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THE EFFECT OF RUBBER AND SYNTHETIC WAX
ON THE SELECTED PROPERTIES OF BITUMEN 50/70

Abstract

This article presents the results and the analysis of the study of the impact of rubber and synthetic wax on the properties
of bitumen 50/70 with an addition of 5+20% of granular rubber and 1+2% of synthetic wax. The tests conducted within
the study measured penetration, softening point, Fraass breaking point, elastic recovery and dynamic viscosity. Based on
the study, the penetration index and the plasticity temperature range were calculated. The results show that the rubber
modified with synthetic wax significantly improves the properties of bitumen 50/70.

Keywords: bitumen, rubber modification, synthetic wax

1. Introduction

Research centres around the world are looking
for ways to improve the quality and extend the
durability of road pavements. One of the possible
methods to enhance the pavement performance is
the use of polymer modified bitumen or bitumen
with other modifiers to produce asphalt mixtures.
As the environmental factor is very important, many
countries including Poland are conducting diverse
research and development projects involving recycled
rubber from tyre waste. This paper presents the results
of the study of bitumen 50/70 modified with rubber
and synthetic wax Fischer-Tropsch.

2. Characteristics of the material

Regular bitumen 50/70 in compliance with PN-
EN 12591 was used in the study. The samples were
collected in accordance with the requirements of PN-
EN 58 and prepared for testing in accordance with
PN-EN 12594. Asphalt-rubber binder is a mixture
of hot asphalt and crumb rubber gradation 0-0.8mm
derived from scrap tires and synthetic wax produced
by Fischer-Tropsch. The crumb rubber from car
tires added to the asphalt (wet process technology)
improves the binder properties [ 1]. Using the synthetic
wax it is possible to reduce energy consumption
and lower the viscosity necessary to surround the
grains of the aggregate and increase the resistance to
permanent deformation [2].

3. Selection of test parameters

The optimal binder properties are obtained at
200°C for 4 hours of stirring [3]. According to [4]
the optimum thermal conditions for the rubber to
bind with asphalt are in the temperature range of
190-240°C. Time of mixing asphalt with the rubber is
long and continues for 3—8 hours. The use of synthetic
wax does not cause major problems, since the waxes
melt at the temperature of 70-140°C and are soluble
in the asphalt binder simply by mixing. According to
the national [6, 3, 4] and the foreign tests [7, 8] the
binder annealing temperature was set at 180°C and
the soaking time was set at 60 minutes.

4. Course of study

To determine the effect of rubber and synthetic wax
on the properties of bitumen 50/70, 15 series of test has
been performed, and were marked as symbols: GXDY.

GOD0  GOD1  GOD2
G5D0  G5D1 G5D2
G10D0 Gl10D1 G10D2
G15D0 G15D1 G15D2
G20D0  G20D1  G20D2

where: X — content of rubber in the binder modified
with rubber and the synthetic wax [%], Y — content
of synthetic wax in the binder modified with rubber
and the synthetic wax [%], G15D2 — means that in
the binder modified with rubber and the synthetic
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wax, there is 15% of rubber and 2% of synthetic wax,
GODO — means that in the binder modified with rubber
and the synthetic wax, there is 0% of rubber and 0%
of synthetic wax — basically it is a standard asphalt
without any other additives.

The rubber in the form of crumb was added to the
asphalt in the amount of 5%, 10%, 15% and 20%
relative to the total weight of the binder. Synthetic
wax was added to the asphalt in the amount of 1%
and 2% relative to the total weight of binder. All
the ingredients were mixed at 180°C for 5 minutes
with a high speed mixer. While mixing, the sample
containers were placed in a special thermos, in order
to reduce the heat loss. After mixing, the mixture was
heated in an oven at 180°C for 60 minutes. After the
heating process, the following tests has been made:

— penetration process at the temperature of 25°C
according to PN-EN 1426;

— softening temperature with the method of “Ring
and Ball” according to PN-EN1427;

— Fraass breaking point according to PN-EN 12593;

— elastic recovery in the temperature of 25°C
according to PN-EN 13398;

— dynamic viscosity designation according to PN-
EN 13302.

5. Tests results

Vertical bars indicate confidence intervals of
0.95 (Figures of 1, 2, 5 and 6). The content of wax
makes asphalt harder and stiffer in the operating
temperature, it also reduces the penetration and
increases the softening temperature. In the similar
way, the rubber addition reduces penetration and
increases the softening point (Figs 1-2). Penetration
index is a measure of the sensitivity of asphalt. The
lower the PI, the asphalt is thermally more sensitive
[9]. Penetration index was calculated on the basis of
the penetration at 25°C and softening temperature of
PiK according to PN-EN 12591 [10].

With the increase of rubber and the synthetic wax
content in the binder, the penetration index increases
as well (Fig. 3). PI results for bitumen can be shaped
roughly from —3 to +3.

The lower the value of PI, the bitumen softens
quicker when heated rapidly, which basically means
that it is more thermally sensitive [9]. The asphalt
binder modified with rubber and synthetic wax
characterizes with better penetration index. The
plasticity temperature range TZP increases while
increasing the content of rubber and synthetic wax in
the binder (Fig. 4).

TZP - tPiK o 1:lam (1)
Where: t,. — softening point, °C, t, — Fraass breaking
point.
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Fig. 5. Fraass breaking point versus rubber and synthetic
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Synthetic wax without any crumb rubber effect rising
of the breaking point, which makes the properties of the
binder worse. In the same way the crumb rubber addition
in the amount of up to 10% makes the binder properties
much worse. Over the 10% of rubber addiction in the
binder, the Fraass breaking point decreases rapidly,
which points to better binder properties (Fig. 5). While
increasing the rubber content in the binder, the value of
the elastic recovery increases. With the rubber content
of 20% the elastic recovery is about 80%. The addition
of synthetic wax (rubber content from 5 to 15%) results
in increasing the elastic recovery (Fig. 6). All the
samples cracked before reaching 200 mm.

The addition of crumb rubber significantly increases
the asphalt viscosity. The addition of synthetic wax
increases the viscosity of the mineral asphalt mixture
at the operating temperatures, and in the production
temperature effects by lowering it. However, the

reduction of viscosity of the synthetic wax with a rubber
content of 1% and 2%, is very slight. Figure 7 presents a
summary results of studies of dynamic viscosity versus
temperature for all the 15 series.
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Fig. 6. Effect of rubber and synthetic wax on elastic
recovery of bitumen 50/70
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6. Conclusions
Tests and analyzes allow us to draw the following

conclusions:

1. Addition of rubber and synthetic wax at the
temperature of 180°C improves the properties of
the bitumen 50/70.

2. The 50/70 asphalt, with the addition of rubber,
produced at the temperature of 180°C has a lower
penetration index and a higher softening point.
The addition of synthetic wax results in a further
reduction of the penetration index while the
softening point increase.
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3. The increase of rubber content significantly affects
increase of the elastic recovery. Synthetic wax
addition will increase those values even more.

4. The addition of rubber contributes to lower thermal
sensitivity of asphalt, increase in penetration index
and plasticity temperature range. Also in this case
synthetic wax addition will increase those values.

5. The addition of rubber in the amount of 10-20%
results in lowering the Fraass breaking point,
which improves the properties of asphalt. Addition
of synthetic wax with the content of rubber in the
amount of 10% and 15% has beneficial effect on
lowering the brittleness temperature of the binder.

6. The rubber addition increases the dynamic
viscosity. Synthetic wax in an amount of 1-2%,
increases the viscosity of the binder in the
operating temperatures. And in the temperatures
of 135-180°C slightly reduces the dynamic
viscosity.
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Wptyw gumy i syntetycznego wosku
na wybrane wlasciwosci asfaltu 50/70

1. Wprowadzenie

Instytuty naukowo-badawcze w Polsce 1 na §wiecie
poszukuja rozwiazan, ktoére wplynetyby na poprawe
jakos$ci oraz wydhluzenie trwato$ci nawierzchni dro-
gowych. Jednym ze sposobow poprawy jakosci i wy-
dtuzenia trwato$ci tych nawierzchni jest zastosowa-
nie do produkcji mieszanek mineralno-asfaltowych
asfaltow modyfikowanych polimerami lub innymi
dodatkami modyfikujacymi. Bardzo wazne jest przy
tym to, aby zastosowane rozwigzanie bylo korzyst-
ne dla srodowiska naturalnego. W wielu krajach,
w tym rowniez i w Polsce prowadzone s3 badania nad
modyfikacjg asfaltu guma uzyskang ze zuzytych opon

samochodowych. W tym artykule przedstawiono
wyniki badan asfaltu 50/70 modyfikowanego guma
i woskiem syntetycznym Fischera-Tropscha.

2. Charakterystyka badanego materiatu

Do wykonania badan uzyto asfaltu zwyktego 50/70
spetniajacego wymagania normy PN-EN 12591.
Probki do badan zostaty pobrane zgodnie z wymaga-
niami PN-EN 58 i przygotowane do badan w sposob
zgodny z PN-EN 12594. Lepiszcze asfaltowo-gumo-
we jest mieszaning gorgcego asfaltu i mialu gumowe-
g0 o uziarnieniu 0--0,8 mm pochodzacego z zuzytych
opon samochodowych i syntetycznego wosku produ-
kowanego metoda Fischera-Tropscha. Rozdrobniona
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guma z opon samochodowych dodawana do asfaltu
(technologia wet proces) poprawia wiasciwosci spo-
iwa [1]. Stosujac wosk syntetyczny mozna zmniejszy¢
zuzycie energii, obnizy¢ lepkos¢ niezbedng do otocze-
nia ziaren kruszywa oraz zwigkszy¢ odpornos¢ na od-
ksztatcanie trwate [2].

3. Dobér parametrow badania

Optymalne wilasciwosci lepiszcza uzyskuje sie
w temperaturze 200°C w czasie 4 godzin mieszania.
[3]. Wedtug [4] optymalne warunki termiczne wpro-
wadzania gumy w sktad asfaltu wystepuja w zakresie
temperatur 190+240°C. Czas mieszania mialu gumo-
wego z asfaltem jest dtugi i wynosi 3+8 godzin. Czas
ten jest uzalezniony od intensywnosci mieszania,
konstrukcji mieszadla, sktadu chemicznego asfaltu
i granulacji gumy. Zastosowanie wosku syntetycz-
nego nie stwarza wiekszych problemow, poniewaz
woski ulegaja stopieniu w temperaturach od 70°C do
140°C i sg rozpuszczalne w lepiszczu asfaltowym,
przez zwykte mieszanie. [5]. Po uwzglednieniu do-
tychczasowych doswiadczen krajowych [6, 3, 4] i za-
granicznych [7, 8] ustalono temperatur¢ wygrzewa-
nia lepiszcza na 180°C i czas wygrzewania 60 minut.

4. Przebieg badania

W celu okreslenia wplywu gumy i wosku synte-
tycznego na wilasciwosci asfaltu 50/70 wykonano 15
serii badawczych, oznaczonych ogdlnym symbolem:
GXDY.

Gume w postaci miatu dodawano do asfaltu w ilo-
Sciach: 5%; 10%; 15% 1 20% w stosunku do masy
catkowitej spoiwa. Wosk syntetyczny dodawano do
asfaltu w ilosciach: 1% i 2% w stosunku do catko-
witej masy spoiwa. Wszystkie sktadniki mieszano
w temperaturze 180°C przez 5 minut szybkoobro-
towym mieszadtem. Podczas mieszania pojemniki
z probkami umieszczano w specjalnym termosie po
to, aby ograniczy¢ straty ciepta. Po wymieszaniu
tak przygotowang mieszanke ogrzewano w suszarce
w temperaturze 180°C przez 60 minut. Po zakonczo-
nym procesie wygrzewania wykonano nastepujace
badania:

— penetracji w temperaturze 25°C wg PN-EN 1426,

— temperatury mieknienia metoda ,,Pierscienia i Kuli”
wg PN-EN1427,

— temperatury tamliwosci Fraassa wg PN-EN 12593,

— nawrotu sprezystego w temperaturze 25°C wg PN-
EN 13398,

— oznaczenie lepkosci dynamicznej wg PN-EN
13302.

5. Wyniki badan

Na rysunkach 1, 2, 5 i 6 pionowe stupki oznaczaja
0,95 przedzialy ufnosci. Zawartos¢ wosku powo-
duje utwardzenie oraz usztywnienie asfaltu w tem-
peraturze eksploatacyjnej i wplywa na obnizenie
penetracji oraz podwyzszenie temperatury mieknie-
nia. W podobny sposéb oddziatuje dodatek gumy
obnizajac penetracje i podwyzszajac temperature
migknienia (rys.1, 2).

Indeks Penetracji jest miarg wrazliwosci asfal-
tu. Im nizszy PI, tym asfalt jest bardziej wrazliwy
termicznie [9]. Indeks penetracji obliczono na pod-
stawie penetracji w temperaturze 25°C i temperatu-
ry migknienia PiK wg PN-EN 12591 [10]. Wraz ze
wzrostem zawarto$ci gumy i wosku syntetycznego
w spoiwie rosnie warto$¢ indeksu penetracji (rys.
3). Wyniki PI dla asfaltéw moga si¢ ksztattowac
w przyblizeniu od -3 do +3. Im nizsza warto$¢ PI,
tym asfalt szybciej micknie podczas ogrzewania tzn.
jest bardziej wrazliwy termicznie [9]. Lepiszcze asfal-
towe modyfikowane guma i woskiem syntetycznym
charakteryzuje si¢ poprawionym indeksem penetracji.
Temperaturowy zakres plastycznosci TZP rosnie wraz
ze wzrostem zawarto$ci gumy i wosku syntetycznego
w lepiszczu (rys. 4). TZP okreslono za pomoca wzoru
(1). Wosk syntetyczny bez dodatku miatu gumowe-
go wpltywa na podwyzszenie temperatury tamliwo-
$ci, czyli pogarsza wlasciwosci lepiszcza. Réwniez
miat gumowy dodawany w ilosciach do 10% wpty-
wa na pogorszenie wtasciwosci lepiszcza. Po prze-
kroczeniu 10% zawartosci gumy w lepiszczu naste-
puje gwaltowne obnizenie temperatury tamliwosci
Fraassa, czyli poprawa witasciwosci lepiszcza (rys.
5). Wraz ze wzrostem zawarto$ci gumy w lepiszczu
rosnie wartos¢ nawrotu sprezystego lepiszcza. Przy
20% zawarto$ci gumy nawrét sprezysty wynosi ok.
80%. Dodatek wosku syntetycznego przy zawarto-
sci gumy 5+15% wpltywa na podwyzszenie nawro-
tu sprezystego (rys. 6). We wszystkich przypadkach
zerwanie probek podczas badania nawrotu sprezy-
stego nastgpowato przed uzyskaniem wydtuzenia
200 mm. Dodatek mialu gumowego do asfaltu powodu-
je znaczne zwickszenie lepkosci asfaltu. Dodatek wo-
sku syntetycznego podwyzszy lepkos¢ mieszanki mi-
neralno-asfaltowej w temperaturach eksploatacyjnych,
a w temperaturze produkcji wptywa na jej obnizenie.
Obnizenie lepkosci przy zawarto$ci wosku syntetyczne-
20 1% 12% jest jednak nieznaczne. Na rysunku 7 przed-
stawiono zestawienie wynikow badan lepkosci dyna-
micznej w funkcji temperatury dla wszystkich 15 serii.
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6. Wnioski
Przeprowadzone badania laboratoryjne i analizy
pozwalaja na wyciagnigcie nastgpujacych wnioskow:

1.

10
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Stosowanie dodatku gumy i wosku syntetycznego
w temperaturze 180°C wplywa korzystnie na
wlasciwosci asfaltu 50/70.

. Asfalt 50/70 z dodatkiem gumy wytworzony

w temperaturze 180°C charakteryzuje si¢ nizsza
penetracja oraz wyzsza temperaturg migknienia
w porownaniu z asfaltem kontrolnym. Dodatek
wosku syntetycznego powoduje dalsze obnizenie
penetracji i podwyzszenie temperatury migknienia.

. Wzrost zawarto$ci gumy istotnie wpltywa na

zwigkszenie nawrotu sprezystego modyfikowane-
go lepiszcza. Dodatek wosku syntetycznego po-
woduje wzrost tej charakterystyki.

. Obserwuje si¢ synergi¢ dodatek gumy i wosku

syntetycznego w zakresie mniejszej wrazliwosci
termicznej asfaltu, powoduje wzrost wartosci in-
deksu penetracji oraz temperaturowego zakresu
plastycznosci.

. Zastosowanie dodatku gumy do asfaltu 50/70

w ilosci 10-20% wptywa na obnizenie temperatu-
ry famliwosci Fraassa. Dodatek wosku syntetycz-
nego przy zawartosci gumy 10% i 15% wplywa
rowniez korzystnie obnizajac temperature tamli-
wosci lepiszcza.

. Dodatek gumy do asfaltu podwyzsza lepkos¢

dynamiczng lepiszcza. Wosk syntetyczny w ilosci
1+2% w temperaturach eksploatacyjnych zwigk-
sza lepko$¢ lepiszcza, natomiast temperaturach od
135°C do 180°C wplywa nieznacznie na obnizenie
lepko$ci dynamiczne;.
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THE INFLUENCE OF APPLYING SUPPLEMENTARY
WEB PLATES ON STRUCTURAL JOINT MOMENT
RESISTANCE AND ROTATIONAL STIFFNESS

Abstract

Continual trend to simplify structural elements and find less time-consuming solutions on construction site as well as
inevitable increase in labour costs determine for instance elimination of those technological steps that are difficult
to automation. Welding additional reinforcements and web stiffeners are great examples of such a step. The method
presented in EN 1993-1-8 [8] is a result of long-term studies focused on calculating the moment resistance and stiffness
of joints without transverse web stiffeners. Design calculations shown in this paper are based on resistance and stiffness
growth analysis applying supplementary web plates. Authors consider validity of this solution due to construction effort
and building durability remembering about minimization of the costs.

