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Overheating Reduction in Lightweight Framed Buildings
with Application of Phase Change Materials

Eva Zavrl! — Gasper Zupanc2— Uros§ Stritih! — Mateja Dovjak2.*

1 University of Ljubljana, Faculty of Mechanical Engineering, Slovenia
2 University of Ljubljana, Faculty of Civil and Geodetic Engineering, Slovenia

The trend of lightweight framed building structures is gaining in popularity. Due to lower accumulation capability and thermal stability, buildings
might be inclined to higher risk of overheating. The purpose of this study is to investigate overheating in lightweight framed buildings from the
aspect of thermal comfort and energy efficiency in cooling season. Single-family house was modelled using DesignBuilder™ and located in
moderate climate (Ljubljana, Slovenia). Heavyweight structure was compared to lightweight structure coupled with all 14 variations of phase
change materials (PCM). Different strategies of PCM encapsulation (microencapsulated plasterboards, macroencapsulated additional layer),
melting points (23 °C, 24 °C, 25 °C, 26 °C, 27 °C), capacities (M182, M91 M51, M27) and thicknesses (125 mm, 250 mm) of PCM were
investigated and compared. The best passive solution was primarily evaluated based on the thermal comfort characteristics: average zone
operative temperature (T,) bends in cooling season. Secondarily, the additional energy needed for cooling within each solution was compared
to the maximum allowed annual energy consumed for cooling specified in legislation. Consequently, the most influential parameter was the
melting point of the PCM structure. Based on the chosen criteria, the overheating was significantly reduced using macroencapsulated layer
with melting point of 24 °C and minimum capacity of M51 (max. T, 26.3 °C). Heavyweight structure enabled lower T, (27.1 °C) in the building
compared to microencapsulated plasterboard solution with melting point at 23°C and thickness of 250 mm (28.8 °C). Correctly designed

passive solution can be used for the improvement of the design strategy and legislation towards overheating prevention.
Keywords: overheating, lightweight framed buildings, phase change materials, thermal comfort, energy efficiency

Highlights

*  The study shows that PCM in lightweight structure can completely reduce the energy needed for cooling by decreasing the
temperatures for 1.2 °C more compared to the heavyweight structure.

*  When reducing the overheating the heavyweight structure showed results comparable to PCM enhanced lightweight structure
with melting point at 25 °C from the aspect of thermal comfort and energy efficiency.

*  Microencapsulated PCM products are not sufficient for reducing the overheating.

*  QOverheating was completely reduced by using macroencapsulated PCM with melting point of 24 °C and minimum capacity of

M51 in lightweight structure.

0 INTRODUCTION

In accordance with the requirements of EU Regulation
on construction products [1] are lightweight
structures, as a part of building envelope system,
describes as “structural loadbearing elements, which
have to enable the required mechanical stability, at
lower weight than it is general achievable by other
heavyweight building structures”. It can be reached
either by decreasing the amount of material used
for structure or by using higher rate of functionality
within the lightweight structure [2]. The lightweight
framed buildings (hereinafter lightweight buildings)
are gaining in popularity in current construction
and renovation, mainly due to shorter construction
time; lower construction expenses and minimised
environmental impact with higher reuse potential [3]
and [4]. To control and prevent heat, water and sound
transfer, protective layers - constructional products are
added, in a function of thermal and sound insulations,
waterproofing membrane, vapour barrier, etc.

*Corr. Author’s Address: University of Ljubljana, Faculty of Civil and Geodetic Engineering,

Additionally, lightweight construction is stimulated in
many international and national policies and strategies
based on lowering the carbon footprint [5]. The Kyoto
protocol pushed the global market trend of lightweight
buildings to grow to minimize global warming [2].

Beside economic and environmental advantages,
their weakness compared to heavyweight buildings
is related to the performance and mutual relation to
energy consumption and comfort. Thermally well
insulated lightweight framed buildings prevent heat
losses through their envelope and perform well
when reducing the energy demand over the heating
season. However, the heat capacity of the thermal
insulation is relatively low. Thus, in summer time,
it cannot accumulate the environmental heat. As a
consequence, the building lacks thermal stability and
its interior overheats [6]. This results in deteriorated
thermal comfort over the summer time, also known as
overheating.

The climate data show a trend of major global
temperature growth [7]. According to the assumptions
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by Intergovernmental Panel on Climate Change
(IPPC), due to human activity the global mean surface
temperature grew up to 0.8 °C to 1.2°C above mean
pre-industrial (1850 to 1900) level. With current grow
rate the surface temperatures will increase for 1.5 °C
between 2030 and 2052. Moreover, IPCC reports that
the number of heat waves will increase and present a
high to moderate risk to health [7]. Consequently, the
temperatures in buildings will reach highly dangerous
levels for the vulnerable population groups. Since
2014, the trend of heat related symptoms such as heat
strokes and deaths was estimated to increase by 66 %
until 2020 and 257 % until 2050 [8].

Overheating mainly occurs due to low
accumulation capabilities in dwellings, across the
entire Europe, even in Northern European countries
[9]. Since the overheating of modern lightweight
prefabricated structures is an increasingly common
problem on a global scale, a large number of scientific
researches have recently studied it [6]. Most of the
researchers either measured or simulated internal air
temperatures or surface temperatures of the peripheral
structural layers [10] and [11]. Some also involved the
evaluation of thermal comfort with the help of various
questionnaires, filled in by the by the occupants [6].

Overheating is regulated by international and
national legislation and is based on the qualitative
and quantitative criteria of thermal comfort and
energy efficiency. For example, CPR 305/2011
defines energy efficiency, hygiene and health needs
as basic requirements for building as a whole and for
constructional products [1]. European Directive on
Energy Performance of Buildings (EPBD 2010/31/
EU) explains that “the permissible annual cooling load
required for cooling of residential buildings Q)
calculated per unit of cooled area 4,), shall not exceed
50 kWh per year per square meter area (Qey/ 4w
< 50 kWh/(m2a))” [12]. European requirements are
implemented into national legislation. For example,
Slovenian rules on efficient energy use in buildings
require the maximum permissible value for cooling
demand [13]. Similarly, the Slovenian Environmental
Public Fund - ECO Fund defines the limit for heating
demand for co-funding conditions [14]. On the other
hand, the thermal stability of a building is a direct
indicator of overheating in correlation to the structural
complex. Thermal stability is usually described
through air temperature, as suppression factor v or
phase delay 7. These values are usually not defined
with legislation. However, one of the rear criteria
for thermal stability in healthcare facilities is the
fraction of the massive structure within the building,
published in Spatial Technical Guideline for Health

Facilities in Slovenia, recommended that “at least 25

% of exterior wall’s floor level height should present

the massive building material on its inner side” [15].

Moreover, the Slovenian rules on the ventilation

and air conditioning of buildings and also American

and European standards define the limiting value of
operative temperature during the cooling season to be

26 °C [16] to [18].

Therefore, the strategy for preventing overheating
in buildings depends on the building design. In order
to prevent and control overheating, comprehensive
measures are needed that follow the holistic principles
of bioclimatic planning all the way to the introduction
of passive and active building systems [19]. Phase
change materials (PCM) can be used in buildings as
both active or passive systems. Due to their high heat
capacity they present an alternative to improve the
thermal stability of a lightweight structure, as proved
in many studies [10], [11] and [20]. First example of
PCM for heat storage applications in buildings in
Slovenia presents research by Orel et al. [21]. These
studies experimentally and numerically showed that
PCM could reduce overheating during the entire year
and improve the thermal comfort of the occupants.
However, studies evaluated the performance of PCM
either on the level of single surface temperature or
based on the air temperature. However, air temperature
does not report the effect of radiant temperature and is
a limited parameter within thermal comfort analyses.

The purpose of this study is to investigate
overheating in lightweight buildings from the aspect
of thermal comfort and energy efficiency in cooling
season. The main criterion for thermal comfort is
the operative temperature (7,) and for the energy
efficiency, the energy cooling demand.

According to the purpose of this research, a
model of a typical single-family house was located
in a moderate climate. A comparative study of the
influence of lightweight and heavyweight structure
on overheating of the interior spaces was conducted.
Additionally, PCM as passive system for the reduction
of overheating problems was applied in the model and
tested. The research goals were:

1. To compare four types of exterior walls, namely
heavyweight, lightweight, lightweight coupled
with additional PCM layer and lightweight with
macro encapsulated PCM in plasterboard;

2. To determine the impact of influential parameters
of PCM products, namely the encapsulation
strategy, melting point, capacity and thickness;

3. To prove that overheating is present, even if
the existing criteria (based on the operative

4 Zavrl, E. - Zupanc, G. - Stritih, U. - Dovjak, M.
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temperature and energy consumption for cooling)
do not indicate it;

4. To define the optimal solution simultaneously
within both criteria. The defined solution can
then be used for the improvement of the design
strategy and legislation.

1 METHODS

The comfort is assessed based on air and operative
temperature data and the energy efficiency based on
the energy consumed for mechanical cooling (active
cooling). The chosen case was a family house with net
floor area of 177.45 m2, located in moderate climate,
Ljubljana Slovenia. The geometry of the building is
shown in Fig. 1. The chosen case study presents a
typical prefabricated lightweight single-family house,
currently expanded on the Slovenian market.

Fig. 1. Front of the building

DesignBuilder™ v3.4 was used as a calculation
tool for the determination of energy consumption
(of HVAC, lighting and operation) [22]. The
geometry was inserted and the simulation conditions
specified as below in Table 1. The model performed
calculation within one thermal zone. Most of the data
remained unchanged, unless specified otherwise.
Different types of structural complexes (SC) of the
building’s envelope are shown in Figs. 2 to 5 with
corresponding characteristic in Table 2. The first
type is the heavyweight (HW) type of external wall,
which bears the load with a thick layer of the bricks.
The second type is the lightweight (LW) SC, which
bears the weight with timber elements (frame). In
order to improve the thermal capacity characteristics
of LW, LWpcnma and LWpeyy, present two different
strategies of PCM installation. The strategies vary
in PCM location among the layers of SC and in the
way that PCM is implemented (macroencapsulated

and microencapsulated). The first strategy (designated
by symbol ‘a’) is macroencapsulated PCM blanket.
It is attached as a single additional layer on the inner
side of the exterior wall, right after the plasterboard.
The second strategy (designated by symbol ‘b’) is
microencapsulated and has a final layer of plasterboard
improved with PCM microcapsules. The PCM product
used within the first strategy — macroencapsulated
additional layer of PCM (LWpcy,) is commercially
called BioPCM™,

Table 1. Simulation conditions

Fixed input data

Value

Clothing insulation

0.5clo

€0, emissions (The amount was defined based
on the function of the space)

Occupancy rate /

Internal heat gains /

0.7 ac/h, constant
1.058 W/(m2K)

Air leakage of all SC*
Thermal transmittance of the
windows (Uyy)

Total solar energy transmittance 0.579

@

Shading type: blinds outside

Light gains

Ventilation hybrid ventilation; (1 ACH**)

Air conditioning The inclusion point was
set when the internal air
temperature exceeded 26 °C
and the coefficient of cooling
efficiency was 3.2

Season Summer (1.8. to 7.8.2002)***
Whole year 2002

Location Ljubljana Slovenia

PCM melting point (initial) **** 25 °C and thickness

*Structural complex (SC), **Air change per hour (ACH), ***The hottest week in
2002, for 5 days the outdoor temperature exceeded 30 °C, ****Phase change
materials (PCM)

There are several different melting points
available (27 °C, 25 °C and 23 °C) as in product
abbreviations 27Q, 25Q and 23Q. Within the
chosen melting point, various capacities can be
chosen, namely M182, M91, M51, M27 [23] to [25].
BioPCM™ material is produced out of fatty acids
and their derivatives, such as alcohols, amines and
esters [26]. Its characteristics are: latent heat (L):
210 J/g to 250 J/g, energy storage capacity (cye):
400 kJ/m2 to 1250 kJ/m2, specific heat (s): 2.2 J/(gK)
to 4.5 J/(gK), thermal conductivity (4): 0.15 W/(mK)
to 2.5 W/(mK) and relative density (RD):
0.85 g/(mL) to 1.4 g/(mL). The PCM used for the
second strategy (PCM,) is a plaster board with addition
of microcapsules of paraffin [27]. Characteristics

Overheating Reduction in Lightweight Framed Buildings with Application of Phase Change Materials 5
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of the PCM, are: thermal conductivity (1) 0.23
W/(mK), density (p) 880 kg/m3, board weight (W)
11 kg/m2 where PCM weights 2 kg/m2, heat capacity
(cp) 12.76 kJ/(kgK) and 1.17 kJ/(kgK), melting peak
(7) 23 °C and thickness (d) 1.25 cm (commercially
determined  thickness of the plasterboard).
Descriptions of the various SC of the external wall
types are shown in Figs. 2 to 5.

15

150

300

15

Fig. 2. SC of the external heavyweight wall; ® plaster 15 mm,
@ brick 300 mm, ® polyethylene foil, @ expanded polystyrene,
® 150 mm, and ® facade plaster 15 mm

Fig. 3. SC of the external lightweight wall with timber elements;
@ gypsum cardboard 15 mm, @ polyethylene foil, ® wooden panel 15 mm,
@ wooden frame with cellulose flakes 160 mm, ® oriented strand board
(0SB) panel 15 mm, ® mineral wool panels, and
@ facade silicone plaster 10 mm

et

10+ T
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15 e e o e bt ; @J e
160 A

:.r\ e e ‘—ﬁm e W

Fig. 4. SC of the external lightweight wall with timber elements
with macroencasulated PCM layer; © gypsum cardboard 15 mm,
*Additional layer of PCM on top of the LW.WF - melting point 25°C and
thickness of 7.4 cm (BIO PCM® M182/Q25), @ polyethylene foil,
® wooden panel 15 mm, @ wooden frame with cellulose flakes 160 mm,
® oriented strand board (0SB) panel 15 mm, ® mineral wool panels, and
@ facade silicone plaster 10 mm
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Fig. 5. SC of the external lightweight wall with timber elements
with microencasulated PCM in gypsum board; © gypsum cardboard
with PCM 12.5 mm, @ polyethylene foil, ® wooden panel 15 mm,

@ wooden frame with cellulose flakes 160 mm, ® oriented strand board
(0SB) panel 15 mm, ® mineral wool panels, and
@ facade silicone plaster 10 mm

Within the simulation, the performance
parameters of the structural complexes were
determined based on the -calculation procedure
presented in ISO 7726:1998 [28].

Table 2. Heat transfer coefficients U [W/(m2K)] of the designed
structural complexes

UWmeK)] HW LW

LWpema  EWpems

Exterior wall 0.201 0.139 0.130 0.138
Roof 0.182 0.111 0.111 0.111
Floor 0.260 0.260 0.260 0.260
HW LW.WF
Strategy: .in -a
Melting point: | 23°C 25°C | 23°C | 24°C ‘ 25°C H 26°C ‘
1.I25 1 I25

Capacity: cm | |MI82 |M182 |M182 |M182

2.50
cm

Fig. 6. Systematic scheme of variations investigated
and obtained results

Fig. 6 explains the research approach with input
data, simulation variations and physical quantities of
the results. LW was chosen as a typical representative
of the lightweight wooden building where summer
overheating occurs. PCM type ‘a’ and type ‘b’ were
chosen as standard solution strategies to overcome
summer overheating (variation: strategy). PCM
solutions applied on LW are compared to the traditional
massive building type (HW). In order to investigate
the impact of different variations on the results, other
variations were tested as well. Within the type ‘a’
strategy, the PCM layer of all capacities with various
melting point temperatures (23°C (PCM.a.23), 24°C
(PCM.a.24), 25°C (PCM.a.25), 26°C (PCM.a.26)
and 27°C (PCM.a.27)) was investigated (variation:
melting point temperature). Afterwards, the effect of
capacity of PCM.a.25 was tested by decreasing the
initial capacities from M182 to M91, M51 and M27
(PCM.a.25.182, PCM.a.25.91, PCM.a.25.51 and
PCM.a.25.27 respectively) (variation: heat capacity).
Because the comparable PCM product was available
only for the melting points of 23 °C, 25 °C and 27
°C, the characteristics (enthalpy — air temperature
relation) of products with MP at 24 °C and 26 °C
had to be manually determined. Characteristics of
PCM.a.24 (if capacity is not designated, it is referred
to as all: 27 to 182) were determined based on the
linear interpolation between PCM.a.23 and PCM.a.25
and for PCM26.a.26.182 between PCM.a.25.182
and PCM.a.27.182. Within the second strategy type
‘b’, two different melting point temperatures were
investigated. Similar approach was used to determine

6 Zavrl, E. - Zupanc, G. - Stritih, U. - Dovjak, M.
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the characteristics of PCM.b.25, where the properties
were extrapolated from PCM.b.23. To validate this
method, two simulations were performed. First, the
exact values (enthalpy — air temperature relation)
obtained from the research by Soares et al. were
used to simulate case [29]. Second, the values were
extrapolated from PCM.b.23 to the exact case of the
plasterboard (PCM.b.23) by following the referred
approach. The results obtained from simulating with
2 different types of values had negligible deviations.
PCM.b.23 was tested for two thickness, 1.25 cm
and 2.50 cm (PCM.b.23.125 and PCM.b.23.150,
respectively) and PCM.b.25 for one thickness 1.25
cm (PCM.b.25.125). To evaluate the performance
of the structural complexes, thermal comfort and
energy consumption were investigated. The data were
extracted as: outdoor air temperature [°C], inner air
temperature and operative temperature [°C], delay
and overheating recalculated out of 7,; and 7} [h] and
the energy consumed for cooling the building [kWh]
when T,; and T, exceeded the recommended limit.
The upper and lower limits of 7,; and 7, were defined
within Category III of indoor environment during the
cooling season determined in EN15251:2007 [18]. The
upper and lower limits for 7; are 26 °C and 23 °C and
for T,, 27 °C and 22 °C, respectively. The same limits
stand when determining the electricity consumed for
cooling to keep the building running within these
limits. The electricity — electrical chiller is in case of
thermal comfort investigations switched OFF and in
case of energy efficiency investigations turned ON.
The results are presented for the 1st week of August
(as the week with the highest outdoor air temperatures
of the TRY) and for the entire year. List of variations:
HW; LW; LW.pcna23: M182/Q23; LW.pcnang: M182/
Q24, M91/Q24, M51/Q24 and M27/Q24; LW.pcp 425
M182/Q25, M91/Q25, MS51/Q25 and M27/Q2S;
LW.opcmazs: MI182/Q26; LW.penanr: M182/Q27,
LWpcempos: two thicknesses of 1.25 ¢cm and 2.50 cm
and LWpcy 1250 thickness of 1.25 cm.

2 RESULTS

The results of the analysis of overheating from
the aspects of thermal comfort are presented with
operative temperatures. The energy cooling demand is
defined with [kWh/m?2] needed for cooling.

2.1 Evaluation of Thermal Comfort Based on Operative
Temperatures 7,

Fig. 7 shows the outdoor air temperature (7,,) which
presents the environmental conditions during which

T,; and T, were measured. The horizontal dash line
shows maximum (27 °C) operative temperature for
obtaining the thermal comfort in the summer time
determined in EN15251:2007 (static method) [18].
The first column set always shows the maximum
temperatures obtained and the second column set
the minimum temperatures obtained. The graphs
always show operative temperatures on y-axis, but in
case of ‘Outside Dry-Bulb Temperature’, where air
temperatures are presented. The other two columns
present the types of building external wall structures
without PCM. The operative temperatures obtained
in the space with the heavyweight wall (HW) are
presented by the diagonal line patterned column and
the lightweight wooden frame (LW) is presented with
light grey column.

E==Outside Dry-Bulb Temperature
HW
LW

w
N

w
o

N
o]

Temperature [°C]
N
[e)]
)
T I

N
i

IS SS SIS
SIS SSSD)

I
T T

VSIS SLSISS

|

|
T T
I

22

O 30
": 26
5 22
§ 18 NI N[N
Q14
g 10
= 1.Aug 2.Aug 3.Aug 4.Aug 5.Aug 6.Aug 7.Aug
Fig. 7. Temperatures [ °C] obtained with HW and LW structure
during the 1st week of Aug (max. temperatures in 1st set of
columns and min. temperatures in 2nd)

1
i

The results indicate that the 7, of the HW
structure slightly (max. +0.2°C) exceeded the upper
limit of 27 °C on 5t of Aug (14:00 to 18:00 h) and
Aug, 6th of Aug (13:00 to 16:00 h). The maximum
T, reached with LW structure is 28.7 °C on the 5th
of Aug at 17:00. However, the temperature exceeded
the upper limit also on the 4th, 6th and 7th of Aug.
Compared to LW, the HW structure alone, was less
responsive to the outdoor temperature fluctuations.

Fig. 8 shows the results obtained with the
LW structure alone and with PCM strategy type b
— microencapsulated gypsum boards. The melting
points were at 23 °C (1.25 cm and 2.50 cm) and at
25°C (1.25 cm). Compared to LW, the application of

Overheating Reduction in Lightweight Framed Buildings with Application of Phase Change Materials 7
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microencapsulated PCM with the melting point of
23°C and thickness of 1.25 cm (LWpeyp23.125) does
not affect the temperature fluctuations. The peak
temperature is reached at 28.8 °C at 17:00 (5t of
Aug). Similar was shown with LWpeyp 23250, Where
the double thickness negligibly softened the main
temperature peak to 28.6 °C. Thus, the melting point
of 23 °C is inappropriate choice for such building
type and such climate conditions. On the other hand,
the usage of LWpcwnip05.125 slightly reduced the daily
maximum temperatures. The main peak from 5th of
Aug was reduced by 0.8 °C (to 27.9 °C).

C LW CILW.PCM.b.23.125
@ LW.PCM.b.23.250 mmmLW.PCM.b.25.125
— — Upper limit

— 29

o

— 28

g

3 27

o

“g’_ 26

@ 25

24

5

e

o 25 .

‘E 24

K 22

1.Aug 2.Aug 3.Aug 4.Aug 5.Aug 6.Aug 7.Aug
Fig. 8. T, [°C] obtained with microencapsulated (.b) strategy

during the 1st week of Aug (max. temperatures in 1st set of
columns and min. temperatures in 2nd)

Fig. 9 shows the performance of strategy type
a— the additional layer of macroencapsulated PCM
on the inner side of the exterior walls at five different
melting points (23 °C, 24 °C, 25 °C, 26 °C and 27 °C)
within single capacity (M182).

Compared to LW, the macroencapsulated strategy
with the melting point of 23°C (LWPCM.a.23.182)
reduced 7, during the first exceeding peak (4th of
Aug at 17:00) by 0.6 °C (from 28.1 °C to 27.5 °C).
However, the second and the third peak were not
affected (5t of Aug (17:00 h) and 6th of Aug (15:00
h)). LWPCM.a.25.182 and LWPCM.a.26.182
fluctuated similarly. The maximum 7, obtained was
close to the upper limit. On 5t of Aug (17:00 h), with
PCM.a.25.182 and LWPCM.a.26.182, the obtained
max. To were 27.3 °C (-1.5 °C) and 27.0 °C (-1.8
°C), respectively. LWPCM.a.24.182 could sufficiently

decrease the maximum 7, during the hottest week of
the year below the upper limit.

LW

@ LW.PCM.a.24.182
B |\W.PCM.a.26.182
= = Upper limit

[CLW.PCM.a.23.182
I L W.PCM.a.25.182
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29
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27
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24

Temperature [°C]
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24
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Fig. 9. T,[°C] obtained with macroencapsulated (.a) strategy
during the 1st week of Aug (max. temperatures in 1st set of
columns and min. temperatures in 2nd)

Temperature [°C]

Both strategies (‘b’ and ‘a’) within the melting
point of 23 °C compared are shown in Fig. 10.

W
= LW.PCM.b.23.250
= = Upper limit

CILW.PCM.b.23.125
I L W.PCM.a.23.182
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Fig. 10. T, [°C] obtained with both PCM strategies with
the melting point of 23°C during the 1st week of Aug (max.
temperatures in 1st set of columns and min. temperatures in 2nd)

N
w

Temperature [°C]

LWpcemans g2 has the highest capacity among
all cases shown in Fig. 10. Regardless from its high
accumulation capabilities, it buffers only the first

8 Zavrl, E. - Zupanc, G. - Stritih, U. - Dovjak, M.



Strojniski vestnik - Journal of Mechanical Engineering 66(2020)1, 3-14

peak, but not the last two (5t and 6th of Aug). In
addition to the figures above (Figs. 7 to 9), it could be
concluded that, the mis-determination of the melting
point cannot be corrected to the addition of thermal
capacity. LWpcpma0s.182 18 an existing product with
three lower capacities available (M91, M51 and M27)
(Fig. 11).

R JILW.PCM.a.25.27
T LW.PCM.a.25.51 I | W.PCM.a.25.91
I W.PCM.a.25.182 = = Upper limit
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Fig. 11. T,[°C] obtained with LWpey, 505 and various heat
capacities during the 1st week of Aug (max. temperatures in 1st set
of columns and min. temperatures in 2nd)

In Fig. 10, different capacities had almost no
effect on the performance of the PCM. From Fig. 11 it
is clear, that lower capacities within the same melting
point affected the results. All of the peaks from the
4th to the 7th of Aug would increase with decreasing
capacity. This is most clear within the highest peak
from the 5th of August, where 7, would increase from
27.3 °C to 27.5 °C, 27.8 °C and 28.2 °C with M9I1,
M51 and M27, respectively. The performance of
LWpcm.ans.or 1s similar to the thermal performance of
HW.

In Fig. 12, the variations of different capacities of
LWpenmana 1go are presented. The question is, what is
the lowest capacity that can still keep the temperatures
below the upper limit.

