the amount of development decreases with increase of
the Reynolds number and the most important reason
of this process is that the velocity profile becomes
more uniform with increase of the Reynolds number.
By increasing the Reynolds number, the turbulent
kinetic energy increases and this is because of increase
of velocity and thus the turbulences in the fluid. By
increasing Reynolds number, the convective heat
transfer coefficient and shear stress increase but the
surface friction coefficient decreases.

9 NOMENCLATURES

a acceleration [ms-2]

Cy; average skin friction coefficient

specific heat of the fluid [Jkg-1K-1]

molecular diameter of base fluid [nm]

nanoparticle diameter [nm]

tube diameter [m]

gravity acceleration [ms-2]

Gr Grashof number

h  average convective heat transfer coefficient
[Wm—2K-1]

K turbulent kinetic energy [m2s-2]

e

S YR T I N~

channel length [m]

number of phase

pressure [Pa]

average wall heat flux [Wm-2]
radial coordinate [m]
Reynolds number

fluctuating temperature [K]

T temperature [K]

V- velocity [ms!]

Z  axial coordinate [m]

Greek letters

o Thermal diffusivity and inclination of tube
[Wm=2]

f Volumetric expansion coefficient [K-1]

¢ Dissipation of turbulent kinetic energy [m2s-1]

6  Angular coordinate

¢  particle volume concentration

A thermal conductivity of the fluid [Wm-1K-1]

1 fluid dynamic viscosity [Kgm-1s-1]

v kinematic viscosity [m2s-!]

p  fluid density [Kgm-3]

7 shear stress [Pa]

Subscript

b bulk value

dr drift

eff effective

[ primary phase

k  kthphase

m  mixture

nf  nanofluid

p particle, secondary phase

s solid

t  turbulent

w  wall

0 inlet condition
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Experimental Study and Analysis of the Dynamic Mechanical
Properties of Aluminium Bronze
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Accurate stress-strain curves of aluminium bronze (QAL9-4) under different temperatures and different strain rates were obtained using a
dynamic compression test using a split Hopkinson pressure bar (SHPB). The dynamic mechanical properties of QAL9-4 were analysed. The
Johnson-Cook (J-C) constitutive equation was obtained with experimental data fitting and the dynamic damage characteristics of QAL9-4 were
studied using the mechanical response and microstructure analysis. The results show that QAL9-4 has an obvious strain-hardening effect and
thermal softening effect, that the flow stress is not sensitive to the strain rate, and that the strain rate has almost no influence on the flow
stress at room temperature and has a small effect at temperatures ranging from 300 °C to 700 °C. The fitting curves of the J-C constitutive

model coincide well with the true stress-strain curves from the test.

Key words: dynamic mechanical property, aluminium bronze, constitutive relation

Highlights
e Established the J-C constitutive model of QAL9-4.

*  Obtained the true stress-strain curves describing the dynamic mechanical properties of QAL9-4.

*  Analysed the dynamic damage characteristics of QAL9-4.

e Analysed the influence of J-C constitutive parameters on the mechanical properties of QAL9-4.

0 INTRODUCTION

Aluminium bronze (QAL9-4) is widely used in many
fields because it possesses high strength, hardness,
wear resistance, good thermal conductivity, and
because it can replace stainless steel and Ni-based
alloys, among other factors. Therefore, there is a
higher requirement for its dynamic mechanical
properties. At present, extensive studies on aluminum
bronze have primarily focused on alloy smelting,
performance testing [1] and [2] and the influence of
alloying treatment [3] and [4], or heat treatment [5] and
[6] on microstructure [7] and properties [8]. However,
less research has been done on the constitutive relation
for QAL9-4.

The constitutive relation can reflect the inherent
attribute of materials, which is the foundation for
studying their dynamic properties. The constitutive
relationship describing the dynamic mechanical
behaviour of materials mainly includes the J-C model
[9], the Zerrilli-Amstrong model [10], the Follanshbee-
Kocks model [11], and so on. Of the above models, the
J-C model not only can reflect the influences of strain,
strain rate and temperature on the flow stress but
also has a simple mathematical expression structure.
Therefore, it has been the most widely used:

In this paper, the dynamic mechanical properties
of QAL9-4 were investigated using the SHPB test
at a high strain rate and high temperature, and then
the true strain-stress curves were obtained. The

J-C constitutive model parameters were calculated
using the mathematical fitting method; moreover,
the dynamic mechanical properties and failure
characteristics of QAL9-4 were researched, combining
the mechanical response and microstructural analysis
to provide the design basis for the application of
QAL9-4.

1 EXPERIMENTAL

In this paper, the SHPB tests were performed. The
experimental material was QAL9-4, its chemical
composition that was measured by the experiments
is shown in Table 1. The shape of the sample was
cylindrical with dimension @ 5 mm and @ 2 mm.
When the strain rate was more than 5500 s-!, the
small-sized samples were used, and the specifications
of the incident bar and transmission bar is 5 mm;
when the strain rate was less than 5500 s-1, the large-
sized samples were used, and the specifications of
the incident bar and transmission bar is 12.7 mm
in both cases. The bullet length used in the test
is 140 mm, the effective pressure was 0 MPa to
0.6 MPa, samples were heated with an electric heating
furnace in the temperature range of 0 °C to 700 °C.
The temperature was measured using quick response
thermocouples and controlled with a feedback system.
The experiments were conducted in the strain rate
region of 2.5%103 s-! to 1.0x104 s-! and a temperature
range of 20 °C to 700 °C, and the relevant data were
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recorded. Tests were conducted several times for
each experimental condition to obtain three groups of
similar data and to ensure the validity and reliability of
the experimental results. The metallographic samples
were made with workpiece material to observe their
microstructures.

2 RESULTS AND DISCUSSION
2.1 Dynamic Mechanical Analysis of QAL9-4
The true stress-strain curves of QAL9-4 at various
temperatures and different strain rates are shown in
Fig. 1. As can be seen from Fig. la, when the strain rate
is 2500 s-1, 5500 s-1 and 10000 s-1, the failure strain of
the material is about 0.28, 0.35 and 0.5, respectively,
at normal temperatures. This demonstrates that
QAL9-4 has an obvious plasticity-increasing effect.
1200 -
1000 4

800 +

600 -

400 |
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The results are similar within the temperature range of
300 °C to 700 °C, and the flow stress increases with an
increase in strain under the three different strain rates;
there is a stronger strain-hardening effect. However,
at a normal temperature, the increasing range of the
flow stress is larger with the increase of strain, which
shows that the strain-hardening effect is strongest.
Conversely, the increasing range decreases gradually
with the increase of strain as the temperature rises.
When the temperature reaches 700 °C, there is almost
no strain-hardening effect, which indicates that the
strain-hardening effect decreases with the increase of
temperature, as shown in Fig. 1.

As can also be seen from Fig. 1, the flow stress
decreases to a certain extent with the increase of
temperature under three different strain rates; in
particular, when the temperature is 700 °C, the drop
of flow stress is largest, and the thermal softening
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Fig. 1. The true stress-strain curves of QAL9-4
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Table 1. The chemical composition of QAL9-4 (wt %)

Cu Al Fe Pb Mn

Zn Sn P Si impurity

allowance 9.28 3.04 <0.01 =<0.5

<1.0 =<0.1 =<0.01 <041 <17

effect is strongest, which indicates that the flow stress
of QAL9-4 is sensitive to temperature. However,
the change range of the flow stress is very small
with an increase in the strain rate; the flow stress
is not sensitive to the strain rate, and the strain rate
hardening effect is weak.

900 -
800 -
700 -

600+

200 —a— £=2500/s
—e— -=5500/s
1001 —a—;=10000/s £=0.1

T T T T T T T T T T T T T T T 1
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Temperature [°C]

Fig. 2. The influence of temperatures and strain rates on flow
stress

The influence of the strain rate on flow stress
can almost be ignored at room temperature, and the
influence is weak at 300 °C to 700 °C, which does not
fully reflect the strain rate hardening effect. The flow
stress even reduces with the increase in the strain rate.
In other words, the strain rate strengthening effect and
weakening effect appear alternately.