Keywords: steel structures, bolted joints, supplementary web plates, T-stubs with 4 bolts

1. Introduction

Constant  aspiration for  production  costs
minimization results in uninterrupted researching for
simplification of construction elements in steel civil
engineering sector as well. In the era of high level
of steel elements producing industrialization those
research projects are mainly focused on construction
details simplifying due to the labour costs. It was
common to eliminate those technical steps that were
difficult to automation, for instance hole drilling.
Cutting, adjusting and welding details for instance
transverse web stiffeners or additional reinforcements
were always (and still are) kind of slowing down steps
in automated production systems. Resignation of
those joint stiffening elements contributes to develop
research into so-called semi-rigid connections whose
stiffness is smaller than traditional rigid joints but
still far from pinned ones. Long-term studies focused
on semi-rigid links result in unusually complex and
laborious design procedures that are legitimized
in European Standard [8]. Mentioned rules allow
not only to design structural frame joints but also
determine the stiffness of the connections. Considering
the rotational stiffness in calculations allows to use
bending moment redistribution in frames which can

result in successive savings in beam cross-sections
dimensions, therefore mass of the whole structure.

This paper shows exact designs examples that
despite of wusing labour-intensive calculation
procedures which allows to remove transverse web
stiffeners are forcing the construction engineers
to apply supplementary web plates increasing the
resistance and rotational stiffness of column panel
in shear, transverse compression and tension.
Applying such supplementary web plates is nearly as
laborious as welding transverse web stiffeners so it
is contrary to the basic semi-rigid joints assumption
focused mainly on production costs minimization.
Furthermore, applying those supplementary web
plates makes it impossible to hot dip galvanize as a
corrosion protection.

2. Analysis of moment resistance and rotational
stiffness in frame joint

A connection of a beam and a column is usually a
critical point in steel frames made of H or I sections
where the beam height is decisive. Designing full-
strength joints (it means that the joint design moment
resistance M, is higher than the plastic moment

. ‘])Rd . . .
resistance of the beam M is possible in case of

b,pl,Rd)
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local increase of the beam height near the top of the
column applying oblique reinforcements so-called
haunched beam. The second possibility is to increase
the number of bolts in each rows from two to four.
This increase is available only when the width of the
H or I section beams reaches at least 300 mm.

In this paper frame eaves joint moment resistances
are analysed in detail. The structure is made of S235
steel. HEB 400 is a column cross-section and as a
beam section HEA 300, HEA 400, HEA 500 and HEA
600 are used interchangeably.

Figure 1 shows the structure of the analysed end
plate connection. There are four different bolt
diameters (M16, M20, M25, M30) applied for each

12M16 = 30, kI B.B
/.7

I HEA 300

|15+3o ==

i

cross section of the beam. What is more, every bolt
diameter has four different end plate thicknesses (t 0=
15,20, 25 and 30 mm) taken into consideration. Bolts
grade 8.8 are applied.

The component method defining the joint moment
resistance M/ o and the stiffness S/.‘l.m. is described
in many publications [1, 7] and also in European
Standard [8] as well. This method considers resistance
of every basic joint component showing the designers
its influence on a general joint resistance so it is
possible to identify the critical basic joint component
(the weakest element in the connection).

Table 1 shows calculated result combinations of the
resistance in each analysed case presenting critical

80

40

60

135

390

Fig. 1. Structure of the analysed end plate connection

Table 1. Values of moment resistance and rotational stiffness for joint without supplementary web plates (beam HEA 300)

ol dass 88 End plate (ritical basic joint component MW y
thickness [mm] 1% bolts row 2" bolts row 34 bolts row [kNm] [kNm/rad]
15 End plate Bolts Bolts 136.4 50060
M6 20 End plate Bolts Bolts 146.3 51825
25 Bolts Bolts Bolts 147.4 52176
30 Bolts Bolts Bolts 147.4 52140
15 End plate Bolts End plate 198.9 51984
M20 20 End plate Bolts Column web 214.8 54111
25 Column flange Column web Bolts 225.2 54721
30 Column flange Column web Bolts 225.2 54912
15 End plate End plate Column web 212.8 53108
M4 20 End plate Bolts Column web 236.8 55456
25 Column web Bolts Column web 243.1 56229
30 Column web Bolts Column web 243.9 56 564
15 End plate End plate Column web 2128 54136
M30 20 Column web Column web Column web 243.6 56 688
25 Column web Column web Column web 2452 57612
30 Column web Column web Column web 246.2 58082
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components (HEA 300 is the beam cross-section).
Analysis focused on finding the weakest moment
resistance joint components let the authors to notice
some regularities. The weakest component is in fact
column web, more precisely, the resistance of the
column web panel in compression, tension and in shear.

3. Joint resistance with reinforced column web

Applying one- or double-sided web plates is a very
effective method of column web resistance increase. To
evaluate the effectiveness of this method in the semi-
rigid joint shown in Figure 1, several calculations of the
resistance and the stiffness were conducted. Connection
was reinforced with the one-sided supplementary web
plate of thickness t = 15 mm >t = 13.5 mm (t -
column web thickness) and dimensions (in accordance
with European Standard [8]) are presented in Figure
2. The plate length . = 550 mm is set to cover an
effective web width in compression (b, = 330 mm)
and tension (b, = 185 mm). Applying the one-sided

B \ B

—

185 mm

befi.t

550 mm

Is=

330 mm

J

beftc

web plate increases the cross-section area in shear by
value bt . The authors decided to apply one-sided
web plate, because in accordance with [8], applying
double-sided plates gives no more web cross section
area increase — the effective web thickness specifying
in shear resistance is the same in one- and double-
sided web plates cases. What is more, a design moment
resistance of the reinforced column web in tension is
dependent on the thickness of the longitudinal welds
connecting plates with the web. Choosing longitudinal
welds thickness a > t_ allows to increase the effective
web thickness, in case of one- sided web plate t, =
1.5t ., and double-sided web plates — 2.0 t . In the
presented case the weld thickness is equal to the web
plate thickness a =t = 15 mm.

Column webs are critical components in joints with
M24 and M30 bolts so only those cases were analysed.
Results are presented in Comparing calculations of the
moment resistance and the stiffness have been done
to check the effectiveness of applying supplementary

B-B

| AN

/ bs = 300 mm

/
~___ Jednostronna naktadka wzmacniajaca $rodnik |

One-sided supplementary web plate

Fig. 2. Supplementary web plate dimensions in accordance with the guidelines [8]

Table 2. Values of moment resistance and rotational stiffness for joint with one supplementary web plate (beam HEA 300)

ol dass 86 End plate (ritical basic joint component M, S} )
thickness [mm] 1% bolts row 2 bolts row 3 holts row (kNm] [kNm/rad]
15 End plate End plate End plate 2423 75951
W4 20 End plate Bolts Column flange 293.6 80415
25 Column flange Bolts Column flange 304.6 81842
30 Column flange Bolts Column flange 304.6 82351
15 End plate End plate Column web 2459 78073
e 20 End plate Column flange Column web 321.6 83033
25 End plate Column flange Column web 3363 84806
30 Column flange Column web Column web 337.5 85610
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web plates in semi-rigid joints. Before and after
reinforcement results are presented in Table 3.

Table 3. Increase of moment resistance and rotational stiffness
for joint with one supplementary web plate (beam HEA 300)
comparing with joint without supplementary web plate

End plate AM,, AS .
Bolts dlass 8.8 thickness [mm] (9] [%]
15 14 43
M24 20 = 2
25 25 46
30 25 46
15 16 4
20 32 46
M30
25 37 47
30 37 47

In the presented case the moment resistance increase
is placed between 14% and 37% and the stiffness
increase between 43% and 47%.

4. Summary and conclusions

Taken parametric analysis explicitly confirms high
effectiveness of applying supplementary web plates
as a method of reinforcing the column web panel.
Figure 3. shows comparing of the moment resistance
increase.

M30 / with one

MRd [kNm]

M24 / with one
supplementary web plate

500 —

L7 7 M30/ without
supplementary web plate

400 — B e M24 / without
L supplementary web plate

300

End plate
thickness [mm]

Fig. 3. Comparison of moment resistance for joint
(column HEB 400 and beam HEA 300) before and
after reinforcement using supplementary web plate

Stiffness of analysed joint (column HEB 400 and
beam HEA 300) including one-sided web plate
reinforcement is shown in Figure 4. The comparison
is made for joints with M24 and M30 bolts. It is easy
to notice the influence of the column web resistance
(without reinforcement) on the resistance of whole
connection and strong growth of the moment
resistance in joints with web plates. The end plate
thickness has visible influence as well.
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- -—— M24 / with one
80 000 supplementary web plate

70000+

M30 / without
supplementary web plate

_______ — M24 / without
supplementary web plate

60 000 +—

50 000 +—

End plate
thickness [mm]

Fig. 4. Comparison of moment resistance for joint
(column HEB 400 and beam HEA 300) before and after
reinforcement using supplementary web plate

This effect is impossible to attain using traditional
transverse web stiffeners extending beam flanges
[3]. An alternative solution to the method of joints
reinforcing with supplementary web plates, which
is a very effective method, is applying joints with
so-called haunched beams (additional material and
labour) or applying bigger hot formed cross-sections.
There is a very important question appearing at this
stage if it is actually possible to combine aspiration
to eliminate expensive and laborious technological
solutions with structure designing in an effective way
focused on complete steel consumption. Furthermore
applying such plates makes corrosion protection hard
to put on galvanized elements.

Due to a huge time consuming joint designing
process according to [8] it would be advisable to create
tables helpful in designing semi-rigid connections
including traditional reinforcement by transverse web
stiffeners and one- and double-sided supplementary
web plates as well. Computer applications as
resistance calculators wouldn’t be even as effective
tool for designers as tables and diagrams that allows
to do wide-ranging and deep analysis and consider
different variants of the construction.
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Wptyw zastosowania naktadek
wzmacniajacych srodnik na nosnos¢ i sztywnosé
doczotowego wezta Srubowego

1. Wprowadzenie

Odwieczne dazenie do minimalizacji kosztow pro-
dukcji przyczynito si¢ do poszukiwania prostych
rozwigzan konstrukcyjnych rowniez w zakresie bu-
dowlanych konstrukcji stalowych. W dobie wysokie-
go poziomu uprzemystowienia procesu wytwarza-
nia konstrukcji poszukiwania te skupity si¢ przede
wszystkim na upraszczaniu szczegoétéw konstruk-
cyjnych z uwagi na koszty robocizny. Dazono do
wyeliminowania operacji technologicznych, ktore
w zaden sposob nie mogly zosta¢ zautomatyzowane,
tak jak np. wiercenie otworow. Do operacji techno-
logicznych spowalniajacych zautomatyzowang lini¢
produkcyjng nalezaly i nadal nalezg: trasowanie, wy-
cinanie, wpasowywanie oraz spawanie takich detali
konstrukcyjnych, jak: zebra, dodatkowe wzmocnie-
nia i usztywnienia. Rezygnacja z zeber usztywnia-
jacych wezty ram przyczynita si¢ do rozwoju badan
nad tak zwanymi weztami podatnymi, czyli weztami
0 mniejszej sztywnosci niz tradycyjne wezly sztyw-
ne, jednakze dalekie od weztow przegubowych. Wie-
loletnie badania weztow podatnych zaowocowaty
niezwykle ztozonymi i pracochtonnymi procedurami

obliczeniowymi, ktore zostaly usankcjonowane od-
powiednimi zapisami w normie europejskiej [8]. Pro-
cedury te umozliwiaja nie tylko na zaprojektowanie
1 zwymiarowanie weztow ram, ale takze na okresle-
nie sztywnos$ci wezta. Z kolei uwzglednienie podat-
no$ci weztdw w obliczeniach statycznych pozwala na
wykorzystanie redystrybucji momentéw zginajacych
w ramach, co moze skutkowa¢ kolejnymi oszczed-
no$ciami, tym razem wynikajacymi ze zmniejszenia
wymiaréw pretow ram, a wiec masy konstrukcji.

W niniejszym artykule zostaty wskazane sytuacje
projektowe, w ktorych pomimo wykorzystania nie-
zwykle pracochlonnych procedur obliczeniowych,
majacych na celu pominiecie zeber usztywniajacych
wezly, jesteSmy zmuszeni do zastosowania dodatko-
wych naktadek wzmacniajacych, ktore zwigkszaja
no$nos¢ $rodnika stupa przy Scinaniu i sztywno$é
przy S$cinaniu, $ciskaniu i rozcigganiu. Stosowanie
takich nakladek jest prawie tak samo pracochtonne
jak stosowanie usztywniajacych zeber poprzecz-
nych, a wigc tym samym sprzeczne z podstawowym
zatozeniem lezacym u podstaw stosowania weziow
podatnych, a dotyczacym minimalizacji kosztow wy-
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twarzania. Ponadto zastosowanie takich naktadek
uniemozliwia wykonanie ochrony antykorozyjnej
elementow konstrukcyjnych poprzez cynkowanie na
goraco.

2. Analiza no$nosci i sztywnosci okapowego wezta ramy

W projektach ram portalowych z dwuteownikow
walcowanych przekrojem krytycznym z uwagi na
wymiary rygla jest wezet okapowy, tj. pofaczenie
rygla ze slupem. Zaprojektowanie wezta o pelnej
nosnosci, czyli wezta, ktorego nosnos¢ obliczenio-
wa M, ,, jest wigksza od obliczeniowej nos$nosci pla-
stycznej przekroju belki przy zginaniu M spizd 191 jest
mozliwe, gdy lokalnie zwigkszymy wysoko$¢ rygla
w strefie przypodporowej poprzez zastosowanie tzw.
skosow. Druga metoda podwyzszenia no$nosci wezta
jest zwigkszenie liczby §rub w poszczegolnych szere-
gach z dwoch do czterech sztuk. Ta ostatnia metoda
jest mozliwa do zastosowania przy projektowaniu ry-
gli z dwuteownikow szerokostopowych, o szerokosci
pasa minimum 300 mm.

W niniejszej pracy szczegdtowej analizie podda-
no nos$nos¢ wezta okapowego ramy portalowej wy-
konanej ze stali S235, w ktorej stup zaprojektowano
z dwuteownika HEB 400, natomiast rygiel przyjmo-
wano kolejno z dwuteownikéw HEA 300, HEA 400,
HEA 500 i HEA 600.

Konstrukcje wezla przedstawiono na rysunku 1.
Przy kazdym rodzaju rygla przeliczono po cztery wa-
rianty potgczen z uwagi na $rednice¢ $rub (M 16, M20,
M25, M30), a przy kazdej $rednicy sruby uwzgled-
niono wplyw grubosci blachy czotowe;j (tp =15, 20,
25130 mm). Przyjeto $ruby klasy 8.8.

Sktadnikowa metoda okreslania no$nosci oblicze-
niowej ij g | SZtywnosci Sj,im’ wezlow ram, opisana
w wielu publikacjach [1, 7] oraz normie [8], uwzgled-
niajaca nosnosci wszystkich aktywnych sktadnikow
wezla, pozwala na precyzyjng analize¢ wptywu po-
szczegolnych elementow na nosnos¢ wezta oraz iden-
tyfikacje sktadnikow krytycznych, tzn. sktadnikow
0 najmniejszej no$nosci.

W tabeli 1 zestawiono wyniki obliczen nosnosci
1 sztywno$ci obrotowej niewzmocnionych weztow
ramy portalowej z ryglem z HEA 300, w ktorej za-
znaczono najstabsze sktadniki wezta. Analiza kry-
tycznych, z uwagi na no$nos¢, czgsci podstawowych
wezta pozwolita zauwazy¢é pewna prawidtowosc.
Najstabsza czegscia wezla, jest w zasadzie $rodnik
stupa, a doktadniej no$nos¢ srodnika stupa przy $ci-
skaniu lub rozciaganiu.
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3. Nos$nos¢ wezta ze wzmocnionym Srodnikiem stupa

Efektywna metoda zwigkszenia nosnosci panelu
srodnika stupa jest zastosowanie jedno- lub dwustron-
nych naktadek. W celu oceny skutecznos$ci stosowania
naktadek w wezle podatnym wykonano obliczenia no-
$nosci i sztywnos$ci wezta przedstawionego na rysun-
ku 1, wzmocnionego jednostronng naktadka. Przyjeto
nakfadke o gruboscit, =15 mm3t = 13,5 mm (gdzie:
t,. — grubos¢ srodnika stupa) oraz o wymiarach jak na
rysunku 2, spetniajacg odpowiednie warunki normo-
we [8]. Dhugos¢ naktadki | = 550 mm zostata tak do-
brana, aby obejmowata swoim wymiarem efektywna
szeroko$¢ $rodnika przy $ciskaniu (beﬁ’c= 330 mm)
1 rozcigganiu (beﬁ’C = 185 mm). Zastosowanie naktad-
ki jednostronnej pozwala na zwiekszenie przekroju
czynnego przy $cinaniu o warto$¢ bt . Zdecydowa-
no si¢ na zastosowanie naktadki jednostronnej, gdyz
zgodnie z [8], zastosowanie dwustronnej naktadki nie
wptywa dodatkowo na zwiekszenie przekroju $rod-
nika — jego efektywna grubo$¢ uwzgledniana przy
okreslaniu no$nosci na $cinanie jest taka sama, jak
w przypadku naktadki jednostronnej. Z kolei oblicze-
niowa nos$no$¢ wzmocnionego naktadkami $rodnika
stupa przy rozciaganiu jest uzalezniona od grubosci
spoin podtuznych, taczacych naktadki ze srodnikiem.
Przyjecie czotowych spoin podtuznych o grubosci
a®t. pozwala na przyjecie efektywnej grubosci srod-
nika, w przypadku naktadki jednostronnej, t, . = 1,5
t ., natomiast w przypadku dwustronnej —2,0 t .
W analizowanym przypadku przyjeto spoine czotowa
o grubosci rownej grubosci naktadki a =t = 15 mm.