On the 5th of Aug (17:00 h), LWpcpp 204152 reduced
the maximum peak of LW by 2.4 °C (from 28.7 °C
to 26.3 °C). LWpcm a24 can keep T, peaks below the
upper limit in all studied cases, except in the case
with the lowest capacity investigated (LWpcna24.27)-
With the case of LWpcpa04, the importance of the
well-chosen melting temperature is stressed. In this
way, also the costs of the material could be reduced.

When using LWpcy 424,01, compared to LWpen 424,182,
T, fluctuations remained almost unchanged. The
maximum 7, obtained was 26.5 °C, which is only 0.2
°C higher compared to M182. With LWpcnaoasis To
remained below the upper limit, but the maximum
increase was to 26.9 °C, which is nearly the upper
limit. The capacity of LWpcpanan7 Would not be
large enough to hold T, below the limit. Thus the
maximums exceed it up to 28.2 °C. The fluctuations
in Figs. 11 and 12 were similar, without any phase
delays.

CJILW.PCM.a.24.27
I L W.PCM.a.24.91
= = Upper limit

LW
LW.PCM.a.24.51
I L\W.PCM.a.24.182

Temperature [°C]

24

23 1

> | e (T
1.Aug 2.Aug 3.Aug 4.Aug 5.Aug 6.Aug 7.Aug

Fig. 12. T,[°C] obtained with LWpey.2.04 @nd various heat
capacities during the 1st week of Aug (max. temperatures in 1st set
of columns and min. temperatures in 2nd)

Temperature [°C]

2.2 Energy Efficiency Evaluated Based on the Hours of
Overheating

Table 3 shows the number of hours above which the
upper air temperature (7,;) and operative temperature
(T,) limits were higher than the defined upper limit.
Table 3 shows the hours for the two existing products
that were closest to the real usage.

Table 3. The number of hours of overheating (OH) [h] based on T;
in T, (1st week of August)

LWPCM  LWPCM

Type HW Lw 225182 b.23.125
T, >26C 51 66 48 06
T,>21C 6 30 6 30

Besides 7, Table 3 includes also T, as the T,
limit is chosen for Category III of indoor environment
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and could thus be misleading (inaccurate) [18]. As
can be seen from Table 3, the number of OH varies
strongly in dependence of the strategy. Overheating
occurred in both chosen existing cases. Consequently,
the building’s interior was overheated. The OH
was zero in non-existing cases of LWpcnman4.182,
LWPCM.a.24.91> and LWPCM.a.24.51- For OH reduction,
additional cooling with active system is required.
Table 4 shows the amount of electrical energy needed
to cool the rest of the existing products (LWpcnp23.125
and LWpcwma25.182)-

Table 4. Amount of electrical energy needed for cooling
Q(NC)/A(u) [kWh/m?2]

e W W e boads
Quiga 14 15 13 15
Q, 74 97 8.4 9.6
Quea—Q,  19% 16% 15% 16%

2.3 Energy Performance Evaluated Based on the Energy
Consumed for Cooling

Table 4 presents the energy needed to cool the
building to the required operative temperature limits
with electric chiller for the 1st week of Aug (Qi4a)
and for the entire year (Q,), per m? of the building.
The importance of the Ist week of August is shown
in the last row of the table (the percentage of energy
consumed for cooling over the first week compared to
the entire year), where it is specified that up to 19 %
of the total yearly cooling demand can be consumed
in the first week of August. The correctly chosen
passive system (LWpcnan4.182; LWpemansor and
LWpcemanasi) could reduce the yearly demand by
16 % or more.

3 DISCUSSION

Within the first few days (15t to 31d of Aug), in all of the
investigated cases the temperatures remained below
the upper limit of thermal environment. On the 4th of
Aug, in most of the cases (exception is LWpcy 404)s
T, grew above the upper limit at 13:00 h. On the next
day, 5th of Aug, T, of all the cases exceeded the upper
limit and also reached the peak with 1 or 2 hour delay.
Afterwards (6th and 7th of Aug), T, started to decrease.
In order to compare the PCM solution to overheating
with the traditional building concept, the comparison
of the daily T, peaks of various lightweight framed
building combinations to the heavyweight building
should be performed (Table 5). When observing the

performance of HW structure during the highest daily
peaks, it is possible to observe that during the cooler
days (1Ist to 3rd of Aug) the HW structure could reach
lower temperatures than in the rest of the cases (exc.
LWhpcmana), as apparently the material used for its
mass (brick) accumulates the heat better than the PCM
with chosen melting points. However, from the 4th of
August on (5th to 7th of Aug), the HW structure could
not keep the temperature peaks lower than in the cases
with PCM with melting points of 25 °C and 26 °C
(LWpcM.as.182 and LWpena0s.91 and LWpena26.182)-
Also other studies [6], [10], [30] to [33] reported that
lightweight assembly compared to heavyweight
assembly showed higher air temperatures within
identical external conditions.

Table 5. Temperature differences T, [°C] of the maximum T,
obtained with HW and optional case showing positive values

LW.PCM
a.23.182
a.24.27
a.24.51
a.24.91
a.24.182
a.25.91
a.25.182
a.26.182

Augtst -06 00 02 04 04 -03 -02 -03
Aug2nd -03 00 02 03 04 -03 -02 -02
Aug3d -05 00 03 04 05 -02 -01 -01
Aug4h -05 01 04 05 06 -02 -01 01
Augb5" -09 00 04 08 09 -01 00 02
Aug6th -08 00 06 10 12 00 02 09
Aug7n 02 02 06 10 11 01 03 06

The next group of the results is the minimum
temperatures obtained in the night time. The minimum
temperatures were obtained in the night time, but they
never dropped below the lower limit. During the night
time, in all of the cases the temperatures were suitable
for occupant’s sleep.

The first influential parameter of the PCM
solution is the strategy. For example, Vik et al. found
that 17 m2 (Q23/M51) applied on the wall and ceiling
of an office of 15 m2 floor area reduced the T, .« by
about 2 °C or even more, when facing the occupant
[34].

The second influential parameter is the melting
point. The effect of different melting points was
tested. It was shown that the effect of the melting point
is stronger compared to the effects of the other two
influential parameters (strategy and capacity). Similar
findings were mentioned by other studies, such as
Pajek et al. [10]. Further, Reddy et al. [35] investigated
the temperature of the inside (base) layer in the roof
of a building located in Chennai (India) with different
melting temperatures, thicknesses and numbers of
PCM layers (single- or multi-layer) by using computer
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fluid dynamics (CFD). They showed that when
choosing the correct PCM melting point combination,
the temperature of the layer remained unchanged
during the whole daily cycle, even when changing the
thicknesses of the PCM layers. The studies support
the present findings and expose the importance of the
correctly chosen melting point temperatures.

The studies are also in agreement with the
conclusions regarding the capacity. The capacity
should be large enough to absorb the excess heat and
keep the temperatures below the upper limit. If the
capacity is too low (i.e. LWpcpna407), then T, will
exceed the comfortable indoor levels. If the capacity is
too high (and the strategy and melting point suitable),
then the solution is not cost and environmentally
optimised. The surplus of the material results in
deterioration of the LCA grade for the entire building
complex. There is the possibility of self-insulation.
As a result, over night the excess material is not
completely solidified.

Additionally, the solidification of the PCM may
be increased by increasing the ventilation rate in the
building. Higher amounts of conditioned (cooled)
air remove the heat from the PCM with convection
and in this way accelerate its solidification. The
increased performance of the PCM was additionally
proven within some of the studies [10]. Moreover,
the increased volume flow rate often results in higher
velocities in the occupied zones. This affects the
thermal comfort (i.e. 7,) and may cause draught to
the occupants. However, the energy consumed for the
preparation of additional inlet air increases, which
results in higher energy consumption for cooling.

Overheating hours as one of the analysed
indicators of the presence of the overheating,
numerically specifies the OH. Another possibility
is coupling the passive strategy with the active one.
The number of hours may be determined also with
other criteria, such as improved weather files for heat
wave analysis [36] or focusing on the periods outside
the heat waves when the heat is accumulated in the
environment [37].

Energy performance shows the amount of energy
needed for cooling during certain period. The results
of this study correlate with other studies, proving that
the correct application of PCM decreased the electrical
consumption for cooling. For example, it was shown
that a correct usage of PCM can improve overheating
reduction from 7 % to 34 % [38]. A similar numerical
study performed in TRNSY'S showed that the PCM in
walls combined with thermal insulation reduced the
energy costs up to 66.2 % compared to the uninsulated
envelope without PCM [39]. Reddy et al. showed that

using double layered PCM (25 % to 35 %) reduced
the heat gains more, compared to single layer PCM
(17 % to 26 %) [35].

The limitations of this study are: lack of CFD
simulation within the zones, a lack of experimental
measurements, the model does not consider the
heatwaves. In this stage of our research we focused
on one building case study with different building
envelopes, where material properties (strategy,
capacity and melting point) were variated.

4 CONCLUSIONS

To prevent overheating, a holistic approach based
on bioclimatic design principles is needed, where
the building is adapted to climate and location
characteristics [19] and [40]. Secondly, a passive
system with PCM (system) should be introduced to
attain its maximum potential and system efficiency.

Based on the study it can be concluded that:

*  The presented system can increase the thermal
comfort of the building and reduce the cooling
demand;

* Results of this study showed that the
macroencapsulated layer with melting point of
24 °C and minimum capacity of M51 results in
simultaneous attainment of cooling demand (1.25
kWh/m?) and thermal comfort conditions with
lower operative temperature (max. 7, 26.3 °C);

*  With precise selection of influential parameters
(melting point, capacity/thickness) the operative
temperatures and energy consumption of
lightweight structure are decreased more than in
heavyweight structure;

* In order to attain its highest efficacy, it is
important to select PCM with optimum melting
point temperature, since the mis-determination
of the melting point cannot be corrected by the
addition of thermal capacity (the melting point at
23 °C has almost no effect on the performance of
the lightweight structure and couldn’t reduce the
overheating at both thicknesses tested);

e  The combinations of PCM with multi-layers of
different melting points may also be applied in
order to cover different temperature ranges;

*  Macroencapsulated strategy has the potential to
increase the capacity and is thus, more practical
for usage;

*  The system is highly applicable for the renovation
of existing lightweight buildings or geometrically
complex structures in the building envelope, by
not losing the delicate amount of the floor area in
the building;
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In the future, the effectiveness of PCM operation
should be investigated. The combination of numerical
model on micro-scale and macro-scale and also a
material for both cooling and heating season will
be investigated considering [20]. Furthermore,
the research should focus on material discharge
(night-time ventilation or water pipe system in the
neighbouring layer) and modelling the most efficient
combination of a two PCM layers with different
melting points. Nevertheless, the system should be
investigated in the realistic environment of the single-
family house. Also, another subject of further research
should be the improvement of international and
national legislation in order to define, qualitatively
and quantitatively, indicators for the prevention
of overheating. The indicators should be specified
on the level of buildings, building systems and the
environment, including the characteristics of: shading,
transparent and non-transparent parts of building
envelope (thermal stability, delays, accumulation
capabilities, etc.). Active solutions should be coupled
with bioclimatic and passive solutions and the limit
amount of electricity consumed for cooling with
mechanical systems should be defined.
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6 NOMENCLATURES

p density, [kg/m?]
Cpe energy storage capacity, [kJ/m2]
[N heat capacity, [J/(kgK)]

d thickness, [cm]

g total solar energy transmittance, [-]
L latent heat, [J/g]

A thermal conductivity, [W/(mK)]
OH number of hours of overheating, [h]
RD relative density, [g/(mL)]

K specific heat, [J/(gK)]

T melting peak, [°C]

T, indoor air temperature, [°C]
T outdoor air temperature, [°C]
T, operative temperature, [°C]

ﬂ

omax  Maximum operative temperature, [°C]
Owcy Ay amount of electrical energy needed

for cooling, [kWh/mZ2]
O« electrical energy needed for cooling during

the 1st week of Aug, [kWh/m?2]
oy electrical energy needed for cooling during
the entire year, [kWh/mZ2]
O\s.a-qy energy consumed for cooling over the
Ist week compared to the entire year, [%]
w weight, [kg/m?2]

U heat transfer coefficient, [W/(m2K)]

Uy thermal transmittance of the windows,
[W/(m?K)]

v temperature suppression factor, [-]

n phase delay, [h]
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Heat Dissipation from Stationary Passenger Car Brake Discs

Stergios Topouris! — Dragan Stamenkovi¢2.* — Michel Olphe-Galliard! — Vladimir Popovié2 - Marko Tirovic!

! Cranfield University, School of Aerospace, Transport and Manufacturing, United Kingdom
2 University of Belgrade, Faculty of Mechanical Engineering, Serbia

This paper presents an experimental investigation of the heat dissipation from stationary brake discs concentrated on four disc designs: a
ventilated disc with radial vanes, two types of ventilated discs with curved vanes (a non-drilled and cross-drilled disc), and a solid disc. The
experiments were conducted on a purpose-built thermal spin rig and provided repeatable and accurate temperature measurement and reliable
prediction of the total, convective and radiative heat dissipation coefficients. The values obtained compare favourably with computational fluid
dynamics results for the ventilated disc with radial vanes and solid disc, though the differences were somewhat pronounced for the ventilated
disc. The speeds of the hot air rising above the disc are under 1 m/s, hence too low to experimentally validate. However, the use of a smoke
generator and suitable probe was beneficial in qualitatively validating the flow patterns for all four disc designs. Convective heat transfer
coefficients increase with temperature, but the values are very low, typically between 3 W/(m2K) and 5 W/(m2K) for the disc designs and
temperature range analysed. As expected, from the four designs studied, the disc with radial vanes has the highest convective heat dissipation
coefficient and the solid disc the lowest, being about 30 % inferior. Convective heat dissipation coefficient for the discs with curved vanes was
about 20 % lower than for the disc with radial vanes, with the cross-drilled design showing marginal improvement at higher temperatures.

Keywords: brake disc, heat dissipation, convective cooling, computational fluid dynamics, natural convection

Highlights

*  Heat dissipation from stationary brake discs was investigated.
* |t was done via a thermal spin rig test, computational fluid dynamics analysis, and a smoke generator test.
*  Radial vanes provide the highest convective heat dissipation coefficient and solid disc the lowest, with curved vanes being in

the middle.

*  The cross-drilled design shows only marginal improvement.

0 BACKGROUND

Brake cooling is vital for safe vehicle operation and
has attracted substantial research from very early
days; however, most research and published data
relate to heat dissipation from rotating discs. Cooling
of a stationary brake is equally important as many
critical cases are related to this driving condition.
For instance, brake fluid is much more likely to boil
if the vehicle is not moving. The consequences can
only become apparent once the vehicle starts moving
again, making the situation safety-critical. Convective
heat dissipation is drastically reduced, from
predominantly forced cooling (at high airspeeds) to
natural convection only (airspeed being zero). Instead
of the heat being dissipated to the surrounding air,
which is propelled away from the brake, much more
heat is being transmitted to pads and calliper through
conduction and radiation. Furthermore, a considerable
portion of the heat being dissipated from the disc by
natural convection is heating the calliper as the hot air
is forced upwards by the natural convection. The air
surrounding the brake assembly is “trapped” within
the wheel and wheel arch cavities, and the brake
ambient temperature is rapidly increasing, well above
the outside ambient air temperature.

The situation might be equally critical during “hot
parking” when the vehicle is parked after heavy brake
use. In such conditions, some brake components can
reach higher temperatures than for a moving vehicle.
Traditionally, the risks with “hot parking” were related
to the boiling of brake fluid, but vehicle “rollaway”
is another potentially critical condition. As the disc
and pads cool down they “shrink” (their thickness
reduces) whereas the calliper expands as it heats up
as a result of a heat transferred from the pads and
disc. This leads to the reduction of the clamp force,
causing decrease in friction force (braking torque) and
potentially leading to rollaway if the vehicle is parked
on a gradient. The condition is most critical when
installing an electric parking brake (EPB) for which
long flexible cables are not used, and there is no
flexibility in the system to compensate for reduction in
disc and pad thickness. EPB has brought hot parking
to an entirely new level, ensuring safe vehicle parking
on a gradient (specified at 20 % by UN Regulation
No. 13-H [1]). The methodologies used to cope with
this challenge include “over-clamping” (i.e., applying
much higher force than required in order to “stretch”
the calliper, which should compensate for disc and pad
shrinkage) and re-parking (i.e., re-applying the brake
automatically after the vehicle has been parked).
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With the installation of electric and electronic
components into callipers (EPB, “low drag” callipers,
etc.), there is a potential danger with overheating and
permanent damage to these parts; hence, accurate
prediction of brake temperatures in parking conditions
is becoming even more critical.

Heat dissipation from stationary brake is also
vital for accurately predicting brake temperatures in
drive cycles which contain periods when the vehicle
is stationary. Though these cycles are typically not
safety-critical from the brake performance point of
view, brake temperatures are essential in understanding
and minimizing residual drag, providing good brake
pedal feel and reliably estimating brake wear.

Finally, braking of hybrid and electric vehicles
(HEVs) imposes another braking challenge, in
addition to complexities related to brake pedal feel,
residual drag, and EPB. UN Regulation No. 13-H
requires all braking tests (such as repeated brake
applications — “fade and recovery”) to be successfully
performed by friction brakes only, without the use
of regenerative braking. Considering that HEVs are
typically heavier than equivalent cars with internal
combustion engines only, understanding braking
requirements is paramount not only regarding safety
but also in order to minimize brake mass and resolve
brake cooling in the most effective way for both
moving and stationary vehicle operation. Though
some of these vehicles are relatively low performance,
there are some extremely high-performance HEVs
with very rapid acceleration characteristics and
therefore very high braking demands.

When analysing brake thermal aspects in parking
conditions, it should be pointed out that critical
cooling times can be quite prolonged; for passenger
cars with conventional hand brake designs, rollaways
are known to have occurred up to 30 minutes after
the vehicle was parked with hot brakes. This was
for “medium gradients” (~10 %); as for the higher
gradients, the rollaway occurs much quicker. In
commercial vehicles, the critical period can be up to
1 hour [2].

As a first step in studying heat dissipation from
stationary passenger car disc brake assemblies, the
focus will be on the brake disc. Four types of brake
discs will be studied, for two passenger vehicles. The
first vehicle is Volkswagen Passat (Typ 3C) and the
second Lotus Elise S2, with the basic vehicle and disc
characteristics given in Table 1.

Brake discs are shown in Fig. 1, with Figs la
and b presenting VW Passat front and rear discs,
respectively. Lotus Elise S2 standard disc is marked
Fig. 1c, with Fig 1d presenting a cross-drilled disc

(the perspective of the photo can confuse the reader
leading to the perception that Lotus discs are unequal
in diameter). From Fig. 1 it can be noted that all three
ventilated discs are of a “swan neck” type, meaning
that the outboard disc friction face is attached to the
top hat section but using a “swan neck” type feature in
order to minimize disc coning. This design allows air
intake from the inboard side, resulting in good cooling
characteristics.

Table 1. Vehicle characteristics

Characteristics VWFF;s;&tJ? o1 Lotu;OE1I|$ e s2
Gross vehicle mass [kg] 2100 1141
Static front axle load [kg] 1080 570.5
Static rear axle load [kg] 1020 570.5
Wheelbase [mm] 2709 2300
Maximum engine power [kW] 147 89*
Maximum vehicle speed [km/h] 235 205
Front dic ype Tadalvanes _ourved vanes™
Front disc outer diameter [mm] 321 288***

. . Ventilated with
Rear disc type Solid curved vanes**
Rear disc outer diameter [mm] 286 288***
* Basic model

** Qption: Cross-drilled
*** Front and rear discs are identical

Fig. 1. Discs Analysed - VW Passat: a) front, b) rear Lotus Elise S2:
¢) standard, d) cross-drilled

Detailed design characteristics for all four discs
studied are presented in Table 2. At the beginning of
the research, all discs were brand new. To stabilize
emissivity values they were repeatedly heated and
cooled, which caused all surfaces to corrode. The front
VW Passat disc (Fig 1a) is the largest and heaviest,
owing to the high vehicle mass and maximum speed,
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as well as brake force distribution (Front:Rear) of 2.1
for fully laden vehicle. Solid disc (Fig. 1b) has the
smallest outer (OD) and inner (ID) diameters; it is
the thinnest, has the smallest wetted area and is also
the lightest at only 3.2 kg. It is worth pointing out
that both vehicles have practically 50:50 static load
distribution for fully laden condition.

Table 2. Disc characteristics

Fig. Type/ 0D xID x thick. ~ No.of  Wetted Mass
1 Design [mm] vanes [-] area[m?] [kg]
o) entlatedwith 5o, je3w05 40 03086 9.4
radial vanes
b)  Solid 286 x 180 x 12 N/A 0.1678 3.2
o Ventlawdwith og0  ig5v06 37 02562 42

curved vanes

Ventilated with
d)  curvedvanes, 288 x185x26 37 0.2586 4.18
cross drilled

In contrast, this substantially changes for unladen
state of the VW Passat (with much more load taken by
the front axle in unladen and partly laden conditions),
there is practically no difference for Lotus Elise as the
engine is mounted in the middle and in addition to
the driver, there is only place for one passenger (next
to the driver) and very little luggage. Consequently,
neither the load nor the distribution per axle change
much for Lotus. Without entering into further analyses
into brake sizing and characteristics, a brief literature
review will be presented, which will be followed by
the modelling and experimental results obtained.

1 LITERATURE REVIEW

Due to its importance for safe vehicle operation, heat
dissipation attracted considerable research attention
from early days. However, complex geometry,
installation, boundary conditions and service duties
limited the application of analytical methods, and
the work was predominantly experimental, aiming at
measuring maximum brake temperatures at specific
duties. The research was also mostly concerned
with rotating discs, with analytical methods applied
initially to a geometrically perfect disc shape (not an
actual brake disc) rotating in still air [3], and in a cross
flow [4] and [5]. Heat dissipation was experimentally
investigated in the past for brake discs installed on
vehicle [6] and [7] or inertia dynamometer [8], with the
aim of establishing relationships and finding effective
solutions in predicting brake disc temperatures. The
ability to model the actual brake geometry came with
the development of numerical methods (finite element

and finite difference), but the complexity of boundary
conditions still required substantial experimental work
in establishing and validating temperature prediction
procedures. Substantial contributions to solving the
problem can be found in the literature [9] to [12].

The development of computational fluid
dynamics (CFD) made possible for actual boundary
conditions, i.e., convective heat transfer coefficients,
to be reliably theoretically predicted. Still, it took
some time for these methods to be sufficiently
developed for successful analyses of brake discs.
Complex geometry, boundary conditions, and disc
rotation required robust algorithms and very powerful
computers to deal with models with millions of cells.
Stationary disc analysis was not any easier to model.
The disc does not rotate, but the energy for air flow
is provided by change in air density due to its heating
and expansion. Some useful CFD work for rotating
disc analysis and optimization for automotive and
railway discs is provided in the literature [13] to [17].

There are only a few papers published and
known to the authors dealing with CFD modelling in
predicting temperatures and heat transfer coefficients
for a stationary disc [2], [18] and [19], and are the
results of studies conducted at Cranfield University.
The conclusions are multifold but can be summarized
in that effective CFD modelling of the stationary discs
is possible; nonetheless, it requires meshes with a
large number of elements and extreme care in their
creation (in particular when modelling boundary
layers). Obviously, powerful computers are needed
and CPU times are considerable (typically over
48 hours). Menter’s shear stress transport (SST)
turbulence model was found to be the most suitable
in terms of both accuracy and speed. The values
of convective heat transfer coefficients are similar,
but higher than the values quoted in this paper. This
is due to much larger discs (outer diameter being
434 mm) heated to higher temperatures (over 350
°C). It was also concluded that flow patterns change
with temperatures, and static disc cooling at higher
temperatures can be reduced by the hot air exiting
lower ventilation channels and blocking air entry
into upper channels. This phenomenon was typical
for large anti-coning type discs studied, but some
evidence of similar effects has been also detected by
the authors and will be presented and discussed later.
The analyses [2] also employed analytical methods
for heat transfer from surfaces (walls and cylinders),
developed by other authors [20] to [23]. Very useful
results have been obtained for a wide temperature
range, but these are limited to solid discs only.
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Convective heat dissipation prediction in friction
brakes has been vastly improved in recent years, yet
still considerably relies on experimental work. This
is not limited to this mode of heat dissipation only,
but also to radiative and conductive losses. Both
these modes are speed independent, and the radiation
is highly temperature-dependent. Consequently,
appropriate modelling of these two modes is vital for
accurate prediction of convective losses and brake
temperatures in any operating duty. Substantial work
and contribution in effectively tackling these modes
can be found in the literature, for conductive heat
transfer [24] and [25] as well as for radiation [26] and
[27]. Accurate and reliable heat dissipation is required
not only for safe prediction of brake temperatures
regarding friction characteristics (fade) and brake
components and fluid temperatures; it has much
broader implications in lightweight designs and noise,
vibration and harshness (NVH) characteristics [28]
and [29].

2 EXPERIMENTAL SET-UP

All tests presented in this paper were conducted on a
specially designed thermal spin rig, with its computer-
aided design (CAD) model shown in Fig. 2. The rig
has an in-line arrangement of the motor, coupling,
drive shaft and brake disc, with suitable bearing

housing placed on a supporting frame/table. Fig. 3

shows the actual rig. In order to minimize conductive

heat losses, contact areas of the disc with the mounting
flange were insulated using a low conductivity
temperature-resistant gasket (showing green in Fig.
3a). Furthermore, only two bolts were used to secure
the disc, and the tightening torque was very low. The
bolt contacts with the flange were also insulated by
using polytetrafluoroethylene (PTFE) tape (seen white
in Fig. 3a). Interestingly, there was no measurable
difference in the cooling rates if the insulation was not
placed between contact surfaces. The explanation is
that both heating and cooling periods were long and,
if no insulation was used, the flange was heated to the
same temperature and cooled down at a similar rate.