Take the strain ¢ = 0.1; stress-temperature curves
are obtained at different strain rates using the data
from Fig. 1, as shown in Fig. 2. As can be seen from
Fig. 2, the flow stress decreases from 750 MPa to 800
MPa (at 20 °C) to 450 MPa to 550 MPa (at 700 °C)
with the increase of temperature at three different
strain rates. The change amplitude of the flow stress is
biggest when the temperature is 300 °C.

The above test results can be explained by the
dislocation dynamics. The plastic deformation is
dislocation motion in nature. According to the theory
of dislocation dynamics, the dislocation movement
in the crystal lattice will continuously encounter
hindrance; this hindrance increases the difficulty of
the dislocation motion, which makes the material

possess a certain strength and hardness. When the
dislocation moves from one equilibrium position of an
atom to the next, it must overcome an energy barrier,
that is to say, the dislocation is subject to the force.
However, the heat energy makes the amplitude of the
atomic vibration increase, which helps the dislocation
to overcome the energy barrier.
The heat energy expression is [12]:

AG=kTh2e, (1)
g
where AG is heat energy, k is correlation coefficient, 7
is temperature, &, is the reference strain rate, & strain
rate.

Eq. (1) shows that the heat energy increases
with the increase in temperature and decreases with
the increase of strain rate. The heat energy increases
with the increase of temperature, which is conducive
to overcoming energy barrier and causing the
thermal softening phenomenon. Therefore, the heat
energy is smaller at room temperature, the extent of
thermal softening is lower, and the strain-hardening
effect is strongest (Fig. la). The heat energy and
thermal softening effect increases gradually with the
increase of temperature, which results in the gradual
decrease of the strain-hardening effect (Fig. 1b and
¢). When the temperature is 700 °C, the heat energy
is the greatest, and the thermal softening effect is the
strongest, the strain-hardening effect is the weakest.
The deformation of the workpiece is the largest (Fig.
1d).

In theory, the strain expression is [12]:

blp
E=7 2
where ¢ is the strain, b is the dislocation Burgers
vector, / is the movement distance of dislocation, M
is the direction factor, and p is the dislocation density.

As can be seen from Eq. (2), the dislocation
density increases with the increase of the strain,
which makes the interaction among dislocations
increase and produces a strain-hardening effect.
Eq. (2) divided by time is the equation of the strain
rate. It can be seen that the dislocation density also
increases with the increase of the strain rate, which
shows the strain rate hardening effect. However,
that effect is not obvious under this experimental

682 Li, J. - Guo, H. - Zhou, P.


file:///C:/2015/SV-JME%2061(2015)/61(2015)11/2015_2698_Li/javascript:void(0);
file:///C:/2015/SV-JME%2061(2015)/61(2015)11/2015_2698_Li/javascript:void(0);
file:///C:/2015/SV-JME%2061(2015)/61(2015)11/2015_2698_Li/javascript:void(0);
file:///C:/2015/SV-JME%2061(2015)/61(2015)11/2015_2698_Li/javascript:void(0);
file:///C:/2015/SV-JME%2061(2015)/61(2015)11/2015_2698_Li/javascript:void(0);
file:///C:/2015/SV-JME%2061(2015)/61(2015)11/2015_2698_Li/javascript:void(0);
file:///C:/2015/SV-JME%2061(2015)/61(2015)11/2015_2698_Li/javascript:void(0);
file:///C:/2015/SV-JME%2061(2015)/61(2015)11/2015_2698_Li/javascript:void(0);
file:///C:/2015/SV-JME%2061(2015)/61(2015)11/2015_2698_Li/javascript:void(0);
file:///C:/2015/SV-JME%2061(2015)/61(2015)11/2015_2698_Li/javascript:void(0);
file:///C:/2015/SV-JME%2061(2015)/61(2015)11/2015_2698_Li/javascript:void(0);
file:///C:/2015/SV-JME%2061(2015)/61(2015)11/2015_2698_Li/javascript:void(0);
file:///C:/2015/SV-JME%2061(2015)/61(2015)11/2015_2698_Li/javascript:void(0);
file:///C:/2015/SV-JME%2061(2015)/61(2015)11/2015_2698_Li/javascript:void(0);
file:///C:/2015/SV-JME%2061(2015)/61(2015)11/2015_2698_Li/javascript:void(0);
file:///C:/2015/SV-JME%2061(2015)/61(2015)11/2015_2698_Li/javascript:void(0);

Strojniski vestnik - Journal of Mechanical Engineering 61(2015)11, 680-686

condition; a strain rate weakening effect even occurs.
The strain rate has almost no influence on flow stress
at room temperature (Fig. 1a) and has a small effect
at the temperature ranging from 300 °C to 700 °C,
as shown in Figs. 1b, ¢ and d. The values of stress
under the strain rate of 10000 s-! are always lower
than those under the strain rates of 2500 s-! and 5500
s-1 at the four different temperatures. This is because
the flow stress is affected by the coupling of strain,
strain rate, and temperature. Strain rate is not the only
parameter determining the stress in the given strain
and temperature. The dislocation density increases
with the increase of the strain rate. At the same time,
the dislocation movement speed also increases, which
makes the temperature rise and results in producing a
thermal softening effect to a certain degree, and that
microscopic damage, such as adiabatic shear band
(ASB), micro-void and micro-crack, and so on, will
occur inside material under a high strain rate (see
section 2.4), which makes the properties deteriorate
and strength drop. All of these factors offset some or
all of the strain rate hardening effect, which shows
the decrease of stress values under the effect of a high
strain rate (10000 s-1).

The above thermal softening effect and strain-
hardening effect compete with each other during the
process of high-speed deformation. It is assumed that
the stress of the material is a function relation of
strain, strain rate and temperature, i.e. o = f(¢,¢,T),
and the stress increment is given by:

dcza—adg +a—6.ds' +a—GdT. 3
oe o€ oT

In Eq. (3), do/0e>0 and da/0&>0 express strain
hardening and strain rate hardening, respectively, and
0o/ 0T<0 expresses thermal softening.

In the early deformation, strain hardening is
dominant, that is do/de>0. The adiabatic temperature
rises gradually as the plastic work is constantly
converted into heat. Therefore, the thermal softening
effect increases gradually. If the strain-hardening
effect and thermal softening effect reach balance,
then do/de=0, which reaches the critical condition
producing ASB, then the thermal softening effect
increases continuously. When the thermal softening
effect exceeds the strain-hardening effect, that
is, do/de<0, the material will generate local
thermoplastic shear instability phenomenon that
results in producing ASBs [13].

2.2 The Establishment of a QAL9-4 J-C Constitutive Model

At present, the J-C thermoplastic constitutive model
is commonly used to describe dynamic mechanical
behaviours. Based on the experimental phenomenon
that materials exhibit the hardening effect with the
increase of the strain and strain rate, and the softening
effect with the increase of temperature, the flow stress
of the material can be expressed as follows:

o(e,T)=1(e)f(€)f(T), 4)

where
f(g)=A4+Be", (5)
f(g-)=1+c1n[éi], ©)
f(0)=1-(17)". )

Egs. (5) to (7) are the strain-hardening function,
the strain rate hardening function, and the thermal
softening function, respectively. Therefore, the
expression of the J-C constitutive model is given by:

o (6,6,T) :(A+Bg”){1+C1n[8%H[l—(T*)m], ®)

where o is flow stress, ¢ is the plastic strain, £ is the
plastic strain rate, £, is the reference strain rate.