Obliczenia przeprowadzono tylko dla weziow ze
srubami M24 i M30, w ktorych najstabszym sktadni-
kiem wezta jest wtasnie srodnik stupa. Wyniki obli-
czen zestawiono w tabeli 2.

W celu sprawdzenia skuteczno$ci stosowania na-
ktadek wzmacniajacych $rodnik stupa w wezle po-
datnym wykonano obliczenia poréwnujace nosnosci
1 sztywno$ci podatnego wezta ramy przed i po
wzmocnieniu naktadka jednostronng. Wyniki obli-
czen zestawiono w tabeli 3.

W analizowanym przypadku uzyskano przyrost no-
$nosci wezta od 14% do 37%, a sztywnosci od 43%
do 47%.

4. Podsumowanie i wnioski

Przeprowadzona analiza parametryczna jedno-
znacznie potwierdzita wysoka skutecznos¢ stosowa-
nianaktadek wzmacniajgcych srodnik stupa. Narysun-
ku 3 przedstawiono poréwnanie przyrostu nosnosci,
a na rysunku 4 sztywno$ci analizowanego wezla
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(stup HEB 400 i rygiel HEA 300) na skutek wzmoc-
nienia srodnika stupa jednostronng naktadka. Porow-
nanie przeprowadzono dla weztow ze Srubami M24
1 M30. Widoczny jest wptyw nos$nosci srodnika (bez
wzmocnien) na nosno$¢ wezta jako catosci oraz zde-
cydowany wzrost nosnosci wezta z naktadkami na
srodniku stupa, a takze wptyw grubosci blachy czoto-
wej na nosnos¢ wezta.

Efektu takiego nie mozna uzyskacé stosujac trady-
cyjne zebra usztywniajace panel srodnika stupa na
przedtuzeniach pasoéw belki/rygla [3]. Rozwigzaniem
alternatywnym w stosunku do konstrukcji z weztami
wzmocnionymi naktadkami, co jest jak wida¢ metoda
bardzo efektywna, jest zastosowanie weztow ze skosa-
mi (dodatkowy material i robocizna) lub po prostu za-
stosowanie wiekszych ksztalttownikéw walcowanych.

Wobec powyzszego pojawia si¢ pytanie, czy moz-
liwe jest pogodzenie dgzenia do eliminowania kosz-
to- 1 pracochtonnych rozwigzan konstrukcyjnych
z projektowaniem konstrukcji efektywnych z uwagi
na zuzycie materialu? Ponadto zastosowanie nakta-
dek na $rodniku utrudnia wykonanie ochronny an-
tykorozyjnej elementow konstrukcyjnych poprzez
cynkowanie na goraco.

Z uwagi na ogromng czasochtonnos¢ projektowania
weztow wg [8] wskazane byloby opracowanie tablic
do projektowania weztow podatnych, uwzgledniaja-
cych efekt wzmocnienia wezta zarowno tradycyjnymi
zebrami poprzecznymi jak i jedno- lub dwustronnymi
naktadkami wzmacniajagcymi $rodnik stupa. Nawet
programy komputerowe do projektowania weziow
podatnych w postaci kalkulatoréw nosno$ci nie beda
stanowity dla projektanta tak efektywnego narzedzia,
jak tablice i diagramy, ktére pozwalaja na szersza
1 bardziej wnikliwg analize 1 ocen¢ réznych wariantow
konstrukcyjnych.
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PARTIAL FACTORS FOR THE MEMBER STABILITY
RESISTANCE OF STEEL STRUCTURES

Abstract

Up-to-date investigations carried out by the authors of this paper were concerned with the analysis of cross-section re-
sistance utilization ratios (RURs) of statically determinate elements of steel floor construction, assuming that elements
are fully restrained against overall instability. Numerical values of RURs were predicted according to Eurocodes imple-
mented in Poland as standards PN-EN and according to Polish standards PN-B being substituted. For the cross section
resistance according to Eurocodes, partial resistance factors were taken as unity, as it has been recommended in the
Polish National Annex, and their differentiated, modified values according to authors’ own proposal. Hereafter, a discus-
sion on the evaluation of partial factors for the member stability resistance (buckling of columns and lateral-torsional
buckling of beams) is taken place. The proposal for the evaluation of partial factor values in the whole range of element
slenderness is presented together with a statistical analysis of section and member resistances taking into account the
authors’ proposal developed.

Keywords: steel elements, cross-section resistance, member resistance, partial factors, statistical analysis

1. Introduction factors (RURs) obtained with reference to the code

The present contribution is a continuation of authors’ PN-90/B-03200 [2] and associated PN-B codes were
investigations presented in Gizejowski and Stachura ~ accounted for together with the code PN-EN 1993-1-1
[1] and referred to the evaluation of cross-section [3] and associated PN-EN codes.
resistance partial factors of statically determinate 2, Methodology and results
structural elements in steel floor constructions. Results
included different sensitivity of cross section to local
buckling, i.e. the effect of section class. This paper
extends the previously undertaken topic of section
resistance analysis of steel floor structural elements
towards their overall stability resistance, considering
the steel grades S235 and S355, the most frequently Y = Mzt v . M za.pv
used in practice. M, v Mp ey

Analysis of safety requirements according to the
same computational model of the steel floor structure - Momeny 21 (7 s F 7o 'V/)
was carried out for main floor structural elements, M. werv Doz (J/G'EN +Yoen W )
and under the condition of resistance utilization ratios
equalization using two different packages of design
codes taken into account. Resistance utilization

Partial factors y,, resulting from the analysis of
safety requirements as described above are as follows:
— in case of elements bent in the plane of greater
cross section moment of inertia and subjected

to lateral-torsional buckling:

Vs =
()

S

— in case of elements axially compressed and
subjected to different modes of buckling:
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S

where notation adopted is as used in by Gizejowski
and Stachura [1] and furthermore:
@,> X — Stability reduction factors with regard to
lateral-torsional buckling (LT buckling) according to
[2] and [3], respectively;
@; y — stability reduction factors with regard to
buckling under compression (F, T or TF buckling)
according to [2] and [3], respectively.

In Equations. (1) and (2), the relative slenderness
ratios 4

L ey and /1 y according to [2] can be
expressed as functions of corresponding slenderness
ratios 4

i ey and ZEN according to [3] as follows:
— for elements bent about the major axis y-y and
subjected to LT buckling:
1,33-210°
205y, Vs

c Rk.PN Y
ALTen = &

cr,PN

W M,
. y,PN \/ ¢,Rk,EN :ab,LTﬂfLTVEN
Wy,EN Mcr

— for elements axially compressed and subjected
to different modes of buckling:

1,33- 210
chN 205 ]/s

. h Nc,Rk,EN ZabZEN
V AEN u Ncr

where: A, , Ag, — class dependent cross-section area
according to [2] and [3], respectively;

WyF,N , Wy gy — Class dependent cross-section modules
according to [2] and [3], respectively;

M, — critical moment of perfect elastic element
subjected to LT buckling,

N, — critical force of perfect elastic element subjected
to F, T or TF buckling modes,

a, — buckling parameter dependent upon the steel
grade (for 1, 2 or 3 section class) and upon the steel
grade and section class (for sections of class 4) for
elements subjected to axial compression,

a,,, — lateral-buckling parameter dependent upon the
steel grade and section class for elements bent about

the axis of greater moment of inertia.

LRkPN ycr

Aon =

“

b)

Fig. 1. Results presenting values of partial factors for
lateral-torsional buckling of rolled IPE beams:
a) mapped on plane, b) presented as curves of 'y, ,
for chosen values of w.

Results of stability resistance partial factors may be
expressed as function dependent upon two arguments:
relative slenderness ratio according to [3] and the
load parameter . Exemplary results are mapped and
shown graphically in Figure 1. In Figure 1a the results
referred to lateral-torsional buckling of rolled IPE
beams, the buckling of which is assessed with use of
the general PN-EN code method are presented. Four
lines in the above figure are associated with four values
of the load parameter w, namely y = 0.4; w = 1.0;
w = 1.6 and y = 2.0 that correspond approximately
to imposed load values 1.7; 4.2; 6.8 and 8.5 kN/m?,
respectively. Four levels of the load factor are in
line with boundaries for the description of changes
in the prediction of design load combinations as it
has been considered by Gizejowski and Stachura [1]
in their detailed analysis of cross section resistance
partial factors. In Fig. 1b), the curves of slenderness
dependent member stability resistance factor y,,
for chosen four values of the load parameter y are
presented as a result of four respective vertical cuts of
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the surface mapped in Figure 1a. A rapid drop in the
values of partial factor is observed with the increase
of slenderness below it takes approximately the value
of 1.0. Furthermore, above the slenderness of being
equal to unity, there is a monotonic increase of the
partial factor y,,, to its certain asymptotic value.

a)

b)

Fig. 2. Values of partial factors for lateral-torsional
buckling of welded plate girders: a) with slender walls
being supported and compact supporting walls, b) with

slender walls being supported and slender supporting walls

Figure 2 shows the results of lateral-torsional
buckling of welded class 4 I-section plate girders. In
case of plate girder sections with compact supporting
walls (Fig. 2a) and larger load factor, Eurocodes
approach ensures a greater safety level than that
yielding from PN-B codes approach, noting that the
practical range of relative slenderness ratio of up
to 3.0 is considered. In case of plate girder sections
with slender supporting walls (Fig. 2b), larger values
exceeding unity of the partial factor y,,, are observed
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in the range of girder low relative slenderness ratios.
For larger girder slenderness ratios, the tendency
is the same as for the girder sections with compact
supporting walls. It clearly shows that the overall
instability phenomenon of slender elements is
practically independent from factors that are decisive
in the evaluation of cross section resistance.

In case of section wide flange I-section rolled
profiles of HEA type, analysis results referred to
flexural buckling about y-y are show in Figure 3a. A
decrease of the partial factor is observed in course of
increase of the compressed member slenderness ratio
but in a narrower range than in case of girders. For
buckling about the axis of weaker section moment
of inertia (axis z-z), values of y,, are for practical
range of load factors above unity and are generally
decreasing with a subjection to slight fluctuations
in course of the slenderness ratio increase, and then
increase towards asymptotic values in the same way
as in case of buckling about y-y axis (see Fig. 3b).

a)

b)

Fig. 3. Values of partial factors for compressed columns
made of rolled HEA profile of steel S235/S355:
a) buckling about axis y-y, b) buckling about axis z-z
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Results for buckling about both axes of narrow
flange I-section rolled profiles of IPE type and columns
of box welded sections, as well as for buckling about
y-y axis of welded class 4 I-section plated columns
are similar to those of rolled HEA profiles buckling
about y-y axis. Furthermore, results for welded class
4 I-section plated columns buckling about the weaker
section moment of inertia are similar to those of rolled
HEA profiles buckling about z-z axis.

a)

b)

Fig. 4. Values of partial factors for compressed columns
made of welded plate and box sections with slender
supporting walls: a) buckling about axis z-z,

b) buckling about axis y-y and z-z

Results for buckling of welded class 4 I-section and
box section plated columns with slender supporting
walls are show in Figure 4. Practically in the whole
range of column relative slenderness ratios, the
Eurocodes approach gives a lower safety level than
that of national codes PN-B being substituted by
PN-EN codes. Lower values of the resistance factor
7y, fOr box section columns that those corresponding
to I-section columns in the range of small relative
slenderness ratios results from the fact that the

national PN-B steel code recommendations allow for
a the critical state of local buckling of web supporting
wall (more slender wall that is restrained at both
edges by neighbouring wall segments) that reduces
the ultimate section resistance to a lesser extent than
the flange cantilever-like supporting wall in case of
I-section plated column.

3. Summary and concluding remarks

In Fig. 5, results of statistical analysis of cross-
section resistance partial factors calculated according
to the National Annex in [3] and taking into
consideration the authors’ proposal. The proposed
section resistance partial factors were developed in
[1]. A slight correction of these values is made for
sections with slender walls being supported and
nonslender supporting walls.

In case of rolled beams (see Fig. 5a), the mean value
of resistance partial factor is 1,08 and the coefficient
of variation is 5.5%. When values of partial factors
from Table 1 are used, an equalization of safety
requirements according to PN-B and PN-EN standard
packages is achieved. Mean value becomes then 1.03
with the coefficient of variation of 3.3%. Similar
tendency is observed in case of welded plate girders.
The mean value is lowered from 1.11 to 0.99 and the
coefficient of variation is reduced from 7.4% to 5.9%.
On average, the resistances calculated according to
the Polish code [2] and according to [3] but with
proposed values of partial factors are about 5% closer
to each other, and there is about 2% reduction in the
value of coefficient of variation.

Thanks to introduction of slenderness dependent
stability resistance partial factor y, .. that plays
the role of constant factor y,,, in the code [3], there
is a possibility to fulfil the boundary conditions for
design value of member resistance, i.e. to obtain the
following factors: y,, for resistance of stocky elements
(equal to the cross-section resistance) and asymptotic
Ywer for resistance of slender elements. Taking into
consideration the results presented in presented earlier
figures, Figure 1 to Figure 4, as well as results of a
wider analysis carried out for elements with different
rolled and welded sections, the following formulas
are proposed:

— buckling of compressed elements (reduction
factor y) and lateral-buckling of bending
elements according to the alternative method
from [3] (for rolled I-profiles and their welded
counterparts, for which the reduction factor y,;
replaces y):
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Table 1. Partial factors according to authors’ proposal

Partial factors y,, for resistance of cross-section”
) Resistance partial
for sections of class 4
Load parameter i factory,,  for slender
Vyfor Tand 2 section class Sections with slender walls being Sections with slender walls being supported elements
supported and nonslender supporting walls and slender supporting walls
<06 1.10 1.15 1.20 1.25
0.6<y <15 1.05 1.10 1.15 1.20
Y>15 1.00 1.05 1.10 1.15
7 For sections of class 3, resistance partial factors y, are interpolated between y,, listed for class 1and 2, and y,,, for class 4

22050 Yy =7m
2<050 Ymu =Ime +2°2-('m —Vme )21

— lateral buckling of bending elements of different
sections made by rolling or welding, assessed
by the general method from [3]:

P :2.(7/’\4 +7M,cr _2’)ZLT2+
+(4_}/M _37M,cr)}(LT +}/M,cr >1

)

(6)

where: 7, — partial factors for resistance of cross-
section according to Table 1,

Ywer — Tesistance partial factor for slender elements
taken as the value being dependent upon a certain
range of the load parameter y according to Table 1.

Similarly to Figure 5, the results of statistical
analysis of resistance partial factors, but in relation
to member resistance, are presented in Figure 6 and
Figure 7. In case of bending and lateral-torsional
buckling of rolled beams made of IPE profiles (Fig.
6a), the mean value of partial factor corresponding
to RURs calculated according to PN-B and PN-EN
codes is 1.05 with the coefficient of variation of 5.7%.
Equalization of safety levels according to both above
stated packages of codes, made with use of authors’
proposal for partial factors according to Equation (5),
leads to the decrease of mean value to 0.98 with the
coefficient of variation of 4.0%. In case of lateral-
torsional buckling of welded plate girders with
compact supporting walls (see Fig. 6b), Eurocodes
approach ensures a greater safety than PN-B codes
being replaced by PN-EN ones, giving the mean
value of 0.93 with the coefficient of variation of 5.8%.
When partial factor according to authors’ proposal
is applied, see Equation (6), the mean value is only
slightly affected (decreased to the level of 0.88) while
a substantial reduction of the coefficient of variation
is observed (of about 2.5%).
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a)

b)

Fig. 5. Comparison of cross section resistance utilization
ratios: a) rolled beams of I-profile, b) welded plate girders
under axial compression made of slender walls being
supported and compact supporting walls
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b)

a)

Fig. 6. Comparison of member resistance utilization
ratios: a) rolled beams of I-profile under bending,
b) welded plate girders under bending made of slender
walls being supported and compact supporting walls

b)

Fig. 7. Comparison of member resistance utilization
ratios: a) welded plate girders under bending (with slender
supporting walls), b) compressed columns made of rolled
HEA profile

In case of lateral-buckling of class 4 I-section plate
girders with slender supporting walls (see Fig. 7a), the
safety level evaluated according to National Annex
of PN-EN steel code diverges the most from that of
replaced codes PN-B. Using the proposed member
resistance partial factor according to Equation (6), a
decrease of mean value is observed from 1.16 to 1.07,
and also a decrease of the coefficient of variation
from 7.1% to 3.8%.

For buckling of compressed members of I-section
rolled columns of HEA type (Fig. 7b), the application
of partial factor according to Equation (5) leads also
to better adjustment of safety levels according to
Eurocodes implemented in Poland and PN-B codes
being substituted by Eurocodes. Analysis shows the
decrease of mean value from 1.10 to 1.03 and also
the reduction of the coefficient of variation from
4.1% to 3.0%.
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Wspotczynniki czeSciowe w ocenie statecznosci
elementow konstrukcji stalowych

1. Wprowadzenie

Niniejsze opracowanie stanowi kontynuacj¢ pracy
Gizejowskiego 1 Stachury [1] dotyczacej dyskus;ji
sposobu przyjecia wartosci wspotczynnikow czg-
Sciowych do nosnosci przekroju statycznie wyzna-
czalnych elementow konstrukcji stropow stalowych.
Niniejsza praca obejmuje zagadnienia statecznosci
ogolnej tych elementow.

Analize bezpieczenstwa elementow stropow sta-
lowych przeprowadzono z uwzglednieniem warun-
ku réwnosci wskaznikow wykorzystania nosnosci
(WWN) otrzymanych dla tego samego obliczenio-
wego modelu konstrukcji, ale po przyjeciu dwoch
réznych pakietow norm. Uwzgledniono wskazni-
ki otrzymane z projektowania na podstawie normy
PN-90/B-03200 [2] i zwigzanych z nig norm PN-B
oraz odpowiadajace im wskazniki wykorzystania no-
$nosci otrzymane z obliczen przeprowadzonych na
podstawie normy PN-EN 1993-1-1 [3] i zwigzanych
z nig norm PN-EN.