The operational procedure has three distinctive
phases:

a) Heating period. The disc is rotating at low speed
(~100 rpm), and the heater box is placed over
the disc (see Fig. 3b) with hot air guns activated,
providing a gradual, uniform disc heating.
Once the disc reaches the required temperature,
typically around 250 °C, the heating is turned off,
with the disc continuing to rotate at low speed.

Bearing Housing Brake Disc

Coupling T T
I

Electric Motor €—

|

Frame
Fig. 2. Thermal spin rig concept

Drive shaft

Fig. 3. Thermal spin rig; a) thermocouples installed,
b) heating box

Temperatures and other variables are logged
during this period but typically not processed.
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b) Soaking period. The disc is continuing to
rotate at low speed for several minutes in order
to equalize the temperatures. All variables are
logged during this period for monitoring purposes
but not typically processed. At the end of this
period the heating box is removed.

¢) Cooling down period. This period starts after the
soaking period, and all variables are logged and
processed during this period. The disc is typically
cooled down to under 50 °C. Disc surface
temperatures logged during this period make the
actual “cooling curves” and are used to calculate
average heat transfer coefficients.

The instrumentation used (see Fig. 3a) consisted
of a number of rubbing/contact thermocouples (Fig.
4a, K Type, 0.5 mm diameter) which were positioned
around the disc, contacting disc friction surfaces. It
should be pointed out that the differences in measured
disc temperatures across friction surfaces were very
small. This is a result of low cooling rate and thick
disc faces made of thermally highly conductive grey
cast iron. Fig. 3a shows two contact thermocouples
positioned 30 mm radially from the disc’s outer
diameter, on the bottom and top of the outboard
friction face. Two more thermocouples were placed
at the same nominal position on the inboard friction
surface. The temperature of the air in the plume
above the disc was measured using 5 thermocouples,
positioned above the disc, as shown in Fig. 3a, using
wire type thermocouples (Fig. 4b, also K Type, 0.5
mm diameter). Ambient temperature was measured
in 4 places around the laboratory, and all doors and
windows were closed to reduce air movement.

Tension adjustment screw

N e

E—FPg
Type K mini flat

a) pin plug

< H—

b)
Fig. 4. Thermocouples used; a) rubbing/contact thermocouple,
and b) wire thermocouple

For signal conditioning and data logging, National
Instruments CompactDAQ was used connected
to a personal computer, together with NI 9211
thermocouple modules (Fig. 5). The developed code
enabled direct temperature measurement and display
during the cooling period, as well as the presentation
of the entire cooling event, as shown in Fig. 6. It can
be observed that all temperatures are very close and
the cooling curves are smooth. Consequently, the
temperatures can be suitably averaged and reliably
used to calculate average heat transfer coefficients.
The tests were repeated numerous times and nearly
identical values were obtained. More details about the
methodology, uncertainty and the results are available
in [2] and [30].

Fig. 5. National Instruments CompactDAQ with thermocouple

modules
200 4 T [°C]
150+
100 ~
50
20 T T T T
0 200 400 600 800
t[s]
Fig. 6. Cooling curves obtained using contact (rubbing)
thermocouples

In an attempt to obtain more temperature data
across the friction face and hub flange area of the
disc, a FLIR A320 thermal imaging camera was also
used, with Fig. 7 showing the image and selected
points for obtaining temperatures. Unfortunately, this
was not providing useful results, as minor differences
in disc surface condition lead to small differences in
emissivity values, which in turn caused differences
in obtained temperature readings. The differences
were typically around 5 °C, but sometimes higher,
even 10 °C or more, without any reason for the
difference (except change in emissivity) and with
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contact thermocouples showing identical temperatures
in these areas. The cooling curves were smooth and
averaging was possible. However, such differences
in local temperatures were typically reducing but not
diminishing as the disc was cooling down and even
existed when the disc was approaching or reaching
ambient temperature. Though the use of the infrared
camera for temperature measurements of the fast
rotating discs at high temperature was found useful
by some authors and recently has much improved
[27], for the considered disc, the temperature range
and stable cooling condition, this method was not
considered suitable.

243K

Fig. 7. Full-field disc thermal image and selected points for
infrared temperature measurement

To compare the results with CFD predictions,
an attempt was made to measure air temperatures of
the plume above the disc, using wire thermocouples
shown in Fig. 4b, with the positions marked in Fig.
3a. Unfortunately, this approach was found to be
unsuitable. The temperature variations were irregular
(“erratic”), despite every effort to prevent air
movement in the laboratory. It is interesting to point
out that this method was found reliable, but for much
larger and heavier discs, heated to higher temperatures
[2].

The problems with better understanding
stationary disc cooling are not related to temperature
measurements only. As will be shown, air speeds
within the plume rising above the disc are also very
low, typically under 1 m/s, making the air speed
measurements practically impossible. Consequently,
measuring disc surface temperatures using contact
thermocouples was found to be the only reliable
method and these results were used to calculate

average heat transfer coefficients, which will be
compared with CFD results. As will be shown later,
some very useful but qualitative (only) indications of
the flows were obtained using smoke generator.

3 CALCULATION OF AVERAGE HEAT TRANSFER
COEFFICIENTS FROM MEASURED TEMPERATURES

As explained in the previous section, during the
cooling period, there is no heat input. Therefore, the
energy dissipated during the time #; to #, will be equal
to the thermal energy loss from the disc. Consequently
the average total heat transfer coefficient 4,,, can be
defined as:

— m-c
hy, = —IH[T‘” Tw] £, (D
T,-T, )A,(t,-1,)

where T, is disc temperature at the time #,, 7 disc
temperature at the time #,, 7,, ambient temperature, m
disc mass, ¢, specific heat of disc material (grey iron),
and 4,, total disc wetted area.

The average coefficient of heat transfer due to
radiation during the period (¢, — ;) can be defined as:

T, -T'\4
h, ,=¢0 d__e | Trad ®))
T,-T, ) A,

where ¢ is disc surface emissivity, o Stefan-Boltzmann
constant, 4,,, radiative heat dissipation disc area, and
T, average disc temperature during the period (z, — #1).

Accordingly, the average convective heat transfer
coefficient, for the period (¢, — ¢;), can be calculated
as:

hconv = htat - hmd . (3)

As the disc cools down, the temperature will
drop more slowly, hence keeping the same periods
(t,—t;) for calculating average heat dissipation
coefficients may not be the best approach. It was
found very useful to keep the temperature differences
(T,p—T4) constant for conducting these calculations.
Typically, temperature differences of around 20 °C
are considered most suitable, providing reliable disc
surface temperatures and sufficiently short periods
to account for the highly non-linear influence of
radiative heat losses. In order to determine disc surface
emissivity, the thermal camera (explained above) was
used, and the temperature was measured at the same
time in the close proximity to the predefined points
using contact thermocouples. After extensive surface
mapping, an average emissivity value was established
for the entire disc surface. There were some variations
between discs (which were taken into consideration
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when processing the data), but the overall average
value was found to be £=0.82. It should be pointed
out that the disc surface was oxidized, covered in
fine corrosion after repeated heating and cooling.
There were no pads to polish the disc surface, and the
contact/rubbing thermocouples covered only small
areas and caused little change to the surface emissivity
in the contact paths with the disc (as the disc was
rotating during the heating period, but the speeds and
interface pressures were very low).

4 CFD MODELLING AND COMPARISON
WITH EXPERIMENTAL RESULTS

CFD modelling for VW front and rear discs was
conducted using CFX code [31].

4.1 CFD Mesh

Fig. 8 depicts a front ventilated disc model, with Fig.
8a showing the air domain, Figs. 8b and c surface
mesh on the outboard and inboard side, respectively.
Mesh detail in the area of channel entrance at disc
inner diameter is shown in Fig. 8d, where very fine
mesh with numerous small cells can be observed.

Figs. 9a and b show the rear solid disc, where the
mesh did not require that many cells. Mesh statistics
for the two discs are included in Table 3.

Table 3. CFD Mesh statistics

Ventilated disc

Characteristics (fine mesh) Solid disc

Nodes (total) 3,295,654 857,655

Elements (total) of which: 12,117,247 3,226,623
Tetrahedral 8,825,745 2,406,319
Pyramids 112 287
Prisms 3,291,390 820,017

The total number of cells was over 12 million for
the ventilated and over 3 million for the solid disc.
It should be pointed out that such a fine mesh was
necessary for modelling the air flow and heat transfer
of stationary discs. A much lower number of cells
was needed when modelling rotating disc or disc in a
cross flow. A K-¢ turbulence model was used for both
discs, and the results will be first presented alongside
qualitative experimental investigations using a smoke
generator.

Fig. 8. CFD modelling of the ventilated disc; a) air domain,
b) surface mesh (outboard), ¢) surface mesh (inboard),
and d) mesh detail
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Fig. 9. CFD Modelling of the solid disc; a) surface mesh
and b) mesh detail
4.2 Air Flow

Fig. 10a shows air velocity contours for the ventilated
disc at 250 °C in the middle vertical plane (XZ, see
Fig. 8a). It can be seen that the maximum velocity
predicted is just over 0.9 m/s; therefore, it was not
possible to conduct experimental validation. In
order to validate flow pattern, tests were conducted
using smoke generator with neutral buoyancy smoke
(generated from special oil), with the fine probe
releasing the smoke in various areas in the proximity
to the disc. Fig. 10b shows the plume rising from the
disc faces and channels, which closely resembles the
CFD predictions displayed in Fig. 10a. It should be
pointed out that, unfortunately, the disc could not
be heated to 250 °C, the temperature used for CFD
modelling.

The flow air patterns (such as Fig. 10b) are
very difficult to photograph and obtain clear flow
indications. The best approach established was to
take videos and then play them frame by frame and
select the clearest pictures with the highest contrast.
This approach inevitably reduced picture resolution,
with the disc cooling down during filming. The light
also played an important part in taking useful images;
too much or too little light made the smoke practically

invisible or air plume direction difficult to understand.
As expected, the cooling is most effective in the upper
side of the disc and least effective in the channels
which are in the horizontal position.

b)
Fig. 10. Ventilated disc: a) CFD air velocities, and b) flow (smoke)
pattern using smoke generator

Fig. 1la shows air velocity contours in the
vertical plane YZ running through the disc axis, with
11b showing horizontal plane XY, again running
through the disc axis. It can be observed that upwards
air flow in the swan neck area, at disc inner diameter,
blocks air entry into the ventilation channels. This
phenomenon (effect) diminishes with a drop in disc
temperatures. As a result, convective cooling does
not drop as drastically as probably expected with
disc cooling, owing to (proportionally) more air flow
going through ventilation channels at lower disc
temperatures.

22 Topouris, S. - Stamenkovic, D. - Olphe-Galliard, M. - Popovic, V. - Tirovic, M.



Strojniski vestnik - Journal of Mechanical Engineering 66(2020)1, 15-28

b)
Fig. 11. Ventilated disc predicted air velocity contours at 250°C:
a) YZ plane, and b) XY plane

Fig. 12 shows the solid disc. Again, CFD
analyses were performed for 250 °C and experiments
at 150 °C due to the limitation of the heating system.
CFD air velocities are shown in the line form (Fig.
12a), and all indications are that the flow pattern
matches very well with the visualization using the
smoke generator shown in Fig. 12b. The maximum
air speeds predicted were just over 0.6 m/s, more than
one disc diameter above the disc, in the middle plane.
Unfortunately, this value is very low and could not be
experimentally verified but the smoke rising above the
disc (Fig. 12b) clearly indicates the same pattern and
position of the highest speed.

21304

a) [meA1]

b)
Fig. 12. Solid disc: a) CFD air velocities, and b) flow (smoke)
pattern using smoke generator

4.3 Air Temperatures

Despite not being able to accurately measure air
temperatures, it is useful to look at the CFD results
shown in Fig. 13 for the ventilated (Fig. 13a) and solid
(Fig. 13b) discs at 250 °C (note the air temperature is
shown in K). Air temperature seems to rapidly drop
after rising above the disc. The plume is also relatively
narrow. That probably best explains why the efforts
in measuring air temperature were not successful
in this case. In one study [2], air temperatures were
successfully measured, but for much larger and
heavier commercial vehicle brake discs heated to
higher temperatures. The air temperatures shown in
Figs. 13a and b match well with the air speed and flow
patterns shown in Figs. 10a to 12b.
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b)
Fig. 13. Air temperature contour in XZ plane for discs at 250 °C:
a) ventilated disc, and b) solid disc

4.4 Heat Transfer Coefficients

CFD analyses also enabled predictions of the local
and average convective heat transfer coefficients over
the disc surfaces, with Fig. 14 showing the ventilated
and Fig. 15 solid disc. For both designs, it is clear that
convective heat dissipation is more effective from the
upper part of the disc, as would be expected. On the
outboard side of the disc, the effect of the hub (top hat)
can also be observed. The flow is blocked, and there
is a reduction of the convective cooling in the middle
of the disc, above the hub. However, this effect is not
present on the inboard side of the disc friction faces.
Maximum values of the heat transfer coefficient reach
approx. 14.8 W/(m2K) for the ventilated disc (Fig. 14)
and 8.2 W/(m2K) for the solid disc (Fig. 15), but these
values of the convective heat transfer coefficients
are limited to very small areas with no practical
significance for disc cooling. For both designs,
the highest values covering larger disc areas are
around 5 W/(m2K). CFD analyses enabled automatic

calculations of average values for the convective heat
dissipation coefficients, from the distributions shown
in Figs. 14 and 15.

W M2 KA1

Fig. 14. Predicted convective heat transfer coefficient distribution
for ventilated disc

WmA2KA1)

Fig. 15. Predicted convective heat transfer coefficient distribution
for solid disc

Experimental investigations enabled only the
extractions of average convective heat dissipation
coefficients, from the average cooling curves
(measured surface temperatures during disc cooling).
The measurements of disc surface temperatures
proved to be very repeatable and reliable. The
procedure for calculating average convective heat
transfer coefficients from cooling curves was
explained earlier, which now enables for these values
to be compared with CFD results. To cover the
temperature range, CFD analyses had to be repeated
for lower temperatures. The comparisons presented
in Figs. 16 and 17 for ventilated and solid discs
respectively, show quite interesting phenomena. For
the ventilated disc (Fig. 16), the average convective
heat transfer coefficients calculated from the
measured cooling curves have higher values than CFD
predictions. The gradient is also steeper, the cooling
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Fig. 16. Ventilated disc: experimental and CFD average convective
heat transfer coefficients

4
° e * [ 1 )
52
= e experimental
e CFD
0
50 100 150 200 250

Temperature [°C]

Fig. 17. Solid disc: Experimental and CFD average convective heat
transfer coefficients

Table 4. Measured average convective heat transfer coefficients
for four designs studied

P cony W/(m?K)]

Eigf. 1 Disc design Temperature range [°C]
' 120t0 110 110to 100 100t0o 90 90 to 80

Ventilated with

A radial vanes 53 50 48 45

b) Solid 3.6 34 3.2 3.0
Ventilated with

o) curved vanes 42 338 37 35
Ventilated with

d) curved vanes; 4.4 41 3.7 3.5

cross drilled

is becoming more effective with increase in disc
temperature. Unfortunately, with the heating system
available it was not possible to heat the disc to higher
experimental temperatures, but for disc at around 100
°C, the experimental values are about 40 % higher.
For the solid disc (Fig. 17) experimental and CFD
values of the convective heat transfer coefficient are
much closer. Experimental values are again higher,
but only by about 8 %. Though the experiments and
CFD analyses were conducted for the same discs
and nominal conditions, there were differences in
“holding” the discs, as the discs were completely free
standing in still air in CFD analyses (see Figs. 8a and

9a), whereas they were mounted to the hub flange and
in proximity to the upright in experiments (see Fig.
3a).

5 DISCUSSION

The CFD analyses conducted under-predicted the
values of the convective heat transfer coefficients.
This was particularly the case for the ventilated disc,
which has much more complex flow patterns. It was
also established that the ventilated disc has higher
values of the convective heat transfer coefficient,
with this design also having much higher total wetted
area. The combined effects will considerably increase
convective dissipation, but the higher thermal capacity
of this disc must be also considered. The ventilated
disc has approximately 1.8 times higher wetted area
and 2.9 times higher mass. Overall, the indications are
that the two designs would cool at relatively similar
rates in still air, from the same initial temperatures.
This might change on the vehicle but generally is
a good sign of maintaining relatively comparable
temperatures of the front and rear brakes.

In addition to the VW Passat front and rear discs,
it is interesting to present the measured values of the
two Lotus Elise S2 disc designs. As no CFD analyses
were conducted for these discs, only experimental
values are presented in Table 4 in order to compare
them with those of VW Passat discs.

The overall #,,,, values (Table 4) indicate that
the disc with radial vanes (VW Passat front) has the
highest cooling rates and the solid disc (VW Passat
rear) the lowest. Curved vanes help in increasing
air flow and convective cooling of rotating discs
but in stationary conditions curved vanes trap the
air, preventing the buoyant flow upwards. It is also
interesting to see (Table 4) that cross-drilling has
practically no influence at lower temperatures up to
about 100 °C, but at higher temperatures there is a
measurable improvement of about 5 % at 120 °C. CFD
analyses were not performed for curved vane discs,
but some of the following photographs effectively
illustrates air flow in stationary cooling.

Fig. 18 effectively illustrates the problem with
stationary cooling of the curved vane discs. At the mid
horizontal plane, at the end where the flow channels
(and vanes) point upwards (Fig. 18a), the upwards
flow is reasonable and seems very steady. The
smoke is rising smoothly. However, at diametrically
opposite end (Figs. 18b and c) where the vanes point
downwards, there is obvious slowing down of the
flow and chocking. The smoke is stagnant. The flow
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through the bottom and top of the ventilation channels
is not particularly good either.

Fig. 19 presents the cross-drilled disc, showing a
similar flow problems to the standard, non-drilled disc
(Fig. 18). At the mid horizontal plane, at the end where
the flow channels (and vanes) point upwards (Fig.
19a), the flow is reasonable and seems very steady,
similarly to the non-drilled disc (Fig. 18a). However,

a) b)

a) b)

at the diametrically opposite end (Figs. 19b and c),
there is obvious obstruction and chocking. To a certain
degree the holes drilled through friction faces help
the flow, and in Fig. 19c¢ there is a clear view of the
smoke rising upwards through the cross-drilled holes.
It is reasonable to assume that in some areas the holes
will also provide air entry, helping the overall cooling.
The effects are expected to be more pronounced with

Fig. 18. Curved vane standard disc smoke tests: a) flow channels pointing upwards, b) and c) flow channels pointing downwards

c)

Fig. 19. Curved vane cross-drilled disc smoke tests; a) flow channels pointing upwards, b) and c) flow channels pointing downwards
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increased buoyancy, and the values in Table 4 prove
that, with the cross-drilled disc showing superior
cooling characteristics at higher temperatures (in
comparison to the standard disc). The flow through
the bottom and top of the ventilation channels can also
be marginally helped with cross-drilling.

6 CONCLUSIONS

Experimental investigation of the heat dissipation from
stationary discs was successful in ensuring repeatable
and accurate measurement and prediction of the total,
convective and radiative heat dissipation coefficients.
The values compare favourably with CFD analyses,
though the differences are somewhat pronounced for
the ventilated discs. The speeds of the hot air rising
above the disc are far too low and flow pattern narrow
and relatively irregular, making the validation of air
speeds and air temperatures practically impossible.
However, the use of smoke generator (with neutral
buoyancy smoke) and suitable probe was very useful
in qualitatively validating the flow patterns.

Convective heat transfer coefficients increase
with temperature but the values are very low,
typically between 3 W/(m2K) and 5 W/(m2K) for
the disc designs and temperature range analysed. As
expected, out of the four designs studied, the disc with
radial vanes has highest convective heat dissipation
coefficient and the solid disc the lowest. The reduction
is about 30 %, with the disc with curved vanes values
being about 20 % lower than for the disc with radial
vanes.

Low values of convective heat transfer
coefficients indicate low dissipated energy (heat), in
particular for the solid disc. Consequently, cooling
times are very long and the contribution of the other
two heat dissipation modes, conduction and radiation,
higher. At high disc temperatures (>400 °C), radiative
losses in stable conditions can be an order of the
magnitude higher than convective.

When installed on the vehicle, with the addition
of the calliper assembly, wheel, mudguard and dust
shield, the cooling of brake discs is likely to be
even further reduced. Future work is concentrated in
addressing this challenge in two ways, by improving
CFD modelling and equipping the thermal spin rig
with induction heater to heat the disc much more
rapidly and to much higher temperatures.

Cross drilling of the disc with curved vanes
seems to only marginally improve static cooling,
predominantly at higher temperatures.
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8 NOMENCLATURES

A, total disc wetted area, [m2]

Ayaa radiative heat dissipation disc area, [m?2]

p specific heat of disc material
(grey iron), [J/(kgK)]

Ryt total average heat transfer coefficient,
[W/(m2K)]

he.ony ~ average convective heat transfer coefficient,
[W/(m2K)]

Ryaa average radiative heat transfer coefficient,
[W/(m2K)]

m disc mass, [kg]

T, average disc temperature during time period
(1), [K]

Ty disc temperature at the time #;, [K]

Tp disc temperature at the time #,, [K]

T, ambient air temperature, [K]

t time, [s]

& disc surface emissivity, [-]

o Stefan-Boltzmann constant (5.67-10-8),

[W/(m2K2)]
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The Influence of Machining Parameters on the Surface Porosity
of a Closed-Cell Aluminium Foam

Bostjan Razborsek™ — Janez Gotlih — Timi Karner — Mirko Ficko

University of Maribor, Faculty of Mechanical Engineering, Slovenia

Aluminium foam elements foamed into moulds, have a porous core, surrounded by a thin layer of non-porous outer surface. This layer affects
the homogeneity and mechanical properties of the element significantly. To produce functional elements, the foams can be machined to a
desired end shape. Machining deforms the surface structure, which results in a reduction of strength properties. This article describes an
experimental approach to determine the effects of machining parameters on the surface porosity of closed-cell aluminium foam samples.
The samples were machined by incremental forming and friction rolling with precisely defined processing parameters (deformation depth,
feed rate and spindle speed). High-resolution digital photos of the treated surfaces were taken and analysed using image segmentation
with a multispectral threshold algorithm. The change of surface porosity was calculated for each sample, and the influence of the selected

machining parameters was determined by the use of response surface methodology. The optimal machining parameters are presented.
Keywords: aluminium foam, machining, incremental forming, friction rolling, surface porosity, integral skin

Highlights

*  Machining experiments of closed-cell aluminium foam samples were performed.

* Incremental forming and friction stir rolling processes were used to reduce surface porosity.

*  Image segmentation with a multispectral threshold algorithm was used to analyze the machined surface.
*  Relationships between machininig parameters and change of surface porosity were explored.

0 INTRODUCTION

In recent years, interest in metal foams has increased
significantly. The main reasons are new concepts in
the construction of ultra-light and energy absorbing
products and structures, especially in transportation
and construction [1]. With their unique combination of
structural properties on the one hand and basic material
properties on the other hand, metal foams have great
potential for future use in many applications [2].

Foamed materials retain some of the physical
properties of their basic material (e.g. non-
combustibility, electrical conductivity), while some
physical, thermal, electrical and acoustic properties
change significantly [3]. Metal foams are materials
with cellular structure, consisting of hard metal
and air pores, which comprise 75 % to 95 % of
the total volume. Based on their cellular structure
(morphology), they form closed-cell elements or
stay as open-cell elements. Because of their typical
behaviour under compressive load, and a long, nearly
horizontal curve of stress — strain (stress plateau),
they represent an ideal material for the absorption of
impact energy [4].

Research of aluminium foams is oriented in three
directions: production, processing and application.
Historic production processes controlled foam density
rather than the growth of cellular structures, which led
to unpredictable structural and mechanical properties

of the end products. Improvements in production
processes made commercial use of aluminium foams
much wider [5]. Today, for design purposes numerical
simulations of aluminium foams are applied [6]. With
further development of additive or other cost effective
manufacturing techniques, cellular materials show huge
potential to become important light-weight structural
materials of the future [7].

Aluminium, nickel, lead, brass,
titanium, copper, steel and even golden foams are known.

magnesium,

Among them, aluminium foams are the most researched
and commercially interesting, due to their extremely low
density, high transformability, low thermal conductivity
and competitive production prices [8]. To further improve
their mechanical properties, metal matrix syntactic foams
have been developed. In these porous materials the
porosity is ensured by incorporating either ceramic or
metallic hollow spheres [9]. The influence of different
hollow spheres and structures at different conditions and
temperatures on mechanical properties was investigated
by Movahedi et al. [10], Zhao et al. [11], Taherisharg et
al. [12] and Linul et al. [13].

