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SEMI-DESTRUKTIVNA METODA PILODYN 6J
PRE MERANIE HUSTOTY SMREKOVEHO DREVA

SEMI-DESTRUCTION METHOD PILODYN 6J FOR
MEASURING WOOD DENSITY OF SPRUCE WOOD

Alena Rohanova — Ondrej Bajza

ABSTRACT: Density of wood has a significant impact on the assessment of construction wood
quality. It is determined by various direct or indirect methods. Semi-destruction method based on
PILODYN 6J device works with the dynamic stiffness. The principle is based on the penetration of
steel pin into the wood by constant force (6 Joule or Nm). Moreover, penetration pin perpendicular
to growth rings is required.

Interaction between wood density and depth of penetration has been examined on spruce boards.
Also the impact of boards side (inner, outer) has been tested. The significant statistical dependence
has been identified between the depth of pin penetration on the inner and outer side and the density
of wood. More significant result has been identified on the inner side of boards. The knowledge
allows increasing the reliable identification of wood density by PILODYN 6J device in situ based
on the consideration of the board side.

Keywords: spruce wood, density wood, pin penetration, board, outer side, inner side

INTRODUCTION

Wood is one of the elementary building materials. It can be used in a wide range of
applications, historically and of course actually as construction or supplementary material.
Wood is anisotropic material, and therefore the detection of its properties is difficult from
the methodical and experimental point of view. The most reliable results can be obtained
from the ideal test specimens by using gravimetric method. The current trend of wood test-
ing is focusing on the application area using wide range of test devices.

Bending strength, modulus of elasticity and wood density are considered significant
parameters influencing the wood quality in wooden constructions. Testing of these proper-
ties is established in the standards STN and EN. Wood density can be tested using various
methods. The dynamical hardness can be used to detect the approximate values of wood
density. The device PILODIN 6] uses this principle, as well. Steel pin is shot into wood
by constant force and the depth of penetration is measured. This non-destructive or semi-
destructive method can be used to predict the indicative wood density in constructions
elements or standing tree in situ.
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Authors HANSEN 2000, MAKIPAA & LINKOSALO 2011 describe the universal use of the
PILODYN 6J device. At the beginning, 20 years ago, the Technical Note NO.55 — July
2000 by Ch. P. Hansen mentioned the use of device on living trees only, later the use also
on wooden poles was added. A pioneer of non-destructive testing of the timber was GORr-
LACHER (1987). He tested the average wood density using spruce wood segments (33-36 x
110-210 x 450 mm) n = 208. 16 measurements were carried out on every segment of tim-
ber (6 measurements on the inner side, 6 on the outer side and 2 on edges). The results of
the average penetration depths were assessed at different levels with different correlation
coefficients. However, the author considered the detection of the dependence of penetra-
tion depth on wood density as a promising method.

Sophisticated non-destructive methods evaluate the penetration depth into construc-
tion wood in situ, e.g. TRIOMATIC CBS-CBT device (EN 14 081-4). When using non-
destructive methods, the local density and moisture content of wood are tested by two pins
shot into the wood. Measured results are used in timber grading (Sandoz — Benoit 2007,
Triomatic CBS-CBT).

Differentiation of the board side is taken into account in assessing construction wood
quality by visual method (all board sides). Side with the highest occurrence of wood de-
fects (knots, cracks) predetermines the final quality class of board.

Depth of penetration depends on the wood structure (summer wood and spring wood),
wood quality (fresh wood, old wood, reaction wood, degraded wood) (REINPRECHT 2009,
RIENPRECHT — HRIVNAK 2010). Moisture content also affects the depth of penetration. This
knowledge was described by the following authors GORLACHER (1987), HANSEN (2000),
DuBovskY — ROHANOVA (2007), ROHANOVA (2013). Authors GORLACHER (1987), HANSEN
(2000) describe the interaction between penetration depth and the angle of shooting; how-
ever, significant influence was not confirmed.

The aim of this paper is to predict the density of spruce using PILODIN 6J device.
Penetration perpendicular to growth rings on any side of the board is required. The side of
the board has to be described in terms of the growth rings orientation to pith (inner, outer).
Interaction between the wood density and the penetration depth considering the side has
to be evaluated. Measured parameters have to be evaluated by multiple correlations and
determination of significance of dependencies. The approximate value of spruce wood
density in situ is established according to the linear model and the recommended side of
board (inner, outer) for pin penetration is selected. This study follows the experiments Ro-
HANOVA (2008) that were modified after analysis and evaluation of the results to the refer-
ence conditions according to the standard EN 384 (density and moisture content of wood).

PILODYN 6J

The device is used to establish the approximate density of wood. Its advantages are
simple manipulation and possibility of using in situ. There are two types of devices, PI-
LODYN 6J for construction timber and PILODYN 6J Forest for measuring on standing
trees, alternatively on line poles.

The device uses the principle of shooting a steel pin into the wood with differentiated
energy. Depth of the pin penetration, which can be easily established on the device scale,
predicts the wood quality or extend of decay. The device provides alternative parameters
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of shooting energy, 6, 12 or 18 Joule, with pin diameter scale from 2.0 to 3.0 mm. Penetra-
tion of the pin must be perpendicular to growth rings (Fig. 2). Fig. 1 shows PILODYN 6J
device with accessories.

Fig. 1 PILODYN 6J — impact device with the . A : o
scale and pin, loading rod, protective cap Fig. 2 System of penetration of working pin into
wood in PILODYN 6J

MATERIAL AND METHODICS

Board timber (Picea abies Karst. L.) selected randomly were used for the experimental
testing. Board dimensions:

40 x 200 x 2500mm — 5 pcs.
Model of pin penetration was designed in order to represent following points:
— Distribution of wood density along the board (across segments and test specimens),
— Impact of penetration side (inner, outer) on the depth of penetration.
Board side marking — outer (A)

— inner (B) closer to pith.

Preparation of test specimens (the marking and cutting of board) illustrated in Fig. 3.

MAKIPAA — LINKOSALO (2011) present a similar procedure for dry and wet wood

(3 measurements).

Board

14 |
Segment (1/3)

‘ 1.A1 ‘ ‘ 1.A2 ‘ ‘ 1.A3 ‘

Test specimen (1/9)
1.A1-1| [1.A1-2| [1.A1-3 1.A2-1| |1.A2-2| |[1.A2-3 1.A3-1| |1.A3-2| |1.A3-3

Fig. 3 Scheme of dividing the board into segments and specimens (1/9)
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The test specimens were conditioned at standard conditions, i.e. at the temperature
20 + 2 ° C, relative air humidity 65 + 5%, and the equilibrium moisture content of 12 %
(reference humidity).

Pilodyn 6J

In the experiment PILODYN 6J device with pin diameter ¢ = 2.5 mm was used. The
lower surface of PILODYN 61J is pressed onto the test specimen surface. Subsequently
6 Nm spring shoots the steel pin into the wood. Process starts by the impact of operator’s
palm on the top of the device. The scale of device shows the depth of the pin penetration
in mm.

Fig. 4 PILODYN 6J — application

Place for pin penetration was chosen as a place with an angle o = 90° on the inner and
outer side of board (it is necessary to determine the place for testing as the most accurate
for perpendicular penetration of pin to growth rings, Fig. 5).

e
-
ST

Inner side (B) (closer to pith)

Fig. 5 Measuring of the angle between the penetration pin and the growth ring

On the test specimens (1/9 boards — Fig. 3) wood density was tested by gravimetric
method (2 measurements) according to EN 408 standard.
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RESULTS AND DISCUSSION

The results of the experiments are summarized in Tab. 1, which provides basic statisti-
cal characteristics. There are the average values of all the boards.

Tab. 1 Basic statistical characteristics of tested parameters — depth of the pin penetration h and the
density p,, (w = 12%) of the board and their faces (outer side, inner side and together) n — number
of specimens, X —mean, x_ —maximum value, x_ — minimum value, V' — coefficient of variation

Statistical characteristics
Parameter
n X X X V%
Wood density p,, (kg.m?) 90 390 438 341 7
Depth h e 170 14,6 23 7 23
of penetration | h 85 12,8 20 7 21
(mm) h.. 85 16,4 23 11 18

Since the choice of spruce boards was random, characteristics were analyzed sepa-
rately for each board (Tab. 2).

Tab. 2 The average wood density values p,,, depth of penetration for the boards 1-5

N Depth of penetration (mm)
u?fber Wood density . Together Inner side of board Outer side of board
board P, (kg.m?) (inner+outer)
n htcgether n hinner n outer
1 363 36 18,6 18 20,5 18 16,7
2 369 32 12,9 16 15,3 16 10,5
3 400 34 12,9 17 14,6 17 11,2
4 400 36 14,4 18 16,1 18 12,8
5 426 32 14,1 16 15,4 16 12,7

The variability of wood density in the boards (Fig. 6)

In the density of wood some differences were detected among individual boards. The
distribution of wood density was tested along the board. ANOVA test confirmed that there
were no extreme differences between segments and test pieces on boards, so it is supposed
that the depth of penetration is approximately the same along the board.