2. Metodologia i rezultaty

Wspotczynniki czgSciowe p,, do nosnosci elemen-
tow ulegajacych niestateczno$ci ogolnej, wynikajace
z analizy bezpieczenstwa na podstawie wyzej wymie-
nionego podejscia maja postac:

— w przypadku elementow zginanych w ptlasz-
czyznie wickszej bezwladnos$ci przekroju i ule-
gajacych zwichrzeniu jak przedstawia wzor (1),

— w przypadku elementow S$ciskanych osiowo
i ulegajacych réoznym formom wyboczenia jak
przedstawia wzor (2).

Wyniki analizy wspotczynnika czesciowego do no-
$nosci elementu mozna wyrazi¢, jako funkcje dwoch
argumentow: smukiosci wzglednej okreslonej wg
normy [3] oraz parametru . Przykladowe wyniki
analizy w postaci warstwicowej przedstawiono gra-
ficznie na Rysunku 1. Rysunku la przedstawia wy-
niki dotyczace zwichrzenia zginanych belek walco-
wanych typu IPE, ocenianego wg normy [3] metoda
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0g6lng. Wyrdzniono cztery poziomy parametru y do
zilustrowania przebiegu wspotczynnika czgsciowe-
go do nosnosci elementu: w = 0,4; w = 1,0; y = 1,6
i = 2,0; odpowiadajace w przyblizeniu wartoSciom
obcigzenia uzytkowego: 1,7; 4,2; 6,8 oraz 8,5 kKN/m?.
Wartosci te odpowiadaja zmianom warto$ci wspot-
czynnika do kombinacji obcigzen zmiennych, analo-
gicznie jak w pracy [1] dotyczacej wspotczynnikdw
czegsciowych do no$nosci przekroju. Na rysunku 1b
przedstawiono krzywe ilustrujace przebieg wspot-
czynnika czesciowego y,, dla wybranych czterech
warto$ci parametru y jako wynik przecigcia pionowa
plaszczyzna powierzchni, ktorej warstwice przedsta-
wiono na rysunku la. Mozna zaobserwowa¢ bardzo
szybki spadek wartosci wspotczynnika czeSciowego
ponizej 1,0 wraz ze wzrostem smuktosci, a nastep-
nie od smuktosci wzglednej ok. 1,0 wzrost wartosci
wspétezynnika y,,, do odpowiednich warto$ci asymp-
totycznych.

Wykresy z analizy zwichrzenia dwuteowych bla-
chownic spawanych klasy 4 pokazano na rysunku 2.
W przypadku blachownicy z krgpymi $ciankami
podpierajacymi (rys. 2a) w zakresie praktycznych
smuktosci, Eurokod zapewnia wigkszy poziom bez-
pieczenstwa od zastgpowanych norm krajowych PN-
B. W przypadku blachownic ze smuklymi §ciankami
podpierajacymi (rys. 2b) duze wartosci wspotczynni-
ka y,,, zwigzane z no$noscig przekroju malejg wraz
ze wzrostem smuktosci, a nastgpnie rosng asympto-
tycznie do tych samych wartosci, jak dla przekrojow
z krepymi pasami.

W przypadku Sciskania stupéw o przekroju typu
HEA, przy wyboczeniu wzgledem osi y-y (rys. 3a)
obserwuje si¢ rowniez obnizenie warto$ci wspotczyn-
nika czeSciowego wraz ze wzrostem smuklosci, ale
W mniejszym stopniu niz przy zwichrzeniu. Przy wybo-
czeniu wzglgdem osi z-z (rys. 3b) w zakresie smuktosci
wzglednej do ok. 3,0 warto$ci wspotczynnika ulegaja
niewielkim wahaniom, a nastgpnie rosng asymptotycz-
nie do wartosci jak przy wyboczeniu wzglgdem osi y-y.
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Podobne wyniki do otrzymanych przy wyboczeniu
elementéw o przekroju typu HEA wzgledem osi y-y,
uzyskuje si¢ dla stupow z ksztaltownikéw IPE przy
wyboczeniu wzgledem obu osi oraz w przypadku
dwuteowych shupéw spawanych klasy 4 z krepymi
Sciankami podpierajagcymi przy wyboczeniu wzgle-
dem osi y-y oraz skrzynkowym przy wyboczeniu
wzgledem obu osi. Wyniki dla spawanych dwuteow-
nikéw klasy 4 z krepymi $ciankami podpierajacymi
przy wyboczeniu wzgledem osi mniejszej bezwtad-
nosci sa zblizone do uzyskanych przy wyboczeniu
ksztaltownikéw HEA wzgledem osi z-z.

Przy wyboczeniu stupdéw blachownicowych o prze-
kroju klasy 4 ze smuklymi §ciankami podpierajacymi,
dlaktoérych wyniki analizy przedstawiono narysunku 4,
Eurokod wykazuje mniejszy poziom bezpieczenstwa
niz zastgpowane normy krajowe PN-B praktycznie
w calym zakresie smuktosci wzgledne;.

3. Podsumowanie i uwagi koricowe

Na rysunku 5 przedstawiono wyniki analizy staty-
stycznej wspolczynnikow czesciowych do nos$nosci
przekroju, na podstawie Zatacznika krajowego w [3]
oraz propozycji autorow podanej w tabeli 1.

W przypadku belek walcowanych, warto$¢ $rednia
wspotczynnika czesciowego do nosnosci przekroju
wynosi 1,08, za§ wspotczynnik zmiennosci 5,5%. Po
uwzglednieniu warto$ci wspotczynnikow czgscio-
wych ujetych w tabeli 1, nastepuje zblizenie poziomu
bezpieczenstwa ocenianego wg pakietow norm PN-B
i PN-EN. Wartos¢ $rednia wynosi wowczas 1,03,
wspotczynnik zmiennosci za$ 3,3%. Podobna ten-
dencja jest widoczna w przypadku blachownic spa-
wanych. Uzyskuje si¢ zmniejszenie wartosci $redniej
z 1,11 do 0,99, oraz redukcj¢ wspotczynnika zmien-
nosci z 7,4% do 5,9%. Mozna zauwazy¢ $rednio ok.
5% zblizenie no$nosci oraz ok. 2% zmniejszenie roz-
rzutu wynikow nosnosci ocenianych wg obu pakie-
tow norm.

Analizujac wyniki przedstawione na rysunkach
1 do 4, a takze wyniki szerszych analiz dotycza-
cych elementéw o innych przekrojach walcowanych
i spawanych, zaproponowano zalezne od smuktosci
zaleznosci (5) i (6) na wspotczynnik czesciowy do
no$nosci elementu y,,  narazonego na niestatecznos$¢
0g6lna.

Podobnie jak na rysunku 5, na rysunkach 6 i 7
przedstawiono wyniki analizy wskaznikow wykorzy-
stania no$no$ci, ale w odniesieniu do nos$nosci ele-
mentu. W przypadku zwichrzenia belek o przekrojach
walcowanych typu IPE (rys. 6a), po zastosowaniu

wspotczynnika czesciowego ze wzoru (5), uzyskuje
si¢ zmniejszenie wartosci Sredniej z 1,05 do 0,98 oraz
wspotczynnika zmiennosci z 5,7% do 4,0%. Przy
zwichrzeniu przekrojow klasy 4 z krepymi $ciankami
podpierajagcymi (rys. 6b), Eurokod zapewnia wigkszy
poziom bezpieczenstwa w porownaniu do zastepo-
wanych norm krajowych PN-B, przy czym wartos¢
srednia wynosi 0,93; wspotczynnik zmiennos$ci zas
5,8%. Po zastosowaniu wspotczynnika cze$ciowego
wg wzoru (6) uzyskuje si¢ znaczne zmniejszenie roz-
rzutu wynikow o ok. 2,5% i tylko nieznaczne zmniej-
szenie warto$ci sredniej z 0,93 do 0,88.

W przypadku zwichrzenia blachownic o przekro-
jach klasy 4 ze smuklymi Sciankami podpierajacy-
mi (rys. 7a), gdzie poziom bezpieczenstwa Euroko-
du najbardziej odbiega od poziomu zastepowanych
norm krajowych PN-B, po zastosowaniu wspotczyn-
nika czeSciowego wg (6) obserwuje si¢ najwicksze
zmniejszenie wartosci sredniej z 1,16 do 1,07 i re-
dukcje wspotczynnika zmiennosci z 7,1% do 3,8%.
Przy wyboczeniu stupéw o przekrojach typu HEA
(rys. 7b), po zastosowaniu wspotczynnika czgsciowe-
go wg wzoru (5) uzyskuje si¢ rowniez zmniejszenie
wartosci sredniej z 1,10 do 1,03 oraz redukcje wspot-
czynnika zmiennosci z 4,1% do 3,0%.
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THE INFLUENCE OF CO-COMBUSTED BIOMASS-COAL
FLY ASH ON LIMITING ALKALI-SILICA REACTION

Abstract

The increasing application of the fossil fuels-biomass co-combustion causes the increased interest in fly ashes produced
in this process. The literature data indicate that the fly ash recovered from the co-combustion of coal and biomass and
conforming to the requirements defined in the standards may also influence the extent of the ASR expansion. Fly ashes
contribute to better durability of concrete in terms of alkali-silica reaction effects. Biomass fly ash chemical composition
is different from that of the fly ash recovered from the combustion of coal. The ashes are more finely divided and contain

less unbound CaO as compared to calcareous ashes.

Keywords: Alkali-silica reaction, fly ash, co-combusted biomass-coal

1. Introduction

Concrete is one of the most commonly used building
materials nowadays. Its properties are directly
dependent on the parameters of hardened cement paste
and aggregate as well as on the interaction between
these two constituents. Products of this interaction
affect the durability of concrete and may result in it
being severely damaged, for example, due to the alkali-
silica reaction (ASR). Sodium potassium silicate gel
or sodium potassium calcium silicate gel produced
as a result of the ASR form along cleavage planes of
aggregate, in its pores and on the surface of the grains.
They tend to absorb water and expand in concrete,
leading to damage. Detrimental processes are very slow
and appear years after the concrete was placed [9, 11].

One of the methods employed to mitigate the
effects of ASR is adding mineral material to concrete
in the form of an admixture or as a component of
blended cement. Data from the literature indicate an
advantageous role of fly ash in preventing excessive
expansion [10]. As a result of a pozzolanic reaction
more C-S-H phase fills the pores and decreases
permeability in concrete by limiting ion mobility.

2. Mechanism of alkali-silica reaction

The alkali-silica reaction is the process that
progresses very slowly and its deleterious effects
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may appear more than ten years after the concrete
was placed. The reaction mechanism is quite complex
and numerous studies have shown that many issues
associated with it still need to be understood. Dent
Glasser and Kataoka have described the mechanism
of ASR. Their model is based on the properties of
colloidal silica and the hypothesis that the water-
silica particle interfacial reactive zone is covered with
a layer of silanol groups [9]. Silica from aggregate
reacts with sodium hydroxide and potassium
hydroxide solutions. Cement paste pores contain large
numbers of sodium and potassium ions. The reaction
starts with a specific acid-base reaction, where the
acidic silanol groups react with alkali hydroxides. The
action of Na” and OHions on the aggregate particles
results in neutralization of the silanol groups.

=Si-OH+ Na'+ OH —=Si-ONa’+ HO (1)

The next stage of the reaction develops in the high
pH environment and ends with the disruption of
oxygen bonds. Sodium and potassium ions balance the
negative charges present on the terminal oxygen ions.

=Si-O-Si=+ 2Na"+ 20H — 2 (=8i-ONa") + HO (2)
Some silanol groups remain on the silica surface.

The three-dimensional structure of quartz is destroyed
and the polymineral, well soluble in water sodium
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potassium silicate gel is formed as a result [9]. The
extent of the reaction depends on the content of
sodium and potassium ions in the liquid phase, their
action on the reactive silica surfaces, and on the level
to which the quartz structure has been disordered
[8, 11]. Expansion from ASR is dependent mostly
on humidity and temperature, the levels of which
determine the properties of the sodium potassium
silicate gel. It has been reported that the most
pronounced expansion occurs at room temperature
and relative humidity of 80% [8].

Fly ash is a widely recognized mineral admixture
used to produce cement, concrete and multi-
component binders. Its role in the alkali reaction
control is significant. Fly ash added to cement helps
prevent detrimental expansion in concrete or reduces
the expansion to the allowable level. The requirements
relating to the use of fly ash as a concrete admixture
are defined in PN-EN 450-1+A1 (2012).

The literature reports three hypotheses to explain
the reaction mechanism of pozzolanic admixtures:
decreased permeability (reducing effective ion
diffusion coefficients), bonded alkalis and consumed
calcium hydroxide in the pozzolanic reaction and
uniform distribution of calcium hydroxide in the
mortar [6]. Despite the fact that fly ash contains more
alkalis than Portland cement does, its small amount
is soluble in water (approx. 0.1% Na,O,) [4]. To
conclude, fly ash as a pozzolanic admixture contributes
to the reduction of Na,O /SiO, ratio in the silica gel. A
sodium and potassium oxide content in concrete pore
solutions is dependent on the percentage amount of
ash to cement (Na,O and K,O contents decrease with
an increase in ash content in cement). It is assumed
that the replacement of 30% cement high in sodium
and potassium by fly ash in the paste and concrete
may reduce the expansion [9].

3. Characteristics of coal-hiomass co-combusted fly ash

Fly ashes recovered from the combustion of coal
(siliceous) or lignite (calcareous) and from the co-
combustion of biomass and coal are used as a mineral
additive to cement. Beneficial effect of the siliceous
and calcareous fly ashes on the alkali-silica reaction
has been widely addressed in the literature [5, 14]. The
effects of an addition of coal-biomass co-combusted
fly ash have not been studied in Poland in terms of its
influence on the ASR.

Biomass fly ash chemical composition is different
from that of the fly ash recovered from the combustion
of coal. The biomass fly ash is richer in CaO, MgO,

Na,O, K,O and P,O, while containing less SiO, and
ALQO,, as compared to coal-derived fly ash [3, 7].
The number of glassy components responsible for
the pozzolanic reaction increases with an increasing
amount of co-combusted biomass, which is the effect
of the higher content of CaO and P O, [4]. Biomass
contains approximately four times more oxygen,
two times less carbon and less sulphur and nitrogen.
Consequently, it has a high content of volatile matter,
i.e., components emitted when the fuel is heated to
over 100°C. Effective combustion of such fuels calls
for special design of the combustion chamber as the
air for the combustion enters the chamber above
the fuel deposit, where the volatile matter occurs.
Other technical challenges associated with biomass
combustion include the potential for slagging and
fouling in the combustor and corrosion accelerated
by KCI that accumulates on the pipes. Biomass is
less calorific and higher in moisture than coal. The
combustion temperature decreases during biomass-
coal co-combustion with a consequential decrease in
the glassy phase content and increase in unburnt coal
amount. The typically increased moisture content
in the biomass makes the supply and storage of the
biomass ash difficult.

The main advantage of the biomass, i.e., wood
chips, straw, plant fibres, dried fruit, etc., as
compared to fossil fuels is its availability. The EN
450-1 [4, 14] defines the physical and chemical
properties of the fly ash derived from the co-
combustion. Many different types and proportions
of biomass for co-combustion have been studied
to find that co-combustion ashes have lower bulk
density, lower concentrations of naturally occurring
radioactive constituents and finer size as compared
to the products of coal combustion [5].

4. Application of biomass ash to limiting alkali-silica reaction

Biomass co-combustion-derived fly ashes are
used less widely as mineral additives to cement or
concrete than calcareous or siliceous ashes which are
assumed to be able to prevent expansion in concrete
caused by the alkali-silica reaction. The literature
data indicate that the fly ash recovered from the co-
combustion of coal and biomass and conforming
to the requirements defined in the standards may
also influence the extent of the ASR expansion.
The quality and amount of the ash produced for
the coal and biomass co-combustion is dependent
on the type of the biomass used. Information about
the chemical composition of the biomass helps

27



structure

Zdzistawa Owsiak, Agnieszka Wojcik

determine its suitability for use in technological
processes. The properties, chemical composition of
coal and biomass used, as well as a proper choice
of the boiler allow obtaining desired properties
of the co-combustion ashes [5, 13]. According to
American standards fly ash derived from biomass
co-combustion is not suitable for use in concrete.
Alternatively, the latest European regulations allow
for the use of co-combusted fly ash as a mineral
additive, which, when its composition meets the
standards, can have an advantageous influence on
the ASR.

Research conducted by Shearer et al. [12], devoted
to determining the effect of co-combusted biomass on
the ASR, was based on the requirements laid down in
ASTM C1260 [1] and ASTM C1567 [2]. They found
that unlike the controls without the additive, all the
samples containing fly ash contributed to suppressing
expansion due to ASR.

Fig. 1. Expansion of samples from coal combustion (GA1
and EC1) and coal-biomass co-combustion (GA2, EC2
and EC3) compared to the sample containing no fly ash

(sample with plain cement) [11].