To achieve the final shape of aluminium foam
products, machining is an widely used option [1].
The problem is that after machining, the outer surface
becomes extremely porous, with strongly deformed
cells, which changes the mechanical properties of
the product. Machining of aluminium foam with a
porous outer surface was studied by Hunt [14]. It
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was found that, with a special process of infiltration
of a particular medium into the outer surface pores
and appropriate cutting parameters, it is possible to
achieve no deformation, and that surface porosity
remains the same as before the treatment. For the
same reason Mane [15] used ice as an infiltrant.
Michailidis et al. [16] investigated milling of porous
aluminium. They found that an increase of the chip
thickness have a beneficial effect in avoiding burr
formation and pore closures through permanent
deformations of the workpiece. De Jaeger et al. [17]
compared four different methods of cutting open-cell
aluminium foam, namely, cutting with a circular saw,
band saw, cutting with wire, and electrical discharge
machining (EDM). It was observed that cutting with
a circular saw and band saw resulted in significant
plastic deformation of the cut surface. Cutting with
saw wire and via EDM does not result in any local
compression. Surface roughness of the EDM process
was considerably worse than the result obtained with
saw wire. Ghose et al. [18] investigated the processing
of closed-cell aluminium foam by EDM. They
identified various control parameters of EDM for
effective machining of aluminium foam and achieving
optimal surface roughness. Matz et al. [19] examined
the influence of flushing on the EDM process. They
found that high feed rate can be achived due to the
good flushing conditions and low density of the
material. Michalidis et al. [20] optimized the EDM
process to eliminate surface cell damages, affecting
the mechanical response under quasi-static and high-
velocity impact loads. Liu et al. [21] used laser cutting
process for efficiently and directly cutting of three
different types and two levels of pore density of metal
foams into regular shapes. The results show that metal
foam with a good surface quality can be obtained
without damaging the pore structure.

In general, the surface quality of metal foams is
not sufficient for many constructive applications. Due
to the foaming process, the surface of foams contains
many cracks and oxides and is rough and wavy. Fluids
or gases can penetrate into the foam along the cracks
and open pores. If exposed to a corrosive environment,
corrosion will not only start on the surface, but also
within the foam. Furthermore, the integral skin is
very thin, and cannot be machined to a decent surface
finish [22]. When machining elements produced by
indirect foaming in moulds, a thin layer of integral
skin is removed (non-porous surface). This results in
collapsing of the surface compactness and interruption
of stress forces. Such products have reduced strength
and they wear easily if exposed to friction, due to their
porous surface and low hardness. Several methods and

procedures, like thermaly sprayed coatings [22], age-
hardening heat treatment [23] and surface treatment by
resin [24], have been developed in order to improve
the quality of the outer porous surface, and, thus, wear
and corrosion resistance and mechanical properties of
the metal foams. Qiao et al. [25] investigated the effect
of surface structure on mechanical properties of open-
cell aluminium foam after machining. They found
that the strenght of these materials may be enhanced
trought surface structural gradients. On the other
hand, some forming processes have been applied
to control the surface porosity of porous metals. To
improve mechanical properties, for example, the
surface of lotus-type porous copper has been formed
by wire-brushing [26]. In this process the cell walls
near the surface were plastically deformed, and a non-
porous layer was fabricated at the surface with fine
grains. Friction stir incremental forming process was
applied on the surface of porous aluminium foam to
fabricate a non-porous layer. In the process, the cell
walls near the surface were plastically deformed by a
rotating tool with a high rotation rate. A non-porous
layer thinner than 0.4 mm was fabricated at the surface
without internal fracture of the aluminium foam [27].
Kwon at al. [28], modified the surface region of EDM
aluminium foams by the friction-surface-modifying
and rolling (FSMR) process. A new surface was
obtained successfully through the FSMR process,
which was considerably smoother and denser than that
of the unprocessed aluminium foam.

According to the literature, the quality of the
aluminum foam surface depends on its treatment
processes. The aim of our research work is to determine
the influence of different processing parameters on
its surface porosity. Two different forming processes
were used, namely, friction stir incremental forming
(FSIF) and friction stir rolling (FSR). Both processes
are well-known in the forming of sheet metal, where
plastic deformation and surface transformation occur
due to a rotating tool [29]. The result of such sheet
metal forming is a fine-grained surface structure
of the product. The structure is formed by dynamic
recrystallization at high temperatures, caused by
friction [27].

1 MATERIALS AND METHODS

In this research work, a closed-cell aluminium foam,
with the commercial name Foamtech® (supplier
AlCarbon) (Fig. 1) was used for FSIF and FSR
studies. The technical properties of Foamtech® are
given in Table 1.
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~100 mm_

Fig. 1. Closed-cell aluminium foam - Foamtech®

Table 1. Technical properties of Foamtech®

Classification Unit Values
) Material composition / Al. (=97.5 %)/
st'ce o 20V AA1070
prop Structure / Closed Cell
Compressive strength ~ MPa 10~138
Flexural strength
(by 4-point bending) M2 09~20
Tensile strength MPa 05~1.2
Physical Shear strength MPa 07~15
properties  pengity g/cmd 0.15~ 0.3
Heat conductivity W/(mK) Approx. 0.1
Specific energy 0.61
absorption MJ/m3 o
(50 % deformation) (at density 0.2 g/cm)
Thickness mm 9~ 100

Dimension; Min. — max.
Standard panel size mm

1200 (L) x 600 (W)

Samples were prepared with a band saw, using
a low feed rate (~0.05 m/min) and coolant, resulting
in minimum deformation of the sawn surface. The
dimensions of the samples were (50 X 40 x 40) mm.
A clamping device for the samples was designed and
manufactured. The device was designed to allow rigid
clamping of the samples without causing any structural
deformation due to the clamping force. For forming, a
carbide rod tool was used with 20 mm diameter and
1.5 mm rounding radius. The surface roughness of the
tool was Ral.6. The experimental work was carried

Fig. 2. a) Incremental forming, and b) friction rolling

out on a 4-axis, horizontal CNC milling machine
Heller BEA1. Two processing methods were used.
The first method was machining with the flat part of
the tool (incremental forming, FSIF) (Fig. 2a). The
second method was machining with the side part of
the tool (friction rolling, FSR) (Fig. 2b).

2 EXPERIMENTAL PART

The experiment was designed as a full factorial 33
experiment with three factors and three levels for each
factor (Table 2). Each factor was tested at each level in
every possible combination. A total of 27 experiments
of FSIF and 27 experiments of FSR were performed.

Table 2. Factors and levels of experiment

Level
Factor
0 1 2
Spindle speed [rmp] 16 2000 4000
Feed rate [mm/min] 250 500 1000
Total depth of forming [mm] 2 4 6

The entire surface of the samples was machined in
three directional passes of the tool with a depth of 1 mm at
each pass. The resulting surface porosity was used as the
response of the experiment. The surface of the samples
was painted yellow, to obtain a better contrast between
the non-porous and the porous parts of the surface. Ten
untreated samples were also painted. The mean value of
their surface porosity represented the reference surface
porosity value. High-resolution images of painted
surfaces were taken with a digital camera. Removing a
2.5 mm wide edge reduced the size of the surface to be
analysed to (45 x 35) mm, and eliminated the influence
of deformation at the edges. Image segmentation with
a multispectral threshold algorithm, slicing technique,
and interactive selection of the threshold with aid of an
image histogram, was used to transform the images to
binary form. By thresholding each channel separately
and combining the results using Boolean operations, we
effectively found segments of the n-dimensional channel
space (where 7 is the number of channels), where each
image pixel was plotted using its channel values for
coordinates. After thresholding and combining the red
and the green channel for each pixel and excluding the
pixels with a high blue value, the result was an image of
yellow and black pixels. (Fig. 3a). Yellow pixels, which
represent the non-porous surface, were transformed to
white pixels, to create the final black and white binary
image (Fig. 3b).
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35 mm

<
< » €

45 mm
Fig. 3. a) yellow/black image, and b) binary image

45 mm

The proportion of white pixels in relation to
the total number of image pixels represented the

Table 3. Reference surface porosity

proportion of the non-porous surface relative to the
total area analysed.

The proportion of the non-porous surface S,,, of a
sample was evaluated (the surface coloured yellow).
According to Eq. (1), the proportion of surface
porosity S, was calculated, whereby it was presumed
that value 1 represents a completely non-porous
surface.

S,,=1=-5, .. 1)

The mean reference value of the surface porosity

S, mia of the ten untreated reference samples was

2

Ref. sample 1 2 3 4 5 6 7 8 9 10
Proportion of non-porous surface Sr_zzz [%] 52.9 419 48.5 51.1 45.0 44.3 40.6 49.3 43.8 53.6
Proportion of porous surface S, [%] 471 58.1 515 48.9 55.0 55.7 56.4 50.7 56.2 46.4
Mean value of porous surface S, ;s [%] 52.6
Standard deviation [%] 422
Deviation of the individual sample [%] -5.5 +55 -1.1 -3.7 +2.4 +3.1 +3.8 -2.0 +3.6 -6.2
Table 4. Design matrix and response data of FSIF and FSR experiments
Samol Factors Response
ample Processing depth, @ [mm] Feed rate, / [mm/min] Spindle speed, n [rpm] Change of porosity [%] FSIF  Change of porosity [%] FSR

1 2 200 16 65.5 54.2

2 2 200 2000 53.2 63.4

3 2 200 4000 65.2 48.9

4 2 500 16 53.7 68.4

5 2 500 2000 59.9 67.2

6 2 500 4000 56.2 62.5

7 2 1000 16 42.8 47.3

8 2 1000 2000 59.8 54.9

9 2 1000 4000 65.9 63.9

10 4 200 16 83.5 772

11 4 200 2000 87.5 83.2

12 4 200 4000 8.0 86.4

13 4 500 16 66.6 71.0

14 4 500 2000 86.1 76.2

15 4 500 4000 87.2 60.3

16 4 1000 16 68.0 69.1

17 4 1000 2000 80.4 .7

18 4 1000 4000 85.6 79.4

19 6 200 16 71.0 79.1

20 6 200 2000 90.5 83.6

22 6 200 4000 98.3 94.5

22 6 500 16 74.1 71.9

23 6 500 2000 92.4 69.8

24 6 500 4000 86.8 67.1

25 6 1000 16 749 78.5

26 6 1000 2000 73.6 85.8

27 6 1000 4000 82.1 82.5
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calculated using Eq. (2), where §,, is the surface
porosity of the individual reference sample, and k is
the number of reference samples.

1 k

p,mi =7 park,it
S id k ZS k

i=1

@

Change of surface porosity for each sample was
calculated according to Eq. (3).

-100 %.

AS,[%]=|1- %

p.mid

3

3 RESULTS AND DISCUSSION

Table 3 shows the individual surface porosity values of
10 untreated reference samples, determined according
to Eq. (1), and the average reference porosity value.
The standard deviation of the surface porosity and the
maximum deviation of individual samples was 4.22 %
and 6.2 %, respectively.
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Table 4 shows the percentage change of surface
porosity of the samples treated by FSIF and FSR. Results
show that machining with different process parameters
caused different surface porosity of the samples.

Relationships between spindle speed, feed rate,
processing depth (explanatory variables) and change
of surface porosity (response variable) were explored
by response surface methodology. The influence of
processing parameters on surface porosity is shown in
the graphs below.

Fig. 4 shows the dependence of the surface
porosity reduction on spindle speed and feed rate,
at 2, 4 and 6 mm depth for FSIF and FSR. At the
2 mm processing depth (Fig. 4a), the change in
surface porosity is relatively small (from 47 % to
68 %) and distributed randomly, which is due to the
size of the aluminium foam cells. At the processing
depth 4 mm (Fig. 4b) the influence of the processing
parameters on the decreasing of surface porosity is
already noticeable. By increasing the spindle speed
and decreasing the feed rate, up to 87 % reduction of
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Fig. 4. Surface porosity reduction at: a) 2 mm, b) 4 mm, and c¢) 6 mm depth of FSIF and FSR
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surface porosity was achieved with FSIF and FSR.
Surface porosity reduction is even more pronounced
at 6 mm processing depth (Fig. 4c). 98 % reduction
of surface porosity was achieved with incremental
forming at the maximum spindle speed and the
minimum feed rate. Even with FSR, the maximum
surface porosity reduction was achieved with
increasing of spindle speed, while the feed rate shows
no significante effect.

On the Fig. 5, surface porosity reduction at
the different feed rate is shown. It is clear from the
graphs that, at constant feed rate of 200 mm/min (Fig.
Sa) surface porosity decreases (achieved over 90 %)
with increasing spindle speed and depth of processing.
This trend of surface porosity reduction applies to
FSIF and FSR. At the constant feed rate 500 mm/min
(Fig. 5b) and increasing processing depth and spindle
speed, higher values of surface porosity reduction
were achieved with FSIF than with FSR. Maximum
achived reduction of surface porosity for FSIF was 87
% while surface porosity reduction with FSR did not

[
~

Surface porosity reduction [%]

Spindle speed [rpm] 6 2

b)

Surface porosity reduction [%]

Spindle speed [rpm] o 3

Surface porosity reduction [%]

Spindle speed [rpm] Pt Forming depth [mm]

exceed 76 %. The trend of surface porosity reduction
at 1000 mm/min (Fig. 5c) is similar to the trend where
a feed rate of 500 mm/min was used. The maximum
reduction of porosity at feedrate 1000 mm/min did not
exceed 85 % for both processes.

Fig. 6 shows the dependence of the surface
porosity reduction on processing depth and the feed
rate, at a different spindle speed. It can be seen from the
graphs that at spindle speed 16 rpm (Fig. 6a) surface
porosity reduction was achieved only with increasing
of processing depth, while the feed rate did not have
significant influence on the final results. The maximum
reduction of surface porosity at 16 rpm was 83 % for
FSIF and 78 % for FSR. At constant spindle speed of
2000 rpm (Fig. 6b) can be seen that processing depth has
a greater influence on the reduction of surface porosity
than feed rate. Reduction of surface porosity due to an
increase of the processing depth from 2 mm to 6 mm
is about 20 %, and for decreasing the feed rate from
1000 mm/min to 200 mm/min, only 10 %. The largest
reduction of surface porosity was 90 % for FSIF and
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Fig. 5. Surface porosity reduction at feed rate: a) 200 mm/min, b) 500 mm/min, and ¢) 2000 mm/min of FSIF and FSR
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83 % for FSR. The trend of decreasing surface porosity
at constant spindle speed 4000 rpm (Fig. 6¢) was
approximately the same as for processing at 2000 rpm,
but the maximum achived reduction of surface porosity
for FSIF was 98 % and 94 % for FSR.

From the test results obtained, we can conclude
that changing the process parameters of incremental
forming and friction rolling influences surface
porosity significantly. Over 90 % reduction of surface
porosity was achieved for both processes. The highest
reduction of surface porosity, 98.3 %, was achieved
by FSIF at spindle speed 4000 rpm, feed rate 200
mm/min and processing depth 6 mm. With FSR, the
highest value achieved was 96.1 % at spindle speed
4000 rpm, feed rate 500 mm/min and processing
depth 6 mm. Processing depth, followed by spindle
speed, have the greatest impact on porosity reduction.
Reducing of feed rate has a lower impact on surface
porosity and also increases processing time, which
is not reasonable. To reduce porosity, it is reasonable
to increase spindle speed, since the increase of the

processing depth is limited by the shape of the work
piece and processing time. It is also evident from the
results that an average 5 % to 10 % higher decrease of
surface porosity was achieved in incremental forming
rather than frictional rolling. Altough the FSIF and
FSR processes of aluminium foam has been studied
previously [21] and [28], so far this is the first report
where the influence of different machining parameters
on surface porosity reduction was investigated. When
compared to published papers, in this study different
strategies of machining were used and surface porosity
analysis were carried out, using image segmentation
with multispectral threshold algorithm.

4 CONCLUSIONS

We found that forming aluminium foams with
incremental forming or friction rolling enables the
reduction of surface porosity of aluminium foam
elements previously processed with cutting (sawing,
milling, turning). A non-porous outer surface
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(integral skin) that improves mechanical properties
(e.g. strength) of the finished elements was formed
using different machining parameters. By forming
the material, the stress field (force lines) becomes
smooth and continuous, which reduces the notch
effect and raises compressive strength. Despite the
high deformation depth, deformation of the processed
elements remains in the local area, which is due to
the cellular structure and good transformability of
aluminium foams. Compact aluminium foam elements
can be produced with combinations of -cutting
operations (milling, turning) and forming operations
(incremental  forming, friction rolling). Both
operations can be carried out on the same machine,
which lowers costs substantially. In comparison with
small batch production of elements foamed into
moulds, the incremental forming or friction rolling
methods are cheaper, because there are no costs of
mould making, and semi-finished products can be
used, such as blocks, bars and sheets.
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Design and Performance Analysis of Airbag-Soft-Manipulator
According to Characteristic Parameters

Peng Liu— Yonghong Liu* — Ke Wang — Xiaoxuan Wei — Chao Xin — Xinlei Wu
China University of Petroleum (East China), College of Mechanical and Electronic Engineering, China

Manipulators are increasingly used in mechanical manufacturing due to the needs of industrial automation. The shortcomings of traditional
manipulators, such as those in relation to their flexibility, interactivity, and safety, lead to certain limitations in their application for variable
shapes and fragile objects. Given the above shortcomings of traditional manipulators, this research analysed a friction-enhanced multi-airbag
soft manipulator and its performance. Analysis results of characteristic parameters show that the structure of the airbag soft manipulator is
optimized, and the structural design and manufacture of the soft manipulator are completed. Deformation of the manipulator base material
is described by the Neo-Hooke strain energy function, and the strain energy function coefficient is derived by obtaining the characteristic
parameters of the material through tensile experiments. Finite element analysis of the manipulator is performed according to the determined
strain energy function. The influence of the characteristic parameters on the mechanical bending of the manipulator is studied. Theoretical
analysis proves the validity of the finite element analysis. The structural parameters of the manipulator are finally determined according to
the simulation analysis results. The control system is designed according to the driving method and working mode of the soft manipulator
to perform the soft manipulator grasp experiment. The manipulator can lift a weight of 300 g, thereby indicating that the soft manipulator

designed in this paper has a good application effect and prospects.

Keywords: soft manipulator, characteristic parameters, optimized, grasp experiment

Highlights

*  The structure of the airbag soft manipulator is optimized, and the structural design and manufacture of the soft manipulator

are completed.

*  Deformation of the manipulator base material is described by the Neo-Hooke strain energy function, and the strain energy
function coefficient is derived by obtaining the characteristic parameters of the material through tensile experiments.

*  Finite element analysis of manipulator is performed according to the determined strain energy function. The influence of the
characteristic parameters on the mechanical bending of the manipulator is studied.

*  According to the driving method and working mode of the soft robot, the control system is designed to perform the soft robot

gripping experiment.

0 INTRODUCTION

Robotic manipulators have reshaped industrial
processes. The traditional application of rigid
manipulators in people’s production and life has
liberated them from heavy labour, which has greatly
promoted the automation and mechanization of
industrial production [1]. The traditional manipulator
is mainly made of metal material, which is realized
by a complicated control system for handling, etc.,
such as the control of a six-degree-of-freedom robotic
manipulator [2]. In the process of grasping irregularly
shaped and fragile objects, it is difficult to perform
such work using the traditional rigid manipulator
because the rigidity of the operating object is much
lower than the rigidity of the manipulator. With the
development of three-dimensional (3D) printing
technology and materials science, some scientists
began to use soft materials to design and manufacture
manipulators, which caused widespread interest [3]
and [4]. Soft manipulators are inspired by bionics. By

utilizing and exerting the mechanical intelligence of
the soft material, the material is physically close to
the organism itself, and the soft manipulators that are
as flexible as the object to be manipulated and more
adaptable are obtained [5].

To obtain mechanical properties and flexibility
of the soft manipulators, many scholars have
conducted a lot of research and achieved remarkable
results. Marchese and Rus [6] present an extremely
soft robotic manipulator morphology that is composed
entirely of low durometer eclastomer, powered by
pressurized air, and designed to be both modular
and durable. Blanes et al. [7] developed a pneumatic
robot gripper capable of sorting eggplants according
to their firmness, one of the fingers adapts to and
copies the shapes of eggplants when the jamming
of its internal granular material changes from soft to
hard. Ranzani et al. [8] present the concept design of
a modular soft manipulator for minimally invasive
surgery, and combined flexible fluidic actuators to
obtain multidirectional bending and elongation with
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a variable stiffness mechanism based on granular
jamming. Erkaya [9] investigated the effects of joint
clearance in a robotic system, which improved the
accuracy of robotic manipulators for many industrial
and medical applications. Galloway et al. [10] present
the development of an underwater gripper that utilizes
soft robotics technology to delicately manipulate
and sample fragile species on the deep reef and
demonstrated design principles for soft robot end
effectors, bench-top characterization of their grasping
performance and conclude by describing in situ testing
at mesophotic depths.

In addition to structural improvements, many
researchers have broken through the boundaries of
tradition and studied the materials and manufacturing
methods of software manipulators. Diller and Sitti
[11] used a magnetic polymer to manufacture soft
manipulators, controlling the soft manipulators by
magnetic properties, so that the manipulators can
achieve 3D space motion. Ge et al. [12] present a new
4D printing approach that can create high resolution
(up to a few microns), multi-material shape memory
polymer (SMP) architectures, and can create soft
manipulators with pre-programmed functions. Yuk
et al. [13] showed that the hydraulic actuations of
hydrogels with designed structures and properties
could give soft actuators and robots that are high-
speed, high-force, and optically and sonically
camouflaged in water. Ongaro et al. [14] used a
thermosensitive gel to design soft untethered grippers
that can be used in an unstructured environment.
Hughes and lida [15] studied the control of a general-
purpose soft manipulator based on tactile sensing.

There are also many researchers who have
studied the driving methods of soft manipulators.
It is hoped that the improvement of the driving
method will make the soft manipulators move
more quickly and more powerfully. Jun et al. [16]
proposed a weighted gradient projection method to
resolve inverse kinematics problems of redundant
manipulators with multiple performance criteria.
Brown et al. [17] developed a “coffee bag”-shaped
blocking-based software manipulator that achieves
the capture of objects of different shapes by blocking
between different parts. Deaconescu and Deaconescu
[18] aimed to present and discuss an innovative,
constructive solution for a gripper system that can be
attached to an industrial robot for assembly operations.
Behl et al. [19] designed a soft manipulator using a
shape memory polymer that can be bi-directionally
bent. The soft manipulator grasps the object by
bending the shape memory polymer. Kim et al. [20]
developed a soft manipulator that can capture a variety

of irregular objects using shape memory alloys. Lau
[21] report a three-dimensional design of dielectric
elastomer fingers with higher flexural stiffness and
close to 90° voltage-controllable bending for object
gripping and pinching. Alam et al. [22] addressed the
design and implementation of robust nonlinear control
approaches to obtain the desired trajectory tracking
of a flexible joint manipulator driven with a direct-
current geared motor. Li [23] proposed a parallel-chain
nonholonomic manipulator with a chainable kinetics
model. The manipulator could move to the target
configuration within the specified time was proved by
two simulation experiments.

Yang et al. [24] achieved both the controllability
of compliance and the acquisition of position
feedback in soft robotic fingers in the novel design of
a 3D-printed multi-smart material substrate. Fei et al.
[25] present the design and test of a novel fabric-based
versatile and stiffness-tuneable soft gripper integrating
soft pneumatic fingers and a wrist. The morphology is
designed into a compact tuning fork shape with two
bidirectional sheet-shaped soft fingers and a biaxial
bidirectional (universal) cylinder-shaped soft wrist.

In this paper, an enhanced soft manipulator
is designed according to the characteristics of soft
materials, and the satisfying gripping effect is verified
by experiments.

1 SOFT MANIPULATOR PERFORMANCE ANALYSIS
1.1 Soft Manipulator Driving Method

The function of the soft manipulator is directly
affected by its structure. Such a structure includes
the configuration of the soft mechanical finger and
the layout of the finger. During the design process,
the fingers of the soft manipulator are simulated
to determine the optimal parameters. The soft
manipulator is made of a generally nonlinearly
deformed soft material. Thus, the conventional
driving method for use on a rigid material is no
longer applicable. The driving method of the software
manipulator currently includes a direct transmission
of the driving force from the power source to the body
or driving with a directly deformable driver. The four
types of commonly used driving methods include
pneumatic driving [26] and [27], cable driving [28],
shape memory alloy [29], and electroactive polymer
driving [30]. The software manipulator studied in this
research requires a substantial output force to facilitate
the grasping of the object, and the soft robot must
respond and be grasped quickly. Therefore, pneumatic
driving is used to drive the entire soft manipulator,
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and a soft manipulator is designed according to the
characteristics of the pneumatic drive.

1.2 Neo-Hooke Characteristic Model

A soft manipulator is distinguished from a traditional
manipulator as the former uses a flexible material.
Therefore, when simulating and analysing the soft
manipulator, the material parameters must first be
determined. In this work, silica gel is used as the base
material of the manipulator. The strain energy function
is often utilized to express the characteristics of the
super-elastic materials of silicone rubber. Common
characteristic models include the Neo-Hooke [31],
Mooney-Rivlin [32], and Ogden models [33]. The most
extensive model is the Neo-Hooke model, which is
based on two assumptions: material incompressibility
and material isotropy. Given the above assumptions,
the strain energy function is described as a function
of the three main invariants /,, I, and /5 of the Green

strain tensor E, as shown in Eq. (1).
E=E(1,1,.15), (1)

where [}, I, and I3 can be calculated according to Eq.

2.

=20 433 42
LeRReR R
L=0 2

A, =1+g,

Given that the material is incompressible, Eq. (3)
can be obtained as:

L=212 A0 =1. 3)
Bringing Eq. (3) into Eq. (2) gives:
I = /'112 + /Lzz + /’1'32
11 1. “

L=—+—>5+>
A A

Therefore, the strain energy function W is
expressed as a function of /; and /,. When the material
is not deformed, 4,=1,=43=1. In this condition, the
strain energy function can be approximated as an
exponential form, as shown in Eq. (5):

0

w=> ¢, (1,-3Y(,-3)(,-1)". )

i+ j+k=1

Given that /3=1, the simplification of Eq. (5) is:

W= i C, (1,-3)(1,-3). (6)

i+j=1

As the limits of /; and /, are both 3, a large
exponential in Eq. (6) reduces the value of W; thus, W
can be ignored in subsequent calculations. Taking the
first term of Eq. (6) yields a strain energy expression
in the form of a silica gel Neo-Hooke model:

W =Cy(I,-3). 7

Accurately describing the strain energy function
of silica gel requires adding the corresponding
isosceles function part to Eq. (7), and the strain energy
function is obtained as follows:

W =Cy(I,-3)+D,(J-1). (8)

Simulation describes the strain of silica gel
according to the strain energy function, and the
coefficients therein have the following relationship:

G

Co=—, 9

=" ©)

p=2 (10)
K

Assuming that the volume of the silica material
is incompressible, its bulk modulus is infinite,
D;=0, and the shear modulus of the material can be
experimentally determined.