T"=(T-T,)/(T,-T,) where Ty is the room
temperature, 7 is the workpiece temperature, 7, is the
melting temperature of the material, 4 is the initial
yield stress [MPa], B is the hardening modulus, 7 is
the work-hardening exponent, C is the coefficient
depending on the strain rate, and m is the thermal
softening coefficient. There are five parameters in this
constitutive relation: 4, B, C, n and m, respectively. At
present, these parameters cannot be predicted and
only are obtained via experiments.

Taking &=¢,, under the normal temperature
condition (7=T;), there is no strain rate hardening
effect or thermal softening effect; Eq. (8) is simplified
then as follows:

o(g)=A+Bg". ©)

Therefore, according to the experimental data
obtained under the normal temperature and quasi-
static conditions, parameter A is the value of stress
when ¢ is 0. Then, B and n can be obtained through
data fitting using MATLAB software.

At room temperature (7=7,), Eq. (8) is
simplified, as follows:
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o =(A+Be")[1+Cin(2)), (10)
80
namely,

- :M+MC]n(é£)]. (11)

0

Taking €,=0.001s-1, M=A4+Bem is a constant
for a given strain value. According to the o—¢
experimental data at the normal temperature, the value
of flow stress that corresponds to the given strain
value can be calculated under different strain rates
after obtaining the values of 4, B and n. Therefore, the
relation curve between ¢ and In(&/¢,) is a linear
relationship. The C value can then be obtained by
calculating the slope MC.

After the above parameters are obtained,
according to Eq. (8), there is:

1—(T*)m: c

(A+Bg”){1+Cln(téH. "

&

A series of stress values can be obtained by
Eq. (12) for the given strain and strain rate values
according to the o—e& experimental data under different
temperature conditions, then Eq. (12) becomes a
function of 7%, and then the value of m can be obtained
by mathematic fitting.

Based on the J-C constitutive model and dynamic
mechanical properties data of QAL9-4 obtained with
SHPB tests, the parameters can be obtained by the
above method and nonlinear regression analysis with
MATLAB software, as follows:

A =430 MPa, B =904 MPa, C=0.016, n = 0.66,
m = 2.4. Hence, J-C constitutive model of QAL9-4 is
given as:

o = (430 +904")[1+ 0.0161n(§)][1 —(T°)*].(13)

A comparison between the J-C constitutive model
curves fitting based on Eq. (13) and the true stress-
strain curves obtained by the dynamic test data using
SHPB test at the strain rate of 2500 s-! and different
temperatures is shown in Fig. 3. The fitting curves
agree well with the test curves at 20 °C, 300 °C, and
500 °C. However, there is a great error at 700 °C. This
is because the thermal softening effect of QAL9-4
is very strong at high temperatures. The decreasing
range of the flow stress is large, and the stress almost
does not increase with the increase of the strain, i.e.
there is almost no strain-hardening effect at 700 °C.

Therefore, the fitting curves of the J-C constitutive

model and the test curves have larger errors.

1200
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400
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Fig. 3. The comparison of J-C model fitting curves and test curves

2.3 The Influence of J-C Constitutive Parameters on the
Mechanical Properties

In the J-C constitutive model, A4 is the yield strength of
the material. The larger the value of 4, the stronger the
bonds, the greater the hardness, and the more energy
required in the high-velocity deformation of materials,
the earlier the thermal softening phenomenon occurs.
Therefore, the greater the strength, the likely it is that
ASB will be generated [14].

B is the hardening modulus of the material.
The flow stress and the energy during the process
of material deformation increase with the increase
of the B value. Therefore, the larger the B value, the
more likely the thermal softening phenomenon is. n
represents the strain-hardening effect. The larger the
n value, the stronger the hardening effect, and the
less prone to generating a thermal softening effect.
m represents the thermal softening effect. The larger
the m value, the more obvious the thermal softening
phenomenon is and the more prone to producing
ASB it is. C is the strain rate sensitivity coefficient.
The larger the value of C, the more sensitive the flow
stress-to-strain rate is.

2.4 The Microstructure Characteristics of QAL9-4

The QAL9-4 original microstructure with coarse
equal axis grains and interphase is shown in Fig. 4a.
The black stripe where the white arrows are
pointing in Fig. 4b is the deformed ASB formed by
the effect of high-speed compression at 500 °C and
10000 s-!. Its shape is similar to that produced by
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Fig. 4. The original microstructure and internal damage of QAI9-4; a) original microstructure, b) deformed ASB, ¢) the partially enlarged
drawing of deformed ASB, d) micro-cracks and micro-voids

the effect of forging; its tread is along the direction
of maximum shear stress, and its angle is about 45
degrees off the direction of principal stress [15].

The area where the white arrow is pointing in Fig.
4c is the partially enlarged drawing of the ASB. As
can be seen, the inhomogeneous plastic deformation
was induced. The deformation on both sides of ASB
is very serious. The grains were elongated because
of the large deformation under impact loading and
the elongated grains shattered gradually into tiny re-
crystallization cores to finally form the dense and fine
recrystallization grains inside the ASB.

The process of the high-speed deformation of the
material is often accompanied by different internal
micro-damage evolution that eventually leads to the
failure of the material. Fig. 4d shows the micro-voids
and micro-cracks in ASB, illustrating that the damage
within the material is very serious, inevitably causing
material deterioration and a reduction of dynamic
mechanical properties. This is due to high speed, high
strain rate, and large plastic deformation during the
process of dynamic deformation.

3 CONCLUSIONS

*  QAI94 exhibits a strain-hardening effect
and thermal softening effect under a testing
temperature range from 20 °C to 700 °C; the
strain-hardening effect is more obvious at normal
temperatures.

e The flow stress is not sensitive to the strain rate;
the strain rate has almost no effect on the flow
stress at room temperature, and has a small effect
on the flow stress at the temperature range of 300
°C to 700 °C.

e The J-C constitutive model of QA19-4 established
by nonlinear regression analysis using MATLAB
software is in good agreement with the true
stress-strain curves.
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Numeri¢no modeliranje prasenja
z industrijske deponije kompleksne geometrije

Lovrenc Novak! — Benjamin Bizjan!.2* — Jure Praznikar3 — Boris Horvat23 — Alen Orbani¢2.3 — Brane Sirok!

1 Univerza v Ljubljani, Fakulteta za strojnistvo, Slovenija
2 Abelium d.o.o0., Slovenija
3 Univerza na Primorskem, Institut Andrej Marusic, Slovenija

Glavna okoljska in varnostna problematika, ki se pojavi pri transportu in shranjevanju razsutega tovora, je
povezana s pojavom prasenja. Pri shranjevanju tovora na velikih odprtih deponijah, kot jih obicajno srecamo
v tovornih pristaniscih, je prasenje Se posebej problematicno zaradi izpostavljenosti deponije vetru. Prihaja do
vetrne erozije in odnasanja finih delcev, kar pomeni onesnazenje okolice ter resno tveganje za zdravje ljudi zaradi
delcev v zraku.

V prispevku so obravnavane vetrovne razmere in pojav prasenja na Evropskem Energetskem Terminalu (EET)
v Luki Koper, ki je namenjen shranjevanju in pretovoru premoga in zelezove rude. EET je tekom celega leta
obcasno izpostavljen mo¢nim vetrovom severovzhodne in vzhodne smeri (burja) ter zahodne smeri (tramontana),
ki zlahka povzrocijo dviganje in odnasanje prasnih delcev z deponije. Namen Studije je bil ugotoviti lokalne
porazdelitve vetra nad deponijo ter emisije prahu za razli¢ne smeri in jakosti vetra ter razli¢ne ukrepe protivetrne
zascite. Izdelan je bil model deponije s tipicno porazdelitvijo kupov materiala ter vklju¢enimi okoliskimi stavbami,
ograjami in Zerjavi. Simulacije toka zraka so bile izvedene z uporabo sodobnih orodij za racunalnisko dinamiko
tekocin (CFD). Dodatno so bile ocenjene tudi emisije prahu po metodi EPA (United States Environmental
Protection Agency). Vstopni robni pogoji za veter so bili doloceni s statisti¢no analizo lokalno izmerjenih hitrosti
vetra za obdobje enega leta.