Depth of penetration (Fig. 7) — following the tests we found out that there were differ-
ent average values in individual boards. Regardless the board side (together) the highest
value was detected on board no.1, which has the smallest density p,, = 363 kg.m’. In the
case of other boards, the values were balanced (%

together” " outer, inncr)'
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340
—#- board 1
=% board 2

330
11 12 13 21 22 23 31 32 33 —= board 3

=4 board 4
Part of board (segment 1/3, test specimen 11 - 33) =%~ board 5

Fig. 6 Variability of wood density in boards (segment 1/3, test specimen 11— 33)

Penetration depth in boards 1 -5 (hygether, Nouter, Ninner)

]
o
(=]

[
=]
(=]

— 15,0

£
£
= 10,0
5 I
0,0
1 2 3 4 5

number board

Depth of penetration (h)
is}

mhtogether mhinner m houter

Fig. 7 Comparison of penetration depth in boards 1 -5 (h

together, houter, inner)

When considering the board side the following findings in all boards were determined:

— outer side — values 2 are 10—-15% lower then h
outer together,

— inner side —values h, _are 10-15% higer then k-

Depth of penetration is an indicator for measuring the approximate wood density. It is
supposed that higher values of the penetration depth can predict the assessed characteris-
tics more reliably.
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Depth of penetration ~ wood density (Fig.8)
(together n = 170, r = —0.34, outer side n = 85, r =—0.30, inner side n =85, r=—-0.51)

Dependence consider measuring of penetration depth on the both side of board (to-
gether). Dependence of wood density on the penetration depth is only 12%, P = 0.000.
When comparing these findings with literature (GORLACHER 1987, HANSEN 2000) where
the selection of test specimens was ideal regarding the radial growth rings, the correlation
coefficient determined in our study is significantly lower. Side of the board was not taken
into account during the experimental pin penetration. It can be assumed that our result —
lower correlation — was caused by e.g. random selection of boards, different wood struc-
ture of the boards, inaccuracy of perpendicularity of shooting, different density of spring
wood in pith parts of board, the position of the board in prism.

460
& hinner- pr12
W h \ Pyogether- P12
440 ¢ Mouter- P12
. < A A
4 < A A
O A P12= 464,97 - 4,544 * hijppe,
T < © A 4 r=-0,51
420 & 008 Y
2 : o, & b .
kS . a Pr2= 429,23 - 2,668 * Hyogether
= 400 X g A r=-034
< o £ f A
= .. A
2 e, A
[}
s 380 o o A 4 .. :
g ° o °©o 2 A 3 - NE
= ° ¢ e S oad 4o 5 A PO LA
360 o o A % & S
P12= 426,75 - 2,85" hoyter oo i
r=-030 ° 4 A
340 o ° ° IS Aa 4
320
6 8 10 12 14 16 18 20 22 24

Depth of penetration hogether, Rinner @nd houter (MM)

Fig. 8 Dependence of wood density p,, on the penetration depth according
to side of penetration (hmgcm, houm, hmm)
Differentiation of the outer and inner sides of the pin penetration demonstrated that
a higher correlation is on the inner side of board (Fig. 9). The density of the wood on the
inner side depends to 26% on the depth of penetration, P = 0.000. On the other hand, on
the outer side the dependence is only 9%, P = 0.006, i.e., reliability is 99.4%.

CONCLUSION

Density of wood is a significant parameter for timber quality grading. The device PI-
LODYN 6J can be used for predicting the approximate wood density in situ. Device meas-
ures the depth of steel pin penetration. Correlation between the depth of penetration and
wood density has been identified.
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This study presents the application of PILODYN 6J device on spruce timber (boards).

In the first part of the experiment the depth of penetration and density of wood along
the boards were measured. The course of wood density variability along the board was
balanced or increasing. Different densities of wood among the individual boards were
measured. In group of 5 boards the relationship between depth of penetration and wood
density of the wood was studied with correlation r = 0,34. Dependence was decreasing
slightly. Boards with higher densities featured the penetration depth from 10 to 17 mm;
with lower densities this is quite a wide range. Experiment results of spruce timber were
in conformity with authors GORLACHER 1987, HANSEN 2000. Furthermore, experiments
reflected the impact of side of the board (inner, outer) on the depth of penetration.

Conclusions of the results are as follows:

— penetration depths on the inner side are 10-20% deeper than on the outer side, in every
specimen,

— dependence of penetration depth on wood density is 26% higher on inner side than on
the outer side, correlation factor r =— 0.51, P=0.000,

— dependence of penetration depth on the growth rings width low correlation factor on
sides r = — 0,33 ~ 0,44. It can be assumed that wood structure (spring and summer
wood — growth rings) has significant impact in these experiments. The results show the
expected impact on the position regarding the pith side.

Experiment results show the possibility of using equipment PILODYN 6J in identify-
ing wood density in situ. The method should be applied mainly to the inner side of the
board, which reflects more significant interaction between penetration depth and wood
density.
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ANALYZA MIKROPOCITACA ARDUINO MEGA
2560 AKO A/D PREVODNIKA NA MERANIE
POLOHY PRE OBRABACIE CNC STROJE

ANALYSIS MICROCOMPUTER ARDUINO 2560 AS
A/D CONVERTERS FOR MEASUREMENT OF THE
POSITION OF CNC MACHINE

Romuald Mozdik' — Emil Skultéty? — Cubomir Na$¢ak®

1%3Katedra riadenia strojov a automatizacnej techniky, Fakulta environmentalnej a vyrobnej
techniky, Technicka Univerzita vo Zvolene, Studentska 26, 96001, Zvolen, Slovenska republika,
romuald. mozdik@gmail.com, emilxskultety@gmail.com, lubomirnascak@tuzvo.sk

ABSTRACT: This article discusses the use hardware platform Arduino Mega 2560 microcontroller
as for position measurement of the distance machining CNC machine. Machine slide position is
detected by a laser sensor that is connected to the Arduino control PC. Measurements, the slide po-
sition at frame with respect to the stationary test milling shape. The values of distance to be covered
by the reference calliper. Deviations from the reference position are shown in the tables that are part
of the article. Conclusion the article deals with the evaluation of the data measured debate about the
application of the information obtained.

Key words: Arduino, location, measurement, A/D converter, open-source

ABSTRAKT: Tento ¢lanok sa zaobera vyuzitym hardwarovej platformy Arduino Mega 2560 ako
mikropocitaca pre meranie polohy a vzdialenosti obrabaciecho CNC stroja. Poloha suportu stroja je
snimana laserovym snimacom, ktory je pripojeny s Arduinom a riadiacim PC. Merana bola polo-
ha suportu voci nepohyblivému ramu pri frézovani skiiSobnych tvarov. Hodnoty vzdialenosti boli
porovnané s referen¢nym posuvnym meradlom. Odchylky od referencnej polohy st znadzornené
v tabul'kach, ktoré st sucastou ¢lanku. Zaver ¢lanku sa zaobera vyhodnotenim nameranych udajov
a diskusii o aplikacii ziskanych informacii.

Kracové slova: arduino, poloha, meranie, A/D prevodnik, open-source

UvVOoD

V sticasnosti sa na trhu vyskytuje vel'ky pocet mikropocita¢ov. Su to elektronické pla-
tformy, ktoré v Standarde obsahuji mikroprocesor a IDE (Integrated Drive Electronics).
Nasou tlohou je analyzovat platformu Arduino Mega 2560. Arduino je open-source plat-
forma zaloZena na mikrokontroléri ATMega od firmy Atmel a grafickom vyvojovom pro-
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stredi, ktoré vychadza z prostredia Wiring. Programuje sa pomocou jazyka C a C++ vo
vlastnom uzivatel'skom rozhrani. V naSom pripade sme sa rozhodli testovat’ funkciu A/D
prevodnika pre meranie polohy suportu CNC obrabacieho stroja. Z nameranych udajov
vieme vyhodnotit’ odchylku od referen¢nej hodnoty polohy a postdit’ vhodnost’ Arduina
ako A/D prevodnika pre obrabacie CNC stroje s obmedzenou mechanickou presnostou.