1.3 Soft Material Characteristic Parameters

To determine the material characteristic parameters,
the tensile test is carried out, and the specimen is
prepared according to the corresponding standard-
GB/T 528-2009. Fig. la illustrates the shape of the
specimen, and Fig. 1b demonstrates the tensile test
specimen. The dimensions of the specimen are as
follows: A (100 mm), B (25 mm), C (20 mm), D (5
mm), E (11 mm), and F (25 mm).

A tensile test is performed. As shown in Fig. 2,
the model of the tensile testing machine is the JJ-
TEST-UTM. The specimen is symmetrically clamped
on the upper and lower holders of the tensile testing
machine, thereby enabling an even distribution of the
tensile force on the cross-section. Fig. 2a presents
the testing machine. Fig. 2b illustrates the specimen
clamping diagram. During the test, the tensile machine
stretched the specimen at a speed of 5 mm/min until it
broke. The maximum stress is generated at the fracture
of the specimen. The displacement of the chuck is
automatically recorded by a tensile machine during
the stretching process. The change in the length AL
and the load generated by the stretching F'is obtained;
then, the strain ¢ and the stress o are calculated as in
Egs. (11) and (12), respectively.
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(a)

Fig. 1. Specimen; a) diagram of dumbbell specimen;
and b) tensile test specimen

(b)

Upper holder

Specimen

Lower holder

o y_
Fig. 2. Universal testing machine and its holder;
a) tensile testing machine; and b) clamping diagram
AL
E=—-, (1 1)
L
F
o=—, (12)
Sb

where L represents the length of the specimen before
deformation, and S is the cross-sectional area at the
fracture. The stress-strain curve of the specimen is
obtained. As shown in Fig. 3, Young’s modulus of the
silica material can be obtained:

E=—. (13)
g
Eq. (13) indicates that Young’s modulus is the
slope of the relationship curve in Fig. 3. Young’s
modulus of the silica gel material is obtained, namely,
E=0.67441 MPa. The following relationship exists
between the shear modulus and Young’s modulus:

G=— "t (14)

2(1+p)’
where G is the shear modulus of the material in MPa;
and z is 0.48.

12

= Stress curve .
Linear fit stress curve .

10+

Stress [N/mm’]

0 20 40 60 80 100 120 140 160 180
Strain [mm]

Fig. 3. Stress-strain curve of silica gel

The shear modulus of the material can be
calculated through Eq. (14). According to Eq. (9), the
parameters C;y=0.11392 and D;=0 of the material
under the Neo-Hooke strain energy function can be
obtained.

2 SIMULATION ANALYSIS OF THE SOFT MANIPULATOR
2.1 Finite Element Simulation Analysis
After selecting gas power as the driving method of

the soft manipulator, we design a multi-airbag soft
manipulator. Fig. 4 shows the structure.

Fig. 4. Multi-airbag soft manipulator

Multi-airbag soft manipulator is affected by body
characteristic parameters when subjected to force
deformation, including: width W, length L, airbag
width a, airbag length b, airbag depth H, airbag
number n, airbag wall thickness d and airbag spacing
x. The simulation analysis initialization parameters
are set to 150 mm (length), 16 mm (width), 12 mm
(height), and the number of airbags (13). The size of a
single airbag is 10 mm (length), 3 mm (width), and 10
mm (height). The spacing of the airbag is 10 mm, with
2 mm in width for the back gap, 8 mm in height, and
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the spacing runs through the front and back. During
the analysis, the pressure applied inside the soft
manipulator is 0.07 MPa.

(1) Effect of width W

Under the condition that the airbag length is
constant b, a relationship exists between the width of
the soft manipulator and the thickness of the sidewall,
as shown in Eq. (15):

W=b+2d. (15)

According to Eq. (15), the case wherein the airbag
length is determined, the influence of the thickness of
the soft body sidewall, and the soft body manipulator
width on the mechanical bending of the soft body are
essentially similar. When studying the influence of the
width using SIMULIA Abaqus [34], the width of the
soft manipulator is set to 14 mm, 16 mm, 18 mm, 20
mm, and 22 mm, and Fig. 5 shows the angles of the
mechanical arm of different widths.

Fig. 5. Bending angle of soft manipulator with different width;
a) 14 mm; b) 16 mm; ¢) 18 mm; d) 20 mm; and e) 22 mm

The relationship between the width and the
bending angle is ascertained, as shown in Table 1.

Table 1. Bending angle of soft manipulator under different widths

W [mm] 14 16 18 20 22
Bending angle [] 2585 210.3 1758 1553 1385

As the width of the soft manipulator increases,
the angle of the mechanical manipulator’s force
bending becomes smaller slowly, thereby indicating
that the increase in the width of the soft manipulator
negatively affects the bending of the manipulator.

(2) Effect of the airbag length b

When studying the effect of the width of the
soft airbag on the bending of the soft manipulator,
the airbag lengths are set to 8 mm, 10 mm, 12 mm,
14 mm, and 16 mm. Fig. 6 illustrates the angles of

the mechanical manipulators under different airbag
lengths.

Fig. 6. Bending angle of soft manipulator under different airbag
length; a) 8 mm; b) 10 mm; ¢) 12 mm; d) 14 mm; and €) 16 mm

The relationship between airbag length and the
bending angle is ascertained and shown in Table 2.

Table 2. Bending angle of soft manipulator under different widths

b [mm] 6 8 10 12 14
Bendingangle ] 110.1 1653 2103 2525 289.6

As the length of the airbag increases, the force
bending angle of the soft manipulator increases. Thus,
airbag length positively influences the mechanical
bending of the soft manipulator.

(3) Effect of airbag width a

When the airbag width a is applied to the soft
manipulator, the airbag widths are set to 2 mm, 2.5
mm, 3 mm, 3.5 mm, and 4 mm; moreover, Fig. 7
illustrates the bending under different airbag width
conditions.

Fig. 7. Bending angle of soft manipulator under different airbag
widths; a) 2 mm; b) 2.5 mm; ¢) 3 mm; d) 3.5 mm; and e) 4 mm
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Table 3 shows the relationship between the airbag
width and the bending angle.

Table 3. Bending angle of soft manipulator under different airbag
widths

a [mm] 2 2.5 3 3.5 4
Bending angle []  178.2  193.4  210.3 2224 2384

As the width of the airbag increases, the angle
at which the soft body is forced to bend increases,
thereby indicating that the increase in the width of
the airbag positively affects the bending of the soft
manipulator.

(4) Effect of the number of airbags n

When the lengths of both ends of the soft
manipulator are unchanged, the relationship between
the length of the soft manipulator and the number of
the airbags n is expressed by Eq. (16), and the airbag
pitch at this time is 10 mm.

L:d1+d2+xn. (16)

When the length of both ends and the distance
between the airbags are constant, the length of the soft
manipulator is essentially the same as the number of
airbags. The number of airbags in the simulation are
11 to 15. Fig. 8 shows the bending angle of the soft
manipulator.

Fig. 8. Bending angle of soft manipulator under different airbag
numbers; a) 11; b) 12; ¢) 13; d) 14; and e) 15

Table 4 shows the relationship between the
number of airbags and the bending angle.

Table 4. Bending angle of soft manipulator under different airbag
widths

n 11 12 13 14 15
Bendingangle [°] 1714 1900 2103 223.6 240.1

As the number of airbags increases, the angle at
which the soft manipulator is forced to bend increases.
Thus, an increase in the number of airbags positively
affects the mechanical bending of the soft manipulator.

(5) Effect of airbag depth H

The depths of the soft body manipulator airbag
are 6 mm to 10 mm in the study of the effect of the
airbag depth H. Fig. 9 illustrates the bending under
different airbag depth conditions.

Fig. 9. Bending angle of soft manipulator under different airbag
depths; a) 6 mm; b) 7. mm; ¢c) 8 mm; d) 9 mm; and e) 10 mm

Table 5 demonstrates the relationship between the
airbag width and the bending angle.

Table 5. Bending angle of soft manipulator under different airbag
depths

H [mm] 6 7 8 9 10
Bendingangle [']  87.7 1248 1619 1849 2103

As the depth of the airbag increases, the angle
at which the soft body manipulator bends is also
increased. Thus, an increase in the depth of the airbag
positively affects the mechanical bending of the soft
body manipulator.

(6) Effect of airbag spacing x

According to Eq. (16), the influence of the airbag
spacing and of the length of the soft manipulator
on the mechanical bending of the soft body are
essentially the same when the length of the two ends
of the soft manipulator and the number of airbags are
constant. The spacing of airbags are 9 mm, 10 mm, 11
mm, 12 mm, and 13 mm in the study of the influence
of the spacing of the airbag on the soft manipulator,
and Fig. 10 presents the bending diagram of the soft
manipulator.
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Fig. 10. Bending angle of soft manipulator under different airbag
spacings; a) 9 mm; b) 10 mm; ¢) 11 mm; d) 12 mm; and ) 13 mm

Table 6 establishes the relationship between the
airbag spacing and the bending angle.

Table 6. Bending angle of soft manipulator under different airbag
spacings

x [mm] 9 10 11 12 13
Bending angle [F] 2451 2103 1757 1467 1206

As the distance between the airbags increases, the
angle at which the soft manipulator is forced to bend
is reduced. Thus, an increase in the depth of the airbag
negatively affects the mechanical bending of the soft
manipulator.

2.2 Theoretical Analysis of Software Manipulator Bending

Fig. 11 illustrates the force received inside the soft
manipulator. For convenience, the force analysis
inside the soft manipulator is simplified because the
soft manipulator is only bent inside the illustrated
interface, and the force acting on the sidewall of the
soft manipulator can be ignored. Fig. 12 presents a
simplified schematic of the force analysis.

Fig. 11. Schematic diagram of the internal force of a soft
manipulator

The inner wall of the soft manipulator is divided
into a curved inner side and a curved outer side (Fig.
13). The inner sidewall of the curved inner side has no
airbag and is a flat surface. Conversely, the inner wall

T T T g T T T T T T T T T TR T LT
EPE

Fig. 12. Schematic diagram of force analysis for soft manipulator

Inner side wall

.........

..........................

outer side wall

(b) Inner side wall

(©)

Top inner wall Top inner wall

Bottom wall of gas passage

Bottom wall of airbag ~ Left side wall of airbag  Right side wall of airbag

Fig. 13. Inner and outer sides of bending soft manipulators and
their stress analysis; a) inner and outer sides; b) stress analysis of
inner side; c) stress analysis of outer side

of the outer side of the curved side is provided with
an airbag. Thus, the inner wall of the force-receiving
inner wall includes the inner wall of the end portion
and the left side of the airbag, apart from the portion
which is balanced with the inner wall of the curved
inner and right side walls of the airbag. After being
subjected to the same amount of gas pressure, the
inner wall of the curved outer side is subjected to a
pressure substantially stronger than that applied to the
inner side of the curved portion, such that the force
deformation generated outside the curved portion
is larger than the bending deformation generated
by the inner side of the curved portion, and the soft
body mechanical force is bent by the force. The
deformation predisposes the airbag on the outside of
the curved body to expand. After being subjected to
the internal pressure of the soft manipulator, the length
of the curved outer side perpendicular to the fixed
end is greater than the length of the curved inner side
perpendicular to the fixed end owing to the curved
inner side and the curved outer side. The ends of the
soft manipulator are connected to each other; thus, the
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soft manipulator can only eliminate the difference in
length between the inner and outer sides of the bend
by bending.

The soft manipulator forms a concentric fan-
shaped area after bending, and the curved inner and
outer sides are respectively two arcs of a fan shape.
The difference between the lengths of the curved inner
and outer sides can be expressed by the difference
in the arc length of the fan shape (Fig. 14). The
difference in the curvature of the inner and outer sides
of the curved body of the soft body is obtained, as
shown in Eq. (17).

L.=no(r,+h)—mor,= moh. (17)

Outer side wall

Inner side wall

Fig. 14. A sector formed by the bending of a manipulator

The difference between its inner and outer sides is
related to the height and bending curvature of the soft
manipulator. After the structure of the soft manipulator
is determined, the difference between the inner and
outer lengths is ascertained only in relation to the arc
corresponding to the curved arc. The greater the arc of
the inner and outer sides, the greater the difference in
arc length. The difference between the inner and outer
lengths is related to the pressure difference between
the inner and outer sides of the soft manipulator. The
force inside the soft manipulator can be obtained by
Eq. (18):

Fy=PS;. (18)

When the gas pressure applied to the inner
wall of the soft manipulator is constant, the pressure
applied to the inside of the soft manipulator changes
with the change in the force-receiving area. The
pressure difference can be obtained by Eq. (19):

Fpy=Ps-Sa, (19)

where F, denotes the force difference between the
inner and outer inner walls of the bend; S, is the

difference between the inner and outer inner wall
areas of the soft manipulator.

The difference between the inner and outer inner
wall areas of the soft manipulator can be calculated by
Eq. (20):

Sp =8, + Sp + Spr+ Sgr. (20)

Fig. 15 shows the force-receiving surfaces on the
left and right sides of the airbag and the left and right
ends of the robot.

(@) b (©) 2 (d) b

Fig. 15. Four cross-sections causing pressure difference

The four pressure differences can be calculated
by Eq. (21):

S, =S,=b-H—-4
{ Lo , (21)

S, =S =b-H

where b and H respectively represent the length and
depth of the soft manipulator airbag.

Eq. (21) shows that the length and depth of the
airbag are strongly affected by the force of the soft
manipulator. This observation can also be proven via
simulation results. Under the influence of two factors,
the change angles of the bending angle of the soft
manipulator are 122.6° and 179.5°, respectively. The
large length influence is caused by the change amount
in length, which is relatively large. The remaining
influencing factors include the width /# and the airbag
spacing x. The thickness of the silica gel is affected
by the impedance change when the deformation
is changed. The bending forces of the soft body are
—120.0° and —124.5°, respectively. The increase in
the width of the soft manipulator and the distance
between the airbags cause an increase in the bending
resistance, and such modification reduces the bending
angle. The width of the airbag and the number of
airbags also have a certain influence on the bending
of the soft manipulator. The changes in the angle are
60.2° and 68.7°. The change in these two parameters
alters the length of the soft manipulator, the width of
the airbag, and the number of airbags. The increase in
those parameters will increase the length of the soft
manipulator; moreover, the force and deformation
resistance will not change, thereby changing the
bending angle of the soft manipulator. The theoretical
analysis proves that the influence of the above
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parameters on the bending of the soft manipulator is
consistent with the simulation analysis results, which
can be used as a reference for design.

2.3 Characteristic Parameters of the Soft Manipulator

(1) The template size used in this research is 20
mm X 20 mm. For the nanofibre film and the
soft manipulator to fit well, the width of the soft
manipulator is set as 20 mm.

(2) The sidewalls of the soft manipulator must have
a certain thickness. When the wall thickness
is under 1 mm, the simulation results do not
converge. To ensure the safety of the soft
manipulator, the wall thickness must be greater
than or equal to 2 mm.

(3) According to the width and wall thickness
requirements, the length of the soft manipulator
airbag is 14 mm, and the sidewall is 3 mm,
dimensions which meet the design requirements.

(4) The width of the airbag has less influence on the
soft manipulator. To facilitate the draft, the width
of the airbag is set to 3 mm.

(5) The depth of the airbag is 10 mm, where the
airflow passage is distributed at 2 mm on the top.

(6) After the depth of the airbag is determined, the
height is also ascertained to be 14 mm, and the
thickness of the upper and lower end faces is 2
mm.

(7) To facilitate the drafting operation, the depth
and width of the groove are set to 8 mm and 3
mm, respectively; moreover, the thickness of the
sidewall of the airbag sandwiched between the
groove and the airbag is 3 mm. These dimensions
satisfy the requirements of safety design.

(8) The chosen number of airbags is eight.

(9) According to Egs. (4) and (7) and the wall
thickness of the airbag, the distance between the
airbags is determined to be 12 mm.

(10) The total length of the soft manipulator is set to
115 mm.

(11) The two ends of the soft manipulator are
symmetrical. According to Eqgs. (4), (8), (9), and
(10), the length of both ends is 14 mm.

3 GRASP EXPERIMENT OF AIRBAG SOFT MANIPULATOR

Since the soft manipulator contains airbags inside, it
cannot be integrally cast during the manufacturing
process, so the moulds are separately designed and
cast, and the manufactured samples are combined.
The manipulator is divided into upper and lower parts,

and the moulds are printed by 3D printing technology,
as shown in Fig. 16.

The airbag soft manipulator is manufactured,
as shown in Fig. 17. The driving mode of the soft
manipulator is a pneumatic drive. By controlling the
gas pressure inside the soft manipulator, the bending
degree of the soft manipulator is directly affected;
thus, the corresponding gripping force is obtained.
According to the requirements of the pneumatic drive
control method, the control process of the entire
control system is obtained (Fig. 18).

Mould bottom case

Airbag groove

Gas passage

Mould top case

Fig. 16. Mould of soft manipulator

(b) Nanofiber array film

B ]

Fig. 17. Soft manipulator; a) manipulator with no nanofibre
array film attached; and b) manipulator with nanofibre array film

attached

Pressure sensor

Solenoid valve |« Microcontroller > Pump

Fig. 18. Soft manipulator internal gas control process

In current robotics applications, the urgent
need for productivity and precision highlights the
crucial need to replace traditional control strategies
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with modern ones. Therefore, closed-loop feedback
control is necessary [35] to [37]. In this paper, the
control system is divided into four main parts: a
microcontroller that plays a major control role
(Arduino Mega 2560), a pump (DC miniature
diaphragm pump) that supplies gas pressure, a valve
that controls the internal communication between
the pump (SMC-VQ110U-5M model solenoid valve)
and the soft manipulator, and a pressure sensor that
measures the gas pressure inside the manipulator in
real-time. The microcontroller is the core control
component that reads the pressure value transmitted
by the pressure sensor and controls the opening and
closing of the pump switches and valves to control the
flow of air to the soft manipulator. According to the
control requirements, the control strategies are set as
shown in Fig. 19.

| Start diaphragm pump |

Start solenoid valve

Soft manipulator
start to pressurize

If the
pressure meet the
requirements

Fig. 19. Control strategy of soft manipulator

Experimental steps:

(1) Adjust the potentiometer and set the solenoid
valve gas pressure.

(2) Open the diaphragm pump so that it begins to
provide pressure to the system.

(3) Open the solenoid valve to allow gas to pass
inside the software robot.

(4) The pressure sensor that is electrically connected
to the soft manipulator measures the gas pressure
inside in real-time and transmits the measured
pressure data to the microcontroller.

(5) If the pressure meets the requirements, then, no
adjustment is made; if the pressure fails to meet
the expected value, then, the potentiometer is
adjusted to modify the duty cycle of the pulse
width modulation (PWM) signal, thereby

controlling the frequency of the opening and

closing of the solenoid valve and the gas inside

the soft manipulator.

Fig. 20 shows the grasp experiment system of the
soft manipulator. The pressure test is performed on
each pressure channel, and the pressure value of the
sensor is obtained, as shown in Fig. 21.

Switch Microcontroller

Soft
manipulator
Diaphragm
pump

Solenoid
valve

Gas pipeline

Fig. 20. Grasp experiment system of soft manipulator
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Fig. 21. Variation of pressure in each channel during testing

The pressure changes can be seen in Fig. 21.
The pressure of the four channels partially changes
when the potentiometer is adjusted, thereby indicating
that the system can work normally. Moreover, the
pressure of the four-channel system exceeds0.1 MPa.
According to the simulation results, this pressure can
fully meet the requirements of the soft manipulator
bending.

The stress test of a single manipulator are
performed, and its bending angles under different
pressures are tested. Subsequently, the test and
simulation results are compared (Fig. 22). The testing
pressures are set as 0.1 MPa, 0.2 MPa, 0.3 MPa, 0.4
MPa, and 0.5 MPa.

The bending angles under the finite element
analysis and under the pressure test fit well (Fig. 22),
thereby proving that the simulation results of the soft
manipulator are reliable and can be used as the basis
for the design of the soft manipulator structure.
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Fig. 22. Bending angle of soft manipulator under finite element
analysis and experimental analysis

/

Bending angle [°]

Soft
manipulator

Fig. 23. Grasp experiment of soft manipulator

The grasp experiment is carried out using the
built-up soft manipulator measurement and control
system. The object to be grabbed is a beaker. The
original weight of the beaker is 147.7 g. Water is
added to the beaker to increase the weight of the
grabbed object, and Fig. 23 illustrates the grasping
process. In the experiment, the final water addition is
approximately 150 ml; that is, the final grab weight of
the soft manipulator is 300 g and indicates that the soft
manipulator optimization has good application effect.

4 CONCLUSION

A friction-enhanced multi-airbag soft manipulator is
developed in the paper, and the pneumatic drive is
selected as the driving method of the software robot.
Firstly, finite element analysis of the manipulator
is performed. Under the influence of the length and

depth, the change angles of the bending angle of the
soft manipulator are 122.6° and 179.5°, respectively.
The remaining influencing factors include the width
W and the airbag spacing x. The thickness of the
silica gel is affected by the impedance change when
the deformation is changed. The bending forces of
the soft body are —120.0° and —124.5°, respectively.
The width of the airbag and the number of airbags
also have a certain influence on the bending of the
soft manipulator. The changes in the angle are 60.2°
and 68.7°. The change in these two parameters alters
the length of the soft manipulator, the width of the
airbag, and the number of airbags. The increase in
those parameters will increase the length of the soft
manipulator; moreover, the force and deformation
resistance will not change, thereby changing the
bending angle of the soft manipulator. Secondly, the
expression of the Neo-Hooke strain energy function
is obtained, according to the mechanical tensile test.
According to the strain energy function, the finite
element analysis method is utilized to examine the
influence of the change in soft manipulator size
parameters on the force bending. The theoretical
analysis results confirm that the finite element
analysis outcomes are correct. Finally, the software
manipulator is manufactured and the pressure channel
tests, bending angle tests, and grasp experiment
are carried out. The weight of 300 g can be lifted
by the manipulator, thereby indicating that the soft
manipulator designed in this research has good
application effect and prospect.
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6 NOMENCLATURES

Arc corresponding to the bending, [°]
/;  Main elongation ratio
&  Main direction strain, [MPa]
x  Bulk modulus of the material
1 Poisson’s ratio of the material
r,  The radius of the arc, [mm]
h  Soft manipulator height, [mm]
G Shear modulus of the material, [MPa]
F, Inner and outer wall force difference, [N]
F, Force on the inner wall, [N]
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Ly Inner and outer arc length difference, [mm]

P, Gas pressure received by the inner wall, [MPa]
Sa Inner and outer wall area difference, [mm?2]

S;  Left side of the airbag, [mm?]

S;r Left end area of the manipulator, [mm?]

Sz Right side of the airbag, [mm?]

Sk Right end area of the manipulator, [mm?]

S, Area of force inside the soft manipulator, [mm?]
W Strain energy function
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This paper describes pipeline stress analysis, primarilybranch junctions, as a structural element in hydro-power plants. Pipelines are exposed
to internal pressure,which is present under working conditions. Analysis of stresses in the pipeline of the hydropower plant is based on
analytical, numerical, and experimental methods. In this paper, we will define the critical elements of the pipeline. After that, we will determine
critical areas in the branch junction, under experimental conditions, where strain gauges should be installed. The obtained resultsshow
that a boiler formula can be efficiently applied in the stress analysis. Also, a correlation between the internal pressure and the maximum
circumferential stresses in the elastic zone is given. In the final sections of the paper, the limit value of the internal pressure as a load for
which stress in the zone of plasticity appears and the safety factor of the branch junction in the exploitation conditions are determined. The
contribution of this work is the unification and deepening of the topic related to the problem of the testing ofhydro-power structural elements.
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Highlights

e A boiler formula can be efficiently applied in the stress analysis.

*  Correlation between the internal pressure and the maximum circumferential stresses in the elastic zone is given.
e The limit value of the internal pressure as load for which stress in the zone of plasticity appears.

o The safety factor of the branch junction in the exploitation conditions is determined.

0 INTRODUCTION

When studying hydropower plants, special attention
should be paid to the analysis of the strength of certain
parts of the hydropower plant. With a high-quality
analysis of the stress of individual parts of the plant, it
is possible, with sufficient accuracy in real conditions,
to anticipate the critical areas for remediation,
evaluation and reduction of the maintenance costs,
which should ultimately extend the lifetime of the
powerplant.

The interesting shell problem has not yet been
investigated sufficiently. The practical importance of
this problem requires further investigation, including
that of the elastic stress analysis of the intersecting
shells of the various shapes subjected to different
loadings and the elastic-plastic analysis [1].

The geometry of hydropower plants’ structural
elements is very complex with large number of
discontinuities; therefore, stress and strain analysis on
these elements is also complex. Analytical analysis is
possible only in a small number of very simple cases.
Numerical analysis based on the finite element method
is usedwhen analysing stresses of structural elements
in pipelines, primarily pipeline branch junctions. It
is a very real problem of defining locationsand areas
of pipeline in which reinforcements should be made

[2] and also a problem of the estimation of limitin
which yield stresses are observed [3], defining stress
concentration factor, limit load [4] and [5], and burst
pressure [6]. The use of experimental methods is very
difficult under real, working conditions, because it is
not possible to vary internal pressure in real conditions
in some structural elements, such as branch junctions,
until plastic strainsare observedunder working
conditions. Because of this, it is more convenient to
perform experiments on the model of the structural
element under laboratory conditions and, on the
basis ofthese results, make conclusions about what is
happening in the real elements.