Rezultati simulacij kazejo, da je smer vetra kljucni dejavnik, ki vpliva na ucinkovitost tako neprepustnih
kot poroznih protivetrnih ovir. Razseznost ter oblika deponije, ki je razpotegnjena skoraj v smeri glavnih vetrov,
pomenita glavno omejitev za zagotavljanje ucinkovite protivetrne zasc¢ite z obstojeco ograjo visine 11 m. Tudi
zamenjava obstojece neprepustne ograje s porozno strukturo pokaze omejen protivetrni ucinek take ograje
in sicer iz istih razlogov, kot pri neprepustni ograji. Vendar pa porozna ograja omogoca boljSo zascito najbolj
izpostavljenih kupov, zato se skupna emisija prahu bistveno zmanjsa. U¢inkovit ukrep za zmanjSanje hitrosti vetra
nad kupi je postavitev poroznih pregrad med kupi (precno na smer glavnih vetrov), vendar bi take pregrade na
dejanski deponiji lahko predstavljale veliko oviro za razkladalno-nakladalne procese. Preverjen je bil tudi vpliv
prerazporeditve kupov, vendar je ucinek majhen, tak ukrep pa je tudi zelo ne-prakti¢en za uporabo na tranzitni
deponiji.

Ucinkovita postavitev protivetrnih ograj ali pregrad je na velikih deponijah, ki so izpostavljene mo¢nim
vetrovom, izredno zahtevna. Vecina raziskav na podrocju vetrne emisije prahu je izdelanih na primerih enega kupa
ali ve¢ enakomerno razporejenih kupov, kar je tezko primerljivo z dejanskimi deponijami. Rezultati Studije kazejo,
da prisotnost bliznjih ograj, zgradb, inZenirskih objektov ter neurejena razporeditev kupov pomembno vplivajo
na vetrovne razmere, zato je pri obravnavi razmer na realnih deponijah navedene dejavnike vedno potrebno
upostevati.

Polivanje kupov nasute snovi z vodo in s snovjo, ki na povrsini tvori skorjo, ostaja v predstavljenem primeru
deponije nepogresljiv ukrep za prepreéevanje prasenja. Studija nakazuje moznosti za u¢inkovito postavitev
poroznih pregrad in ograj, ki bi bistveno zmanjsale erozijski potencial, Se posebej ob nadaljnji optimizaciji
postavitve in lastnosti pregrad.

Eksperimentalna validacija numeri¢nih simulacij z meritvami v vetrovniku ali na terenu ni bila izvedena
zaradi omejenega Casa in sredstev, ki so bili na voljo. Za potrditev verodostojnosti simulacij bi bila izvedba
eksperimentalne validacije v prihodnosti velikega pomena.

Kljucne besede: racunalniS$ka dinamika tekocin, emisije prahu, prasenje, odprta deponija, emisijski faktor,
hitrost vetra
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Vpliv pnevmatic¢no upravljanega mehanizma za variabilno
krmiljenje ventilov na zmogljivost Ottovega motorja

Fatih Uysal* — Selami Sagiroglu

Univerza Karabuk, Tehniska fakulteta, Turcija

V predstavljeni Studiji je bil klasi¢ni odmikalni mehanizem enovaljnega stiritaktnega motorja z vzigalno svecko
in 6 konjskimi mo¢mi zamenjan z elektropnevmaticnim mehanizmom nihajnih vzvodov, ki je bil zasnovan in
izdelan za odpiranje sesalnega ventila z majhnim (3,7 mm), srednjim (5,7 mm) in velikim (7,7 mm) dvigom v
obmocju vrtilnih hitrosti motorja od 1600 vrt./min do 2200 vrt./min. Zra¢ni kompresor zagotavlja tlak 6 bar za
bate, ki upravljajo z odmikali. Funkcije krmiljenja batov za postopno moduliranje dviga ventilov je opravljal
krmilnik; volumetri¢ni izkoristek, navor, mo¢ in specifi¢na poraba goriva med delovanjem pa so bili merjeni
pri polni obremenitvi in primerjani z ustreznimi vrednostmi pri klasicnem odmikalnem mehanizmu. Rezultati
Studije so pokazali izboljSanje zmogljivosti motorja ob zmanjSanju dviga ventilov pri manjsih vrtilnih hitrostih
in ob poveéanju dviga ventilov pri vec¢jih hitrostih. Ugotovljeno je bilo tudi, da je mogoce vrtljaje prostega teka
zmanj$ati z zmanjSanjem dviga ventilov pri nizjih vrtljajih motorja.

Cilj studije je preucitev zasnove, izdelave in vplivov pnevmaticno upravljanega ventilskega mehanizma na
zmogljivost motorja, ki naj bi bila podobna resitvi VTEC, kjer sta na odmikalni gredi poleg klasicnega odmikala
tudi nizko in visoko odmikalo z nespremenjenim profilom, ki se aktivirata pri majhnih oz. pri velikih vrtljajih.

Obstojeci sistem nihajnih vzvodov je bil opuscen, odmikali izpuSnega in sesalnega ventila pa sta bili predelani
v skladu z referencnim motorjem. Na obeh straneh sesalnega nihajnega vzvoda sta bila dodana prosta nihajna
vzvoda. Konstruirana in izdelana sta bila tudi dva pnevmatsko krmiljena bata, katerih naloga je sklenitev in
razklenitev prostih nihajnih vzvodov z vzvodom sesalnega ventila.

Najvecja volumetri¢na ucinkovitost 60,68 % je bila ugotovljena pri nizkem odmikalu pri 2000 vrt./min
motorja, idealna vrednost 4 je bila 0,995 pri klasicnem odmikalu pri 2800 vrt./min motorja, najvecje povecanje
navora je zna$alo 30,58 % pri visokem odmikalu pri 4000 vrt./min, najveéje zmanjSanje specificne porabe goriva
paje bilo 30,54 % pri 4000 vrt./min motorja. Rezultati navajajo k sklepu, da spremenljiv dvig ventilov pri razli¢nih
vrtilnih hitrostih pozitivno vpliva na zmogljivost motorja.

Pri preizkusih je bila merjena tudi hitrost prostega teka motorja. Pri motorju s klasicno odmicno gredjo je
motor v prostem teku ugasnil pod 1200 vrt./min, medtem ko je testni motor deloval z nizkim odmikalom $e pri 900
vrt./min prostega teka.

IzboljSanje zmogljivosti motorja z nizkim odmikalom prispeva k manjsi porabi goriva, Se posebej pri vozilih
za urbani transport.

ZmanjSanje dviga ventila olajSa zagon motorja ter poskrbi za manjso rabo elektri¢ne energije pri zagonu.
Samodejni Start/stop modul v avtomobilih lahko zagotovi manjSo rabo elektricne energije pri zaustavitvi
nastavljenimi na dolge Case.