MATERIAL A METODY

Pre navrh meracej zostavy sme vychadzali z dostupnych zdrojov a preto sme zvolili
optoelektronicky snima¢ polohy Baluff BOD 21M. Na meranie sme pouzili zariadenia:
CNC Frézovacka, riadiaca doska TB6560, stabilizovany zdroj napitia, Arduino Mega
2560, 2x laserovy snimac¢ polohy Baluff BOD 21M, riadiaci pocita¢ a pomocny spojo-
vaci material. Model experimentalneho CNC stroja (Obr.1) je navrhnuty, aby umozioval
posuv v osiach X, y a z. Ako material bola pouzitad drevotrieska s hrubkou steny 16mm.
Na konstrukcii st pripevnené 3 krokové motory znac¢ky Sanyo Denki a 2 optoelektronické
laserové snimace od firmy Balluff, konkrétne typ BOD21M.

Model bol zhotoveny moduldrne, ¢o znamena, ze kazdy pohon je schopny samostatnej
prevadzky. Na zaciatku bol spracovany spodny suport, na ktory sa vo findlnej faze pripev-
nil aj stredny a vrchny suport spolu s vretenom.

Obr. 1 Model experimentalneho CNC stroja

Arduino Mega 2560

Ako riadiacu jednotku sme zvolili platformu Arduino, ktora sa sklada z mikroproce-
sormi Atmel a softwarového prostredia Arduino IDE.

Arduino (Obr.2) je doska, ktorej hlavna Cast’ je mikroprocesor zaloZzeny na ATmega
2560. Je vyrobena pre naro¢nejsich uzivatel'ov potrebujucich ovladat” velké mnozstvo
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periférnych zariadeni. Arduino Mega disponuje s 54 digitalnych a 16 analégovych pinov.
Kazdy z 54 digitalnych pinov pracuje ako vstup alebo vystup s vyuzitim jednotlivych
funkcii. Napajanie je adaptérom zo siete s napédtim 5V. Kazdy pin predstavuje port, ktory
moze poskytovat’ alebo prijimat’ prad o hodnote max. 40mA a ma k dispozicii vnutorny
rezistor s hodnotami od 20 do 50kQ. ATmega 2560 ma k dispozicii 256KB flash pamdéte
pre ulozenie kodu. Disponuje tiez s 8KB SRAM pamite.

A=

BOD 21M

Obr. 2 Zapojenie Arduina so snimacom Balluff BOD 21M

Na zaciatku kazdého merania je nutné poznat’ prevodovi charakteristiku snimaca, aby
sme dokazali vykonat’ prepocet vystupnej hodnoty zo snimaca na vstupnu hodnotu do Ar-
duina. Vstupna hodnota do Arduina je napétie prijimané na analégovom pine v rozsahu
od 0 do 5V. Tomuto rozsahu zodpoveda najmensia a najvdcsia merana vzdialenost’, pre
ktort je snimac kalibrovany (Obr.3). Prevodovu charakteristiku zvyknu vyrobcovia uva-
dzat’ v datasheetoch, ale pre nase meranie je dobré ju zmerat’ resp. overit’ udaje vyrobcu.

u
5V

. v

meraci rozsah
2
8
[=8
©
c
‘o
c
a
=]
°
S
ov
50 mm merana vzdialenost’ 500mm s

Obr. 3 Prevodova charakteristika od vyrobcu BOD 21M
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Namerané hodnoty sa mézu lisit’ od prevodovej charakteristiky vyrobcu a preto treba
vykonat’ dodato¢nt kalibraciu na nase podmienky merania. Prevodova charakteristika sa
merala za ustalen¢ho zdroja svetla, ktoré moze mat pri optoelektronickych snimacoch
vyrazny vplyv. Snima¢ bol pevne uchopeny na nepohyblivy ram a oproti bola odrazka
na mobilnom stojane. Merané bolo napitie z kontaktného pol'a po kazdych 5Smm od odsa-
denia 50mm po maximalnu hodnotu 500mm. Z nameranych hodno6t sme v Exceli vytvorili
graf zavislosti. Na tomto grafe sme pridali linedrnu trendovu Ciaru, ktorej rovnica bola
vstup do programu na vypis teploty. Na konci merania sa bude vyhodnocovat’ chyba me-
rania voci referenénému posuvnému meradlu.

Na Obr.4 sa nachadza namerana prevodova charakteristika laserového snimaca Balluff
BOD 21M, ktora ma linearny priebeh.

Prevodova charakteristika optoelektrického laserového snimacéa polohy BOD

21M
5,00
4,50
4,00
3,50
S
= 3,00
2
® 2,50
g
€ 2,00
1,50
1,00
0,50
0,00
0 50 100 150 200 250 300 350 400 450 500 550
y = 0,0074x + 0,6929
Vzdialenost’ [mm] R? = 0,9998

Obr. 4 Prevodova charakteristika snimac¢a Balluff BOD21M

Po zapojeni snimacov na konstrukciu experimentalneho modelu CNC obrabacieho
stroja bolo treba vytvorit’ aplikaciu na meranie prejdenej vzdialenosti pre suporty X a Y.
Snimac bol pri montazi odsadeny na minimalnu vzdialenost’ od odrazky 50mm, ¢o zaro-
ven vyhovuje jeho prevodovej charakteristike podl'a vyrobcov.

Kompatibilitu s riadiacou jednotkou je nutné nastavit’ v rozhrani programu, v ktorom
sa zaroven programuje aplikacia.

Pre vytvorenie aplikdcie musime zadefinovat’ zdrojové kody (Obr.5). Pred vytvorenim
zdrojového kodu bolo treba vyhotovit’ vyvojovy diagram, ktory blokovo krok za krokom
ukazuje, ako bol vypocet tepla realizovany. Na zaciatku sa zadefinuji premenné, ktoré
sa budu vypocitavat. Druhy krok je ¢itanie analogového vstupu zo snimaca do portu AO.
Treti krok je prepoCet napitia na vzdialenost’ podl’a rovnice regresnej analyzy. Stvrty krok
je vypisanie vypocitanej vzdialenosti do COM monitora. Posledny krok je definovanie
¢asu vypisovania, tzv. funkcie delay.
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// definovanie premenne] na vstupe
flaat Vstupk = A0:
float Ystupl = al:
double Napatiel:
double Napatiel:
double VzdialenostX:
deuble Yadialenastl:
// samotnf program
woid setp 0
{
Serial begin(9600) ;
Sexisl.pzintln("Program na vipis aktufilnej hodnoty pre suporty X a Y'):
Serial println{"Hodnoty sl v milimetroch”):
3erial println{"Hodnoty =0 vypizované po 1 sekunds”):
Serisl pzintla(” “}:
}
¥oid lespl
// nagitame hodnotu = AL prexodniks
{

// nagitame hodnotu z 4D prevednika i
Vetugk = snalogRead (40); Vstup zo snimaca
Vstupl = apalosRead (41): do analogového portu A0

Zatiatok ]

I

Nepatisl = (Vetmgl * 5.0) / 1024.0;

NepatisY = (VstupY = 5.0) / 1024.0: T

VzdislenostX = (125 * Napatisl - 82.5):

Vadialengsty = (125 * Napsiie} — 82.3): S=125%A0*5/1024)-825
Serial print (" = 7):

Sezial.orins (adislanassd) :

Sexial.print(” “):

Sexial.pxins (Y = 71: / Vypis vzdialenosti /
Serial print(Vadislenost¥):

Sexialprinzln(" ")

delay (1000} ;

} l Koniec

Obr. 5 Zdrojovy kod programu a vyvojovy diagram merania vzdialenosti

Obr. 6 Meranie polohy pri frézovani skuSobnych vzorov

Na meranie vzdialenosti sme mali skiisobné vzorky, do ktorych sa povrchovo frézovala
drazka s uréitym tvarom a pocas obrabania sa zo snimacov prenasaju signalu do pocitaca,
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kde sa vypisuje aktualna hodnota polohy s moznost'ou archivacie vypisu. Pre univerzal-
nost’ sme pouzili Styri geometrické tvary, ktoré sme frézovali (Obr.6). Po obrabani sme ich
merali posuvnym meradlom, porovnali s nameranou hodnotu zo snima¢ov a vyhodnotili
chybu merania a presnost’.

Kazda skusobnd vzorka sa frézovala na samostatny kus, aby sa vhodne nastavila rezna
rychlost’ a rezny posuv. Po optimalizacii podmienok frézovania sa vSetky Styri skasobné
vzorky vyfrézovali na jeden kus dosky z drevotriesky. Na tomto kuse boli realizované
merania presnosti vyrobenych kusov podl’a predlohy.

Pocas procesu frézovania boli zapnuté oba snimace a od¢itavané boli kone¢né hod-
noty vzdialenosti prejdenych na jednotlivych suportoch. Po nahrani zdrojového kodu
do programu Mach3, nam ukazal vizualizaciu, kde vidime, aky tvar sa bude obrabat
(Obr.8). Po kontrole sme spustili frézovanie a sledovali vypisovanie hodn6t do monitora
sériového portu, z ktorého sme potom kopirovali hodnoty do tabul’ky nameranych hodnot.
Program na vypis aktualnej hodnoty polohy vidime na Obr.7.