By combining numerical and experimental
methods, it has been shown thatthe most accurate
results are obtained when determining critical
stresses, which (in some places) can lead to problems
in the exploitation and functioning.The subject of this
paper is the analysis of stress distribution in structural
elements of a pipeline:

* applying analytical procedures,

* finite element method (FEM) application on the
real element with real dimensions,

*  FEM application on the element model,

e applying experimental analysis on the model
under laboratory conditions.

*Corr. Author’s Address: University of Montenegro,Faculty of Mechanical Engineering , Blvd. G. Wash., 81000, Podgorica, Montenegro, sculafic@ucg.ac.me 51
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1 METHODS

Analytical, numerical, and experimental procedures
were applied in the analysis of the stress of structural
elements. One specific feature is in the fact that the
experiment was realized not on a real structural
element but on its model. Numerical analysis was
also carried out on a real structural element and on a
structural element model.

2 ANALYTICAL AND NUMERICAL
STRESS ANALYSIS OF PIPELINE

The main characteristic of pipes in the pipeline is that
their radius is much larger than the thickness (R>>),
so it can be adopted that these pipes are actually shell
pipeline.

Fig. 1. FEM pipeline model

Static linear finite element analysisin the
elasticity area was performed for the pipeline, i.e.,
its straight main tube parts and the knee part using
Autodesk INVENTOR 2016 software. Due to a highly
complex geometry,which has been analysed, the finite
element (FE) analysis was used with caution, and
also was confirmed with the KOMIPSstand-alone
software package. FEM mesh was generated using
3D iso-parametric solid elements. A 3D model of
the pipeline is shown in Fig. 1.The pipeline length is
approximately 200 m, and itis exposed to 51 bar of
internal pressure under exploitation conditions. It can
be remarked that the basic elements of the pipeline are
branch junctions: R1,R2,R3,R4,R5,R6 (where branch
junctions are actually knee pipes which direct the
water)and pipes: C1,C2,C3,C4,C5,C6.

An analytical solution for the parts of the pipeline
that is made of straight tubes with no junctions or
nozzles is given. An analytical solution is also given
for the pipeline knee (Fig. 2).

Analytical equations for the determination of
stresses in the torus shell pipeline (Fig. 2)are known
as follows:

o _P R(2a+R)
7 " oar) M

where p is internal pressure, R radius of a circular
cross-section, a radius of a torus, o0 circumferential
stress, and or longitudinal stress.

i -

i -
Fig. 2. Torus shell part of the pipeline

Especially, if a=o it is a cylindrical shell, and if
a=0 it is a spherical shell. On the basis of Eq. (1), the
stresses can be calculated on all parts of the pipeline,
except for branch junctions. It is thus possible to
calculate the stresses on the kneepart R1 and the
straight pipes of the pipeline (C1, ..., C6).

Therefore, for points A and B of the knee R1 pipe
(a=4650 mm, R=600 mm, =18 mm, p=51 bar):
c9=182.6 MPa, oy =160.3 MPa, ov =85 MPa, and
for the pipes C1 and C6: Cl: 60 = 170 MPa, or =85
MPa, C6: 60 =212.5 MPa, ov=106.25 MPa.

st Principal Stress: 175 MPa

Fig. 3. FEM pipeline model

Since there wasone plane of symmetry, boundary
conditions were the following: all translations normal
to the plane of symmetry and all rotations in the plane
of symmetry are constrained.

The material used in the FEM analysis was the
most similar to thecharacteristics of NIOVAL 47,
which are material properties of the pipeline under
real working conditions. This is also important
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because of the correlation with the analytical results
for whichYoung’s elasticity modulus for steel has
been used. A constant internal pressure of 51 bar was
the implied load used in the finite element analysis.

Based on the numerical analysis,the stress values
of which are given in Fig. 3, and analytical analysis,
it can be seen that the pipeline branch junctions,
especially branch junction number C6, are the most
affected elements of the whole pipeline, so only
branch junction number C6 will be the subject of
further analysis.

2.1 FEM Analysis of the Pipeline Branch Junction (Real
Dimensions)

Pipeline branch junctions (cylinder-to-cylinder
intersections) are very often used in industrial
engineering. Reduction of the base material due to
penetration of the intersecting cylinder is the cause for
stress concentration.

Authors [6] indicate that cylinder-to-cylinder
intersections are a widespread occurrence in many
industrial applications. Difficulties in obtaining
analytical evaluations of the stress distributions
in the disturbed regions near the intersection of
comparably sized shells originally stemmed from the
complicated geometrical shape of the intersection
line. The intersection curve of the middle surfaces of
the cylinders is neither rotationally symmetric, nor on
a plane curve, but rather is a spatial curve. Moreover,
the sharp discontinuities of curvatures across the
intersection curve increase the stress.

Therefore, the presence of the stress concentration
is inevitable and, as a consequence, constitutes a
significant consideration in the design.

In paper [7] online monitoring proposition was
given, and in papers [8] and [9] analysis of the pipeline
branch junction in real dimensions wasperformed
using FEM. The primary pipe diameter on the branch
junction entrance is 2.5 m, while pipe diameter
at the exit is 2.35 m. FEM was performed using
AUTODESK Inventor 2016 software, in which we
created the geometric model and performed the stress-
strain analysis.

In Figs. 4 to 7, yield stresses are given when a
pipeline branch junction in real dimensions is exposed
to 20 bar, 50 bar and 84 bar, and 51 bar pressure.

Results of the FEM analysis shows that yield
stress appears in the area next to the anchor of the
pipeline branch junction. This particular area was
specified (and referred to in Table 1 as MP1) as area
of highest stress values. In Table 1, values of maximal
circumferential stresses are given as a function of

internal pressure values. Generally speaking, it can
be said that thedependence of the value of stresses on
pressure is very satisfactorylinear in the field of elastic
strains, which further means that the branch junction,
which is essentially a shell, is not loaded on bending.

Type: Von Mises Stress
Unit: MPa

1500
1375
1250
1125
[] 1000
875
750
625
500
375
250
125
0 Min

Fig. 4. FEM branch junction under 20 bar pressure

Fig. 5. FEM branch junction under 50 bar pressure

Type: Von Mises Stress
Unit: MPa

1500
1375
1250
1125
1000
875

750

Fig. 6. FEM branch junction under 84 bar pressure
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Table 1. Stress values for MP1

Pressure values [bar] Stress values for MP1 [MPa]

20 111
50 284
84 458

.00+ ... 4.0~

Fig. 7. Equivalent stress under 51 bar pressure

3 EXPERIMENTAL
3.1 Branch Junction Model Manufacture

The material used for the construction of pipe elements
of the real object is NIOVAL 47, manufacturer SIJ
— Slovenian Steel Group. The mechanical properties
of this material are given in Table 2. In the absence
of NIOVAL 47, which, due to exploitation problems,
ceased to be produced during the 1970s, we analysed
the steel of the same class with the most similar
mechanical properties. That is steel S355J2 + AR. It
was used to produce the branch junction model. The
mechanical properties of this material are given in
Table 3.

Table 2. Mechanical properties of the material NIOVAL 47

Tensile strength, Yield strength, Elongation,
Rm [MPa] Re [MPa] A [%]
650 470 24

Table 3. Mechanical properties of the material S355J2+AR

Tensile strength, Yield strength, Elongation,
Rm [MPa] Re [MPa] A [%]
554 360 28.2

Branch junction model (partitions ©¥2500/02350/
?1200mm) was made [10] of steel S355J2+AR, based
on boiler formula. Branch model was created with the
following characteristics:

*  model dimensions are five times smaller than the
real object,
» thickness is 10 times smaller.

Calculus per taining to stresses in the branch
junction construction is analytically possible only in
cylindrical parts of the junction, except for stiffeners,
ribs and holes. The formula in which the stresses
calculus is obtained is called the “boiler formula”.

Boiler formula for stresses calculuson the cylinder
(pipe, vessel) exposed to internal pressure without ribs
and holes is Eq. (2) for the longitudinal direction of a
cylinder and for:

« circumferential direction of a cylinder:

oo =R 3)
t
where p is fluid internal pressure [bar], R cylinder
radius [mm] and ¢ cylinder thickness [mm)].

From Egs. (2) and (3), an observation can be
made that values of the stresses in the circumferential
direction are twice the value along the longitudinal
direction.

A branch junction model should give the same
stress as the real object has. This is secured by the
application of similarity method in the following
manner:

p R
o’ =X—— :Q — Prodel 'Rmodel . (4)
t it t

10

Derivation of the same stress value is as follows:
pmodel:p/zz Rmodel:R/S’ tmudel:t/lo'

Real branch junction: p=>50 bar, R=1250 mm,
t=36 mm, 6°=174 MPa, (R=34.77 x ).

Branch junction model: p=25 bar, R=250 mm,
t=4 mm, c°=156 MPa.

This means that the branch junction model for
thesame value of thepressure has twice the value of
circumferential stresses. This also meansthe branch
junction model has to be subjected to two times lower
pressure so it could be correlated to the real branch.

In terms of manufacturing, we have adopted the
previous relations. Since there was no 3.6 mm sheet,
a 4 mm sheet was adopted. In this way, around 10
% smaller values of stresses are obtained. Anchor
stresses are the same, since thicknesses are 8 mm
forthe model and 80 mm forthe real branch.

Similarity method is applied on this branch
junction model, because in its construction there
is a negligible presence of bending stresses, as we
concluded in the real branch analysis, which depends
on a square (#2) of the thickness of the material.

model
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3.2 FEM Analysis of Branch Junction Model

A three-dimensional model of the branch junction of
the basic dimensions and thicknesses is showninFig.8.
It was made for the requirements of the strength
analysis using FEM. Branch geometry was modelled
using surfaces.

In numerical modelling, the branch is subjected
to 10 bar of internal pressure on the walls. Due to
linear static nature of the analysis of the construction
(obtained stress has linear character compared to
the given pressure), it is possible to use scaling to
obtain results for different values of internal pressure.
Taking into consideration the symmetry of the branch
in longitudinal direction, one-half of the branch was
analysed.

Mesh was more detailed in the areas of calotte
penetration, where higher values of stress were
expected. To control and confirm experimental
analysis using strain gauges, FEM model was madeas
well as necessary calculus.

Fig. 10 shows the positions of strain gauges on
the branch. These exact locations will be usedfor the
comparison of results between experimental tests and
numerical results.

Fig. 8. Branch junction model; a) model in laboratory,
b) FEM model, and ¢) mesh view

Boundary conditions are given as two constraints:
translation and rotation, and since one plane of
symmetry exists, the boundary conditions that
were used were that all the nodes on the symmetric
section were constrained against deformation in the
perpendicular direction.

Fig. 9 shows the resultsof the FEM analysis
as Von Mises yield stress and alsoas stresses in

circumferential (vertical) direction. All results are
related to the pressure of 10 bar. Also, Table 4 shows
the exact values of circumferential stresses readings
within the FEM model. These values are referred to as
measuring positions MP1, MP2, and MP3.

+1.7%+02
- +1.61e4+02

A

Fig. 9. Measuring positions of strain gauges; a) FEM view, and b)
model view

Table 4. Values of stresses at measuring positions

MP1 MP2 MP3
Stress incircumferential direction [MPa] | 115 89 58
Von Mises stress [MPa] 107 84 63

The following conclusionscan be made based
on the FEM analysis of the real branch junction and
branch junction model:

1. The boiler formula gives, with very satisfactory
accuracy, the correlation between the results on
the real branch and branch model. This lies in the
fact that the circumferential stresses on the MP1
are about the same, and amount to 111 MPa on the
real branch junction and 115 MPa on the branch
junction model. As the branch junction model is
made on the basis of the boiler formula, we come
to the previously stated conclusion. Furthermore,
laboratory investigations have shown, based on
the results obtained, what will happen with the
branch junction under working conditions.

2. Yield stresses are visible in the area of the
junctions of the main pipe (92500 mm) and
anchor and branch pipe (©@1200 mm) and anchor,
though it should be expected that measurements
will show that the critical gauge position is
position one.

3.3 Experimental Analysis of Branch Junction Model

Based on the results obtained using the FEM, it is
possible to define areas at which strain gauges should
be placed and, based on the similarity theory,it is
possible to determinethe internal pressure in the real
branch junction precisely before plastic strain occurs.

Stress Analysis of a Pipeline as a Hydropower Plant Structural Element 55
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spots, focus of our attention will be onthe measuring
positions MP1, MP2, MP3 (Fig. 10) where MPI is
acircumferential direction of bigger cylinder, MP2 a
vertical direction of anchor, and MP3 a circumferential
direction of the conical part of the model.

Numerical analysis of the branch junction in real
conditions and the branch junction model have shown
that biggest stresses are in MP1 (Tables 3 and 4).

Twenty-three experiments were conducted for
each measuring position.

Values of the stress for any value of the pressure
are obtained when scaling these values by a given
factor.

In the following Figs. 11 and 12 graphical
representation of measured stresses in all measuring
positions and experiments conducted are givenas the
function of pressure and time.

It can be seen from Figs. 11 and 12 how the
stresses change at all measuring positions with the
change of internal pressure. At the pressure of 20
bar, the value of the stress on MP1 is slightly higher
than 200 MPa. It is also noted that the MP1 stress is
dominant in relation to the stresses at other measuring
positions. After that, the highest stress value is on
MP2. Also, it should be noted that after unloading, the
internal pressure returns to the initial, i.e.,zero, and
that this release is accompanied by the stresses that

- also return to zero. This further means that, as far as
Fig. 10. Measuring positions: MP1, MP2, MP3 the stress condition is concerned, the process is related
to elasticity, i.e., stresses do not reach the value that
belongs to plastic strain beyond the yield point.

Measuring places are designated as follows: MP1, Table 5 shows mean values based on all
MP2, ..., MP8. Due to the complexity of the material, experiments at MP1,MP2,MP3, when pressure is
andobserved values of stresses in some measuring reduced to 10 bar.

e ed line - MP1, 250
black line -pressure,
L A ‘IJ ll J ‘K blue line - MP2,
EY Y17 wﬂm AR purple line - MP3, 2%
dark green line - MP7,
15 /dark brown line - MPS8, L1150
light green line - MP5, <
iy [a¥
g [ﬂwﬂ\_ ,‘*A M a light brown line - MP6, E
A dat N 100
= N e LSAWIAM ©
e e

‘&' 50

(}h—q"’ : —— ‘“vﬂ“ﬂﬂﬂﬂ °
5 F-50

0 1D 20 X 40 &0 70 80 %0 100 100 1X0 140 10 160 160
Time (s]

Fig. 11. Internal pressure and stress as the function of time (elastic strain)

J
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Ted line - MP1, r250
black line -pressure,
blue line - MP2,

. —1-200
purple line - MP3,
dark green line - MP7,
dark brown line - MP8, —150
light green line - MP5, E
light brown line - MP6, E

100 S

50

0 Y] 10 160

20 %0 %0 0

Time [s]

Fig. 12. Internal pressure and stress as the function of time (elastic strain)

Table 5. Mean values of stress on measuring positions (MP)

MP Pressure value [MPa] under 10 bar
MP1 110
MP2 75
MP3 50

This scaling only applies until yield point and
enables the acquisition of any value of pressure
stresses.

4 RESULTS

4.1 Comparison of the Measurements and the FEM
Calculation

Table 6 gives values of stress intensities for the
positions MP1, MP2, MP3 at the branch junction
model obtained when the FEM calculation is applied
and when measuring values (for 10 bar) were obtained
[11]. The general conclusion is that these values are
very close, which puts these two methods in equal
position and simultaneously confirms each other.

Table 6. Mean values of stresses at MP1, MP2, MP3

Stress [MPa]
MP FEM Measured
MP1 115 110
MP2 89 75
MP3 58 50

4.2 Determination of Limit Internal Pressure

When the pressure is increased to 30 bar, the stress
on MP1 reaches a value of about 370 MPa (Fig.
13). It is also important to note that after unloading,
i.e. bringing the internal pressure to zero, the stress
value on MP1 does not return to zero, but has a value
of 50 MPa. This means that there is a permanent
deformation corresponding to this stress. When,
after the permanent deformation, the branch junction
model is again submitted to the pressure of 30 bar,
the stresses at MP1, after unloading return to the new
starting level of 50 MPa.

From Fig. 14, it can be seen that when the
pressure is increased to 32 bar to 33 bar, additional
permanent deformation of the branch model at MP1 is
made, for additional 50 MPa. When the branch model
is unloaded, the stress at MP1 is 100 MPa. Fig. 15
shows the behaviour of the stress on the MP1 model
of the branch when the internal pressure reaches the
value of 40 bar to 45 bar. It can be seen that the stress
value at MP1 reaches 850 MPa.

The pressure of 45 bar on the branch junction
model corresponds to 90 bar on the real branch
junction. From the diagram shown in Fig. 15, it can
be seen that the stress value is about 850 MPa. If we
deduct from this value the value of the stress due to the
plastic strain of about 350 MPa, we obtain the value
of about 500 MPa, which corresponds to the internal
pressure of 90 bar on the real branch or 45 bar on the
branch model. This further means that the result given
in Table 1 is logical (pressure of 42 bar on the branch
model or 84 bar on the real branch) and corresponds

Stress Analysis of a Pipeline as a Hydropower Plant Structural Element 57
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Fig. 13. Internal pressure and stress as the function of time (plastic strain)
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Fig. 14. Internal pressure and stress as the function of time (plastic strain)

to the maximum stress value of 458 MPa at MP1.The
explanation lies in the fact that the results given in
Table 1 are related to the assumption that all analyses
based on the finite element method are related to the
field of elasticity.

4.3 Determination of Safety Factor

In the paper [12] a procedure for the determination
of the stress concentration factorwas given. As the
continuation of this paper, we will determine the
safety factor.

Initial plastic strains of the branch junction model
appear on MP1 under the pressure of 30 bar.

Calculation of necessary pressure for the
occurrence of the initial plastic strains on the real
branch junction on the measuring position MP1
(position of maximum stress) is as follows:

58

P=30bar x 0.9 x (47/36) x 2=70.5 bar.  (5)

Factor 0.9 represents the relation of the thickness
of the real branch junction and branch junction model
on the position MP1 36/(4x10) = 0.9. Relation 47/36
represents the relation of yield point of the material
of the branch (NIOVAL 47) and of the branch model
(St355J/AR). Factor 2 is model factor, which refers to
the pressure.

The safety factor in the branch junction
exploitation in relation to the plastic strains is 70.5/51
=1.38.

From Fig. 15 (blue line, MP2), it can be seen
that the first plastic strains on MP2 appear when the
pressure reaches 45 barcorresponding to the stress of
70 MPa to 80 MPa. If the pressure of 45 bar is reduced
by 5 bar, we conclude that at the pressure is about 40
bar, the first plastic strains appear.

Culafi¢, S. - Maneski, T. - Bajic, D.
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Fig. 15. Internal pressure and stress as the function of time (plastic strain)

Calculation of necessary pressure for the
appearance of initial plastic strain on the real object of
the pipeline branch junction on MP2 is:

p=40bar x (47/36) x 2= 104.44 bar.  (6)

Stress values on other measuring positions are
even lower.

5 CONCLUSION

This paper attempts to use analytical, numerical,
and experimental methods to describe the problem
of the stress analysis inthe pipeline. It is shown that
thecritical structural element of the pipeline is the
pipeline branch junction. The following analyses have
been carried out:

Analytical and numerical analysis for the pipes of
the pipeline and thekneesection of the pipeline;
Numerical analysis of the branch junction in real
dimensions;

Numerical analysis of the branch junction model;
Experimental analysis of the branch junction
model.

Based on Egs. (2) and (3), we defined the
measuring places where the strain gauges should
be placed. Also, it is shown that the boiler formula
is correct for loads in which the plastic strain zone
is not reached. Our paper also shows the linear
correlation betweeninternal pressure andmaximum
circumferential stress, which means thatbending
stressescan be neglected, i.e. the branch junction can
be treated and observed as a membraneshell. In case
of appearance of the trapped air pockets, pressure will

Stress Analysis of a Pipeline as a Hydropower Plant Structural Element

become unsteady [13] and [14]. This paper analysis
only steady pressure.

Based on the experimental analysis of the
branch junction model, it can be concluded how a
real-dimension branch junction will behave under
internal pressure,under real working conditions. It was
shown that the results pertaining to obtaining stresses
with numerical method on the real branch junction,
results pertaining to obtaining stresses with numerical
method on the branch model junction and results
pertaining to the experimental determination of stress
values are such that satisfactory accuracy has been
reached, as it can be seen from Tables 4 and 6. Also,
based on the experimental analysis, the limit pressure
value was defined based on the point at which the first
plastic strain is noted, which enabled us to define the
maximum value of pressure under working conditions
on the real branch junction necessary to achieve
plastic strain (70.5 MPa). Thisenabled us to define the
safety factor (1.38) in the branch junction exploitation
as well as for the whole pipeline.
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Cyber-physical systems (CPSs) open up new perspectives for the design, development, implementation, and operation of manufacturing
systems and will enable a paradigm shift in manufacturing. The objective of this research is to develop a new concept of cyber-physical
production systems (CPPSs) and, on this basis, to address the issue of management and control, which is crucial for the effective and efficient
operation of manufacturing systems. A new model of CPPS is proposed. The model integrates digitalized production planning, scheduling, and
control functions with a physical part of manufacturing system and enables the self-organization of the elements in production. A case study
demonstrates feasibility of the approach through the use of simulation experiments, which are based on real industrial data collected from a

company that produces industrial and energy equipment.
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Highlights

e Aconceptual model of cyber-physical production systems (CPPSs) is developed.
*  Acyber-physical approach to the production planning and control (PPC) of manufacturing systems is presented.
*  The presented approach to the production planning, scheduling and the self-organization in the CPPS is demonstrated through

the use of simulation experiments.

0 INTRODUCTION

A new production philosophy that has recently
emerged under the name of Industry 4.0 opens
up a space for novel approaches to industrial
production. Industry 4.0 is a new way of organizing
and controlling complete value-adding systems
[1]. Industry 4.0 (I4.0) is driven by new scientific
discoveries, enriched knowledge, new and better
materials, and new technologies, especially in the
field of information and communication technologies
(ICT). In addition, novel organizational forms and the
innovative managerial principles of emergence, self-
organization, learning, open innovation, collaboration,
and the networking of humans and organizations will
become the key elements of the next generation of
manufacturing systems.

Modern manufacturing enterprises must be
focused on agile, networked, service-oriented, green,
and social manufacturing practices, among others [2].
However, in order to develop and implement these
practices, a transformation of manufacturing systems
from the traditionally isolated, hierarchical structures
into open and distributed networked structures is
needed. The foundations of this transformation are the
three key enablers of 14.0: connectivity, digitalization
and cybernation. One of the novel concepts arising
from 14.0 is the so-called cyber-physical systems
(CPSs).

The CPS integrates computational and physical
processes. In a CPS, embedded computers and
networks monitor and control the physical processes,
usually with feedback loops in which physical
processes affect the computations and vice versa [3].
On this basis, cyber-physical production systems
(CPPS) are also defined [4] to [11].

In a CPPS the horizontal integration is
accomplished through value networks, and the
vertical integration is achieved through networked
manufacturing systems [6].

The emergence of CPSs and cross-linked
CPPSs will lead to a fundamental restructuring of
manufacturing work and logistic systems, and will
require new forms of human-machine interaction [12].
Furthermore, innovative methods for the management
and control of CPPSs based on logistics models will
improve the processing of customers’ orders [13].

An important part of the management and
control of manufacturing systems, which allows
them to cope with this challenge, are the functions of
production planning and control (PPC) [14]. Several
emerging approaches to the management and control
of traditional manufacturing systems are presented in
[15] to [18].

Unlike with traditional approaches, a CPPS
will enable the decomposition of a user’s request
into several tasks and assign them to distributed
heterogeneous features in a parallel- computing
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environment [19]. In this context, self-organization
could be a viable alternative for solving the dynamic
scheduling problem [20].

Several emerging approaches to the management
and control of CPPS are presented in [12], [13] and
[21] to [25].

The current research in the field of the
management and control of CPPSs offers innovative
approaches, but they are not yet implemented in
industrial environments. An appropriate methodology
that would integrate different levels of decision making
in a manufacturing enterprise and which would enable
the responsive and adaptive management and control
of manufacturing systems in real time is still absent.

This research addresses the question of how
the CPPS concept can contribute to the improved
management, planning, scheduling, control and
monitoring of manufacturing systems. It is expected
that within CPPSs these functions will be reinforced
through connectivity, digitalization and cybernation
at different levels of the decision-making in an
enterprise. This will enable the management and
control of manufacturing systems in real-time.

The paper proposes a novel CPPS model and
introduces a new method for the management and
control of CPPSs in real time. Furthermore, generic
cybernetic, and functional models for deploying PPC
functions within CPPSs are presented.

The remainder of the paper is organized as
follows. In Section 1, the new conceptual model of
CPPS is introduced. In Section 2, the cyber-physical
approach to the management and control of CPPSs
is proposed. In Section 3, the use of the approach
is illustrated with a case study based on industrial
data. Section 4 summarizes the work carried out and
provides suggestions for future research.