V preizkusih so bili uporabljeni motorji z uplinjacem, kjer je koli¢ina goriva, ki se mesa z zrakom, odvisna od
zgradbe Sobe uplinjaca. Pri razli¢nih hitrostih so bile zato ugotovljene razli¢ne vrednosti L. Podobni preizkusi na
motorjih z neposrednim vbrizgavanjem in na motorjih z vbrizgavanjem v sesalni kanal bi dali drugacne rezultate.
Kljucne besede: variabilno krmiljenje ventilov (VVT), VTEC, Ottov motor, zmogljivost motorja, vZigalna
svecka, elektropnevmatski mehanizem nihajnih vzvodov

S1116 *Naslov avtorja za dopisovanje: Univerza Karabuk, Tehniska fakulteta, Oddelek za strojniStvo, Karabuk, Turcija, fatihuysal@karabuk.edu.tr



Strojniski vestnik - Journal of Mechanical Engineering 61(2015)11, SI 117 Prejeto v recenzijo: 2015-02-05
© 2015 Strojniski vestnik. Vse pravice pridrzane. Prejeto popravljeno: 2015-06-08
Odobreno za objavo: 2015-09-17

Numeri¢no modeliranje pogojev toplotnega ugodja
Vv notranjem prostoru z viri son¢nega obsevanja

Igor Bonefacic* — Igor Wolf — Bernard Frankovic

Univerza na Reki, Fakulteta za strojnistvo, Hrvaska

Cilj te Studije je dolocCitev vpliva virov son¢nega obsevanja na ucinkovitost hlajenja stenske klima naprave in
pogoje toplotnega ugodja v zaprtem prostoru poleti. Modelirana je prazna pisarna na Reki, Hrvaska, ki ima dvojno
zasteklena okna in gleda proti jugu. Tridimenzionalni primer prenosa toplote in pretoka zraka je bil razresen s
programsko opremo za racunalnisko dinamiko fluidov FLUENT, in sicer v standardnih pogojih z neposrednim
virom son¢nega obsevanja in brez. Simulirani in raziskani so bili Stirje razlicni koti pritoka zraka iz klima
naprave ter soncnega obsevanja na zunanje povrsine in skozi okno. V numeri¢nem modelu je bilo prevzetih nekaj
poenostavitev za zmanj$anje Stevila kontrolnih volumnov, ki so potrebni za diskretizacijo domene in pohitritev
izracuna. Notranje ovire, kot sta pisarniSka miza in omara, so bile zanemarjene. V sobi ni dodatnih virov toplote,
kot so ljudje, racunalniki, zasloni itd. Za napovedovanje vpliva soncnega obsevanja skozi okno je bil uporabljen
algoritem za sledenje son¢nim zarkom v paketu FLUENT. Algoritem je bil tudi eksperimentalno preverjen.
Vpliv sevanja na parametre toplotnega ugodja v prostoru je bil analiziran s primerjavo izmerjene in izracunane
temperature tal v obmocju, ki je izpostavljeno direktnemu sonénemu obsevanja. Meritve povrsinske temperature
v obmodju tal so bile opravljene s termovizijsko kamero FLIR ThermaCAM S65. Za vse obravnavane primere
so predstavljeni in primerjani rezultati za hitrost zraka v prostoru, porazdelitev temperature, srednjo sevalno
temperaturo (MRT) in napovedano srednjo oceno ugodja (PMV).

Teoreticna analiza je pokazala, da so povpre¢ne vrednosti temperature zraka in hitrosti zracnega toka pri
dolocenih robnih pogojih v sprejemljivem obmocju, ¢eprav lahko nastopajo lokalna odstopanja od standardnih
vrednosti za optimalno ugodje. V obdobju hlajenja so bile opazene znatne razlike v pogojih toplotnega ugodja ob
upostevanju sonénega obsevanja skozi okno. V primerih, ko je bilo v simulacijah upostevano son¢no obsevanje,
so bile povpre¢ne temperature v prostoru za priblizno 4 °C visje kot v primerih brez vira sonénega obsevanja.
Opazene so bile tudi dolocene razlike odvisno od kota pritoka zraka iz klima naprave, pri ¢emer je v spodnjih
slojih zaradi vzgonskih uc¢inkov prislo do temperaturnega padca. V tem primeru se mora za iznicenje vzgonskih
ucinkov povecati hitrost zracnega toka iz klima naprave, ki pa lahko spremeni lokalno porazdelitev zraka in skvari
optimalne vrednosti ugodja.

Meritve in simulacije CFD so razkrile obcutno povecanje temperature na delu tal, ki je direktno izpostavljen
soncu. Ceprav je ta del razmeroma majhen, pa moéno vpliva na ugodje, saj zvisuje povpreéno temperaturo zraka
in povzro¢a mocne vzgonske pojave.

Kljub temu, da v simulacijah prostora niso bili upostevani ljudje, pohistvo in dodatni viri toplote, je mogoce
zakljuciti, da je sonéno obsevanje zelo pomemben dejavnik pri ocenjevanju toplotnega ugodja v prostoru. Za
pravilno napoved toplotnega ravnovesja in pogojev ugodja v prostoru ga je zato treba vkljuciti v numericne
simulacije. Predstavljeno numeri¢no analizo je mogoce razmeroma preprosto prenesti tudi na podobne tehnic¢ne
probleme na podrocju ogrevanja, prezracevanja in klimatizacije. Vanjo je mogoce vkljuciti tudi vlaznost zraka,
notranje vire toplote kot so ljudje, racunalniki, zasloni itd., kakor tudi ¢asovno odvisne robne pogoje za simulacijo
razli¢nih izhodnih kotov zracnega toka, ki se nastavijo z vrtenjem izhodnih Zaluzij klima naprave.

Kljuéne besede: numeri¢no modeliranje, toplotno ugodje, hlajenje prostora, zra¢ni tok, son¢no obsevanje
srednja sevalna temperatura

*Naslov avtorja za dopisovanje: Univerza na Reki, Fakulteta za strojniStvo, Vukovarska 58, 51000 Reka, Hrvaska, igorb@riteh.hr S1117
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Eksperimentalna raziskava vpliva ve¢ parametrov
na preoblikovalnost plo¢evine DCO01

Hakan Giiriin* — Ibrahim Karaagag
Univerza Gazi, Tehniska fakulteta, Oddelek za proizvodno strojnistvo, Turcija

Cilj te eksperimentalne $tudije je bil iskanje parametrov preoblikovanja, ki omogocajo doseganje najvecjega
eksperimentalno dolocenega vlecnega razmerja. Podaja tudi primerjavo lastnosti preoblikovalnosti plo¢evine DCO1
pri konvencionalnih in hidromehanskih postopkih globokega vleka z ozirom na silo pri vleku. Z identifikacijo
idealnih parametrov preoblikovanja je mogoce odpraviti poskuse in napake ter priprave na proizvodnjo izdelka,
kakor tudi zmanjsati stroske izdelka in orodja za podobne geometrije in parametre preoblikovanja.

Ploc¢evina DCO1 se uporablja pri globokem vleku mnogih izdelkov v razli¢nih industrijah. Plo¢evina je bila
izbrana za eksperiment zato, ker je v Siroki uporabi, s preizkusi plocevine pa je tudi mogoce identificirati idealne
parametre preoblikovanja. Proizvodna industrija potrebuje nove tehnike, s katerimi bo mogoce odpraviti poskuse
in napake ter priprave na proizvodnjo izdelka, kakor tudi zmanjsati stroske izdelka in orodja za podobne geometrije
in parametre preoblikovanja.

Eksperimentalna Studija je bila opravljena na eksperimentalnem sistemu, ki je bil zasnovan, zgrajen in
umerjen. Eksperiment je bil zasnovan za izvajanje konvencionalnih in hidromehanskih procesov preoblikovanja
ter za zajemanje procesnih podatkov v realnem Casu z elektromehanskim upravljanjem.

V eksperimentalni Studiji so bili najprej identificirani parametri, ki opredeljujejo proces preoblikovanja in
jih je treba preuciti. Opravljene so bile eksperimentalne Studije s konvencionalnimi in hidromehanskimi procesi
globokega vleka z identificiranimi eksperimentalnimi parametri. Vpliv in primerne vrednosti vsakega parametra
so bili empiri¢no identificirani in analizirani. Z identifikacijo eksperimentalnih parametrov so bile pridobljene tudi
mehanske in kemijske lastnosti eksperimentalnega materiala.

V nadaljevanju so predstavljeni rezultati eksperimentalne Studije.

e Tlak v komori matrice, polmer matrice in debelina plocevinastega materiala so parametri, ki so medsebojno
povezani in jih ni mogoce obravnavati loceno.
* Najvecje vlecno razmerje 2,33 pri hidromehanskem postopku globokega vleka plocevinastega materiala

DCO1 je bilo dosezeno pri tlaku 0 MPa do 30 MPa.