8 COM (Arduino/Genuno Mega or Mega 2560)

Program na vypis aktualinej hodnoty polohy pre suporty Xa

Hodnoty si v milimetroch
Hodnoty si vypisované po 1 sekunde

¥=50.07 ¥ =000
¥=5516 Y =313
X=86038 Y =672
X=8598 Y =753
X=71.04 ¥ =1020
X=7617 ¥ =13289
X=8120 ¥ =1637 N

[ Butnmatce rolovans Riacok nemd ukondovad mak | 9600baud

Obr. 7 Program na vypis aktualnej vzdialenosti

Program Run ¢Ait:4) 1| MDI (AH-2) | _Tool Path (att-4) | Offsots (Ali-5) _Settings (At:6).| _Diagnastivs ATy [Mil>615 60 517 640 621 690 684 664 649 699 604 Ga7
R - Seate m—

B X +0.0000. | iy

10 F300 =

W15 GOT X0 YO A m T
N20 GO X50 YO

N25 GO1 X50 Y50

N30 GO XD Y50

135 GO1 XD YO I
4D GO 220 —

File:JDiDacuments and SettingslAdministatofiDes Kopispolistvorec - dobryd | Load Wizards | _Lastwizard | m
[ s wasas | St ol

Recent File_| single BLK AttH_| W

Close G.Code | _RoverseRun_Jm | 700 0| e | 100
Load G-Code | Dia +0.0000
Block Del - H k-4 ©
Serbestlines] - -40.0000]
Line: ) Flood CulE_|m Auto Tool Zero | R
Run From Here | Remember.|_Return Fesdrate Sov 0l

— Bapsed !! !! 200.00

Z Inhibit | Jog OWOFF GtrkAltg | Unitshiin 250.70 Spindle Speed
G-Codes | M-Codes| +0.000 UnitsiRe 0.00 a0l

Obr. 8 Riadiace rozhranie programu Mach3
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Na Obr.8 vidime rozhranie programu Mach3. Vpravo na obrazku vidime aktualne
prejdent drahu nastroja a vedl'a vlavo vidime aktudlne hodnoty polohy v mm. VIavo
v programe sa nachadza zdrojovy kdod na frézovanie programovany v G-kode.

VYSLEDKY

Meranie polohy pomocou optoelektrického laserového snimaca polohy Balluff BOD
21M a pouzitého miktopocitaca Arduino boli realizované a porovnavané s posuvnym
meradlom, ktoré povazujeme za referencné meradlo. Hlavnym ciel'om je ziskat hodnotu
aktualnej polohy v ¢ase. To znamend, Ze v presne stanovenom ¢asovom intervale nam
program vypisuje hodnoty vzdialenosti pre osi x ay. V Tabulke 1 vidime namerané hodno-
ty pri frézovani skuobnych vzoriek. VI'avo su Styri frézované tvary: $tvorec, kosodiznik,
trojuholnik a kruznica (Obr. 9). Pre kazdu vzorku bol napisany program, po vyfrézovani sa
odmerali tvary posuvnym meradlom a porovnali s hodnotou zo snimacov polohy.

50 s 8 7
4
O o
D i}
1 2 5 6
11 i 80 20
13 )
®¢3
i
9L -5 ‘110 -

Obr. 9 Meracie body a rozmery skisobnych tvarov
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Tabul’ka 1. Merané hodnoty polohy (vzdialenost’ suportu od ramu)

Vzdialenost’ [mm]
Pozicia ,
ZADANA POSUVNE MERADLO BOD 21M

1 50 49,4 50,23

3 2 50 49,5 50,29
)
=

= 3 50 49,6 50,42

4 50 49,5 50,04

5 80 79,2 79,96

z 6 55 49,7 50,18
k=
2

g 7 80 79,4 80,13

8 55 49,6 50,31

9 50 49,8 50,18
&
=

g 10 55 49,2 49,65
g

11 55 49,3 49,87

s 12 50 49,7 49,92
‘g
N

5 13 50 49,8 50,11

V Tabulke 2 vidime odchylku snima¢a BOD 21M od referen¢nej hodnoty posuvného
meradla. Odchylka posuvného meradla od zadanej hodnoty nam ukazuje presnost’ pouZi-
tého CNC zariadenia.

Pri meraniach polohy suportu laserovym snimacom bola najmensia odchylka 0,22mm
a najvicsia az 0,83mm, ¢o sa da povazovat’ za chybu merania spésobent nedostato¢nou
rozliovacou schopnostou A/D prevodnika, ktory ma len 10 bitov (1024), pricom vyrob-
covia v manuali odporucaju aspon 12 az 14 bitovy A/D prevodnik. Najvacsia mechanicka
odchylka suportu od zadanej hodnoty merana posuvnym meradlom bola 0,8mm. Najvac-
Sia chyba CNC stroja bola 0,8mm, ¢o je sposobené volou medzi zavitovou tycou a vo-
diacou maticou. Najvicsia absolitna chyba merania bola 0,83mm, ¢o je o 0,03mm viac
ako najvécsia mechanickd chyba CNC stroja, ktora bola meranad posuvnym meradlom.
Relativna chyba je v tomto pripade v rozsahu od min. 0,44% do max. 1,68%.

Ak snima¢ pracuje spravne, tak va¢siu nameranu ako mechanicktl chybu sposobuje
prave nevhodny A/D prevodnik (Arduino).
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Tabul'ka 2. Chyby posuvného meradla a laserového snimaca

Zadana | Aritmeticky priemer | Mechanicka Absoltitna .
Pozicia poloha | z 3 merani posuvnym | chyba CNC | chyba snimaca Rela,tlvnva °f,‘yb“
[mm] meradlom [mm] stroja [mm] [mm] snimaca [%]
1 50 49,4 0,6 0,83 1,68
2 50 49,5 0,5 0,79 1,60
3 50 49,6 0,4 0,82 1,65
4 50 49,5 0,5 0,54 1,09
5 80 79,2 0,8 0,76 0,96
6 50 49,7 0,3 0,48 0,97
7 80 79,4 0,6 0,73 0,92
8 50 49,6 0,4 0,71 1,43
9 50 49,8 0,2 0,38 0,76
10 50 49,2 0,8 0,45 0,91
11 50 49,3 0,7 0,57 1,16
12 50 49,7 0,3 0,22 0,44
13 50 49,8 0,2 0,31 0,62
DISKUSIA

Z vysledkov vieme povedat’, Ze pouzitie zariadenia Arduino Mega 2560 ako 10 bito-
vého A/D prevodnika pri merani polohy neposkytuje pozadovanu presnost’, ktora je v pri-
pade meracich zariadeni pre CNC stroje mensia ako 0,05mm. V priemyselnej praxi sa
v meracich zostavach pouzivaji 12, 14 a viac bitové prevodniky, ktoré dokdzu rozpoznat’
jemnejsi vystup z pouzité¢ho snimaca polohy. Arduino dokaze rozpoznat’ obmedzenych
1024 hodndt na analégovom vstupe. Laserovy snima¢ Baluff BOD21M ma od vyroby
definované rozlisenie 0,1mm, ¢o sa pouzitim nasho zariadenia neda dosiahnut’.

Tymto vieme povedat, ze riadiaca jednotka Arduino Mega 2560 s 10 bitovym A/D
prevodnik nie je dostatocne kompatibilnd s laserovym snimacom Balluff BOD 21M z do-
vodu slabého rozliSenia a nizkej presnosti nameranych hodnot.

Niektoré rozmery boli presnejSie zmerané posuvnym meradlom, ¢o znamena, Ze
na vyuzitie najvys$sieho rozliSenia pouzitého snimaca je treba vykonnejsiu riadiacu jed-
notku s minimalne 12 bitovym A/D prevodnikom, aby sa dal snima¢ vyuzit’ na meranie
presnych poloh v CNC strojoch a zariadeniach.

ZAVER

Predkladany ¢lanok sa zaobera vyuzitym hardwarovej platformy Arduino Mega 2560
ako mikropocitaca pre meranie polohy obrabaciecho CNC stroja. Poloha suportu stroja
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bola snimana laserovym snimacom Baluff BOD21M, ktory bol prepojeni s Arduinom
a kontrolnym PC. Bola navrhnuta a realizovana blokova schéma merania polohy spolu
s elektronickym zapojenim pouzitych snimacov. Regresnou analyzou bola ziskana aj tren-
dova Ciara a rovnica trendovej Ciary, ktora tvori prepocet napédtia na vzdialenost’.