1 MODEL OF CYBER-PHYSICAL PRODUCTION SYSTEMS
(CPPSs)

The objective of this research is to develop a new
concept of CPPSs and, on this basis, to address the
issue of management and control, which is crucial
for the effective and efficient operations of the
manufacturing systems. The development originates
from previous work on basic manufacturing structures
such as elementary work systems (EWS) [26],
autonomous work systems (AWS) [27], complex
adaptive manufacturing systems (CAMS) [26],
and adaptive distributed manufacturing systems
(ADMSs) [27]. These structures symbolized in terms
of cybernetic models, represent a sound basis for their
upgrading into appropriate CPPS models.

The question here is how to implement the
mentioned three key 14.0 enablers, i.e., connectivity,
digitalization and cybernation in the existing EWS,
AWS, CAMS and ADMS models of manufacturing
systems in order to realize the concept of cyber-
physical production systems at all levels and thus
to enable the seamless connectivity among all the
elements and systems, and the transmission of
information and decision making in real time. In the
next section the transformation of EWS, AWS, CAMS
and ADMS into appropriate CPS models is elaborated.

1.1 CPPS Conceptual Model

The generic conceptual model of a CPPS is shown in
Fig. 1.
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Fig. 1. Generic model of a CPPS

The model consists of three elements: (1) the
human Subject as a social element, (2) the cyber
system (CS) as a cyber element, and (3) the physical
work system (PWS) as a physical element. Each of
the elements exists in its own space: the Subject in
the social space, the CS in the cyber space and the
PWS in the physical space. The connectivity between
these elements and thus between the different spaces
is enabled via the corresponding communication
interfaces, which also bridge the different spaces.
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Each element has the corresponding relations
with its specific environment: the Subject with the
business and social environment, the CS with the
cyber environment and the PWS with the physical
environment. The PWS structure is based on the EWS
structure [26].

The important distinction between the EWS and
the PWS is that in the latter the Subject is moved
from the physical space to the social space of the
CPPS. The new eclement of the model is the cyber
system (CS), which is incorporated into the cyber
space, Fig. 1. The CS of the CPPS can be structured
into three hierarchical levels: 1) operational level, 2)
coordination & collaboration level, and 3) business
level, Fig. 2. Thus, it represents a CPS version of the
CAMS (factory).
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Fig. 2. Structure of the cyber systems of the CPPS

The infrastructure of the CS enables vertical
connectivity between the cyber manufacturing
structures (EWS cyber system, AWS cyber system and
CAMS cyber system) and the horizontal connectivity
of the cyber manufacturing structures in the network
structures (Internet of Things, Internet of Services
(ADMS), and the production network).

The EWS cyber system enables 1) connecting
the physical and social spaces in the EWS, 2)
digitalization of the functions (e.g., monitoring and
control) and the cybernation and work processes

in the EWS, 3) development and implementation
of new digitalized functions in the EWS (e.g., self-
organization, self-adaption, self-diagnostic, self-
learning, etc.), 4) vertical connection of the EWS in
the integrated work structure (AWS, CAMS, ADMS,
production networks), and 5) horizontal connection of
the EWS in a network within the Internet of Things,
Fig. 2. The EWS cyber system structure is shown in
Fig. 3.
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Fig. 3. Structure of the EWS cyber system

The new function of self-organization in the EWS
cyber system is presented in more detail in Section 2,
through a description of the cyber-physical approach
to the management and control of the CPPS.

The AWS cyber system enables 1) vertical
connection with subordinated EWS cyber systems, as
well as with superior cyber systems, 2) implementation
of the digitalized autonomous function in the AWS
(management of resources, scheduling, quality
control, performance measurements, prognostics, self-
learning, etc.), and 3) horizontal connection of the
AWS and ADMS within the Internet of Services.

The AWS cyber system is connected with the
superior system (the CAMS cyber system) through
the coordination function, while it is connected to the
subordinate systems (the EWS cyber systems) through
the monitoring and control functions, as shown in Fig.
2. The AWS cyber system structure is shown in Fig. 4.
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Fig. 4. Structure of the AWS cyber system

The digitalized function of scheduling in the AWS
cyber system is presented in Section 2 and validated
in Section 3 through a simulation experiment.

The CAMS cyber system, as show in Fig. 2,
enables 1) horizontal connection of the CPPS in
a production network or other networked forms,
2) wvertical connection with subordinated AWS
cyber systems and EWS cyber system, and 3)
implementation of functions such as sales, marketing,
purchasing, project management, design, production
planning, quality assurance, etc. The CAMS cyber
system structure is shown in Fig. 5.

In Section 2 the management and control of
CPPSs with particular emphasis on the production
planning and control is described in more detail.

2 MANAGEMENT AND CONTROL OF CPPSs

The managing of manufacturing systems such as
factories is, due to their ever-increasing complexity,
a very demanding function. It affects all the actors
in the system and decisively influences the system’s
performance. For this reason, the digitalization
and cybernation of the function could have various
beneficial aspects.
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Fig. 5. Structure of the CAMS cyber system

An important part of the management function
in a manufacturing system is related to PPC. The
major issue with PPC is how to achieve the on-time
delivery of products and services in accordance with
customers’ orders using the available resources and
within the anticipated costs.

The PPC function is performed at all three
levels of the manufacturing system. Hence, it is a
comprehensive domain for researching cyber-physical
concepts in manufacturing systems.

2.1 Production Planning and Control in CPPSs

The application of the CPPS concept in the PPC
domain is outlined next. The overall concept of PPC
in the CPPS is illustrated in Fig. 6.

Fig. 6 shows a functional diagram of the activities
related to PPC. These activities are spread over all
three levels of the manufacturing system: from the
business level down to the execution level. This gives
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us the opportunity to elaborate how the CPPS concept
can be implemented by connecting the cybernated
functions from different levels of the manufacturing
system in series and/or in parallel within the cyber
system, as well as how to connect them with the
physical system.

As can be seen in Fig. 6, the core of the PPC
system is located in the cyber system. This implies the
digitalization and cybernation of the PPC functions.

Besides the traditional PPC functions, i.e.,
production planning, scheduling and monitoring,
an enhanced control function is introduced at the
operation level; it is called self-organization. The role

of this function is to allow the EWSs to arrange their
own agendas for tasks by themselves. This function is
introduced in the next.

The Self-organization activity is a part of the
EWS cyber system. It enables the EWS to make
autonomous decisions about its work planning
and organization. The self-organization function is
activated for each new event (delay in performing
tasks, arrival of a new task, system fault, etc.).

The output of the self-organization is the list of
the tasks in the form of an agenda. The agenda is the
set of the self-organized tasks for the individual EWS.
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The agenda of the EWS is a sequence of allocated
tasks.

The time of the new event, ¢y, is defined with the
new events, a new look into the state, and similar. The
new events are the completion of a task, the arrival of
a new task, the delay of the tasks, etc.

The task schedule in a single agenda defines
the various heuristic scheduling algorithms such as
first-in-first-out (FIFO), earliest-due-date (EDD),
weighted-shortest-processing-time (WSPT), shortest
processing time (SPT), largest number of successors
(LNS), and similar.

The dynamic production environment in which
the PWS exists is continually influenced by the EWS’s
individual agenda and requires it to be constantly
refreshed in real time. The CPPS concept enables
the adaptation of the agenda in different real-time
conditions by defining various alternative agendas for
a particular EWS.

Which agenda, i.e., which variants of the
heuristic scheduling algorithms will be used, depends
on the evaluation function of the agenda. The agenda-
evaluation function is based on the performance
measures of an assessment. The basic performance
measures of an assessment an agenda include the
parameters of the tasks depending on the execution
times and the deadlines (start times, finish times,
completion duration time, delay, tardiness, earliness,
due date, etc.).

The implementation of a cybernated PPC can
be realized using different mechanisms, such as for
example multi-agent system (MAS).

The presented approach of the production
planning, scheduling and the self-organization in the
CPPS is demonstrated in the following case study.

Table 1. Structure of the pre-processed MES data

3 CASE STUDY

The case-study experiments are based on real
manufacturing data sourced from a typical engineer-
to-order (ETO) company that produces industrial and
energy equipment, such as turbines, pumps, valves
and gates, cranes, and other products and solutions.

ETO manufacturing is typically a project-
oriented type of manufacturing. For the development,
a project is structured according to the principle of
work breakdown into smaller components, i.e., parts,
modules, sub-assemblies, or higher-level tasks. For
each of these components there is one or more work
orders, and each work order defines a set of tasks,
or in the case of production, a sequence of tasks that
must be executed on different work stations.

In the observed company it is typical for several
dozen projects and approximately one thousand work
orders to be in the process at any given moment. The
proposed CPS approach will be used to manage both
the large-scale and dimensionality of the problem
related to the management of work orders and the
tasks on the shop floor.

A production-scenario simulation tool, presented
in [28], is used during the experiments. The simulation
tool is based on pre-processed Manufacturing
Execution System (MES) data (Table 1). Source MES
data is a backup of the observed ETO company’s MES
database for a period of 18 months.

The aforementioned tool simulates how work
orders pass across the shop floor by knowing the
work orders’ sequences of tasks, the work orders’
start times, the processing times of the tasks, the
corresponding EWS of each task, etc. A start time for
a work order is determined as the actual start time of

Entity Symbol Attributes Symbol No. of records
Task-identification number Tip
Elementary work system-identification number EWS;p
Task T Planned start t|.me . trspr 58865
Actual processing time trpsc
Corresponding work order-identification number W0p)
Corresponding WBS code WBS.oue
Work order-identification number Wo,p
Actual start time (date and time) twoac
Work order wo Planned start time (date) twospL 14421
Planned completion time (due date) tFywopp
Sequence of tasks (ordered list of tasks) TL
Elementary work system-identification number EWSp
Elementary work system EWS List of similar work systems EWS; 352
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the first corresponding task, and the sequence of tasks
for an individual work order is determined by the
sequence of the tasks’ actual start times.

The simulation tool makes it possible to test
different heuristic algorithms for the scheduling tasks.
In the following experiments this functionality will be
used to demonstrate the usability and the effects of the
proposed approach.

The three different heuristic algorithms for the
scheduling tasks are tested in the experiments: 1)
FIFO, 2) EPT, and 3) EPT&WSO.

FIFO: when several tasks are waiting to be
processed in some work system, the selected task that
will be the first to be processed in that work system is
the task with the longest waiting time.

EPT: the selected task that will be the first
processed is the task with the earliest planned start
time.

EPT&WSO: the earliest-planned-time and the
current occupancy of the work systems for which the
current work orders will be processed after they pass
the observed work system are integrated. Among all
the tasks in the observed work system, the task that
has the largest value of the indicate function (G),
Eq. (1), is selected to be the first processed at that
work system, where a is the normalized delay of the
observed task and £ is the normalized average number
of tasks in the following EWSs of the work order to
which corresponds the observed task 7, and w, and wy
are the weights.

(wa Wy ﬂ)
(w, +wy)

A normalized delay o for the observed task is
defined in Eq. (2), where d(7) is the start delay of the
task in the agenda; d,, and d,  are the minimum
and maximum values of d(7) among all the tasks in the
observed EWS from the past. In the implementation
of the EPT& WSO algorithm used for the experiments
of this study, when searching for the d,, and d,
values, the most extreme values are ignored.

IOy @)
(. —d,,)

A weight w, Eq. (3) is defined with the maximum
value of d,,, which is the maximum value of
d(T) among all the current tasks in the observed
EWS, where L, is the limit value of the delay and
it is determined on the basis of the experience and
characteristics of the observed production system. The
practical purpose of this weight is the following: if
there is a task with a shorter time reserve in the set of

G= (1)

*

tasks, then the start delays of the task should be taken
into account with increased weight when generating
the agenda. For the experiments of this study, 6 was
setto 0.1 and L, was set to —30 days.

B {l; d, >L,

w .
6; d, <L,

, (©))

The normalized average number of tasks in the
following EWS of the observed work order S is
defined in Eq. (4), where m; is the number of waiting
tasks in the EWS of the jth task after the observed task
in the work order’s sequence to which corresponds the
observed task; m,,, is the maximum number of
waiting tasks among all the EWSs from the past; and
M is the number of subsequent tasks that follow the
currently observed task in the corresponding work
order’s sequence of tasks.

M
_Z A
IV “
A weight wy is defined in Eq. (5), where Ly is the
limit that defines the critical delay of tasks (a delay
with a value that is greater than Ly is a critical delay),
Ing 1s the time of the new event, and g is the time from
which further EWSs’ occupation is taken into account
when generating the agendas (after the start of the
simulation, it will take some time to include EWSs’
occupation method of selecting the operation). For the
experiments of this study, L; was set to 0 days and #;
was set to approximately 3 months after the simulation
start time.

m;

B

0; 7, <t,
wy =41 d,, <Ly Aty 21, 5)
05,0 > Ly Ny 21y

To demonstrate the effects of using different
scheduling algorithms in different scenarios, the
elementary work system EWS;5; was analyzed in the
simulation process. The simulation time (the time of
the event, #yz) was chosen on 2010-03-29 at 13:39:06
(until this time the FIFO algorithm was used). At
that moment, the EWS;5; had just finished a task,
and in EWS;s; three other tasks were waiting to be
processed. The simulation result for the case of using
the FIFO algorithm is shown in Table 2.

The scenario presented in Table 2 is based on the
waiting time of the task 77 This makes it possible to
first accomplish task 7, which has the longest waiting
time 77,y = 0:58:29 in the list of tasks for EWSss;.

In Table 3 the result for the case of using the EPT
algorithm is presented. The EPT alternative agenda
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makes possible the first task 75 with the earliest
planned start time 77,gp; = 2010-04-02, followed by
the T; and T,, which has a later planned start time
tr,spr = 2010-04-06.

Table 2. FIFO alternative agenda for EWS35,

INPUT DATA OUTPUT DATA
SET OF TASKS FIFO AGENDA
T Waiting time £y T Waiting time £y
[h:mm:ss] [h:mm:ss]
T, 0:58:29 T, 0:58:29
T, 0:58:10 — T, 0:58:10
T 0:57:47 T, 0:57:47
Table 3. EPT alternative agenda for EWS3s,
INPUT DATA OUTPUT DATA
SET OF TASKS EPT AGENDA
T Planned start time #75p;. Planned start time #7.5p;.
[yyyy-mm-dd] [yyyy-mm-dd]
T, 2010-04-06 T 2010-04-02
T, 2010-04-06 — T 2010-04-06
T3 2010-04-02 T, 2010-04-06

The simulation result for the case of using the
EPT&WSO algorithm is presented in Table 4. The
task 7 has the highest value of the indicated function
G = 0.453, meaning that this task would, in this case,
be the first processed in the EWS55;.

Table 4. EPT & WSO alternative agenda for EWS3s,

INPUT DATA OUTPUT DATA
SET OF TASKS EPT AGENDA
T Planned start time & T Planned start time &
G G

2010-04-06 2010-04-06

T, 0.453 T, 0.453
2010-04-06 2010-04-02

) 0.362 - I 0.409
2010-04-02 2010-04-06

I, 0.409 ) 0.362

The results of the agent deployment in the CPPS

concept refer only to the observed EWS;5,. Thus,
the possibility of self-organization within EWSss; is
demonstrated under the influence of various factors
affecting the EWS observed and coming from the
realization of the task in the previous EWS or the EWS
to further realize the work order that the observed task
belongs to.

In the second part of the experiments, each
scheduling algorithm is tested in a separate simulation

run, for which the output is a resulting production sce-
nario. On this basis, three scenarios are established.

Scenario S1: The self-organization function
updates the agenda of a corresponding EWS on the
basis of FIFO heuristic algorithm.

Scenario S2: The self-organization function
updates the agenda of a corresponding EWS on the
basis of EPT heuristic algorithm.

Scenario S3: The self-organization function
updates the agenda of a corresponding EWS on the
basis of EPT& WSO algorithm.

For the performance analysis of the whole
production system from the point of view of applying
different scheduling algorithms, the following
simulation settings are used in the experiments: the
simulation start time is set to 2010-01-04 and the
simulation end time to 2011-07-01, meaning that the
production is simulated for a period of approximately
18 months.

To measure the effect on the production
performance, four performance measures are selected:
1) the distribution of work- order delay times.
Generally, the objective is that a work order does not
end too late, nor very early; 2) the average work-order
delay times influences the average work-order lead
times.

The objective is that the work-order lead times
are short; 3) the average waiting time for a work order
before it is processed at the EWS. The objective is that
this time is as short as possible, and 4) the average
number of waiting work orders (or tasks) in the EWS.
The results of the simulation are presented in Table 5
and Fig. 7.

Table 5. Results of the simulation for the set time from
2010-01-04 to 2011-07-01

Heuristic ~ Average WO WO Average Average
WO number number  waiting number
delay time with a with a time at of
[day] positive negatve EWS Wwaiting
delay value delay value [s] WO
g?e“a”" 3661 7056 7283 551379  11.01
Sge"a”o 3366 6609 7730 586916 456
Sge"a”o 3466 6716 7623 564221  4.39

Fig. 7 shows the resulting distributions of the
work-order delay times for scenarios S1, S2 and S3.

Fig. 7 shows how the manufacturing system
performance is significantly better in the scenarios
S2 and S3 in comparison to scenario S1, with respect
to the distribution of the work-order delay times.
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Comparing S3 to S2, the distributions of the work-
order delay times are very similar, the number of work
orders that are late is increased by 1.6 %, but in the
case of the S3 scenario, the average work-order delay
time is reduced by more than one day, the average
waiting time of the work orders (before they are
processed at work systems) is reduced by 6 hours, the
work systems are more evenly loaded, and the average
number of waiting work orders is decreased by 3.9 %.

The results indicate how the proposed cyber-
physical approach to the management and control of
a manufacturing system can facilitate the decision
making at the level of management and control, and
improve the manufacturing system'’s performance.

While the realization of the management and
control system in the scenarios S1 and S2 is possible
just by simple look-ups of the operators into the
MES, the realization of the management and control
system in the S3 scenario, due to the large-scale
and dimensionality of the management and control
problem, requires a more advanced approach that
can be realized in the form of the proposed cyber-
physical approach to the management and control of
manufacturing systems. Nevertheless, the realization
of the proposed approach would significantly facilitate
the management and control process also for the cases
of the scenarios S1 and S2.

— $1 (FIFO) — S2(EPT) S3 (EPT&WSO)

4000

3000

2000

Number of work orders

1000

Order delay [days]

Fig. 7. Resulting distributions of the work-order delay time,
adapted according to [28]

Focused on the proposed approach, a comparison
of the simulation results indicates that introducing
additional communications between the functions
in the cyber system of the CPPS enables a better
production performance with respect to the selected
performance measures.

The case study was focused on the realization of
the cybernated function of the scheduling and the new
smart function of the self-organization in the concepts
of the CPPS.

4 CONCLUSION

Cyber-physical  systems and an  advanced
manufacturing technology open up new possibilities
and potentials in the design, development,
management and control of manufacturing systems.
Today, manufacturing industry is faced with the
technologies of a new industrial revolution — Industry
4.0 and new models for CPPSs. Accordingly, in this
paper, a cyber-physical approach to the management
and control of manufacturing systems is presented.

First, we structured a new CPPS model based
on restructuring the traditional manufacturing
structures in the spirit of CPS. Then, the cyber
system of the CPPS was introduced and defined. The
manufacturing structures in the cyber system enabled
the development of a new method for the management
and control of manufacturing systems.

The main advantage of a new model CPPS is
that the elements of the cyber system of the CPPS
enable the management and control of manufacturing
systems in real time, through the realization of the
digitalized and cybernated functions of the CPPS.
The paper presents the approach of digitalization and
cybernation of the PPC functions.

The presented approach is demonstrated on a case
study based on real industrial data collected from an
engineering-to-order company. The case study shows
the feasibility and potential of the proposed approach.

Further research will be aimed at the
implementation of the presented approach in a real
industrial environment.
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ReSevanje pregrevanja v stavbah lahke skeletne gradnje
z uporabo fazno spremenljivih materialov

Eva Zavrl! — Gasper Zupanc2 — Uros§ Stritih! — Mateja Dovjak2.*

1 Univerza v Ljubljani, Fakulteta za strojnistvo, Slovenija
2 Univerza v Ljubljani, Fakulteta za gradbenistvo in geodezijo, Slovenija

Trend lahke skeletne gradnje je vedno bolj popularen, saj so Cas in stroski izgradnje obicajno manjsi. Skeletna
gradnja ima slabso toplotno akumulacijsko sposobnost in je posledi¢no toplotno manj stabilna. S tem je tak tip
stavb v poletnem casu bolj nagnjen k pregrevanju. Za hlajenje pa se uporabljajo mehanski sistemi, ki rabijo veliko
elektricne energije.

Namen raziskave je reSevanje pregrevanja v sezoni hlajenja ter ugotavljanje ucinkovitosti zmanjSevanja
rabe energije s pasivnimi resitvami, ki za svoje delovanje ne potrebujejo elektricne energije (pasivni sistem). Tak
tip pasivnega sistema so fazno spremenljivi materiali (PCM), ki pri sobni temperaturi spreminjajo fazo in s tem
akumulirajo toploto. Z ID Design Builderjem™ je bil izdelan model enodruzinske stavbe, ki se nahaja v zmernem
podnebju (Ljubljana, Slovenija). Tip zidane nosilne konstrukcije iz opeke je primerjan z lahko gradnjo s PCM.
Preizkuseni sta bili dve strategiji PCM (mikroenkapsulirane mavéne plosce in plast z makroenkapsulacijo), talisca
(23 °C, 24 °C, 25 °C, 26 °C in 27 °C), razli¢ni tipi toplotne kapacitete (kapacitete, M182, M91 M51, M27) in
debeline (preiskali in primerjali smo 125 mm in 250 mm) PCM.

Najboljsa pasivna resitev je bila ocenjena na podlagi izbranih parametrov toplotnega ugodja: povprecna
obcutena temperatura (7,) v sezoni hlajenja. Dodatna energija, potrebna za hlajenje pri vsaki od raziskanih
kombinacij, je bila primerjana z najve¢jim dovoljenim letnim hladom potrebnim za hlajenje doloenem v
pravilniku PURES. Ugotovljeno je bilo, da je bil najvplivnejsi parameter delovanja temperatura talis¢a plos¢ PCM.

Na podlagi izbranih meril smo pregrevanje bistveno zmanjsali z uporabo makroenkapsuliranega sloja s
taliS¢em 24 °C in najmanjso toplotno kapaciteto M51 (najvec do 26,3 °C). Tezka konstrukcija stavbe je v stavbi
omogocala nizjo 7, (27,1 °C) kot kombinacija z mikroenkapsuliranimi mavcénimi plo§¢ami s taliS¢em pri 23 °C
in debelino 250 mm (28,8 °C). Pravilno zasnovana pasivna resitev se lahko uporabi za izboljSanje nacrtovane
strategije. Omejitve te raziskave so pomanjkanje simulacij na mikro-skali (CFD), pomanjkanje eksperimentalnih
meritev in to, da model ne uposteva toplotnih valov. V tej fazi raziskave smo se osredotocili le na en tip stavbe
in nanjo aplicirali razli¢ne vrste stavbnih ovojev, pri kateri so bile spremenjene lastnosti materiala (strategija,
toplotna kapaciteta in taliS¢e) in ne na ve¢ razlicnih stavb.

Za preprecevanje pregrevanja je potreben celostni pristop, ki temelji na nacelih bioklimatskega oblikovanja,
kjer je stavba prilagojena podnebnim in lokacijskim znacilnostim. Na podlagi raziskave je mogoce ugotoviti, da
predstavljeni sistem lahko poveca toplotno ugodje stavbe in zmanjsa potrebe po hlajenju. Makroenkapsulirana
plast s talis¢em 24 °C in toplotno kapaciteto M51 doseze najbolj optimalne rezultate (za najmanjSo koli¢ino
materiala dobimo najboljsi efekt). Potrebe po hlajenju se zmanjsajo z 1,5 kWh/m2 na 1,25 kWh/m?2 in tako najvisja
obcutena temperatura znasa 26,3 °C. Z natancnim izborom vplivnih parametrov (taliSCe, toplotna kapaciteta/
debelina) se obcutene temperature in raba energije lahke nosilne konstrukcije zmanjsajo (tudi bolj kot pri zidani
konstrukciji). Za najvecjo ucinkovitost je potrebno izbrati PCM z optimalno temperaturo talisca, saj napacnega
dolocanja talis¢a ni mogoce popraviti z dodajanjem toplotne kapacitete (talis¢e pri 23 °C skoraj nima vpliva
na zmogljivost lahke konstrukcije in pri obeh preizkusenih debelinah ne bi mogli zmanjsati pregrevanja). Za
pokrivanje razli¢nih temperaturnih obmocij se lahko uporabijo tudi kombinacije PCM z vecplastnimi razli¢nimi
taliS¢i. Makroenkapsulirana strategija ima vecjo toplotno kapaciteto in je zato bolj prakticna za uporabo. Sistem
je uporaben za obnovo obstojecih lahkih stavb ali geometrijsko kompleksnih konstrukcij v ovoju stavbe, saj ne
izgubi obcutljive povrsine tal v stavbi. Nadaljnje raziskave se bodo osredotocile na kombinacijo numeri¢nega
modela na mikro-in makro skali, na nocno praznjenje materiala in modeliranje najucinkovitejSe kombinacije dveh
slojev PCM z razli¢nimi talisci. Predvsem pa je potrebno sistem raziskati v realnem okolju enodruzinske stavbe.
Kljucne besede: reSevanje pregrevanja, lahka gradnja, fazno spremenljivi materiali, toplotno ugodje, raba
energije, hlajenje

*Naslov avtorja za dopisovanje: Univerza v Ljubljani, Fakulteta za gradbenistvo in geodezijo, SI3
Katedra za stavbe in konstrukcijske elemente, Jamova c. 2, 1000 Ljubljana, Slovenija, mdovjak@fgg.uni-lj.si
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Disipacija toplote na zavornih kolutih mirujocih avtomobilov

Stergios Topouris! — Dragan Stamenkovi¢2.* — Michel Olphe-Galliard! — Vladimir Popovié2 - Marko Tirovic!