As the co-combustion affected the morphology, finer
ash particles had a lower CaO content, thus exhibiting
better pozzolanic properties. Fly ashes with high alkali
or calcium contents are less effective in controlling
ASR. The analysis of the results they obtained
revealed that the ashes from biomass co-combustion
might absorb alkalis from the pore solution, which
may have an advantageous effect on mitigating the
alkali-silica reaction. Coal-biomass (deciduous wood
waste) yielded the best results. Expansion due to the
alkali-silica reaction was 0.043% and 0.121% after 14
and 28 days, respectively. In the samples that did not
contain mineral additives in the form of fly ash, the
expansion reached 0.0658% at 14 days and 0.819%
at 28 days [12].
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5. Summary

The use of fly ash in cement or concrete improves
the properties of fresh or hardened concrete. This
characteristic helps reduce the amount of cement
clinker in binders. Fly ashes contribute to better
durability of concrete in terms of alkali-silica reaction
effects. Little is known about the role of biomass co-
combustion fly ash. The data available indicate that
these ashes are more finely divided and contain less
unbound CaO as compared to calcareous ashes. All
these properties may have a beneficial effect on the
expansion from the alkali-silica reaction.
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Wptyw popiotu lotnego pochodzacego ze
wspotspalania wegla kamiennego i biomasy
na ograniczenie reakcji alkalia-krzemionka

1. Wstep

Beton jest jednym z powszechnie stosowanych mate-
riatow budowlanych we wspotczesnym budownictwie.
Wtasciwos$ci betonu zalezg od parametrow stwardnia-
fego zaczynu, kruszywa oraz oddziatywania kruszywa
z zaczynem cementowym. Produkty tych reakcji wpty-
waja nie tylko na trwato$¢, ale moga réwniez prowa-
dzi¢ do destrukcji betonu, przyktadem sa reakcje kru-
szywo-alkalia. Zel krzemianu sodowo-potasowego lub
zel krzemianu sodowo-potasowo-wapniowego jako
produkty tej reakcji, pojawiaja si¢ w plaszczyznach
hupliwosci kruszywa, w jego porach, a takze na po-
wierzchni ziaren. Maja one tendencje¢ do wchtaniania
wody i1 tym samym powigkszenia objetosci, w wyniku
czego nastepuje destrukcja betonu. Procesy destrukcji
konstrukcji betonowej w wyniku reakcji alkalia-krze-
mionka sg bardzo powolne i zwykle pojawiaja si¢ po
kilku badz kilkunastu latach [9, 11].

Jednym ze sposobow ograniczenia skutkow reake;ji al-
kalia-krzemionka jest zastosowanie dodatkow mineral-
nych do betonu lub zastosowanie cementu z dodatkami.
Dane literaturowe wskazuja na korzystna rolg popiotow
lotnych w wyeliminowaniu nadmiernej ekspansji [10].
W wyniku reakcji pucolanowej powstajaca wicksza
ilos¢ fazy C-S-H wypetnia pory i tym samym zwigksza
szczelno$¢ betonu ograniczajac ruchliwos¢ jonow.

2. Mechanizm reakgcji alkalia-krzemionka

Reakcja alkalia-krzemionka jest procesem zacho-
dzacym bardzo powoli, a jej negatywne skutki moga

ujawnic¢ si¢ dopiero po kilkunastu, badz kilkudziesig-
ciu latach. Przebieg tej reakcji jest bardzo ztozony,
a liczne badania wcigz pokazuja, jak wiele zagadnien
wymaga wyjasnienia. Mechanizmy reakcji alkalia-
-krzemionka opisujg Dent Gessler oraz Kataoka. Mo-
del ten oparty jest na wlasciwosciach krzemionki ko-
loidalnej oraz hipotezie, ze reaktywna powierzchnia
migdzyfazowa woda-ziarno krzemionki pokryta jest
warstwa grup silanolowych [9]. Krzemionka, ktora
zawarta jest w kruszywie wchodzi w reakcje w roz-
tworze wodnym z wodorotlenkami sodu lub potasu.
Natomiast pory zaczynu zawierajg duze ilosci jonow
sodu oraz potasu. Pierwszy etap reakcji alkalicznej to
reakcja charakterystyczna kwasow z zasadami. Grupy
silanolowe reaguja z wodorotlenkiem sodu i potasu.
Wynikiem oddziatywania jonéw Na* i OH na ziarno
krzemionki jest zobojetnienie grup silanolowych.

=Si-OH+ Na'+ OH - =Si-ONa"+H,0 (1)

Kolejnym etapem jest reakcja zachodzaca w $ro-
dowisku wysokiego pH. Rezultatem tej reakcji jest
zerwanie mostkow tlenowych. Oddziatywanie jonow
sodu lub potasu powoduje zrownowazenie ujemnych
tadunkow niemostkowych jonow tlenu.

=Si-O-Si= + 2Na" + 20H — 2 (=S8i-O'Na") + H,O (2)
Czes$¢ grup silanolowych nadal pozostaje na po-
wierzchni krzemionki. Waznym etapem przebiegu

tej reakcji jest zniszczenie trojwymiarowej struktury
kwarcu. Wynikiem tego procesu jest powstanie po-
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limineralnego zelu krzemianu sodowo-potasowego,
ktory jest dobrze rozpuszczalny w wodzie [9]. Zakres
reakcji uzalezniony jest od ilo$ci jonéw sodu i potasu
w fazie ciektej, oddziatywania jonéw sodu i potasu na
powierzchnie reaktywnej krzemionki, oraz poziomu
zdefektowania struktury kwarcu [8, 11]. Natomiast
ekspansja spowodowana reakcja alkalia-krzemionka
jest w duzej mierze zalezna od wilgotnos$ci i tempera-
tury. Od parametrow tych czynnikow zalezg wtasci-
wosci powstatego zelu krzemianu sodowo-potasowe-
go. Dane literaturowe przedstawiaja, ze najsilniejsza
ekspansja wystepuje w temperaturze pokojowej, przy
wilgotnosci wzglednej 80% [8].

Popioty lotne s3 od wielu lat cennym dodatkiem
mineralnym stosowanym do produkcji cementu, be-
tonu oraz spoiw wielosktadnikowych. Pelnig one
bardzo wazng role w ograniczeniu reakcji alkalicz-
nej. Dodatek do cementu popiotu lotnego pozwala za-
pobiec pojawieniu si¢ ekspansji niszczacej beton lub
powoduje jej obnizenie do dopuszczalnego poziomu.
Wymagania dotyczace popioldéw lotnych stosowa-
nych jako dodatek do betonu okreslone sg w normie
[PN-EN 450-1+A1 2012].

Na podstawie danych literaturowych przedstawia
si¢ trzy hipotezy tlumaczace mechanizm dziatania
dodatkéw pucolanowych: zmniejszenie przepusz-
czalno$ci (powoduje to zmniejszenie efektywnych
wspotezynnikéw dyfuzji jondw), wigzanie alkaliow
oraz wodorotlenku wapnia w reakcji pucolanowe;j
1 rtownomierne rozmieszczenie wodorotlenku wapnia
w zaczynie [6]. Pomimo iz popioty lotne w swoim
sktadzie zawierajg wiecej alkaliow niz cement por-
tlandzki, z tego wzgledu, ze wystepuja w szkle, to
niewielka ich ilos¢ jest rozpuszczalna w wodzie (ok.
0,1% Na,O,) [4]. Reasumujgc mozna stwierdzi€, ze
popidt lotny jako dodatek pucolanowy wplywa na
zmnigejszenie stosunku Na,O,/SiO, w zelu krzemion-
kowym. Ilo$¢ tlenkéw sodu i potasu znajdujaca si¢
w porach betonu zalezy od procentowej zawartosci
popiotu w stosunku do cementu (zawartos¢ Na O
1 K O maleje wraz ze wzrostem zawartosci popiotu
w cemencie). Przyjmuje sig, ze zastapienie 30% ce-
mentu o duzej zawartosci sodu i potasu przez popio6t
lotny w zaprawie i betonie moze powodowac reduk-
cje ekspansji [9].

3. Charakterystyka popiotu lotnego pochodzacego
ze wspotspalania biomasy i wegla kamiennego

Popioly lotne pochodzace ze spalania wegla ka-
miennego (krzemionkowe), wegla brunatnego (wa-
pienne) oraz wspolspalania biomasy z weglem ka-
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miennym, s3 stosowane jako dodatek mineralny do
cementu. Pozytywny wplyw dodatku popiotu lotnego
krzemionkowego i wapiennego na reakcje¢ alkalia-
-krzemionka jest szeroko opisywany w literaturze [5,
14]. Natomiast dodatek popiotu lotnego pochodzace-
g0 ze wspotspalania wegla kamiennego z biomasg nie
byt w Polsce badany pod katem reakcji alkaliczne;.

Popioly ze wspotspalania biomasy maja bardziej
zréznicowany sktad chemiczny niz popioly ze spa-
lania wegla. Charakteryzuja si¢ wicksza zawartoscia
CaO, MgO, Na,O, KO oraz P, O,, i mniejszg iloscig
SiO, 1 ALO,, w pordwnaniu z popiotami ze spalania
wegla [3, 7]. llos¢ sktadnikéw szklistych, ktére od-
powiadaja za reakcj¢ pucolanowa, wzrasta wraz ze
zwigkszajaca sie iloscig wspotspalanej biomasy, jest
to efekt wyzszej zawartos¢i CaO 1 P,O, [4]. Bioma-
sa zawiera $rednio okoto czterokrotnie wiecej tlenu,
dwukrotnie mniej wegla, oraz mniej siarki i azotu.
Konsekwencja tego skladu jest wysoka zawartosc¢
czesci lotnych, czyli sktadnikow wydzielajacych sig
przy podgrzewaniu paliwa powyzej 100°C. Efektyw-
ne spalanie tego typu paliw wymaga specjalnych roz-
wigzan konstrukcyjnych m.in. komor spalania, po-
wietrze do spalania wprowadzane jest powyzej ztoza
paliwa, tam gdzie pojawiajg si¢ czesci lotne. Podczas
spalania biomasy pojawiaja si¢ roOwniez zagrozenia
zwigzane z zanieczyszczeniem si¢ powierzchni ko-
mor spalania oraz korozja. W przypadku spalania sa-
mej biomasy wydziela si¢ KCI, ktory kumuluje si¢
na rurach przyspieszajac proces korozji. Biomasa ma
nizsza niz wegiel kaloryczno$¢ oraz wyzszg wilgot-
nos¢. Podczas jej wspolspalania z weglem obniza si¢
temperatura spalania, a co za tym idzie, zmniejsza
si¢ zawartos¢ fazy szklistej, natomiast zwicksza ilo§¢
nie spalonego wegla. Duza wilgotno$¢ biomasy jest
rowniez problemem przy transportowaniu i magazy-
nowaniu tego typu popiotow.

Gtowna zaleta zastosowania biomasy jest jej do-
stepno$¢ w porownaniu z paliwami kopalnymi. Ma-
terialami roslinnymi wspoétspalanymi z weglem moga
by¢: wiory drzewne, stoma, widkna roslinne, susz
owocowy 1 itp. Witasciwosci fizyczne i chemiczne
popiotow lotnych pochodzacych ze wspotspalania
muszg spetnia¢ wymagania okreslone w normie EN
450-1 [4, 14]. Badania jakie zostaty przeprowadzo-
ne przy uzyciu wielu rodzajéw biomasy, spalanych
w roéznych proporcjach z weglem ukazuja, ze popioty
ze wspotspalania charakteryzuja si¢ mniejsza gesto-
$cig objetosciowa 1 mniejszym stezeniem natural-
nych pierwiastkéw promieniotworczych oraz drob-
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niejszym uziarnieniem w poroéwnaniu do produktow
pochodzacych ze spalania samego wegla [5].

4, Zastosowanie popiotu z biomasy w ograniczeniu
reakcji alkalia-krzemionka

Zastosowanie popiotow lotnych pochodzacych ze
wspotspalania biomasy jako dodatkow mineralnych
do cementu czy betonu nie jest tak rozpowszechnione
jak uzycie popiotéw wapiennych i krzemionkowych.
Obecnie przyjmuje sie, ze wlasciwe wykorzystanie
popiotow lotnych krzemionkowych oraz wapiennych
moze zapobiec ekspansji wywolanej reakcja alkalia-
-krzemionka w betonie. Dane literaturowe wskazuja,
ze takze popioly pochodzace ze wspotspalania bio-
masy spelniajace wymagania zawarte w normach
moga korzystnie oddzialywac¢ na ograniczenie wiel-
kosci ekspansji alkalicznej. Jako$¢ oraz ilos¢ popiotu
jaki powstaje ze spalania mieszaniny wegla i bioma-
sy jest uwarunkowana rodzajem uzywanej biomasy.
Informacja o sktadzie chemicznym biomasy pozwala
na okreslenie mozliwosci jej zastosowania w proce-
sach technologicznych. Biorge pod uwage wtasciwo-
$ci, sktad chemiczny surowca weglowego i biomasy
oraz dobierajagc odpowiedni typ kotta, mozna wpty-
ng¢ na wlasciwos$ci popiolow wytwarzanych podczas
spalania [5, 13]. Wedlug amerykanskich standardow
popioty pochodzace ze wspoéltspalania biomasy nie
nadaja si¢ do stosowania jako dodatek mineralny
do betonu, jednak wedlug najnowszych standardow
europejskich istnieje mozliwo$¢ stosowania takiego
popiotu, a co wigcej przy odpowiednim sktadzie che-
micznym moze mie¢ pozytywny wplyw na reakcje
alkalia-krzemionka.

Badania wykonane przez Shearera i innych [12]
majace na celu okreslenie wptywu popiotu ze wspot-
spalania biomasy na reakcj¢ alkalia-krzemionka
zostaly przeprowadzone w oparciu o normy ASTM
C1260 [1] oraz ASTM C1567 [2]. Badania wykazaty,
ze wszystkie probki zawierajace popioty lotne przy-
czyniajg si¢ do zmniejszenia ekspansji w porownaniu
do probek kontrolnych nie zawierajacych popiotow.
Wyniki przedstawiono na rysunkul.

Wspotspalanie popiotéw miato wptyw na morfolo-
gie, drobniejsze czastki popiotu miaty nizsza zawar-
tos¢ CaO, a co za tym idzie, lepsze wtasciwosci puco-
lanowe. Popioly lotne z duzg zawartoscig alkaliow lub
wapnia sg mniej skuteczne w kontrolowaniu reakcji
alkalia-krzemionka. Analiza wynikoéw badan wykazata
réwniez, ze popioly pochodzace ze wspotspalania bio-
masy moga adsorbowac¢ alkalia z roztworu porowego,

co moze mie¢ korzystny wptyw na tagodzenie prze-
biegu reakcji alkalicznej. W przeprowadzonym bada-
niu najlepsze wyniki otrzymano w probce zawieraja-
cej popioty pochodzace ze wspotspalania wegla z bio-
masg (odpady z drzew lisciastych). Ekspansja w wy-
niku reakcji alkalicznej po 14 1 28 dniach w tej probce
wynosita odpowiednio 0,043% 1 0,121%. Natomiast
w probkach nie zawierajacych dodatkéw mineral-
nych w postaci popiotu lotnego ekspansja wynosita
0,0658% po 14 dniach i 0,819% po 28 dniach [12].

5. Podsumowanie

Zastosowanie popiolu lotnego w sktadzie cementu
lub betonu poprawia wiasciwosci mieszanki betono-
wej czy stwardniatego betonu. Pozwala ograniczy¢
ilo$¢ klinkieru cementowego w spoiwie. Wykorzy-
stanie popiotow poprawia trwatos¢ betonu ze wzgle-
du na reakcj¢ alkalia-krzemionka. Niewiele jest
wynikow badan dotyczacych roli popiotéw lotnych
pochodzacych ze wspoétspalania biomasy. Dostepne
dane wskazuja, ze popioly te charakteryzujg si¢ lep-
szym rozdrobnieniem oraz mniejszg zawartoscig nie-
zwigzanego CaO w porownaniu do popiotow wapien-
nych. Takie wiasciwosci popiotow pochodzacych ze
wspotspalania moga wptywac na zmniejszenie eks-
pansji spowodowanej reakcja alkalia-krzemionka.
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SIMULATING HEAT-TRANSFER PROCESSES
IN TWO-PHASE HEAT-UTILIZER AT HEAT PIPES

Abstract

The choice of rational heat-utilizer heating scheme is a very current problem of energy saving when using boiler units.
This article proposes the heat computation technique of heat exchanger at heat pipes with deep combustion - product
cooling in boilers and water steam condensation. In addition, the construction scheme of heat exchanger made with
two units in which the heat pipes are filled with different working medium is described. The numerical study results of
heat carrier temperature and pressure distribution, namely: combustion products and water being heated according to
counterflow - heat exchanger length are presented. The efficiency of two-phase heat-utilizer is determined.

Keywords: boiler unit, heat carrier, heat pipes, heat utilizer

1. Introduction

At present about 35—40% of fuel-power resources
in Ukraine is used for heat supply of enterprises and
inhabited localities, 70% of heat being generated at
centralized and individual boiler-houses. Expenses on
building heating are not less than 50% of the overall
housing-municipal sector.

One of the perspective directions in energy saving
is combustion-product heat utilization of boiler
units at the expense of their cooling below the dew
point (50+55°C) and emitting heat of water-vapour
condensation. At the same time condensate will
include water-solute gases and weighted particles.
That is why the deep combustion product cooling of
boiler units in the condensation mode provides not
only the increase of the fuel use ratio but also the
increase of their ecological efficiency.

Heat losses with waste gases of boiler units reach
5+6%. When the capacity of DE-type gas and fuel-
oil boilers is nominal, the temperature of waste gases
behind the economizer is 140+160°C using gas and
from 170 to 190°C using oil as fuel.

Different types of heat utilizers are used in the heat
utilization systems. The choice of heat utilizer type

and capacity required is determined by the available
users of the heat being utilized rather than the fixed
boiler unit capacity: heating the chemically pure water,
heating the blowing air, hot water supply system,
heating the return delivery water, technological
demands of an industrial enterprise, heating the water
for heat supply systems of seed-bed and greenhouse
economy and etc.

Contact heat-exchangers in which heat-exchange
takes place between smoke gases and cooling water
are widely used. Such heat exchangers with suitable
sizes, moderate metal consumption for their fabrication
and comparatively small power consumption while
operating provide the deep cooling of smoke gases up
to 40+45°C and 60-90% water-vapour condensation
contained in gases.

In contact heat-exchangers water heating is possible
only up to the temperature of “wet thermometer” that
is 50+60°C and depends on moisture content of smoke
gases and air excess coefficient. When the moisture
content increases, the partial pressure of water vapour
in smoke gases grows and the temperature of the “wet
thermometer” increases as well. The efficiency of
contact heat exchangers decreases with the increase
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of water (air) temperature and their application is
recommended when the water temperature at the
outlet is not more than 35°C .