Stanovené boli Styri geometrické tvary v 2D, ktoré sa na testovacej vzorke frézovali
a sucasne sa merala poloha laserovym snimacom upevnenom na rdme stroja. Samotné
meranie bolo realizované pocas frézovania skusSobnej vzorky a zapisované do textového
suboru. Po vyfrézovani sa odmerali referencnym posuvnym meradlom. Néasledne sa vy-
hodnotili odchylky nameranych hodnét od zadanych v programe. Z vysledkov m6zme
prehlasit, ze riadiaca jednotka Arduino Mega 2560 s 10 bitovym A/D prevodnik nie je
dostatoéne vhodna s laserovym snima¢om Balluff BOD 21M z dévodu slabého rozlisenia
a nizkej presnosti nameranych hodndt. Niektoré rozmery boli presnejSiec zmerané posuv-
nym meradlom, ¢o znamen4, Ze na vyuzitie najvyssieho rozliSenia pouzitého snimaca je
treba vykonnejsi A/D prevodnik s minimalne 12 bitovym rozlisenim, aby sa dal snimac
vyuzit' na meranie presnych poloh v CNC strojoch a zariadeniach.

Prispevok bol vypracovany v ramci rieSenia vedeckého grantového projektu KEGA
003TU Z-4/2016 ,,Vyskumné a vyucbové laboratorium robotiky*.
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ABSTRACT: Management is a systematic response to unexpected events that threaten people,
property, as well as financial and operational stability of companies. In a turbulent business environ-
ment the crisis management becomes an increasing part of routine management work. In a broader
sense, the crisis management is a control tool designed to cope with a crisis situation. Perceived
classically, it begins by identifying the company crisis potential and continues by setting the proce-
sses of crisis prevention, next by the action and efficient management of the crisis and ends by the
elimination of the crisis consequences. According to the procedural approach the crisis management
represents a still present and never-ending process of corporate control of companies, which is the
part of business management. The utilzation of the conclusions and insights of one crisis is the begi-
nning of the next cycle of the new corporate crisis. The life cycle of a business crisis is a continuous
process consisting of three stages and six phases.(Jirasek, 2005; Ulmer, 2006)

Key words: management, crises management, enterprise
INTRODUCTION

The crisis management is the summary of control activities of the crisis management
focused on the analysis and evaluation of risks and threats, planning, adoption of pre-
ventive measures, organizing, carrying out and control of the activities carried out in the
preparation to the crisis situation in the enterprises as well as by their solutions.

The crisis management represents the management of business operations during the
company crisis in the extent, in which it is possible to manage such events. The crisis ma-
nagement is also represented by a series of measures to minimize the potential for damage
resulting from the crisis. It is efficient, both in preventive elimination of the possible crisis
as well as in coping with the crisis. It is built on two pillars formed by (Sef¢ikova, 2000):
e plan of crisis management,

e plan of crisis communication.
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The crisis management is not a set of mechanical rules, procedures and activities, but
a set of sophisticated processes and the successive steps aiming at the prediction of the
compplex nature of the crisis. This substance, depending on the point of view, has its real,
but also its perceived form. (Ulmer, 2006)
In general, the crisis management has four objectives:
e reduce the tension during the crisis event,
e demonstrate corporate commitment and expertise,
e control the flow and accuracy of information,
e manage resources efficiently.

Management techniques necessary to manage the crisis management are inherently
different from those necessary ones for the dynamic development of the company. If the
crisis manager can brilliantly manage and deal with the crisis, it does not mean that s/he
can successfully manage the company stabilization and development stages. The crisis
managers need the crisis for their professional lives in order to train. If there is no crisis
available, a the crisis manager should create such a crisis by him/herself. In practice, this
means that the crisis manager still acts as s/he is used to the times of crisis. S/he applies the
dictatorial approach, refuses to delegate the authority and does not operate in favor of the
release of creativity and creative potential workers at the slightest, which constitutes an
essential imperative for successful business development. The implication that the same
manager who can handle the demanding crisis management has to cope with the seemin-
gly less ambitious stabilization and development management. (Vincur, 2000; Wilhalm,
2004)

Reality and creativity
Complexity

Unity and many level

Rationality and prevention

Democratic

Morality. honesty, humanity

Observance of law and
jurisdiction

Figure 1. Main features of crisis management (Vincur, 2000)

The crisis management in the course of time, has transformed into the scientific dis-
cipline, which is part of study programmes in a series of economic and management tu-
torials-oriented colleges and universities. For the managerial procedures in emergency
situations empirical techniques are derived, while some of the recommendations are close
to the normative models.
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MODELS OF CORPORATE CRISIS CONTROL

The crisis management deals with the crisis phenomena in the particular time and in
defined stages, which can be described in detail and the links can be explained. The basic
theoretical model of the crisis management is given in Figure 2.

Stages of prevention and crisis planning intersect. The more complex and more effec-
tive prevention, the less extensive contingency planning must be. The absolutely effective
prevention prevents the occurrence of crisis and the crisis planning loses its importance.
The immediate and effective response to the crisis is a tool for reducing the damage and
losses. The system restoration is not only the task of the crisis management. Crucially,
a legal person that has been damaged or threatened by the crisis, has to participate. The
crisis management has to evaluate the course of crisis in detail and adopt conclusions to
modify the preventive measures also for the crisis planning. (Seféikova, 2008; Tomének,
20006)

3
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PREVENTION

CRISIS

DT ANTRIINT

SOLUTION RENEWAL

REACTION
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FHENOMENON OF
CRISIS

THE EMERGENCE

A

Figure 2. The basic model of crisis management

The individual components of the basic model of the crisis management from the
perspective of an event can be described as follows (Wilhelm, 2004):

e Prevention:

is the dominant idea of crisis management

responds to analyzed risks and uses the tools to minimise them,
increases the level of security systems,

creates a system of monitoring and evaluation of risk factors,
reduces the likelihood of the emergence of crises,

reduces the cost of removing the negative impact of the crisis.

O O O O O O

e Crisis planning:
o creates the conditions for the processing of detailed emergency plans to deal with
the crisis,
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o

prepares to all foreseeable crisis events and the crisis management creates the con-
ditions for the crisis at a given time and space,

summarises the needs and requirements necessary for dealing with the crises and
confronts them with the capabilities of an enterprise,

determines the forces, means and resources needed to address the crisis.

o Responding to the crisis and its solution:

O
@)

assumes the introduction of an effective system of warning and alert,

has a character of a unique and ongoing process carried out on the basis of a quali-
fied decision and without the problems,

requires centralization and coordination of process management during the crisis to
the nearest and most appropriate level,

is carried out via the rescue, location and liquidation work,

is characterized by personal responsibility, courage and determination of executive
and managerial crisis management staff.

e Recovery:

o

@)
O
@)

aim of recovery is to return the company to the stable condition,
majority of it is done in several stages,

crisis management contributes only partially,

allows returning to the conditions existing before the crisis.

The process approach to the crisis development in the company perceives the crisis as
global and never-ending.

MODEL OF CRISIS MANAGEMENT

As already mentioned, every business goes through at a certain stage in its develop-
ment of the crisis. If it can handle it, its existence goes on and the company further develo-
ps. The use of the conclusions of one crisis should help the company handle the next crisis
in future. The utilzation of the conclusions and insights of one crisis is the beginning of
the next cycle of the new corporate crisis. The life cycle of a business crisis is a continuous
process consisting of three stages and six phases (Sefé¢ikova, 2008; Ulmer, 2006):

I. Stage before the crisis consists of the following phases:

1.

2.

Avoiding the crisis, which is based on knowledge of the financial and economic

situation of the company and its subsequent implementation of prevention. The

analysis of the company is focused on the prognosis of the future status and trends.

Preparing for the crisis, which aims at identifying the hazards and risks and the

company activities. The preparedness to a potential crisis is associated with the

following advantages:

= the company reduces the number of calamities and crises that need to be addre-
ssed,

= enterprise life cycle is longer,

= company achieves better financial results.
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II. The crisis stage includes the following phases:

3. Recognition of the crisis from the normal fluctuation in the company*s performan-
ce is a challenging process. Only the enterprise is considered healthy if there are no
doubts about its future.

4. Stabilization of the crisis consists of the identification process, by which the com-
pany realizes that it is in crisis and the process that responds to the crisis and adapts
to changes.

5. Resoution of the crisis occurs when by the diagnosis the state of crisis in the com-
pany is confirmed. The intensity of interventions and measures taken by the firm to
address the crisis must reflect the seriousness of the problems in the company.

II1. Phase of post-crisis phase consists of:

6. Use of the crisis is a prerequisite for successful following problems and crisis situa-
tions in the company.

CRISIS MANAGEMENT TASKS IN VARIOUS STAGES OF CORPO-
RATE CRISIS

The crisis management should not be initiated but by the crisis itself. A comprehensive
view of the crisis management in professionally controlled companies include the ele-
ments of prevention of crisis situations.