I Univerza v Cranfieldu, Sola za letalsko in vesoljsko tehniko, transport in proizvodnjo, Zdruzeno kraljestvo
2 Univerza v Beogradu, Fakulteta za strojni$tvo, Srbija

Prakti¢no vse objavljene raziskave obravnavajo disipacijo toplote na vrteCih se zavornih kolutih, bodisi v
mirujocem zraku bodisi v precnem toku zraka. Za varnost v prometu pa je zelo pomembna tudi disipacija toplote v
stacionarnih razmerah oz. na kolutih, ki se ne vrtijo.

Ko voznik parkira vozilo z ogretimi zavorami, se za¢nejo zavorni koluti in obloge hladiti in njihova debelina
se zmanjsuje, isto¢asno pa se toplota prenasa tako v okolje kakor tudi v zavorno sedlo, ki se zato Siri. Zaradi
kombiniranega vpliva teh pojavov se lahko znatno zmanjsa pritezna sila, s tem pa tudi torne sile in zavorni
moment. Tak scenarij je pogost in potencialno zelo nevaren, saj lahko vozilo, ki je parkirano na klancu, pobegne.
Klasi¢ne parkirne zavore imajo dolocen raztezek v poteznem sistemu za vklapljanje, ki do dolocene mere blazi
vpliv zmanjsanja pritezne sile. Z uvedbo elektri¢ne parkirne zavore (EPB) je treba tovrstnim scenarijem posvetiti
veliko pozornosti, saj je sistem zelo tog. Pri vseh sistemih EPB se zato zaradi prej opisanih vzrokov po parkiranju
vozila aktivirajo izvr$ni motorji.

V clanku je predstavljena eksperimentalna raziskava disipacije toplote na stacionarnih zavornih kolutih, ki je
bila osredotocena na $tiri zasnove kolutov: prezracevan kolut z radialnimi krilci, dve vrsti prezracevanih kolutov z
ukrivljenimi krilci — brez lukenj in pre¢no prevrtan, in poln kolut. Eksperimenti so bili opravljeni na namenskem
preizkusevaliséu z elektriénim ogrevanjem kolutov. Temperatura kolutov med ogrevanjem in ohlajevanjem je
bila izmerjena z ve¢ termocleni in s termokamero. Preizkusi so dali ponovljive in tocne meritve temperature in
zanesljive napovedi koeficientov skupnega, konvektivnega in sevalnega prenosa toplote (HTC).

Pridobljene vrednosti HTC so primerljive z rezultati racunalniske dinamike fluidov (CFD) za prezracevane
kolute z radialnimi krilci in polne kolute, pri ¢emer so razlike bolj izrazene pri prezracevanem kolutu. Meritve
temperature kolutov so zanesljive pri kontaktnih (drsnih) termoclenih v fazi ohlajevanja, medtem ko so meritve
temperature zraka v izbranih tockah nad kolutom (z zi¢nimi termocleni) obremenjene z variabilnostjo in izjemno
obcutljive tudi na najmanjsa zracna gibanja v laboratoriju.

Hlajenje kolutov je povsem odvisno od sevanja in od naravne konvekcije, disipacija toplote pa se zmanjsuje
s padanjem temperature, zlasti v sevalnem nacinu prenosa toplote. Za razliko od disipacije toplote na vrte¢ih
se kolutih, kjer je obicajno glavni nacin disipacije toplote prisilna konvekcija in se konvektivni HTC zmanjsuje
s povisanjem temperature, se konvektivni HTC pri stacionarnih kolutih poveCuje s porastom temperature. Te
vrednosti pa so zelo majhne, obicajno med 3 in 5 W/(m2K) za analizirane vrste kolutov in temperaturno obmocje.
Med Stirimi analiziranimi zasnovami kolutov ima najve¢jo vrednost koeficienta konvektivnega prenosa toplote
kolut z radialnimi krilci, najmanjSo pa polni disk (priblizno za 30 %). Toplotna prestopnost kolutov z ukrivljenimi
krilci je bil za priblizno 20 % manjsi kot pri kolutih z radialnimi krilci, pri ¢emer je imel prec¢no preluknjan kolut
pri povisanih temperaturah le minimalno prednost.

Ugotovljene so bile tudi razlike med rezultati eksperimentov in CFD za prezracevane kolute. Hitrosti vrocega
zraka, ki se dviga nad kolutom, so bile manjse od 1 m/s in tako prenizke za eksperimentalno potrditev. Z uporabo
generatorja dima in ustrezne merilne naprave pa je bilo mogoce kvalitativno validirati tokovne vzorce za vse Stiri
zasnove kolutov.

Predmet raziskave je novost, ¢lanek pa podrobno obvesca bralce o vseh uporabljenih postopkih in rezultatih.
Ti bodo lahko koristni za nadaljnje Studije in jih bo mogoce neposredno uporabiti za napovedovanje temperature
pri razli¢nih zasnovah kolutov v pogojih stacionarnega hlajenja. V prihodnjih raziskavah bodo uveljavljene visje
temperature kolutov s pomocjo indukcijskih grelnikov, kakor tudi naprednejse analize CFD.

Kljucne besede: zavorni kolut, disipacija toplote, sevalno hlajenje, konvektivno hlajenje, racunalniska
dinamika fluidov, naravna konvekcija

Sl 4 *Naslov avtorja za dopisovanje: Univerza v Beogradu, Fakulteta za strojnistvo, Kraljice Marije 16, Beograd, Srbija, dstamenkovic@mas.bg.ac.rs
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Vpliv parametrov mehanske obdelave na povrsinsko poroznost
zaprto-celi¢ne aluminijaste pene

Bostjan Razborsek™ — Janez Gotlih — Timi Karner — Mirko Ficko

Univerza v Mariboru, Fakulteta za strojnistvo, Slovenija

Aluminijaste pene so eden izmed materialov, ki se Sele uveljavlja na podro¢ju modernega inzenirstva. Njihova
uporaba je prisotna na podrocjih, kjer se zahtevajo lahke konstrukcije, ki morajo prenasati mehanske in termiéne
obremenitve ali morajo imeti sposobnost absorpcije udarne energije. Elementi iz aluminijastih pen, izdelani
s penjenjem v kokile, imajo obi¢ajno porozno jedro, ki ga obdaja tanka plast neporozne zunanje povrsine. Ta
plast bistveno vpliva na homogenost in mehanske lastnosti elementa, ima pa tudi funkcijo zascite pred notranjo
korozijo. Mehanska obdelava taksnih elementov z odrezovanjem deformira strukturo ter povzroca zarezni ucinek,
kar ima za posledico zmanjSanje trdnostnih lastnosti. Da bi ohranili trdnostne lastnosti, je potrebno po obdelavi z
odrezovanjem izvesti postopek preoblikovanja povrsine do te mere, da postane obdelana povrsina neporozna.

Prispevek opisuje eksperimentalni pristop za dolocanje vpliva parametrov mehanske obdelave aluminijaste
pene na povriinsko poroznosti. Ceprav so bili postopki inkrementalnega preoblikovanja in tornega valjanja
poroznih materialov v preteklosti Ze preucevani, je to prva Studija, kjer je podrobneje raziskan vpliv razli¢nih
obdelovalnih parametrov na zmanj$anje poroznosti povrsine. Za preizkusanje smo uporabili vzorce zaprto-celicne
aluminijaste pene znanih karakteristik s komercialnim imenom Foamtech®. Vzorce smo pripravili s pomocjo
tracne zage z minimalno deformacijo zagane povrsine. Na CNC obdelovalnem centru smo izvedli obdelavo z
inkrementalnim preoblikovanjem ter tornim valjanjem, s ¢elnim in bo¢nim delom preoblikovalnega pestica iz
karbidne trdine. Eksperiment je bil zasnovan s polno 33 faktorsko analizo tako, da je bil vsak vzorec obdelan z
natan¢no doloCenimi vhodnimi parametri obdelave (globina preoblikovanja, podajalna hitrost, Stevilo vrtljajev).
Izdelali smo digitalne fotografije obdelane povrsSine z visoko resolucijo ter jih s pomoéjo programske opreme in
pragovnega algoritma analizirali. Analizirali smo tudi povrsino desetih neobdelanih referen¢nih vzorcev, katerih
srednja vrednost je predstavljala referenc¢no vrednost poroznosti. Za vsak obdelan vzorec smo, glede na referencno
vrednost, izracunali spremembo povrsinske poroznosti ter s pomocjo metode odzivnih povrsin, dolocili vpliv
parametrov obdelave na poroznost obdelane povrsine.

Iz dobljenih rezultatov preizkusanja smo lahko dolocili, da spreminjanje parametrov obdelave bistveno
vpliva na zmanjSanje povrsinske poroznosti. Preko 90 % zmanjsanje povrsinske poroznosti je bilo dosezeno z
inkrementalnim preoblikovanjem, kot tudi s tornim valjanjem. Maksimalno zmanjsanje je bilo dosezeno pri Stevilu
vrtljajev 4000 min-!, podajalni hitrosti 200 mm/min ter globini obdelave 6 mm. Iz analiz grafov je bilo mogoce
razbrati, da ima globina obdelave najvecji vpliv na zmanjSanje povrsinske poroznosti. Sledi ji Stevilo vrtljajev,
medtem ko ima zmanjSanje podajalne hitrosti manjsi vpliv. ZmanjSevanje podajalne hitrosti podaljsa tudi cas
obdelave, kar ni smotrno. Za zmanjsanje povrsinske poroznosti je tako smiselno povecati stevilo vrtljajev, saj smo
pri povecevanju globine obdelave omejeni z obliko elementa.

Zakljuc¢imo lahko, da obdelava aluminijastih pen s postopkom inkrementalnega preoblikovanja in tornega
valjanja omogoca zmanjSanje povrsinske poroznosti elementov predhodno obdelanih z odrezovalnimi postopki.
Po obdelavi je formirana tanka neporozna povrsSina (ang. integral skin), ki pripomore k izboljSanju mehanskih
lastnosti koncnih elementov. S preoblikovanjem povrsine se napetostne silnice prerazporedijo, kar zmanjSa zarezni
ucinek. Kljub veliki globini deformacije, le ta zaradi celi¢ne zgradbe in dobrih preoblikovalnih lastnosti materiala
ostane na lokalni ravni. Kompaktne elemente se tako lahko izdela s kombinacijo odrezovalnih in preoblikovalnih
postopkov, ki se izvedejo na istem stroju, kar zmanjsa stroske. V primerjavi z maloserijsko proizvodnjo elementov
penjenih v kokile, je takSna proizvodnja cenejsa, saj odpade izdelava kokil, kot polizdelki pa se lahko uporabijo
palice, plocevine ali bloki iz penjenega aluminija. Prihodnje raziskave bodo osredotoCene v izdelavo modela
za napovedovanje povrsinske poroznosti ob znanih vhodnih vplivnih veli¢inah. Poleg globine obdelave, vrtilne
hitrosti ter podajalne hitrosti, bomo v model poskusili vkljuciti tudi karakteristike aluminijaste pene, in sicer
gostoto ter velikost celic. S tak$nim modelom bo mogoce dolociti velikost dodatka po obdelavi z odrezovanjem,
da bo z inkrementalnim preoblikovanjem in tornim valjanjem mogoce doseci predvideno povrsinsko poroznost.
Kljucne besede: porozni materiali, aluminijasta pena, mehanska obdelava, inkrementalno preoblikovanje,
torno valjanje, povrsinska poroznost
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Konstruiranje mehkega manipulatorja z ve¢ zra¢nimi blazinami
z znalilnimi parametri in analiza delovanja

Peng Liu— Yonghong Liu* — Ke Wang — Xiaoxuan Wei — Chao Xin — Xinlei Wu

Kitajska univerza za nafto, KolidZ za strojnistvo in elektrotehniko, Kitajska

Robotski manipulatorji so preoblikovali industrijske procese. Uporaba klasi¢nih togih manipulatorjev v tovarnah
in v vsakodnevnem zivljenju je v veliki meri odpravila tezka dela ter spodbudila avtomatizacijo in mehanizacijo
industrijske proizvodnje. Manipulatorji se vse bolj uveljavljajo v proizvodnji kot odgovor na potrebe po
industrijski avtomatizaciji. Klasi¢ni manipulatorji so narejeni predvsem iz kovinskih materialov in vkljucujejo tudi
kompleksne nadzorne sisteme za strego ipd. Primer takih sistemov so robotski manipulatorji s Sestimi prostostnimi
stopnjami. Klasicni manipulatorji so zaradi omejitev na podrocju prilagodljivosti, interaktivnosti in varnosti le
omejeno uporabni za delo s predmeti, ki so krhki oz. nepravilnih oblik. Opravljenih je bilo ze veliko raziskav
na podro¢ju pogonov za mehke manipulatorje. Z izboljSanjem pogonov se bodo lahko mehki manipulatorji
premikali hitreje in bodo imeli ve¢ moci. Kot odgovor na nastete pomanjkljivosti klasi¢nih manipulatorjev je bil v
predstavljeni raziskavi analiziran nov mehki manipulator z ve¢ zraénimi blazinami za povecano trenje in njegovo
delovanje.

Za novi manipulator je bil izbran pnevmatski pogon in opravljena je bila analiza po metodi kon¢nih
elementov. Analiza znacilnih parametrov je pokazala, da je bila dosezena optimalna struktura manipulatorja. Nato
je bila dokoncano konstruiranje in sledila je izdelava mehkega manipulatorja. Deformacija osnovnega materiala
manipulatorja je opisana z neo-Hookovo funkcijo deformacijskega dela. Funkcija deformacijskega dela za silika
gel je bila preucena skladno z zahtevami analize po metodi kon¢nih elementov za mehke snovi. Neo-Hookova
funkcija deformacijskega dela je bila ugotovljena z nateznim preizkusom. Dolocene so bile materialne lastnosti
neo-Hookovega silika gela in koeficienti neo-Hookove funkcije. Na podlagi funkcije je bila izvedena analiza po
metodi kon¢nih elementov za preucitev vpliva dimenzijskih parametrov mehkega manipulatorja na upogibno silo.
Rezultati teoreti¢ne analize potrjujejo pravilnost izsledkov analize po metodi kon¢nih elementov.

Dimenzije mehkega manipulatorja so bile dolocene na osnovi rezultatov analize po metodi kon¢nih
elementov in zahtev glede minimalne debeline sten. Po izdelavi mehkega manipulatorja so bili opravljeni
preizkusi upogibnega kota. Sledil je Se preizkus prijemanja ¢ase z vklju¢enim merilnim in nadzornim sistemom
mehkega manipulatorja. Masa case je bila 147,7 g, dvignjena teza pa se je povecevala z dolivanjem vode. Koncna
dolita masa vode je bila 150 ml in mehki manipulator je torej dvignil 300 gramov, s ¢imer sta bila potrjena uspeh
optimizacije in uporabnost mehkega manipulatorja.

Kljucne besede: manipulatorji, znacilni parametri, optimizacija, analiza po metodi kon¢nih elementov,
funkcija deformacijskega dela, eksperiment s prijemanjem
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Analiza napetosti v cevovodu kot konstrukcijskem elementu
hidroelektrarne

Stefan Culafi¢!.* — Tasko Maneski2 — Darko Baji¢!

Univerza v Crni gori, Fakulteta za strojnistvo, Crna Gora
2Univerza v Beogradu, Fakulteta za strojniStvo, Srbija

Analiza napetosti v tlacnih cevovodih je pomembna tako s teoreticnega kot tudi s prakti¢nega vidika. Napetostnega
stanja v posameznih elementih cevovoda, kot so odcepi, ni mogoce izracunati analiti¢no in zato je potreben pristop
s kombinacijo numeri¢nih in eksperimentalnih metod. Pri analizi napetosti nastopi tezava, da eksperimentalne
Studije niso izvedljive v realnih pogojih.

Clanek obravnava problem analize napetosti v cevnem odcepu kot najbolj kompleksnem delu cevovoda, ki ne
dopusca analiticne obravnave. Avtorji so opravili numeric¢no analizo po metodi kon¢nih elementov (MKE) za realni
cevni odcep in za model odcepa. Nato so bile opravljene Se eksperimentalne raziskave na modelu cevnega odcepa
v laboratorijskih pogojih, saj eksperimentalna Studija v realnih pogojih na cevnem odcepu ni bila izvedljiva.

Najprej je bila opravljena numericna analiza napetosti po MKE za realni odcep pri razlicnih vrednostih
notranjega tlaka. Ugotovljene so bile vrednosti napetosti v kriti¢ni tocki odcepa. Nato je bila opravljena Se
numeri¢na analiza po MKE za model odcepa. Zabelezene so bile vrednosti napetosti v opazovani kriticni
tocki na odcepu zaradi primerjave, ali numeri¢na analiza realnega odcepa in modela odcepa daje rezultate za
napetost v opazovani tocki, ki so primerljivi v okviru sprejemljive natan¢nosti. Omeniti je treba, da je model
odcepa postavljen na kotlovski enacbi po teoriji podobnosti na osnovi enakosti napetosti za brezmomentne lupine.
Narejena je bila tudi primerjava za doloCitev ujemanja laboratorijskih eksperimentalnih preizkusov modela odcepa
z rezultati predhodnih numeri¢nih analiz. Rezultati so potrdili veljavnost kotlovske enacbe, na osnovi katere je bil
izdelan model odcepa. To pa tudi pomeni, da so rezultati eksperimentalnih Studij na modelu odcepa veljavni za
realni odcep, torej da je napetostno polje v pravem odcepu mogoce opazovati posredno na modelu.

Rezultati predstavljene raziskave so:

* Relacija med napetostmi v opazovanem predelu in notranjim tlakom je zelo zadovoljivo linearna v obmocju
elasti¢nosti. Napetosti zaradi upogibnega momenta je tako mogoce zanemariti. Poleg tega se odcep v obmocju
elasti¢nosti vede kot membrana in kotlovska enacba, na osnovi katere je bil postavljen model odcepa, je zato
pravilna.

¢ Dolocena je mejna vrednost notranjega tlaka, pri kateri napetosti v kriti¢ni tocki odcepa presezejo obmocje
linearnosti in se vrednost napetosti z dodatnim povecanjem tlaka ne povrne na nic.

e Varnostni faktor ne povzroca nelinearne odvisnosti med napetostjo in notranjim tlakom v odcepu pri realnih
obratovalnih pogojih.

Najpomembnejsi prispevki ¢lanka so:

1. Na osnovi numeri¢ne analize realnega odcepa in modela odcepa po MKE ter eksperimentalnih raziskav na
modelu odcepa je bilo dolo¢eno napetostno stanje odcepa, ki je odvisno od notranjega tlaka. To je teoretiéni
prispevek na podrocju odpornosti konstrukcij in mehanike deformabilnih teles.

2. Potrjeno je bilo, da je odcep kot element cevovoda mogoce obravnavati kot membrano z zelo zadovoljivo
natanc¢nostjo, kar predstavlja pomemben rezultat po teoreticni plati.

3. Izprakticnega vidika je pomembno spoznanje, da je s preizkusom modela mogoce dolociti vrednost notranjega
tlaka za konkreten realni cevovod, pri kateri izgine linearna povezava med napetostmi in notranjim tlakom.
To pomeni, da se pri manjSem povisanju notranjega tlaka signifikantno povecajo napetosti v opazovani tocki
odcepa. Varnostni faktor se dolo¢i za vsak primer posebe;.

Kljuéne besede: cevovod, odcep, hidroelektrarna, analiza napetosti, membrana, mejni tlak, varnostni faktor
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Kibernetsko-fizi¢ni pristop k upravljanju in krmiljenju
proizvodnih sistemov

Elvis Hozdi¢*! — Dominik Kozjek! — Peter Butalal. 2

1 Univerza v Ljubljani, Fakulteta za strojniStvo, Slovenija
2 Tshwane tehniSka univerza, Oddelek za industrijsko strojnistvo, Juzna Afrika

Industrija 4.0 zlasti na podrocju informacijskih in komunikacijskih tehnologij (ICT) odpira prostor za popolnoma
nove pristope v industrijski proizvodnji in temelji na novih znanstvenih odkritjih, obogatenem znanju, novih materialih
ter novih tehnologijah. Nove organizacijske oblike in principi inovativnega upravljanja, samoorganizacija, ucenje,
odprta inovativna okolja, kolaboracija ter mrezenje ljudi in organizacij predstavljajo kljucne elemente za transformacijo
tradicionalnih proizvodnih sistemov v novo generacijo avtonomnih, distribuiranih in mrezno povezanih proizvodnih
sistemov. Pri tem sta digitalizacija in kibernetizacija klju¢na procesa za preoblikovanje proizvodnih v kibernetsko-
fizi¢ne sisteme.

Cilj predstavljene raziskave je razvoj novega koncepta kibernetsko-fizicnih proizvodnih sistemov (KFPS), ki bo
omogocal preobrazbo proizvodnih v kibernetsko-fizi¢ne sisteme, in njegova implementacija na podro¢ju upravljanja in
krmiljenja, ki je klju¢nega pomena za u¢inkovito obvladovanje proizvodnih sistemov v realnem casu.

V ¢lanku je predstavljen novi generi¢ni konceptualni model KFPS. Klju¢na znacilnost tega konceptualnega modela
je strukturiranje elementov proizvodnega sistema v tri prostore, to je v: (1) fizi¢ni prostor, v katerem so fizi¢ni elementi,
kot so: stroji, delovni procesi, orodja ipd.; (2) socialni prostor, v katerem so razli¢ni subjekti; (3) kibernetski prostor, v
katerem so digitalni elementi in prek katerega se povezujejo fizi¢ni in socialni elementi. Povezovanje med prostori je
realizirano preko komunikacijskih vmesnikov, na katerih prihaja do pretvorbe analognih signalov v digitalne in obratno.
Znotraj posameznega prostora je mogoca horizontalna povezava med elementi.

Bistveni element kibernetskega prostora je kibernetski sistem, ki omogoca realizacijo vrste digitaliziranih
proizvodnih funkcij, kot so: upravljanje s podatki in znanjem, ucenje, simulacije, nadzor, krmiljenje ipd., hkrati pa tudi
povezovanje s fizi¢nimi in socialnimi elementi in mreZzno povezovanje v: internet stvari, internet storitev in proizvodne
mreze. Kibernetski sistem omogoca tako vertikalno integracijo v kompleksne, sestavljene delovne strukture, kot
horizontalno integracijo v razlicne mrezne strukture.

Na osnovi konceptualnega modela KFPS so izpeljani trije referen¢ni modeli, ki definirajo osnovne proizvodne
strukture na treh nivojih proizvodnega sistema — na nivoju upravljanja, na nivoju vodenja in koordiniranja ter na
operativnem nivoju. Raba konceptualnega modela in izpeljanih referenénih modelov je demonstrirana na primeru
planiranja in krmiljenja proizvodnje. Podro¢je planiranja in krmiljenja proizvodnje je zelo zahtevno podrocje, Se posebe;j
v projektni proizvodnji, ki vkljuCuje razvoj proizvoda po narocilu, saj gre za zelo raznoliko proizvodnjo in majhne
serije. Njegove funkcije pa obstajajo na vseh nivojih — od nivoja tovarne do nivoja posameznih elementarnih delovnih
sistemov.

Problem planiranja in krmiljenja proizvodnje je v tem, da prihaja med izvajanjem dela po urnikih do $tevilnih
sprememb in motenj, ki so lahko tudi nakljucne, vse to pa se izraza v zamudah, prekomernih obremenitvah posameznih
delovnih sistemov, izpadih proizvodnje ipd. Gre za kompleksni problem, pri katerem klasi¢ni pristopi ne dajejo ustreznih
rezultatov.

V ¢lanku je predstavljen nov pristop k planiranju in krmiljenju proizvodnje v realnem ¢asu na osnovi digitaliziranih
in kibernetiziranih funkcij. Koncept je realiziran z uvedbo nove funkcije samoorganizacije, ki omogoc¢a avtonomno
odlo¢anje posameznega elementarnega delovnega sistema o svojih aktivnostih, pri ¢emer uposteva navodila in omejitve
nadrejenih organizacijskih in sistemskih struktur. Funkcija samoorganizacije se aktivira ob vsakem novem dogodku
(npr. ko je dodeljena nova naloga, ko pride do zakasnitev v izvajanju naloge, ali ¢e pride do alarmnih stanj zaradi
napake v sistemu ipd.). Rezultat funkcije samoorganizacije je lokalna agenda oz. vrstni red nalog, ki ¢akajo na izvedbo
v elementarnem delovnem sistemu. Agenda se dinami¢no prilagaja situaciji v proizvodnem sistemu na osnovi razli¢nih
heuristi¢nih algoritmov, s ¢imer je omogoceno adaptivno upravljanje celotnega proizvodnega sistema.

Demonstracija predlozenega koncepta kibernetsko-fizi¢nih proizvodnih sistemov in novega pristopa k planiranju
ter krmiljenju proizvodnje je predstavljena s simulacijskim eksperimentom na osnovi realnih industrijskih podatkov iz
podjetja za razvoj in proizvodnjo visokotehnoloskih produktov na osnovi narocil. Primerjava rezultatov simulacije, ki
so potekale po razli¢nih scenarijih, kaze, da omogoca uvedba funkcije samoorganizacije in dodatnih komunikacij med
elementi v kibernetskem sistemu bolj$o proizvodno performanco z vidika izbranih kazalnikov uspesnosti.

Kljucne besede: industrija 4.0, digitalizacija, kibernetizacija, kiberentsko-fizicni proizvodni sistem,
planiranje in krmiljenje proizvodnje, samoorganizacija
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