Water being heated contains carbon dioxide ranging
from 0.008 to 0.1 g/m? that increases its corrosion
activity when pH = 2.8+4.9.

The absorption of NO, O, CO, gives the
condensate the properties of weak carbonic and nitric
acids, having the increased corrosive qualities but at
the same time nitric oxide content is decreased by
28-31% that improves ecological characteristics of
the boiler unit.

Condensing surface heat utilizers-economizers are
applied in The Netherlands, France, Germany, the
USA, Canada, Italy and other countries.

Russia produces bimetallic (steel-aluminum) heat
exchangers (calorifers) — KC -4-11).

The comparative analysis concerning the
characteristics of contact — and surface-type-
condensing boilers is given in [14, 16].

The comparison  of  contact-and-surface-
heat exchangers parameters shows that surface
apparatuses are characterized by lower capital
expenses, less power consumption. Their cost price
and compensation period are considerably lower.
Combined heat utilizers in which the first stage is the
contact apparatus, the second stage is the surface one
are being worked out [24].

The usage of condensation heat utilizers at the
heating boiler houses allows to increase the efficiency
by 6-8% and decrease the cost price of the heat energy
being generated by 9—11%.

2. Analysis of publication, materials, methods

The heat of waste gases in heat power and
technological units is the main kind of secondary
power resources (SPK) in industry [11].

Significant reserves of secondary power resource
saving consist not only of heat utilization of high
temperature gases but also of low temperature ones
(up to 300°C).

In Japan [14] an original design of the heat
exchanger with 75 MW heat capacity for utilizing the
heat of waste gases leaving the boiler was developed
and used in industry. Air is allowed to be heated
from 50°C up to 340°C at the initial gas temperature
of 370°C; the temperature of waste gases decreases
up to 130°C .

Russian industry manufactures DK-BM1-1 and
OK-BM1-2 water economizers in series [12] which
are characterized by the following parameters: heat
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capacity from 0.87 to 1.22 MW, gas rate from 3600 to
14400 kg/h, water rate from 8 to 40 t/h being heated
up to 42-55°C, waste gases enter at 140°C and cool
up to 30-40°C.

Devices having intermediate liquid heat-carriers
(KTAN — Contact Heat Exchanger with an active
nozzle) are being designed [20] characteristics being
presented in Table 1.

Table 1. KTANSs characteristics

Characteristics of KTANs-utilizers
KTAN-1.5YT

Heat capacity, MW 15

Gas rate, nm’/s 45

Temperature of water being heated, °C

at the inlet 5

at the outlet 50

Temperature of smoke gases, °C

atthe inlet 140

at the outlet 40
Heat exchange surface, m? 524

dimensions, m

length 2.66

width 1.75

altitude 4.16
Aerodynamic resistance, Pa 493

The usage of condensing heat exchangers is more
effective for low-capacity boilers than for devices
with KTANs [20].

BAXI, Viessmann, Ferroli, Beretta, BOSH, Buderus
condensing boiler and others with the 200 kW
capacity are equipped with a condensing surface heat
exchanger in which the deep cooling of combustion
products occurs while condensing water vapour.

Heat losses with waste gases are lowered up to
2%. Condensing utilizers of KCK- and TII-T1PK
types were developed by the institutes (Gorky State
Research Institute — Santechproject).

Table 2. The TP46-T1RKO03 characteristics

TN46-T1PK03 Characteristics
Air rate, thon, m*/h 16

Surface heat exchange area, m? 68.0

Dimensions, mm

length 1727
width 180
altitude 1075
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Effective compact heat-exchangers-utilizer at the
ribbed thermosyphons for low-capacity steam boilers
(with steam capacity of 1 t/h) were developed in Kiev
Polytechnic Institute (NTUU “KPI”) [2].

The scheme of the simplest utilizer at the heat pipes
is shown in Fig. 1

Heat-exchanger is made up of two gas passages
1 and 2, separated by gas-dense baffle 3. Closed
heat-transferring elements in a kind of heat pipes 4
having free ends placed in gas passages with “hot”
and “cold” heat-carriers are fixed in the baffle. The
intermediate heat carrier by means of which the heat
in vapourizing — condensating cycle transfers from
“hot” to “cold” heat carrier is put inside the closed
elements (thermosyphons).

Fig. 1. The scheme of the simplest utilizer at the heat pipes
(1, 2 — gas passages, 3 — gas-dense baffle, 4 — heat pipe)

Cooling the smoke gases in the condensing heat-
exchanger lowers the moisture content by 70-80%
that does not exclude the possibility of water vapour
condensation in gas passages and smoke pipe.
The absence of reliable dependencies determining
the process of moisture content change does not
permit (operational staff) to make correct decision
concerning the possibility of increasing technical and
economical parameters and plant reliability.

Setting the condensing heat utilizer into the gas
passage causes the danger of breaking an expensive
and crucial plant element — a smoke pipe by an
aggressive condensate. That is why while operating
the boiler unit one should define the part of smoke
gases to be taken when there is maximum heat
emission in the heat utilizer providing dew point
occurs in the smoke pipe mouth.

Thermodynamical processes when cooling
combustion products and condensing water vapour
are shown in the i-d diagram [7] (Fig. 2).

While cooling relative air moisture will increase
until it reaches 100% at the temperature called dew
point in the i-d diagram — cross section x = const,

¢ = 1. Smoke gas cooling below dew point is
accompanied by moisture condensation, i.e. gas
drying (process 1, Fig. 2).

When installing surface heat utilizers behind the
boilers waste gases are cooled and partly dried. Gas
moisture content decreases up to 0.03+0.06 kg/kg
d.g., and dew point up to 30+40°C , that is a positive
factor because the condensate falling out is prevented
in the smoke pipe.

In the contact heat utilizer one can observe adiabatic
cooling (variant 3, Fig. 2). Fluid can be heated up to
the temperature of wet thermometer.

Fig. 2. Main processes occurring in the contact of drops
and gas: a) direction variants of heat and moisture
transfer; b) process presentation on H-x diagram: 1 — gas
cooling and drying; 2 — dry gas cooling; 3 — cooling and
moisturizing with the resulting gas temperature decrease;
4 — cooling with moisturizing without enthalpy change;
5 — cooling with enthalpy increase and change;
6-isothermal moisturizing; 7 — gas heating with
moisturizing

Variants 1 and 2 (Fig. 2) — vapourizing water cooling
and drop heating with simultaneous vapourizing the
moisture from their surface respectively — do not
practically occur in contact heat utilizers.

Steam condensation from the smoke gas mixtures
in the presence of noncondensing gases (CO,, NO_
and others) on the surface of a solid (or liquid) is
less intensive compared to pure steam condensation.
If steam is immobile, even negligible gas content
in it results in the abrupt decrease of condensation
intensity. With the increase of velocity gas effect
upon process intensity decreases. The dependence
of dew point on the value of air excess ratio and
CO,, NO_ gas concentration (that are changed when
smoke gases move along the gas passage) making the
heat-calculation technique of the heat utilizer rather
complicated. Figures 3, 4 illustrates the effect of the
parameters mentioned on dew point.
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Fig. 3. Plot of dew point vs. CO, gas concentration
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Fig. 4. Plot of dew point vs. air excess

Moist-combustion-product parameters of the boiler
unit capacity are presented below (Tab. 3)

Table 3. Combustion product parameters of KBI'M-100 boiler

Boiler capacity mode
Parameters — -
mini-mal ave-rage maximal
Airrateratioa 1.76 1.23 1.14
Moisture content, d, kg/kg 0.08 0.11 0.12
Dew point, °C 493 55.3 56.6

Thus, the technical restriction preventing the
implementation of the given heat utilization
technology are the following:

— complexity concerning heat utilization process

calculation products;

— the necessity to maintain the given values of
waste gas temperature and moisture by means of
bypassing a part of waste gas rate.

Heat-calculation techniques known in literature
relating to condensing surface heat-exchangers are
either presented not completely or their data are quite
different. References [9, 11] give information on heat
transfer ratio. If in [9] the value of heat transfer ratio
is 300400 W/(m?K), in [11] it is — 45+88 W/(m?’K).

The most valid calculating dependencies used in
practice are obtained experimentally [2—8, 11-14, 18,
17-22]. However, known calculating dependencies
for heat utilizers with deep smoke gas cooling at
vertical heat pipes, filled with low temperature
working medium should be defined more precisely.

38

Get us analyze some of them.

The value of heat rejection coefficient from smoke
gases towards the ribbed surface is estimated by the
equation [11]:

Nu, = 4.55 Re®*"> K% Pr” (1)

Where Nu, Re, Pr, K — Nusselt number, Reynolds,
Prandtl and irrigation criteria, respectively.

The presented heat rejection coefficient from smoke
gases forwards the outer heat-utilizer surface is estimated
by the equation (1) in terms of irrigation (density) with
the condensate. The criterion equation is valid for
KC -4-11-02 XJI3-type condensing heat utilizer-
calorifer (the producer—JS “Calorifer plant”, Kostroma).

Figure 5 shows the plot of heat transfer coefficient
vs. combustion product speed and irrigation density.

Fig. 5. The plot of heat transfer coefficient Km W/(m?K)
vs. gas rate V m/s and irrigation density W (1 - W =2.28
+3.57,2-W=2.83 +3.67; 3 — W=3.19 + 4.03; 4 — for air

(“dry” heat exchange))

Criterion dependence is presented in [24]
(2)

Irrigation criterion K allows the effect of irrigation
density W (kg/m*h), connected with the cooling rate
of smoke gases to be evaluated.

Intensity (density) of irrigation W (kg/m?h) is
determined by the rate of condensate dropping out
and surface heat exchange area.

References [13, 21] presents the plot
Nu = ARe’¢ exe(m©O) that defines additional increase
of Nusselt criterion while condensing water vapour
from combustion products. The heat rejection
ratio is shown to be increased by 25-40 W/m’K
(30 —50%).
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It is experimentally found that the value of heat
transfer coefficient under condition of water vapour
condensation is 1.5 and 1.8 times larger than the K
value in case of dry heat exchange for water industrial
economizers respectively with the irrigation density
3.19-4.03 kg/m’h and gas rate 1.89-3.78 m/s.

When estimating the heat transfer coefficient the
most difficult thing is to define Oy O heat rejection
ratios from steam and gas mixtures towards the
condensate film surface and from condensate film
towards the cooling fluids (surface).

Heat rejection ratio a, is determined by the known
plots [3].

Heat rejection ratio «, for horizontally placed pipe
bunches is estimated by the equation:

, )

where C, — the ratio taking into account motion rate
of gas and steam mixture; a — heat rejection ratio
while condensing slowly moving steam:

, “

where p, 4, u, — density, heat transfer ratio, dynamic
condensate toughness ratio; d — pipe diameter; At t -t
—temperature head “steam-wall”, At = 2°C, respectively.

Mass rejection ratio S can be defined based on
analogy between heat exchange and mass exchange by
familiar plots [2, 3, 4, 13] using the plot of the = f (ag)
type and criterion equations.

Reference [3] presents the equation:

; )

where u, — average molecular mass (weight) of gas
and steam mixture:

, (6)
Pr — Prandtl’s heat criterion; Pr, — Prandtl’s diffusion

criterion; P — motive force of mass exchange,
determined by the equation:

, (7

The density of cross mass flow is defined by the equation:

; @®)

Theoretical heat rejection ratio from the steam and
gas mixture towards the heat-exchange surface wall
is estimated by the equation:

©)

Common theoretical heat-transfer ratio (coefficient)
of heat transfer from the steam and gas mixture
towards the heat-carrier being heated is determined in
the following way:

, (10)

where ¢ — ribbing coefficient.

The given amount of the condensate being emitted
from the combustion products while they are cooled
is estimated by the equation:

, (1D

where g, — the given theoretical rate of dry blowing
air, g =1.415; g — the given theoretical rate of dry
combustion products, g = 1.333; o, — air excess
ratio in front of the heat utilizer; X’ , x”  — initial
moisture content of combustion products at heat
utilizer inlet and its outlet, kg/kg.d.g., respectively.

The characteristics given are determined in relation
to the lowest combustion heat Q7,, Mcal/m®. Absolute
condensate amount is defined in the following way:

; (12)

Values x”, , x”_ are determined by the equations:

where X ~— moisture content of blowing air, kg/
kg.d.a., t  — waste combustion product at the outlet
from the heat utilizer, °C .

Thus, the amount of the condensate being emitted
depends on blowing air moisture-content, air excess
ratio and combustion product temperature at the heat-
utilizer outlet.
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3. The aim and setting the research problem

The object of the work is working out the heat
calculation technique of two-stage heat utilizer
using heat pipes when having the deep cooling of
combustion products with water vapour condensation.

Zone by zone calculation method [9, 13], being the
most effective one, is widely used when making the
heat calculation of condensing heat utilizers.

Combustion products of gaseous fuel in the boiler
units constitute steam and gas mixture, making up of
inert mixtures (CO,, CO, N,, NO, H,O, air and so on),
their water vapour content being about 15+17%. Water
vapour condensation is observed when having the deep
cooling of combustion products. Cross-flow density
of the condensate mass towards the cooling heat
utilizer surfaces is 0.1 kg/(m-s) that is much lower as
compared to pure water vapour condensation. The film
condensation mode is observed, condensation surface
geometry greatly influencing the intensity of heat
mass exchange processes. The heat rejection ratio for
horizontal surfaces is two times more than for vertical
ones &, =~ 0.550, . When installing the ribs the heat
rejection intensity (when condensing water vapour) can
be greatly increased and approach the value o, [3-5].

4. The main section

The given work proposes the heat calculation technique
of two-stage heat utilizer using heat pipes (thermosyphons)
in terms of water vapour condensation with the deep
cooling of the boiler unit combustion products.

This calculation technique suggests zone-by-zone
calculation of parameters (temperature, pressure,
thermosyphons capacity, condensate dropping out,
etc) along the heat exchanger.

The scheme of heat carrier motion is the following:
water-cross-traverse multi-stroke motion; combustion
products-traverse-countercurrent one. Thermosyphon
design features are: condensation zone and evaporation

zone — ribbed ones with cross ribs, thermosyphon
zone length being different, h,>h . “Gas-liquid”-type
heat utilizer is used for obtained hot water with 50
+55°C temperature. Pipe diameter is equal to 32+57
mm that provides making restrictions according to
maximum density of heat flow in the gas passage [2].

Heat transfer coefficient of the heat utilizer is
determined by the equation:

(13)
where @, @, — heat exchange ratio between heat
exchangers (combustion products, water) and

inner thermosyphon surface in the vaporation and
condensation zones; @, o, — heat rejection ratios in
the evaporation and condensation zones, respectively;
>.0,/4, — thermal resistance of thermosyphon walls,
@,, p, — ribbing coefficients.

Heat output of the heat utilizer is defined by the
equation:

(14)
where F — surface area; At — mean temperature head.

Heat rejection ratios in different heat utilizer zones
are determined according to the following plots
(Tab. 6-10).

Suitable accuracy of computation and simplicity
of dependence that is required in the optimization
problem were taken as the criterion of selecting
computation plots.

The ratio of outer heat exchange between
combustion products and ribbed thermosyphons
in the “dry” zone and in the zone of water vapour
condensation was determined using different plots.

Dependence comparison results are shown in
Tables 4, 5.

Table 4. The comparison of heat rejection ratio calculation-dependencies for ribbed chess-like pipe bunches in the “dry”

heat utilizer zone

Reference

Dependence

Value of
a, W/mK

(29]

11.40

[10]

13.70

(22]

with Re>10° 16.70
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Table 5. The comparison of heat rejection ratio calculation-dependencies for ribbed chess-like pipe bunches in the zone
of water vapour condensation

Value of
Reference Dependence
a, W/mK
[ 50+-60
[23] 30+-40
[21] 4060

Heat exchange coefficients inside the thermosyphon in the evaporation zone were determined according to the dependencies
presented in Table 6.

Table 6. Calculation dependencies for heat rejection ratio in the evaporation zone of the thermosyphon

Reference Dependence u\{ill\;J/?nOZL
18] 522833
[18] 6025.00
[18] 6870.00
[30] 4697.15

Calculation dependencies for heat rejection ratio in the thermosyphon condensation zone

Table 7. Heat exchange coefficient inside the thermosyphon at the condensation

Value of
Reference Dependence a, W/mK
1100
Nusselt's theory
o] 3240
[28] 982.13
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Table 8. The coefficient of outer heat exchange between water being heated (in the thermal siphon condensation zone) and

smooth and ribbed thermosyphon surface

Value of
Reference Dependence a, W/mK
Smooth pipe bunches
30] 728
(0] 766
29] 760
[22] 680
Ribbed pipe bunches
[22] with R=10"+-10° 276
9] 3112

Equations [2, 22, 23, 28, 30] were used in the program
while calculating the heat rejection ratio.
The results of numerical calculations are the following:

Fig. 6 Shows heat transfer ratio change along heat utilizer

5. Conclusions

The results of numerical study show the possibility of
increasing the efficiency of heat utilizers, made according
to two-stage scheme with various heat carriers in
thermosyphons.
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IMPACT OF THE MANUFACTURING CONDITIONS
AND OPERATING POSITION ON HEAT TRANSPORT
ABILITY OF THE HEAT PIPE FILLED WITH
FLUORINERT FC-72

Abstract

Heat pipes are devices, which transfer heat at a minimum temperature difference between evaporating and condensing
phase. Operating temperature of heat pipe is determined by the working fluid and vacuum achieved during its production.
This paper is focused on the determining the effect of the initial temperature of the ambient air to the performance
characteristics of produced heat pipes. In general, the decrease in pressure decreases the boiling liquid. Based on this it
can be presumed that achieving a lower temperature during production of heat pipe, the lower vacuum, the boiling point
of working fluid while increasing ability of heat transport in various positions.