Mitroff, a leading world expert in crisis management, puts the emphasis on preventive
measures designed to anticipate the crisis situations. Based on the premise that the crises
are an inevitable and permanent attribute of modern society life, it is necessary to identify
and evaluate the current warning signals, which are heralding the upcoming crisis. Con-
sequently, it is possible to manage and deal with the crisis situation more efficiently. Po-
werful tools for managing the crisis situations are especially soft forms of control, such as
the moral quality, corporate culture and unconventional ways of thinking.(Jirasek, 2005;
Victr, 2000)

Mitroff consistently distinguishes pre-crisis stage, as a precursor and the crisis stage,
as a consequence, while for both stages defines the individual files of crisis management
measures and recommendations, thus creating a normative model for the crisis manage-
ment.

In various periods of the crisis management in the enterprise, the crisis management
tasks differ. In principle, they can be divided into three groups according to the life stages
of the crisis, the tasks to be carried out before the crisis, during the crisis and post-crisis
business. The tasks are performed at different stages by the crisis management executives,
whose work specifies in particularities, and which have to meet other requirements than
the corporate managers. (Sef¢ikova, 2000; Jurasek, 2005; Ulmer, 2006)

The tasks of the crisis management are different in nature, scope and importance of the
various levels of control and in the individual solutions to the crisis situation.
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NAVRH DAVKOVO SPUSTANEHO
BIOREAKTORA PRE VYROBU ETANOLU
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ABSTRACT: This paper described the batch stirred bioreactor design for ethanol production with
yeasts Saccharomyces cerevisiae under anaerobic conditions. System of ordinary differential equa-
tions (solved numerically using the Athena Visual Workbench software) was used for calculation
of concentration time profiles. A large, appropriate — sized fermenter was supposed 70 m*. The op-
erating volume was 52,5 m®. Batch fermentation was perform with 200 g.I"! glucose concentration.
Fermentation time was 11,4 hours with ethanol stripping 69,1 g.I'" and 12 hours 75,9 g.I"" without
stripping. Computing was stopped when glucose alteration obtained 97 %. The kinetic constants
(Ks, Kp, u, ) of batch fermentation were 2,0 kg.m>, 97,9 kg.m?, 0,476 h' respectively. Output
per a batch was 3 623 kg and a single fermenter can produce 514 batches per year. From it follows
that the year vintage is close to the actual 1 862 222 kg. Therefore, the number of 70 m? fermenters
required 4 bioreactor. Whole heat exchange and heat surface area estimated 338437 J.s'1 and 40 m?
respectively. The maximum yield of biomass on substrate (Y, () and the maximum yield of product
on substrate (Y,,) in batch fermentation were 82 % and 35,5 % respectively. The present research
has shown that high sugar concentration (200 g.I") in the batch stirred bioreactor was successfully
converted to ethanol. The achieved results in batch stirred bioreactor with high substrate concentra-
tion are promising for scale up operation. The proposed model can be used to design a larger scale
batch stirred bioreactor for production of high ethanol concentration.

Key words: Batch stirred bioreactor design, metabolic processes, and bioreactor scale-up

ABSTRAKT: Prispevok popisuje navrhnuty davkovo spustany bioreaktor pre vyrobu etanolu
s kvasinkami Saccharomyces cerevisiae za anaerobnych podmienok. Na vypocet koncentraénych
¢asovych profilov bol pouzity systém diferencialnych rovnic (rieSené numericky pomocou softvéru
Athena Visual Workbench). Velkost' fermentora sa predpokladal 70 m?®, prevadzkovy objem bol
52,5 m®. Vsadka fermentacie sa vykonala s 200 g.I'! koncentraciou glukdzy. Doba kvasenia bola
11,4 hodiny s rozloZenym etanolom 69,1 g.I'' a 12 hodin 75,9 g.I'"! bez odizolovania. Vypocet bol
zastaveny, ked’ premena glukézy dosiahla 97 %. Kinetické konstanty fermentacie (K, K, #_ ) boli

max

2,0 kg.m3, 97,9 kg m3, 0,476 h''. Vystup pre davku bol 3 623 kg a jeden fermentor moze produ-
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kovat’ 514 davok ro¢ne. Z toho vyplyva, Ze ro¢ne sa ziska 1 862 222 kg. Preto st pre objem 70 m?
fermentora pozadované 4 bioreaktory. Celtl vymenu tepla a plochy tepla odhadujeme na 338 437 J.s-
''a 40 m*. Maximalny vynos biomasy na substrate (¥, ) a maximalny vytazok produktu na substrate

(Y, v sadke fermentacie bol 82 % a 35,5 %. Sucasny vyskum ukazal, Ze koncentracia s vysokym

obsahom cukru (200 g.I"") v ddvke mieSanej v bioreaktore bola GspeSne premenend na etanol. Do-
siahnuté vysledky v davke miesanej v bioreaktore s vysokou koncentraciou substratu st sl'ubné pre
optimalizovanie prevadzky. Navrhovany model méze byt pouzity pre navrh vo vi¢Som meradle
vsadky miesacicho bioreaktora na vyrobu vysokej koncentracie etanolu.

KPacové slova: navrh bioreaktora; metabolické procesy; zvdcSovanie rozmerov bioreaktora
UVOD

Biochemické inzinierstvo sa venuje vykonavaniu biologickych procesov v priemysel-
nom meradle. Tato oblast’ spaja biologické vedy (genetika, mikrobioldgia, kultira zivocis-
nych buniek, molekuldrna bioldgia, biochémia, embryoldgia, bunkova bioldgia, technolo-
gia enzymov) a technické vedy. Vzhl'adom na prudky vyvoj biotechnoldgii v poslednych
rokoch sa tiloha biochemického inzinierstva stava stale dolezitejsia (Dutta, 2008).

Bioproces je vyrobny dej, pri ktorom vplyvom pdésobenia mikroorganizmov (kvasinky,
baktérie) dochadza ku vzniku alebo k premene latok. Bioprocesy sa pouzivaji v mno-
hych vyrobnych procesoch, napr. v potravinarstve (vyroba etanolu, piva, vina, destilatu,
pekarskeho drozdia), medicine (vyroba antibiotik, enzymov, organickych kyselin, ami-
nokyselin, vitaminov), atd’. Bioproces prebicha v bioreaktore, ktory udrzuje podmienky
potrebné pre rast a vyvoj organizmov. Bioreaktory maju vnitorné a vonkajsie chladenie,
ohrievanie, mieSacie zariadenie, privod vzduchu, odvod plynov, odpeiiovanie, zariadenie
na odber vzoriek, meranie a regulaciu teploty, PH, meranie koncentracie rozpusten¢ho
kyslika, oxidu uhli¢itého, koncentracie biomasy, atd’. V sucasnosti sa v bioinzinierskych
aplikaciach pouziva viac druhov bioreaktorov. Medzi najpouzivanejSie bioreaktory pa-
tri pravdepodobne reaktor s mechanickym mieSanim, kvéli dobre zndmym opisom jeho
vlastnosti a jeho scale-up charakteristikam. Existuju aj iné typy bioreaktorov, ktoré st
miesané pneumaticky a su SetrnejSie k mikroorganizmom (Mihal’, Markos, 2013). Etanol
(CH, — CH, — OH) je bezfarebna kvapalina ostrého zapachu. Je I'ahsi ako voda a aj skor
vrie ako voda. Molekula etanolu je polarna a ked’ze voda je polarne rozpustadlo, alkohol
je s nou miesatelny. Etanol sa pouziva ako rozpustadlo, dezinfekéné ¢inidlo, palivo, na-
poj. Vel'ké mnozstva etanolu su vyuzivané ako rozpustadlo ale hlavne ako vstupny pro-
dukt v mnohych priemyselnych odvetviach. Pred niekol’kymi rokmi bolo zna¢né mnoz-
stvo priemyselného etanolu vyrabané katalytickou konverziou etylénu, v sucasnej dobe sa
vyskum v tejto problematike skor priklana k vyrobe etanolu fermentacnymi technologiami
z r6znych obnovitel'nych zdrojov (biomasy) surovin. Hlavnymi producentmi etanolu fer-
menta¢nou cestou st Brazilia, Cina, USA a Japonsko. K vyhodam etanolu patria hlav-
ne dostupnost’ surovin pre jeho vyrobu, pomerne dobre zvladnuté procesy jeho pripravy
a purifikacie, mala ekologicka zataz prostredia samotnou vyrobou, a v porovnani s inymi
nahradami fosilnych paliv, jeho nizka toxicita voci ¢loveku a ostatnej biosfére. Pouzitie
etanolu ako paliva znizuje tvorbu oxidov dusika a prchavych organickych latok, tvorbu
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ozo6nu a smogu, a taktiez neprispieva ku vzniku sklenikového efektu (Bafrncova, 1999).
K alkoholovému (etanolovému) kvaseniu dochadza v dosledku ¢innosti kvasiniek rodov
Saccharomyces a Torula, pripadne niektorych mikroskopickych hib rodu Mucor a obcas
aj v dosledku c¢innosti niektorych druhov baktérii. Alkoholové kvasenie sa vyuziva vo
vindrstve, pivovarnictve, lichovarnictve a pekarstve. Kvasinky etanolového kvasenia sa
rozdel'uju na kultarne a divoké na zéklade ich kvasnej mohutnosti a schopnosti prekvasit’
koncentrovanejsie cukorné roztoky az na nepatrny zvyskovy cukor. Hlavanymi pdvodcami
etanolového kvasenia su pravé kvasinky Saccharomyces ellipsoideus (kvasenie ovocnych
Stiav) a Saccharomyces cerevisiae (pivovarnictvo, lichovarnictvo, vinarstvo). V tychto
potravinarskych odvetviach sa vyuziva ¢innost’ kvasiniek na vyrobu etanolu (LinkeSova,
2007). Ako bolo uvedené vyssie, jedna z moznosti vyroby etanolu je aj anaerébna fermen-
tacia pomocou kvasiniek Saccharomyces cerevisiae:

CoHy204 = 2 CHs- CH,~ OH + 2 CO, (1)

Z vykvasenej zmesi sa etanol ziskava destilaciou. Pri destilacii sa najskor odparuje
alkohol, pary sa kondenzuji a skvapalneny sa zachytdva. Treba dévat’ pozor na velmi
toxicky metanol, ktory tiez vznika pri kvaseni a ma niz§iu teplotu varu, takze sa odpari
ako prvy.

MATERIAL A METODY
ZvicSovanie rozmerov bioreaktora (scale-up proces)

Vo vseobecnosti, zvi¢Sovanie mikrobidlneho procesu zahffa prenos nového alebo vy-
lepSeného procesu z laboratdérnych podmienok do vyrobnych. Zvé¢Sovanie rozmerov re-
aktora (scale-up proces) je vel'mi komplikovanou tulohou, pretoze je nutné vziat’ do ivahy
mnohé inzinierske a ekonomické hladiska. Vysledny navrh priemyselného bioreaktora
je v podstate kompromisom medzi protikladnymi a Ziadanymi charakteristikami, lebo je
prakticky nemozné zabezpecCit rovnaké podmienky procesu v laboratérnom, poloprevadz-
kovom bioreaktore a bioreaktore priemyselnych rozmerov (Nielsen et al, 2002). Pri¢inou
je fakt, ze fyzikalne procesy (miesanie, prestup tepla a prestup latky) st priamo zavislé
od rozmerov zariadenia. Metabolické procesy (stechiometria a termodynamika bunko-
vych kultivacii, mikrobidlna kinetika) su sice teoreticky nezavislé od rozmerov zariadenia,
ale prakticky, vplyvom napr. nedostatocného miesania, sa vytvaraji koncentraéné a tep-
lotné gradienty v réznych miestach bioreaktora. Tieto ,,mikroprostredia® obklopujuce
bunky, m6zu v mikroorganizmoch vyvolat’ metabolické zmeny. Z uvedeného vyplyva,
ze pravdepodobne ani jeden parameter procesu nebude rovnaky pri réznych rozmeroch
zariadenia a nakoniec mé6ze byt dokonca navrhnuty tGplne iny typ bioreaktora. Kroky pri
navrhu bioreaktora priemyselnych rozmerov (scale-up proces) st schematicky znazornené
na Obr. 1 (Nielsen et al, 2002).

ACTA FACULTATIS TECHNICAE, XXII, 2017 (1): 35-47 37



Bagaza (vylisok) z

krovej trstiny
cukrovej trstiny Etanol

Xyloxovy
Hemicelulozna cukor a
hydrolyza

voda

A . Destilacia
Iasa z pevnej L R T
celulézy/ligninu E‘l";l:z:l?:e }I;v:[s:ze[;z
Hydrolyza
celulozy Lignin pre
boiler

Glukézovy cukor +
pevny lignin

Obr. 1. Proces vyroby etanolu z biomasy proces (John, 2004)
Fig. 1. From biomass process flowsheet for ethanol production

METABOLICKE PROCESY

Zivé bunka je zlozity chemicky reaktor, v ktorom prebieha viac ako tisic reakcii kata-
lyzovanych prislusnym enzymom. Je vel'mi tazké ich identifikovat’ kvalitativne a praktic-
ky nemozné kvantitativne. Z tychto dovodov sa pouzivaju zjednodusené Struktirne ale-
bo nestruktirne modely mikrobidlnej kinetiky (vzt'ahy medzi koncentraciami reaktantov
a produktov), v ktorej kvantitativny opis zohrava kI'icovu ulohu pri navrhu a spol'ahlivej
prevadzke bioreaktora (Bales et al, 2003). AvSak samotnému zmysluplnému skimaniu
mikrobialnej kinetiky musi predchadzat’ uspesné vysetrenie stechiometrie a termodyna-
miky bunkovej kultivacie (Nielsen et al, 2002). Chemické reakéné aktivity st metaboliz-
mus, materialova a energeticka vymena v bunke (Bailey, Ollis, 1986).

STECHIOMETRIA BUNKOVEJ KULTIVACIE

Na opis stechiometrie produkcie etanolu kvasinkami Saccharomyces cerevisiae
za anaerobnych podmienok je aplikovany nestrukturny model ,,¢iernej skrinky*. Len jed-
na celkova stechiometricka rovnica reprezentuje premenu kl'a€ovych substratov na pro-
dukty, ktoré¢ si pomerne 'ahko meratel'né v kultivacnom médiu. Zna¢ne zjednoduseny,
v praxi vSak Casto pouzivany pristup. Produkcia etanolu fermentacnou cestou je typickym
prikladom (Bafrncova, 1999) typu kultivacie buniek, ked’ vznik produktu je priamo spoje-
ny s rastom biomasy (Bales et al, 2003). KI'icovym (limitujiicim) substratom je glukéza.
Pocas miernych pracovnych podmienok, kontinudlne bioreaktory so Saccharomyces cere-
visiae mézu vykazovat’ trvalé oscilacie (Sharifian, Fanaei, 2009).

Celkova stechiometricka rovnica ma tvar:

SC6H1206 + bNH3 b4 xCH1‘3300’56N0‘17 + pCszoH + gC3H803 + dCOZ + eHzo (2)

Na vypocet stechiometrickych koeficientov b, x, p, g, d, e, sa mdze pouzit’ bilancia
atomov (3-6), bilancia ,,vol'nych elektronov* (7) a pomocné vztahy (8-9), s = 1.
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C:6s=1x+2p+3g+1d 3)

H:12s +3b = 1,82x + 6p + 2e )
0:65s =0,5x +2p+3g + 2d + 1e ®)
N:1b = 0,2x (6)
eTise g =xe yt+pe p,+tgeg=>e sl =xCr ¥ +PCYp + 9CcYe ()
M 8

Yys = 0.126 § = X =Yyt = 0826 ®)

_ g _ Ms (9)
YG/S = 0,079 E =49 = YG/SM_G = 0,155

Stechiometrické koeficienty S, B, X, P, G, D, E, vytazkové faktory (mol.mol') a vy-
tazkoveé faktory (g.2"), Yo Yoo Ve Yae Yo Vi SU zhrnuté v Tab. 1.
Tabul'ka 1. Bioreaktorové geometrické charakteristiky
Table 1. Bioreactor geometric characteristics

Menovity objem ¥, [m’] 70

Objem pracovnej nadrze V, [m’] 52,5

Rychlost’ miesadla N [1.s7'] 2,5

Celkova vyska nadoby 4, [m] 9,29

Sirka nadoby d,, [m] 3,10

Typ miesadla Rushtonova turbina
Priemer mieSadla d [m] 0,97

Pocet mieSadiel n, 4

hy/d, 3/1

TERMODYNAMIKA BUNKOVEJ KULTIVACIE

Bunky pouzivaji chemicku energiu zo zivin celkom efektivne, ale rovnako ako v inych
procesoch, niektoré energie v substratoch sa uvol'niuji vo forme tepla. Bunkova produk-
cia tepla je primarnym vysledkom metabolizmu. V désledku toho je rozumné ocakavat
priblizne tmerny vzt'ah medzi generovanym teplom a vyuzitou energiou substratu (Bales,
et al 2003).