*  Najvecje vle¢no razmerje pri konvencionalnem postopku globokega vleka je bilo 2,16.

*  Pri hidromehanskem postopku globokega vleka se preoblikovalna sila povecuje s tlakom v komori.

¢ S povecevanjem polmera matrice se zmanjsuje preoblikovalna sila.

*  Okolje, v katerem poteka preoblikovanje, je pri hidromehanskem postopku globokega vleka zelo u¢inkovito
mazano. Plocevina se lahko zato vlec¢e do konca brez gubanja.

e Tlak v komori in debelina ploCevine sta tesno povezana parametra, tlak v komori med hidromehanskim
globokim vlekom pa mora biti specificiran glede na debelino plocevine.

*  Debelina se je v hidromehanskem procesu globokega vleka zmanjSala do 12 %. Ta vrednost je manjsa od
vrednosti zmanjsanja debeline pri konvencionalnem globokem vleku.

Studija prvi¢ eksperimentalno preuéuje vpliv tlaka v komori, polmera matrice in debeline plo¢evine na
preoblikovalnost plocevinastega materiala DCO1 pri hidromehanskem in konvencionalnem globokem vleku.
Studija tudi pomaga pri dolo¢anju parametrov preoblikovanja tega materiala. Vle&no razmerje pri hidromehanskem
globokem vleku se je zaradi povecanja tlaka v komori povecalo z 2,16 na 2,33. Rezultati eksperimenta so razkrili
ustrezne parametre hidromehanskega in konvencionalnega preoblikovanja z globokim vlekom za vzorce materiala
DCO1 s cilindri¢no geometrijo.

Kljucne besede: globoki vlek, hidromehanski globoki vlek, konvencionalni globoki vlek, DCO01,
preoblikovanje plocevine, hidroforming

S1118 *Naslov avtorja za dopisovanje: Univerza Gazi, Tehniska fakulteta, Oddelek za proizvodno strojnistvo, Turija, hgurun@gazi.edu.tr
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Studija vpliva neurejenih lupin
na mehanske lastnosti nanozic iz SiC

Bin Zheng* — Huiling Du

Znanstveno-tehniska univerza Xi’an, Sola za materiale in inzeniring, Xi’an 710054, Kitajska

Simulacije molekularne dinamike (MD) so bile uporabljene za izvedbo enoosne deformacije v simuliranih
kvazistati¢nih pogojih in ugotavljanje mehanskih lastnosti neurejenih nanozic SiC vrste jedro-lupina. Postavljen
je bil model nanozic z jedrom premera 1 nm, 1,3 nm in 1,7 nm ter neurejeno lupino debeline 0,3 nm, 0,6 nm in
0,9 nm. Optimizacija atomskih polozajev v zacetnem modelu je bila opravljena po metodi minimizacije energije
s pomocjo algoritma konjugiranega gradienta (CG). Notranje napetosti v zacetni nanostrukturi so bile spros¢ene z
relaksacijo pri konstantnem atmosferskem tlaku in temperaturi 300 K. Struktura je bila postopoma obremenjena v
aksialni smeri s periodicnimi robnimi pogoji. Enoten odmik pri vsakem koraku je bil 0,1 nm, relaksacijski ¢as pri
konstantni temperaturi pa je znasal 500 pikosekund. Tako je bila dosezena ekvivalentna hitrost deformiranja 0,2 m/s
(0,002 % ps1).

Objavljene napetosti so bile izracunane kot vsota napetostnega tenzorja vseh atomov v smeri deformiranja,
deljena s prostornino sistema. Pri stopnji deformacije od -3 % do 3 % so bile uporabljene linearna regresija in
krivulje odvisnosti deformacije od napetosti za ocenjevanje modula elasti¢nosti (¥). Ugotovljeno je bilo, da je
modul elasti¢nosti golih nanozic vecji od modula pri Zicah, prevlecenih z neurejenimi sloji. Porazdelitev atomskih
napetosti v nanozicah je bila uporabljena za analizo trdnosti zic, prevlecenih z neurejeno lupino. Izkazalo se je,
da je vecina atomov v goli nanozici v stanju pod napetostjo, medtem ko pri nanozicah vrste jedro—lupina atomi
neurejene lupine na vmesniku nasitijo proste vezi v povrsini jedra SiC in se napetost na vmesniku zaradi neujeman;
resetke skoraj povsem sprosti. Nanozice SiC vrste jedro—lupina slabo prevzemajo zunanje obremenitve, kar je tudi
glavni razlog za majhno trdnost Zic, prevlecenih z neurejeno lupino.

Zanimivo je tudi opazanje, da so nanozice SiC—d-C in SiC—d-Si bolj toge zaradi velikega kristalnega jedra
pri fiksni debelini neurejene lupine. Modul elasticnosti jedra je za dva- do trikrat vecji od modula elasti¢nosti
lupine, kar kaze na pomembnejSo vlogo jedra pri trdnosti zic vrste jedro-lupina. To potrjuje tudi pojav nateznega
napetostnega stanja v jedru ter nicelnih napetosti v jedru pod vplivom zunanje natezne sile.

S spremljanjem razvoja strukture pod obremenitvijo na atomski ravni so bile pridobljene informacije
o plasti¢nih deformacijah nanozic SiC. V golih zicah SiC se niso pod kriticno stopnjo deformacije (31 %) ob
dodatni kompresiji pojavile nobene napake v strukturi. Ko je kriti¢na stopnja deformacije presezena, nenadna
prekinitev vezi Si—C zunaj obmocja vzvoja in nato Cisti zlom nakazuje krhko vedenje. Pri nanozicah vrste jedro—
lupina nasprotno med deformiranjem ni bil opazen Cist zlom v izoliranem jedru in lupini, kot kazejo plasticne
deformacije nanozic SiC zaradi neurejene plasti. Primerjava konfiguracije gole Zice in izoliranega jedra pokaze, da
je struktura slednjega bolj neurejena. Avtorji verjamejo, da je amorfizacija jedra, ki jo povzro¢i neurejena lupina,
glavni krivec za duktilne lastnosti nanozic vrste jedro—lupina.

Mehanske lastnosti nanozic vrste polprevodnisko jedro—lupina so odvisne od vrste in debeline neurejene
lupine, kar je treba upoStevati pri snovanju nanonaprav za doloceni namen uporabe. Vmesnik jedro—lupina
vpliva na trdnost s prerazdelitvijo atomskih napetosti v nanozicah. Rezultati raziskave osvetljujejo funkcijo tanke
neurejene plasti v nanostrukturi, ki je sicer ni tezko razkriti z eksperimentom, vendar je pogosto prezrta.

Kljucne besede: nanoZica vrste jedro—lupina, mehanske lastnosti, modul elasti¢nosti, vpliv velikosti,
duktilnost, simulacija molekularne dinamike

*Naslov avtorja za dopisovanje: Znanstveno-tehniska univerza Xi'an, Sola za materiale in inZeniring, Xi'an 710054, Kitajska, zhengbin@xust.edu.cn S1119
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Numeri¢na raziskava vpliva Reynoldsovega Stevila
na toplotne in hidrodinami¢ne parametre
meSanega konvektivnega prenosa toplote

s turbulentnim tokom v posSevni cevi

Farhad Vahidinia* — Mohadeseh Miri

Univerza v Zabolu, Oddelek za strojnistvo, Iran

Clanek poro¢a o numeri¢ni raziskavi vpliva Reynoldsovega $tevila na toplotne in hidrodinami¢ne parametre
meSanega konvektivnega prenosa toplote pri turbulentnem toku nanofluida voda/Al,O; v posevnem kroznem
kanalu. Zgornja stena kanala je bila izpostavljena neenakomernemu toplotnemu toku, njegov spodnji del pa je
bil izoliran. Za reSevanje vodilnih enacb so bili uporabljeni model dvofazne zmesi, metoda kon¢nih volumnov in
shema gorvodnih razlik drugega reda.