Keywords: heat pipe, heat transport, cooling

1. Introduction

At present there are a number of potential
applications where the use of heat pipes bring
interesting effects, especially in terms of reliability
of cooling some temperature exposed components
and equipment. Excellent transport properties for
heat dissipation can be used in a variety of technical
applications of cooling, in particular the cooling of
electrical components and equipment. Because of
constructing smaller and more powerful devices
to be designed with appropriate cooling, transport
properties of refrigeration equipment and systems for
exhaust heat loss are necessary [1].

Heat pipe is a device using heat transfer from
warmer place to a place of lower temperature. Heat
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pipes operate on the principle of gravitational forces
on the working substance (condensate flows into the
evaporating part of the walls of the pipe by gravity).
The heat flow is dependent on the thermal resistance
of the liquid film on the wall of condensation part.
Correct operation is conditioned on such dosage of
the amount of working substance, in the range of
operating parameters that there is no lack of wetting
the surface of the evaporation part and, thus, no
decrease of performance. Conversely, large excess
liquid in the evaporation part leads of the boiling
and to the development of large steam bubbles and
formation stroke [2, 3].

In a variety of experimental measurements, it was
found out that although the heat pipes made of the
same materials were used and the same amount and
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types of process materials nevertheless heat pipes
have different transport capabilities. One possible
reason could be a different temperature during
filling and exhausting heat pipes. This presumption
is confirmed by experimental measurements at three
different operating temperatures [4].

2. Heat pipe manufacturing

Heat, thermal and hydraulic characteristics of the
heat pipe are determined by transmission phenomena
through evaporation and condensation, and the heat
transfer medium in the vapour flow and the liquid
phase in the thermal tube. Heat pipes are usually
in cylindrical shape, because in addition readily
available materials (pipes necessary dimensions), this
shape also provides advantages in terms of thermal
and strength parameters. Different shapes can be
found in practice, as well as the heat pipe with a flat
rectangular cross-section, triangular or other cross-
section. When making heat pipes, it is necessary
to follow the procedure of certain operations. The
way of implementation is then dependent on the
technological possibilities of the workplace [5].

For experiment a special type heat pipe was
produced with heat exchanger in condensation part
and filling valve with vacuum-manometer at the top.
This design allows to easily and quickly charge and
discharge the heat pipe with working fluid and to
measure transferred heat flux from evaporator to the
condenser. Container of heat pipe was manufactured
from copper material with a length of 500 mm,
internal diameter of 13 mm, wall thickness 1 mm.
The material before manufacturing was mechanically
and chemically cleaned. The produced heat pipe was
cleaned and dried again. After production procedure
the leakage test was performed and produced heat
pipes were ready for filling. The Fluorinert FC-72
was used as a working medium. This working fluid
is electrically non-conductive, and its use should
be of great value especially in electrical equipment
where there is risk to conduct the electrical current
in the event of failure of the cooling device, which is
undesirable. In table 1 chemical-physical properties
of the liquid Fluorinert FC-72 are given [6].

The volume of working medium charged in to heat
pipe was 20% of total heat pipe volume. After filling
the heat pipe was vacuumed and filled valve closed.
Charging and vacuuming of heat pipe was carrying
out at temperatures 20°C, 0°C, —20°C. After creating
the required vacuum the heat pipe was ready to
carry out the experiment. The experiment deal with

influence of various temperature conditions at heat
pipe manufacturing on the heat transfer ability.

Table 1. Chemical and physical properties of Fluorinert
FC72 [7]

Properties Description of properties
Optical properties Clear, colourless
Average molecular weight 338
Boiling point (1atm) 56°C
Freezing point -90°C
The estimated critical temperature 449K
The estimated critical pressure 1.8x 106 Pa
Vapor pressure 30.9x 106 Pa
Latent heat of evaporation 88J/g
Liquid density 1680 kg/m’
Kinematic viscosity 0.38 centistokes
Absolute viscosity 0.64 centipoise
Specific heat capacity 1100 J/(kgK)
Thermal conductivity 0.057 J(mK)
Expansion coefficient 0,00156°C
Surface tension 10 dynes/cm?
Reflectance index 1.251
Solubility of water 10 ppmw
Solubility in water <5 ppmw
Impact on the ozone layer 0
Dielectric strength 38kV, 0.1 gap
Dielectric constant 1.75
Electrical resistance 1.0x 1015 ohm/cm

Fig. 1. Heat pipe inserted into thermostat liquid bath of — 20°C
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3. Experimental measurement and calculation of heat
pipe thermal performance

The measurement of heat pipe thermal performance
was carried out so that the heat pipe was affix on the
measuring stand in a vertical position. The measuring
unit consists of electric water heater, water cooler,
flowmeter. Heat power supplied to the evaporating
part of the heat pipes was 550 W and the temperature
of the heating medium was kept at 80°C. Water cooler
(heat exchanger) mounted on the condensation part
ensured precise measurement of heat removal from
evaporator to condenser. The amount of coolant was
scanned by ultrasonic flowmeter. To determine the
temperature difference of flowed coolant in the water
cooler inlet and outlet temperatures were scanned by
thermocouples placed at the inlet and outlet of water
cooler. The scanned data of the ambient temperature,
inlet temperature, outlet temperature, temperature in
the tank with electric water heating and flow of coolant
in the water cooler was launched in the laptop [8].

Fig. 2. Experimental device

The data from experimental measurement was used
for the calculation of the transferred heat output of the
heat pipe. For the calculation of the transmitted power
by calorimetric method the following parameters had
to be determined: temperature difference of cooling
water that flows through the condenser, scanned on
entry and exit from the cooler, with a certain mass
flow rate and specific heat capacity of water. This
method describe [9, 10]. Transmitted heat power is
determined by the relation:

Q= mcpAti (D)

where: Q — the mean steady-state power (W), m -
mass flow rate of cooling water (kgs™), C,— specific
heat capacity of water at constant pressure (Jkg'K™),
At, — contrast medium temperature of the cooling
water in the steady state (°C).
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Unlike medium temperature cooling water is
calculated according to equation:

Ati = tvz - tvl (2)

where At, - difference between medium temperatures
of the cooling water in the steady state (°C), t, —
value of the outlet temperature of cooling water (°C),
t | — the flow of cooling water temperature (°C)

3.1. Impact of the operating conditions on heat
transport ability of the heat pipe

Experimental measurements of heat pipe thermal
performance were carried out at vertical position in
the measuring device and with various manufacturing
temperatures. On the basis of the measurements
results graphs of temperatures were constructed,
depending on the conditions during the manufacture
of the pipe itself.

Fig. 3. Dependence of heat pipe flow from time

From the measured values and the graph it is shown
that at the manufacturing temperature of 20°C, 0°C and
-20°C, the transmitted power of the heat pipe changes
only slightly. Based on this fact, we can argue that the
Fluorinert FC72 as the working substance is poorly
affected by the ambient temperature and, therefore,
do not have to impose additional requirements for the
production of heat pipes.

3.2. Impact of the inclination angle on heat transport
ability of the heat pipe

The determination of the heat pipe performance
depending on the tilt angle was taken at different
angles of inclination from the vertical plane of 90°
to the angle of 45°. After all measurements the
table with all the results recorded to the data logger
was created. From the measured results average
values of inlet and outlet temperature for each
angle were calculated separately. The results of
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measured flow have been calculated to the average
value. These calculated values were implemented
to the calculations of heat pipe performances (1) at
different angles of inclination. Based on the results,
the values of performances at different angles were
compared and the best performance of the heat pipe
was determined. The average temperatures of inlet
and outlet water are presented in Table 2. From the
computed results graph of performance for different
angles was created and shown in Figure 4.

Table 2. Calculated performance and temperatures for
each position of the heat pipe

Tilt angle [°] Performance [W] T, Inlet [°C] T, Outlet [°C]
90 70.22 20.27 20.48
75 76.78 19.89 20.00
60 100.32 19.90 20.20
45 138.77 19.82 20.23

Fig. 4. Dependence of the heat pipe performance
on the position

4. Conclusions

Based on experimental measurements, it is possible
to argue that the impact of ambient temperature has
no significant effect on the transport properties of heat
pipes with a working medium Fluorinert FC72. The
difference between the heat pipes was approximately
20 W. The power of heat pipe at different angles
of inclination was determined by experiments and
calculations. With increasing tilt angle of the heat pipe,
the performance increases, which was caused by better
condensation run into the evaporating section of the heat
pipe by gravity. This can be observed in the graphical
display of calculated results. The best performance of
heat pipe was reached with tilt angle of 45°.
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DESIGNING INNOVATIVE PRODUCTS
INTERMS OF LCA

Abstract

The present work discusses the problem of creating products innovative in terms of ecology, so that they should have little
impact on the environment. The paper presents the concept of eco-design development with the application of the LCA
analysis, using a division into stages corresponding to the two parts of the product life cycle. The proposition involves
solving the inverse problem of LCA as an element that allows us to perform a certain kind of optimization within the eco-

design process.

Keywords: the product life cycle, the eco-design process, the eco-design development, LCA

1. Introduction

The idea of reductionism prevailed in the philosophy
of science for many years. According to this concept
in order to learn the properties of a complex system
it is enough to have the knowledge of its constituents
[10]. Reductionism as a research conception has
been criticised many a time and almost entirely
discarded. However, the reductionist position that
calls for studying small fractions in order to explain
the operation of more complex systems on the basis
of the acquired knowledge has been one of the most
effective cognitive methods in science. It is assumed
though that the results obtained in this way constitute
only the basis for examining more complicated
systems.

Contrary to the idea of reductionism in science
is holism, according to which all the observed
phenomena form holistic systems affected by specific
regularities, which cannot be determined on the basis
of knowledge of constituents properties. This idea
introduced in the twenties of the 20" century became
the basis for a new approach to solving problems
known as the systemic approach and related systemic
thinking [11].

Systemic thinking, whose origins date back to the
fifties of the 20™ century, contributed to the change
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in perceiving human functioning in the natural
environment. Thinking based on the idea that the
environment is part of the economy was replaced by
a reversed conviction that it is the economy which is
part of the environment.

Thus, the economy and the associated human
activities remain within the system which creates
the natural environment called the ecosystem. From
a global perspective the economy is the cause of
considerable damage, often overshadowed by local
success [4]. The devastation is related to ecosystem
and can be identified within three areas[1]:

— devastation of non-renewable resources,

— devastation of the ecosystem,

— devastation of human health.

The main problem was to determine the standards
and how to measure the indicated damage, which
is a factor necessary for analyzing its impact on the
entire system. The concept of energy evaluation was
proposed in the case of non-renewable resources, i.e.
the conversion of loss into energy [4, 6].

A more difficult thing was to find a measure for the
two other types of damage. The method of estimating
the damage throughout the life cycle of the product,
represented by the ISO 14000 standards, has become
the solution to this problem [7, 8].
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Hence comes the LCA methodology (Life Cycle
Assessment) allowing us to assess the overall impact of
the product on the environment. It is also an instrument
enabling designers to seek solutions diminishing
the scale of such threads to the natural environment.
This activity is called eco-design, according to which
environmental aspects of the product are important
indicators of how innovative the product is [3].

2. The essence and purpose of LCA

The LCA covers the entire life cycle of the product,
taking into account all the factors related to it and
affecting the natural environment [5]. In other words,
the LCA analysis examines the relationships between
the product and the surrounding environment. In the
case of material goods these relationships are to indicate
the degree of environmental impact within the four
areas: materials, manufacture, utilization and disposal.

Environmental impact is due to consuming non-
renewable resources, including energy or introducing
harmful elements into the environment. The product
is considered as part of the eco-system, so the analysis
must account for even the most remote system
constituents linked to the product (Fig. 1).

Fig. 1. Relationships: product - environment in
the LCA methodology

Materials — the impact on the environment throughout
the entire production cycle of materials, considering
the material resources used and the resulting waste,
energy and the hazardous substances introduced into
the environment.

Manufacture — the impact on the environment taking
into account the machines and devices, energy,
generated waste, and harmful substances introduced
into the environment.

Utilization — the impact on the environment taking
into consideration the energy consumed, supplies, and
harmful substances introduced into the environment.
Disposal — the impact on the environment taking
into consideration the energy consumed during the
disposal process, recovery of materials as a result of
recycling, and the introduction of harmful substances
into the environment.

Determining the environmental impacts of the
product is a very complex task, especially due to the
necessity of accounting for a complete product life
cycle compatible with the systemic approach. For
example, for a product such as an automotive engine
crankshaft, which is made of steel, the environmental
impacts within the indicated four areas, to put it
simply, are the following:

Materials — producing steel from the very beginning
of the process, i.e. extraction of iron ore, heating it
in a blast furnace, plastic processing of steel into a
suitable form for use in the manufacture of products.
In addition, coke and fluxing agents for the blast
furnace engineering, natural gas, oxygen and alloying
agents needed in the steelmaking process. Waste in
the form of slag and cooling water, as well as dust and
volatile matters polluting the environment.
Manufacture — production of appliances for forging,
machining the shaft and heat treatment of the
crankshaft, waste in the form of chips after machining.
Utilization — energy for driving the engine (e.g.
gasoline), whose element is the crankshaft, oil
lubricating the mating surfaces.

Disposal — tools and energy consumed during the
disassembly of the engine and removal of the shaft,
the appliances and energy used while recycling. Steel
which can be reused is the output of recycling.

It is an extremely complex issue to estimate the
environmental impacts when taking into consideration
all the elements indicated. However, this problem
has been solved by creating and using specialized
computer programs supportive to the LCA analysis.

3. LCAin the process of engineering design

The approach to design resulting from reductionism
assumed that the engineer’s interest in the product
ends at the stage of utilization, which in technical
terms can be called exploitation. The customer —
using the product received the user’s manual which
contained no information about its future. Likewise,
the designer did not wonder about the future of the
product after a period of utilization (Fig. 2).
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Fig. 2. Traditional design process

The systemic approach forced the designer
engineers to anticipate the future of the product after
the period of utilization. This matter has become as
important as the utilization process.

The fabrication of the product should make its
disposal easy and should involve recycling, thanks
to which significant part of material could be reused
(Fig. 3). Such an approach accounted for the impact
of the product on the environment, but only from the
perspective if its future after the period of utilization.
The anticipated recycling made it possible that only
some product components ended up in the landfill
thanks to the materials recovered.

Fig. 3. Systemic approach to design

The ISO 1400 standards forced the designers to
make an assessment of the product environmental
impacts [2]. Many programs supportive to LCA have
been created. However, the outcome of the LCA is
only the information about the damage the product
brings to the natural environment.

The LCA analysis is conducted a posteriori”, i.e.
for the product launched into the market and is mostly
of marketing significance. The results of this analysis
do not affect the design process. They can only lead
to withdrawal of the product from the market or its
modification (Fig. 4).

Fig. 4. The LCA product analysis

However, there are no mechanisms which could
interfere with the design process, so as to treat the
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product as part of the system already at this stage,
determine its environmental impacts and undertake
remedial actions.
4, Engineering eco-design

A proposal for solving the problem of eco-design
is the implementation of the LCA analysis in the
design process, as early as possible so that its results
could affect systematically the decisions of the
designer. According to the proposed concept the LCA
analysis should be divided into two parts (Fig. 5)
and conducted individually for the two phases. One
of them will determine the environmental impacts in
the areas related to the production of material and the
manufacture process. Whereas the other phase will
include the utilization and disposal of the product. The
first phase provides information for the designers, as
a result of which it is possible to modify the design in
order to reduce the environmental impacts.

Fig. 5. Division of the LCA analysis into two phases

This simplified analysis concerning only the
materials and manufacture methods can be performed
with less effort and thus faster. It makes it possible
in the consecutive iterations to obtain a product with
improved properties as regards the environmental
impacts, which indicates eco-innovativeness (Fig. 6).

Fig. 6. Supporting the Eco-design process

This approach implements a feedback loop in
the process of designing and allows for achieving
the desired result in the iterative procedure (Fig.
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7). Materials proposed for the product and the
manufacture method are determined as a result of
the design process as well as technologies associated
with this process.

The LCA analysis, which indicates the environmental
impacts, is conducted for the data. The data is compared
to the assumed acceptable environmental impacts and
in the case of too large difference a correction to the
design is introduced in the next iterative step.

If as a result of changes in subsequent iterative
steps of the design process no satisfactory results
are achieved, then the product concept should be
modified within the frames of the second feedback
loop. The knowledge collected in the subsequent
iterations of the design process is applied to changes
in the product concept so as to increase the chances
for the desired result. This change of concept should
also account for another phase of the LCA analysis
related to the utilization and disposal of the product.

Fig. 7. Feedback in the eco-design

The target solution to the eco-design system, in
accordance with the proposed approach, is the use of
the module allowing for solving the inverse problem of
LCA. The solution of the inverse problem is defined here
as indication of the modifications relating to materials
and manufacture methods, so the environmental
impacts are equal to the expected ones (Fig. 8).

Fig. 8. Optimization using the LCA in eco-design

It is, in a way, a computation task for optimization,
whose aim is to minimize the established measure
of the difference between the expected and actual
environmental impacts.

In this case after creating the first version of the
design deviations in the feedback loop are determined.
They constitute the input data for the inverse
problem. It is a significant help for the designer, who
consequently does not have to reach the final solution
by method of trials in the subsequent iteration steps.

The activity of solving the inverse problem of LCA
requires suitable computational tools. Although there
are various computer programs supportive to the LCA
analysis none of them indicate any options of solving
the inverse problem. It is then a prospective concept,
however taking into account the importance of eco-
design it can be realized quite soon.

5. Development of eco-design tools.

Engineers designers have access to various tools
supporting design (CAD). There are also numerous
programs helping the performance of the LCA
analyses [9]. An example of aided design is the
engineer graphics program Solid Works [12] oriented
on spatial design 3D.

Apart from the basic task, such as drawing particular
elements and making assemblies the program has various
ancillary modules (Fig. 9). Among others, there are
modules for calculating the volume and mass of materials,
for strength analyses, for analyzing and stimulating
motion in the designed mechanisms and many others.