Pri studiju meSanega konvektivnega prenosa toplote s turbulentnim tokom je pomembna preucitev sprememb
Reynoldsovega §tevila in njihovega vpliva na toplotne in hidrodinamic¢ne parametre. Privzeto je bilo Reynoldsovo
Stevilo od 4000 do 6000, 4-odstotni volumski delez nanodelcev in Grashofovo Stevilo Gr = 1x108. Nagib cevi
glede na vodoravnico je bil 45°. Za prikaz veljavnosti ter natancnosti modela in numeri¢nega postopka so bile
opravljene primerjave z razpolozljivimi rezultati eksperimentov in numeri¢nih simulacij.

Rezultati so pokazali, da postane brezdimenzijska aksialna hitrost pri dolocenem Grashofovem Stevilu in
konstantnem volumskem delezu enakomernej$a, ko se poveéa Reynoldsovo stevilo. S poveéanjem Reynoldsovega
Stevila se poveca aksialni moment in pojavi se turbulenca v smeri toka. Maksimalna brezdimenzijska aksialna
hitrost in razvoj se zmanjSata s povecanjem Reynoldsovega stevila, predvsem zato, ker postane profil hitrosti
s povecanjem Reynoldsovega Stevila enakomernejsi. S povecanjem Reynoldsovega Stevila se povecata hitrost
in turbulence v fluidu, posledi¢no pa tudi turbulentna kineti¢na energija. S povecanjem Reynoldsovega Stevila
se povecata koeficient konvektivnega prenosa toplote in strizne napetosti, koeficient povrSinskega trenja pa se
zmanjsa.

Prenos toplote v nanofluidu je odvisen od razli¢cnih parametrov kot so toplotna prevodnost, koeficient
konvektivnega prenosa toplote, viskoznost, specificna toplota, kot cevi glede na vodoravnico in volumski delez
nanodelcev. V okviru preucevanja hidrodinami¢nega in toplotnega vedenja nanofluidov v posevni cevi sta bili
pridobljeni dve enacbi za izratun povprecnega Nusseltovega Stevila in koeficienta povrsinskega trenja na stenah.

Namen tega dela je preucitev prenosa toplote v posevnih ceveh z nanofluidi ter vpliva Reynoldsovega Stevila
na toplotne in hidrodinamicne lastnosti turbulentnega toka. Ta Studija se lahko razsiri z eksperimentom za soncne
kolektorje v zgoraj omenjenih robnih pogojih za optimizacijo rabe energije. Raziskovalci lahko problem preucujejo
tudi pri druga¢nih robnih pogojih oz. pri drugaénem naklonu cevi glede na vodoravnico. Eksperimentalno in
numeri¢no je mogoce preuciti tudi vpliv drugih parametrov, kot so Grashofovo Stevilo, volumski delez ter premer
nanodelcev. Uporabiti je mogoce tudi druge nanofluide in poiskati najboljse za prenos toplote v poSevnih ceveh in
sonc¢nih kolektorjih.

Kljuéne besede: meSana konvekcija, poSevni kanal, turbulentni tok, Reynoldsovo Stevilo, koeficient
povrsinskega trenja, koeficient konvektivnega prenosa toplote

S1120 *Naslov avtorja za dopisovanje: Univerza v Zabolu, Oddelek za strojnistvo, Zabol, Iran, f.vahidinia@gmail.com
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Eksperimentalna Studija in analiza dinami¢nih mehanskih
lastnosti aluminijevega brona

Jinquan Li* — Hailin Guo — Peipei Zhou

Univerza Shenyang Ligong, Sola za strojni§tvo, Kitajska

Aluminijev bron (QAL9-4) se uporablja na Stevilnih podrocjih zaradi svoje visoke trdnosti, trdote, protiobrabne
obstojnosti in dobre toplotne prevodnosti. Material je tudi primerna zamenjava za nerjavno jeklo, nikljeve zlitine
itd. Obsirne raziskave aluminijevega brona so bile do sedaj osredotocene predvsem na pripravo zlitine, preizkusanje
zmogljivosti ter na vplive legirnih dodatkov in toplotne obdelave na mikrostrukturo in lastnosti. Konstitutivne
relacije brona QAL9-4 pa so manj raziskane. V ¢lanku so zato preucene dinami¢ne mehanske lastnosti in dolocena
je Johnson-Cookova (J-C) konstitutivna enacba za QAL9-4 kot osnova za prakti¢no uporabo tega materiala.

Preucene so bile dinami¢ne mehanske lastnosti in poskodbene lastnosti materiala QAL9-4. Prave krivulje
odvisnosti deformacij od napetosti za aluminijev bron (QAL9-4) pri razlicnih temperaturah (v obmocju od 20
°C do 700 °C) in pri razli¢nih hitrostih obremenjevanja (v obmoc¢ju od 2500 s-! do 10000 s-1) so bile pridobljene
v dinami¢nem kompresijskem preizkusu z deljenim Hopkinsonovim tla¢nim drogom (SHPB). Rezultati kazejo
jasen pojav deformacijskega utrjevanja in toplotnega mehcanja pri QAL9-4, napetost teCenja ni odvisna od
hitrosti obremenjevanja, hitrost obremenjevanja prakti¢no nima vpliva na napetost teenja pri sobni temperaturi, v
temperaturnem obmocju od 300 °C do 700 °C pa ima majhen vpliv.

Zaradi ucinka visokohitrostne kompresije se pri 500 °C in 10000 s-! oblikuje deformiran adiabatni strizni pas
(ASB). Njegova oblika je podobna formacijam, ki nastanejo pri kovanju, usmerjen je v smeri maksimalne strizne
napetosti in pod kotom priblizno 45° glede na smer glavne napetosti. Deformacije na obeh straneh ASB so resne.
Zrna so se zaradi velikih deformacij pod udarno obremenitvijo podaljsala, podaljSana zrna so se postopoma razbila
v drobna rekristalizacijska jedra, le-ta pa so kon¢no oblikovala gosta in fina rekristalizirana zrna v ASB.

Proces visokohitrostnih deformacij QAL9-4 pogosto spremlja razvoj notranjih mikroposkodb, ki v konéni
fazi privedejo do odpovedi. Mikroluknje in mikrorazpoke v ASB kazejo, da so poskodbe QAL9-4 zelo resne
ter neizogibno privedejo do pesanja materiala in zmanjSanja dinami¢nih mehanskih lastnosti. To je posledica
visokohitrostnih in velikih obremenitev ter velikih plasti¢nih dinamic¢nih deformacij.

Zapisana je konstitutivna enacba J-C. Termoplasti¢ni konstitutivni model J-C se danes pogosto uporablja za
opis dinami¢nega mehanskega vedenja (enacba (8)).

Na podlagi eksperimentalne ugotovitve, da pri materialu QAL9-4 s poveCevanjem obremenitev in hitrosti
obremenjevanja prihaja do ucinka utrjevanja, s porastom temperature pa do pojava mehcanja, so bili izracunani
parametri konstitutivnega modela J-C z matemati¢nim iskanjem prilega, konstitutivna enacba pa je bila dolocena s
prilegom eksperimentalnih podatkov, pridobljenih z napravo SHPB (enacba (13)).

Krivulje prilega konstitutivnega modela J-C se dobro ujemajo s pravimi krivuljami odvisnosti deformacij od
napetosti, ki so bile dolo¢ene v preizkusih. Po konstitutivnem modelu J-C z vecanjem meje plasti¢nosti materiala
prihaja do zgodnejSega pojava toplotnega mehcanja. Vecji kot je modul utrjevanja materiala, bolj je ta nagnjen
k toplotnemu mehcanju; vecji kot je vpliv deformacijskega utrjevanja, bolj intenzivno je utrjevanje; vecji kot
je vpliv toplotnega mehcanja, bolj ociten je pojav toplotnega mehc¢anja. C je kolicnik obcutljivosti na hitrost
obremenjevanja: vedji kot je, bolj obéutljiva je napetost teCenja na hitrost obremenjevanja.