Fig. 9. Eco-design tools

The proposed method of aided design requires
creating and providing a program with special additional
modules. It is necessary to provide the module which
could relate to the manufacture methods and analyze
the accessible technologies. Other modules are linked
to the LCA analysis: conducting the analysis, solving
the inverse problem and performing optimization.
The CAD program enriched in this way allows us to
perform the eco-design tasks according to the concept
presented in this paper.

6. Conclusions

It is a great challenge in our times to account for
environmental aspects in all types of human activities,
which is strongly emphasized in the EU policy. With
regard to products of material nature these issues
must be discussed as early as the design stage, so that
they have innovative features in terms of ecology.
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The LCA analysis provides evaluation of the eco-
innovation level, in accordance with the ISO 1400
standards. However, in practice, this analysis is
performed after the design process has been completed,
which makes it necessary to repeat the design process
when the evaluation grade is low. The conception
presented here incorporates the LCA analysis into
the design process, which can greatly assist reaching
satisfactory results. The practical application of this
kind of eco-design requires expanding the existing
tools of the CAD class with modules based on the
LCA analysis methodology.
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Projektowanie innowacyjnych wyrobow
w aspekcie LCA

1. Wprowadzenie

W filozofii nauki przez wiele lat panowat poglad
o nazwie redukcjonizm, zgodnie z ktorym dla pozna-
nia wlasnosci uktadu ztozonego wystarczy znajomosé
wiasnosci jego czesci sktadowych [10]. Redukcjonizm
jako koncepcja badawcza byt wielokrotnie krytykowa-
ny i niemal w calosci odrzucany, jednak stanowisko re-
dukcjonistyczne, ktore postuluje badanie matych frag-
mentoéw, zeby w oparciu o nabyta wiedzg wyjasnia¢
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zachowanie bardziej ztozonych ukladow bylo i jest
jedna z najbardziej skutecznych metod poznawczych
w nauce. Przyjmuje si¢ jednak, ze otrzymywane w ten
sposob wyniki stanowia jedynie podstawy do badania
bardziej ztozonych uktadéw. Przeciwstawnym do re-
dukcjonizmu pogladem w nauce jest holizm, zgodnie
z ktorym wszystkie obserwowane zjawiska tworza
catosciowe uktady podlegajace specyficznym prawi-
dlowosciom, ktérych nie mozna okresli¢ na podstawie
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znajomosci wlasnosci czgséei sktadowych. Poglad ten
wprowadzony w latach 20 XX wieku, stat si¢ podsta-
wa nowego podejscia do rozwigzywania problemow
nazywanego podejSciem systemowym i zwigzanego
z nim myslenia systemowego [11].

Myslenie systemowe, ktorego poczatki datuje sie
na lata 50 XX wieku, przyczynito si¢ do zmiany po-
gladu na sposob funkcjonowania czlowieka w $rodo-
wisku naturalnym. Poglad bazujacy na przekonaniu,
ze srodowisko to czes¢ gospodarki, zostat zastapiony
pogladem, ze gospodarka to czgs¢ srodowiska. Tak
wiec gospodarka i zwigzana z nig dziatalnos¢ czto-
wieka jest wewnatrz systemu tworzacego srodowisko
naturalne nazywanego ekosystemem i jest powodem
wielu szkod w ujeciu globalnym, czgsto przystania-
nych lokalnymi sukcesami [4]. Szkody te odnoszo-
ne sg do ekosystemu i moga by¢ identyfikowane
w trzech dziedzinach [1]:

— szkody w zasobach nieodnawialnych,

— szkody pogarszajace jakos¢ ekosystemu,

— szkody dotyczace zdrowia ludzkiego.

Zasadniczym problemem byto okreslenie miar
1 sposobu pomiaru wskazanych szkod, co jest czyn-
nikiem koniecznym dla analizy ich wptywu na caly
system W przypadku zasoboéw nieodnawialnych
proponowana byta koncepcja energetycznego warto-
sciowania, czyli przeliczanie strat do postaci energii
[4, 6]. Trudniejsza sprawa byto znalezienie miary dla
dwodch pozostalych rodzajow szkod. Rozwiazaniem
tego problemu pomiaru staty si¢ szacunkowe meto-
dy okreslania szkdéd w catym cyklu zycia produktu,
przedstawione w miedzynarodowych normach ISO
serii 14000 [7, 8]. Stad tez wywodzi si¢ metodyka
LCA (Life Cycle AAssessment) pozwalajaca na uog6l-
niong ocen¢ oddziatywania produktu na srodowisko.
Jest to takze narzedzie dla projektantow pozwalajace
na poszukiwanie rozwigzan zmniejszajacych skale
tak rozumianych zagrozen dla srodowiska naturalne-
go. Dziatanie takie nazywane jest ekoprojektowniem,
zgodnie z ktérym waznym wskaznikiem innowacyj-
nosci produktu sa jego aspekty srodowiskowe [3].

2. Istota i cel analizy LCA

Analiza LCA obejmuje pefen cykl zycia wyrobu,
uwzgledniajac wszystkie zwigzane z nim czynniki
wplywajace na $rodowisko naturalne [5]. Inaczej mo-
wigc analiza LCA bada relacje pomigdzy wyrobem
a otaczajacym go $rodowiskiem naturalnym. W przy-
padku wyrobow zmaterializowanych relacje te maja
wskazaC stopien obcigzenia $rodowiska naturalnego
w czterech obszarach: materiaty, wytwarzanie, uzyt-

kowanie oraz likwidacja. Obcigzenie srodowiska na-
stepuje poprzez zuzywanie nieodnawialnych zasobow,
w tym energii lub wprowadzanie do srodowiska czynni-
koéw szkodliwych. Wyrdb traktowany jest jako element
ekosystemu, wigc analiza musi uwzglednia¢ nawet bar-
dzo odlegte zwigzane z wyrobem elementy systemu.
Materiaty — obciazenie srodowiska w calym cyklu
produkcji materiatow z uwzglednieniem zuzywanych
zasobow materialnych i1 powstajacych odpadow,
energii oraz wprowadzanych do $rodowiska szkodli-
wych substancji.
Wytwarzanie — obcigzenie srodowiska z uwzglednie-
niem wykorzystywanych maszyn i urzadzen, energii,
powstajacych odpadéw oraz wprowadzanych do $ro-
dowiska szkodliwych substancji.
Eksploatacja — obcigzenie Srodowiska z uwzglednie-
niem pobieranej energii, materiatow eksploatacyj-
nych oraz wprowadzanych do $rodowiska szkodli-
wych substancji.
Likwidacja — obcigzenie srodowiska z uwzglednie-
niem energii pobieranej w procesie likwidacji, odzy-
sku materiatow w wyniku recyklingu oraz wprowa-
dzanych do srodowiska szkodliwych substancji.
Wyznaczenie w jaki sposob wyrob obcigza sro-
dowisko naturalne jest bardzo ztozonym zadaniem,
szczegolnie ze wzgledu na konieczno$¢ uwzgled-
niania zgodnego z podejsciem systemowym petnego
cyklu zycia wyrobu. Przyktadowo dla wyrobu jakim
jest wykonany ze stali wat korbowy w silniku sa-
mochodowym, obciazenie $rodowiska naturalnego
w czterech wskazanych obszarach w duzym uprosz-
czeniu wyglada nastepujaco:
Materialy — wytworzenie stali od poczatku procesu,
czyli wydobycie rudy zelaza, wytop w wielkim pie-
cu, przerobka otrzymanej surowki na stal, przerébka
plastyczna stali do postaci odpowiedniej do wyko-
rzystania w produkcji wyrobow. Ponadto koks i top-
niki do technologii wielkopiecowej, gaz ziemny, tlen
1 dodatki stopowe potrzebne w procesie stalowniczym.
Odpady w postaci zuzlu i wody chtodzacej, oraz pyly
1 substancje lotne zanieczyszczajace srodowisko.
Wytwarzanie — wytworzenie urzadzen do kucia, ob-
robki skrawaniem watu i obrobki cieplnej watu. Ener-
gia zuzyta w procesie wytwarzania do nagrzewania
oraz napedu maszyn, woda do chtodzenia w procesie
hartowania, odpady w postaci wiérow po obrobce
skrawaniem.
Eksploatacja — energia do napedu silnika (np. benzy-
na), ktorego elementem jest wat korbowy, olej smaru-
jacy wspotpracujace powierzchnie.
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Likwidacja — narzedzia i energia wydatkowana pod-
czas demontazu silnika 1 wyjecia watu, urzadzenia
1 energia w procesie recyklingu. Efektem recyklingu
jest stal nadajaca si¢ do ponownego wykorzystania.
Szacowanie obcigzenia Srodowiska naturalnego
z uwzglednieniem wskazanych elementow jest nie-
zwykle ztozonym zagadnieniem. Problem ten zostat
jednak rozwiazany przez utworzenie i1 Sstosowa-
nie specjalistycznych programéw komputerowych
wspomagajacych przeprowadzenie analizy LCA.

3. LCA w procesie projektowania inzynierskiego

Wynikajace z redukcjonizmu podejscie do projek-
towania zaktadato, ze zainteresowanie inzyniera pro-
jektanta wyrobem konczy si¢ na etapie uzytkowania,
co w jezyku technicznym nazywane jest eksploatacja.
Klient bedacy uzytkownikiem wyrobu otrzymywat
instrukcje obstugi, w ktorej nie byto informacji o jego
dalszych losach. Tak samo projektant nie zastanawiat
si¢ nad losami wyrobu po okresie uzytkowania.

Podejscie systemowe wymusito na inzynierach
projektantach przewidywanie losu wyrobu po okresie
eksploatacji. Sprawa ta stata si¢ tak samo wazna, jak
sam proces uzytkowania. Konstrukcja wyrobu po-
winna umozliwia¢ jego tatwa likwidacje polaczong
z recyklingiem, dzigki czemu znaczna cze¢$¢ mate-
riatbw moze by¢ powtornie wykorzystywana. Takie
podejscie uwzglednia wptyw wyrobu na srodowisko,
ale jedynie z punktu widzenia jego losow po okresie
uzytkowania. Przewidywany recykling sprawia, ze
dzigki odzyskiwanym materiatom tylko wybrane ele-
menty wyrobu lokowana jest na wysypisku smieci.

Wprowadzone normy ISO serii 14000 wymusity
na projektantach oceng¢ wptywu wyrobu na srodowi-
sko [2]. Powstato wiele programow wspomagajacych
analize LCA, jednak jej wynikiem jest tylko infor-
macja o tym, jakie wyrob powoduje szkody w $rodo-
wisku naturalnym. Analiza LCA przeprowadzana jest
w trybie ,,as posteriori”, czyli dla wyrobu wprowa-
dzonego na rynek i ma gtownie znaczenie marketin-
gowe. Wyniki tej analizy nie wpltywaja na proces pro-
jektowania, moga jedynie spowodowaé¢ wycofanie
produktu z rynku lub jego modyfikacje.

Brak natomiast mechanizméw ingerujacych w pro-
ces projektowania, tak aby juz na tym etapie trakto-
wac wyrob jako czes¢ systemu, okresla¢ powodowa-
ne przez niego obcigzenie $rodowiska naturalnego
i podejmowac dzialania zeby je zmniejszy¢.

4. Ekoprojektowanie inzynierskie

Pewnga propozycja rozwigzania przedstawionego pro-
blemu ekoprojektowania jest wiaczenie analizy LCA
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W proces projektowania na mozliwie wczesnym etapie,
tak zeby jej wyniki na biezaco wplywaty na decyzje
projektanta. Wedhug proponowanej koncepcji analize
LCA nalezy podzieli¢ na dwie czgsci i wykonywac
oddzielnie dla dwoch faz. Jedna z nich obejmie okre-
slenie obcigzenia srodowiska w obszarach zwigzanych
z wyprodukowaniem wyrobu, czyli materiatu 1 proces
wytwarzania. Natomiast druga faza analizy obejmuje
uzytkowanie i likwidacje. Faza pierwsza analizy daje
informacje dla projektantow, w wyniku ktoérej moze
by¢ dokonywana modyfikacja projektu zapewniajaca
mniejsze obcigzenie srodowiska naturalnego.

Ta uproszczona analiza dotyczaca tylko materiatow
1 procesu wytwarzania moze by¢ wykonywana mniej-
szym naktadem pracy, a wigc szybciej. Pozwala to
w kolejnych iteracjach uzyskiwaé wyréb o lepszych
wiasciwosciach dotyczacych obcigzenia sSrodowiska na-
turalnego, co jest wyznacznikiem ekoinnowacyjnosci.

Taki sposob dziatania wprowadza w proces pro-
jektowania petle sprzezenia zwrotnego i umozliwia
dochodzenie do pozadanego wyniku w procedurze
iteracyjnej. W wyniku procesu projektowania okre-
slane sg materiaty zaplanowane do wykonania wyro-
bu oraz sposdb wytwarzania i zwigzane z nim tech-
nologie. Dla tych danych wykonywana jest analiza
LCA wskazujac obcigzenie Srodowiska naturalnego.
Dane te pordwnywane sg z przyjetym, jako dopusz-
czalne, obcigzenie srodowiska i w przypadku zbyt
duzej r6znicy nastgpuje korekta projektu w kolejnym
kroku iteracyjnym. Jezeli w wyniku zmian wprowa-
dzanych w kolejnych krokach iteracyjnych procesu
projektowania nie zostang osiggni¢te zadowalajace
wyniki powinna nastapi¢ modyfikacja koncepcji wy-
robu w ramach drugiej petli sprzezenia zwrotnego.
Przy zmianie koncepcji wyrobu wykorzystywana
jest wiedza uzyskana w kolejnych iteracjach proce-
su projektowania, tak aby zwigkszy¢ szanse uzyska-
nia pozadanego wyniku. Zmiana koncepcji powinna
uwzgledniaé takze druga faze analizy LCA dotyczaca
uzytkowania i likwidacji wyrobu.

Docelowym rozwigzaniem w systemie ekopro-
jektowania zgodnie z proponowang koncepcja jest
zastosowanie modulu umozliwiajacego rozwigza-
nie zadania odwrotnego LCA. Rozwigzanie zadania
odwrotnego rozumiane jest tutaj, jako wyznaczenie
modyfikacji dotyczacych materiatow i sposobow wy-
twarzania, tak aby obcigzenie srodowiska byto réwne
obcigzeniu oczekiwanemu. Jest to pewnego rodzaju
obliczeniowe zadanie optymalizacji, w ktérym celem
jest minimalizacja ustalonej miary réznicy pomi¢dzy
oczekiwanym a rzeczywistym obcigzeniem srodowi-
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ska naturalnego. W takim przypadku po wykonaniu
pierwszej wersji projektu w petli sprzezenia zwrotne-
go wyznaczane s3 odchytki stanowigce dane wejscio-
we dla zadania odwrotnego. Zadanie odwrotne, jako
wyniki, przedstawia propozycje zmian, ktére wpro-
wadzane sg w drugiej wersji projektu. Jest to znaczaca
pomoc dla projektanta, ktéry w takim przypadku nie
musi dochodzi¢ do koncowego wyniku metoda préb
realizowanych w kolejnych krokach iteracyjnych.

Rozwigzywanie zadania odwrotnego LCA wymaga
posiadania odpowiednich narzedzi obliczeniowych.
Mimo istnienia wielu programéw komputerowych
wspomagajacych analize¢ LCA w zadnym z nich nie
wskazano opcji rozwigzywania zadania odwrotne-
go. Jest to wiec koncepcja przysztosciowa, jednak
uwzgledniajac wage ekoprojektowania prawdopo-
dobnie dos¢ szybko moze by¢ zrealizowana.

5. Rozwéj narzedzi ekoprojektowania

Inzynierowie projektanci majg wiele narzedzi
wspomagajacych projektowanie (CAD), istnieje
takze wiele programow wspomagajacych wykony-
wanie analiz LCA [9]. Przykladem wspomagania
projektowania moze by¢ inzynierski program gra-
ficzny SolidWorks [12] nastawiony na projektowanie
przestrzenne 3D. Program ten oprocz podstawowych
zadan jakimi jest wykonywanie rysunkow poszcze-
golnych elementow i tworzenie ztozen posiada wiele
modutéw pomocniczych. Sg to migdzy innymi modu-
ly do obliczania objetosci i masy materiatu, do analiz
wytrzymatosciowych, do analizy i symulacji ruchu
w projektowanych mechanizmach i wiele innych.

Proponowana metoda wspomagania projektowania
wymaga utworzenia i dolaczenia do programu kilku
dodatkowych modutéw specjalnych. Konieczny jest
modut dotyczacy sposobow wytwarzania, analizujg-
cy dostepne technologie. Kolejne moduty zwigzane
sg z analiza LCA: wykonywanie analizy, rozwiazy-
wanie zadania odwrotnego i przeprowadzania opty-
malizacji. Tak wzbogacony program CAD pozwoli
realizowac zadania ekoprojektowania wedtug przed-
stawionej koncepcji.

6. Podsumowanie

Uwzglednianie aspektow $rodowiskowych we
wszelkiej dzialalnosci cztowieka jest wielkim wy-
zwaniem naszych czasow, co jest bardzo mocno
akcentowane w polityce Unii Europejskiej. W od-
niesieniu do wyrobow majgcych posta¢ materialng
zagadnienia te muszg by¢ rozpatrywane juz na etapie
projektowania, tak aby mialy one innowacyjne cechy
z punktu widzenia ekologii. Ocen¢ poziomu ekoinno-
wacyjnosci, zgodnie z przedstawionymi w normach
serii ISO 14000 standardami, daje analiza LCA. Jed-
nak w praktyce analiza ta jest wykonywana po zakon-
czeniu procesu projektowania, co powoduje, ze przy
niskiej ocenie nalezy powtarza¢ proces projektowa-
nia. Przedstawiona koncepcja wiacza analiz¢ LCA
W proces projektowania, co moze znacznie WSpo-
maga¢ dochodzenie do zadowalajacych wynikow.
Praktyczne stosowanie tego rodzaju ekoprojektowa-
nia wymaga rozbudowy istniejacych narzedzi klasy
CAD o moduty oparte na metodyce analizy LCA.
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