Kljucne besede: dinami¢ne mehanske lastnosti, aluminijev bron, konstitutivna relacija, adiabatni strizni
pas, deformacije, hitrost obremenjevanja

*Naslov avtorja za dopisovanje: Univerza Shenyang Ligong, Sola za strojnistvo, No.6 Nanping Centre Road, Hunnan New District, Kitajska, li_jinquan@163.com Sl121
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Doktorske disertacije

DOKTORSKE DISERTACIJE

Na Fakulteti za strojnistvo Univerze v Ljubljani je
obranil svojo doktorsko disertacijo:

e dne /6. oktobra 2015 Damir HUSEJNAGIC z
naslovom: »Model okolja v proizvodnji po naroc¢ilu«
(mentor: prof. dr. Alojzij Sluga);

Proizvodna podjetja, v katerih se izvaja
posamicna  proizvodnja  zahtevnih  izdelkov
po naroCilu, so pod hudim pritiskom globalne
konkurence in razgibanih trznih razmer, kar se odraza
z razrasCajoCo paleto izdelkov, individualizacijo
izdelkov in skrajSevanjem casovnih okvirjev. Pri tem
se sooCamo s problemi naraséajoée kompleksnosti
na vseh nivojih, od izdelkov in storitev do procesov.
Ocitno je, da v proizvodnih podjetjih s strukturno
togostjo, deterministicnim pristopom k odlo¢anju v
stohasti¢nem okolju, hierarhi¢no delitvijo pristojnosti
in pomanjkljivo komunikacijo ter nezadostno
izkori$cenostjo strokovnega znanja ni mogoce doseci
teh porajajocih zahtev na ustrezni ravni.

Disertacija gradi na hipotezi, da je boljse
obvladovanje kompleksnosti v proizvodnji izdelkov
po narocilu mogoce doseci z uvedbo upravljanja v
realnem ¢asu in z orodji, kot so ubikvitarna tehnologija
in senzorska omrezja, pa tudi s preglednostjo,
sledljivostjo in s sistemi za podporo odlo¢anju v
realnem Casu.

Za reSevanje teh izzivov je razvit nov koncept
ubikvitarnega avtonomnega delovnega sistema,
ki predstavlja napredno strukturo za nadaljnji
razvoj proizvodnih sistemov in okolij, v katerih se
izvaja posamicna proizvodnja zahtevnih izdelkov
po naroCilu, upostevajo¢ sodobne informacijske
tehnologije in tehnologije vgradnih sistemov za
gradnjo takSnih struktur;

Na Fakulteti za strojnistvo Univerze v Mariboru sta
obranila svojo doktorsko disertacijo:
e dne 20. oktobra 2015 Matej PAULIC z
naslovom: »Model inteligentnega sistema za
prilagajanje postavitve obdelovanca v delovni prostor
obdelovalnega stroja« (mentor: prof. dr. Joze Balic);
Moderni obdelovalni sistemi zahtevajo nenehno
posodabljanje in vkljucevanje najnovejsih tehnologij v
tehnoloske postopke. Raziskave in razvoj obdelovanih
postopkov se v zadnjem obdobju nagiba k reSitvam, ki
na eni strani povecujejo hitrosti, vecajo fleksibilnost
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in to¢nost, na drugi strani pa skrajSujejo razvojni cikel
izdelka.

Uvajanje racunalniskega vida na obdelovalne
stroje nam omogoc¢a, da lahko brez ve¢jih tezav
zaznamo postavitev  (pozicijo) in  orientacijo
obdelovanca, ki ga bomo obdelovali.

V raziskavi predlagamo uporabo metod umetne
inteligence za zasnovo naprednega sistema, ki
bo sposoben samodejno prilagoditi postavitev
obdelovanca v obdelovalni prostor stroja., ter
prilagoditi CNC-program za novo pozicijo vpetega
obdelovanca. Predlagana je uporaba algoritmov
optimizacije z rojem delcev, kot tudi uporaba mehke
logike.

V zakljucku raziskave so podani rezultati, ki
utemeljujejo in dokazujejo uporabnost sistema. Podani
so tudi predlogi za nadaljnji razvoj in raziskave;

e dne 2/. oktobra 2015 Tomai IRGOLIC z
naslovom: »Optimiranje odrezavanja gradientnega
materiala pri frezanju« (mentor: prof. dr. Franc Cus);

Uvajanje  tehnologije laserskega navarjanja
kovinskih materialov s postopkom LENS v zadnjem
Casu pridobiva na veljavi in uporabnosti za namene
popravila strojnih delov in gravur preoblikovalnih
orodij. Kljub zelo dobrim dosezkom navarjanja
plasti kovinskih materialov, je $¢ vedno potrebna
naknadna obdelava navarov s postopki odrezavanja.
Dosedanji nacin poobdelave navarjene povrsine je bil
s postopkom brusenja.

Nacin brusenja navarjenih plasti je dal do sedaj
ustrezne rezultate. Slabost bruSenja v primerjavi s
frezanjem pa je manj$i odvzem materiala v enaki
Casovni enoti. Prav zaradi tega je raziskava v okviru
doktorske naloge potekala v smeri nadomestitve
procesa brusenja s procesom frezanja.

Cilj raziskave je bil ugotoviti vpliv parametrov
stroja za lasersko navarjanje na dobljene hrapavosti
in valovitosti navarjenih povrSin gradientnega
materialov. Problem navarjenih materialov je
povrsina, ki ne ustreza standardu hrapavosti N6, kar
je bil na$ zastavljen cilj. Zato je potrebno navarjene
povrsine nadaljnjo obdelati, za kar smo si izbrali
proces frezanja z oblikovnim krogelnim frezalom. Z
raziskavami smo dokazali, da je mozno nadomestiti
proces brusenja s procesom frezanja.

Povrsina vseh izdelanih vzorcev je bila predhodno
skenirana s tri-razseznim optiénim skenerjem. S
skeniranjem se je zagotovil oblak tock, na podlagi
katerega sta se v nadaljevanju naloge izracunala
srednji aritmeti¢ni odstopek navarjenaga profila Ra,
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najvecja visina izbo¢in Rp in debelina navarjenih
plasti.

Za ugotavljanje debeline navarjenih plasti se je
izdelal uporabniski vmesnik za merjenje debeline in
analizo navarjenih plasti. S pomocjo izratunov se je
v nadaljevanju izracunala minimalna potrebna globina
frezanja z oblikovnim krogelnim frezalom, ki je
potrebna, da dobimo poobdelano povrsino navarjenih
plasti. Vsi vzorci ki so bili obdelani s frezanjem so
imeli kon¢no kvaliteto povrsine stopnje N6 oziroma
boljso.

Seveda je izbira rezalnih parametrov za
poobdelavo navarjenih plasti gradientnih materialov
s procesom frezanja kljucnega pomena. Zato je
pomembno, da poznamo trdoto materiala, njegovo
kemijsko sestavo in pripadajo¢e mehanske lastnosti.

Le te so v veliki meri odvisne od predhodno izbranih
parametrov stroja za navarjanje.

Tekom raziskave pridobljeni rezultati so bili
shranjeni v namensko izdelano podatkovno bazo.
Ta je uporabniku prijazna in mogoca hiter pregled
osnovnih podatkov o materialu, pregled izmerjenih
rezalnih sil pri izbranih rezalnih pogojih in grafi¢no
primerjavo izmerjenih rezalnih sil pri razlicnih
rezalnih parametrih.

Celotna raziskava doktorske naloge zajema
predstavitev problema, osnove delovanja stroja za
lasersko navarjanje in seveda vrsto preizkusov, kjer
se je skenirala povrSina navarjenih slojev, izracunala
pripadajoc¢a hrapavost in valovitost povrSine in seveda
vrsila nadaljnja obdela navarjenih plasti gradientnih
materialov s procesom frezanja.
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