Molové metabolické (reakéné) teplo qr sa vypocita z rovnice:

qr = (=Ah) = T, YoM (—Achy) — BTy YoM (—Achy) (10)

kde Y5, st vytazkové faktory (stechiometrické koeficienty) na l'avej strane a Yp;™" = na pra-

vej strane stechiometrickej rovnice. Hodnoty stechiometrickych koeficientov a Standard-
nych spal'ovacich entalpii zloziek st uvedené v Tab 2.
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Tabul’ka 2. Vytazkové faktory Y, pr1 produkcii etanolu
Table 2. The yield coefficients (g g 1, Yi/j for the ethanol fermentation

komponent Yijj [g.g']
1

0,013
0,126
0,391
0,079
0,403
0,025

=Rl e R R

qr = (—A,h) = 45,1 [k].mol™1] (11)
MIKROBIALNA KINETIKA

Spracovana biomasa extrahovana z mikroorganizmov by mohla byt vyuzita ako po-
tencialny zdroj proteinu potravinového doplnku (Yazdian, et al 2009).

Nestruktirny model, ktory opisuje mikrobialnu kinetiku produkcie etanolu kvasinka-
mi Saccharomyces cerevisiae je typickym prikladom inhibicie Specifickej rychlosti rastu
biomasy produktom (Nielsen et al, 2002)

no= ﬂmaxK+C (1- ) (12)

kde 4 je Specificka rychlost’ rastu biomasy, #  je maximalna Specificka rychlost’ rastu
biomasy, K, je saturacna konStanta glukézy, C; je koncentracia glukozy, K, je inhibi¢na
konStanta, C, je koncentracia etanolu.

Hodnoty kinetickych parametrov z_, K, K,su ziskané z literatary (Nielsen et al,
2002):

K, = 2,0 [kg. m ™3] limax = 0,476 [h71] K, = 97,9 [kg. m™3] (13)
FYZIKALNE PROCESY

Fyzikalne procesy (transportné javy) s zavislé od rozmerov zariadenia a na ich kvan-
titativny opis sa pozivaji matematické modely rozdielnej zlozitosti. V nasom pripade sme
pouzili zjednoduSeny pristup aplikacie vhodnych korelaénych vztahov.

MIESANIE A PRIKON NA MIESADLO

Utelom miesania je dosiahnut homogénne prostredie (rovnaka koncentraciu a teplo-
tu v kazdom mieste fermentacného média v danom ¢asovom okamihu). Dobré mieSanie
podporuje efektivny prenos substratov a tepla k mikroorganizmom (Keshtkar et al 2003).

40 ACTA FACULTATIS TECHNICAE, XXIlI, 2017 (1): 35-47



V laboratornych, intenzivne mieSanych bioreaktoroch, sa to da dosiahnut’ do niekol’kych
sekund, v priemyselnych bioreaktoroch to moze trvat’ aj niekolko desiatok sekund, co
negativne ovplyviuje priebeh mikrobialneho procesu. V chemickom priemysle sa pouziva
viacfazové obezné koleso, ktoré moze zlepsit’ miesanie (Gorji, et al 2007). Prikon na mie-
Sadlo byva ¢asto najvacsim prevadzkovym nakladom. Prikon na mieSadlo v neaerovanom
systéme sa vypocita zo vztahu (Nielsen et al, 2002):

P =mn Nyp,N3d,® = 4521000 - 2,5 - 0,97° = 276256 [ ].s"*W] (14)

Obvodova rychlost’ lopatiek miesadla v, by nemala prekrocit’ hodnotu 7,62 [m.s™],
lebo méze dojst’ k mechanickému poskodeniu buniek (Lydersen et al, 1994):

v,=nNds=m-25-0,97 =7,618 [m.s"1] (15)

V bioreaktoroch priemyselnych rozmerov je z ekonomického hladiska odporucany
pomer prikonu a objemu kvapalného média v hraniciach 1 — 5 [kW.m3] (Nielsen et al,
2002):

P 261728

Ve 525

= 5260 [W.m™3] (16)

PRECHOD TEPLA Z FERMENTACNEHO MEDIA
DO CHLADIACEJ VODY

Rychlostna rovnica prechodu tepla (17) prezentuje transport tepla z fermentacné-
ho média do chladiacej vody:

Q = K,A(t, — t5) (17)

Toto mnozstvo tepla je mozné vypocitat™

Q=0r+0Qp (18)

Teplo vytvorené pri mieSani Qp = Pg = 276256 [J.s'].
V biochemickom procese sa vytvori rekéné teplo:

Qr = 1" qp (19)
Hmotnost” spotrebovanej glukdzy pocas jednej fermentacie; tr = 11,4 [h]:

meR =V, (Cso — Cs) = 52,5 - (200 — 6) = 10185 [kg] (20)
Latkové mnozstvo spotrebovanej glukdzy pocas jednej fermentacie je nasledujuce:

R
neR =2 = % 56 583 [kmol] (21)

M; 180
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Tok tepla vytvoreny reakciou Qg [J.s™1] sa potom rovna:

__ 56,583-10%-45,1- 103

Qp = iR qp = 2220 2 = 62181 [Js7'] (22)

Hmotnostny tok vody m. [kg. S™1], vypo¢itany z entalpickej bilancie fermentora je:

m. = Q _ QptQp _ 62181+261728
€7 Cpeltze—tic)  Cpeltac—tic) 4190 (25-15)

= 7,731 [kg.s™1] (23)

Teplovymenna plocha 4, sa vypocita z rychlostnej rovnice prechodu tepla:

_Q
An = Ka (th—tc) (24)

Uhrnny koeficient prechodu tepla sa vypoéita zo vztahu:
1

+duonkludvonk+dvonk
op 24 dynut  *sds

(25)

Ky = T

Koeficient prestupu tepla pradenim na strane chladiacej vody ac sa vypocita zo vztahu:

o = Nuclc (26)

¢ din
Vhodna kriteridlna rovnica na vypocet Nusseltovho kritéria ma tvar:
Nu, = 0,023Re. %% pPr,%* (27)

kde Re. je Reynoldsovo a Pr. Prandtlovo kritérium pre chladiace médium.
Reynoldsovo ¢islo sa vypocita:

_dewepe 0,127 0,659 9982
Rec = et = 2o e = = 83127 (28)
Prandtlovo ¢islo je:
. . -3
PT‘C _ Cpc - Mo _ 4190- 1,005 10 = 7,03 (29)

A 0,599
Hodnota Nusseltovho kritéria je potom nasledujtica:
Nu, = 0,023Re.”® Pr,"* = 0,023 - 83127%8 - 7,03%* = 432,8 (30)

Koeficient prestupu tepla na strane chladiacej vody:

NucA.  432,8- 0,599 —2 -
(e = ==t = == = 2041 [Wm™2 K] GD
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Koeficient prestupu tepla mieSanim na strane fermenta¢ného média, o, sa vypocita zo
vztahu (32) (fyzikalne vlastnosti fermentacného média su z praktickych dévodov aproxi-
mované fyzikalnymi vlastnostami vody):

_ Nuh/lh

ap = (32)

dout
Vhodna kriteridlna rovnica na vypocet Nusseltovho ¢isla ma tvar (Nielsen et al, 2002):

Nuy, = 0,17Re, >’ Prh°'37(z—;)°'1(z—2)°'5 (33)

kde Re; je Reynoldsovo a Pr, Prandtlovo kritérium pre fermenta¢né médium.
Reynoldsovo cislo sa vypocita:

__d?*;N pp _ 09972 2,5- 1000

Rey, o TITE R 1960208 (34)
Prandtlovo ¢islo je:

. . . 10-3
pr, = Cpp ' Fh _ 4000-12-107% _ 8,57 (35)

n 0,56

Hodnota Nusseltovho ¢isla sa vypocita z kriteridlnej rovnice:

Nu, = 0,17Re,*" Prh0'37(g—;)0'1(2—2)0'5 =0,17 - 1960208°67 - 8,57037 . (2Zyo1. (213%05 — 1164 (36)

3,1 3,1
Koeficient prestupu tepla mieSanim na strane fermentaéného média on je:

_ Nupdp _ 1164- 0,56
T dowr 0139

N = 4688 [Wm=2 K] 37)

Uhrnny koeficient prestupu tepla K, L e

_ 1 _ 1 _ 2 =1
KAH 1 dout, dout, dout ~ _1  0139,.0139 0139 846,6 [W m~“K ] (38)
wp 24 Vdp, xcd;; 4688 2.15 0,127 2041. 0127

Teplovymennd plocha 4u je potom nasledujtca:
© 33017 = 40,0 [m?] (39)

" Ka, - (ta—ts)  846,6. (30-20)

Ay

MATEMATICKY MODEL
Materialova bilancia uvazovanych zloziek (biomasa X, glukoza S, etanol P, glycerol
G) v kvapalnej faze je vyjadrena ako systém obycajnych diferencialnych rovnic (40—43):

dcy _ Cs

C
X: dr HUmax Cs+Ks (1 - K_Z)Cx (40)
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cdes 1 & - (41)
S- dt - Yx/S ﬂmax CS+KS (1 Kp)cx
dc Cs C
P G = Yo a5 (17 32) G = (K (G = 67) (42)
dcg _ Cs Cp
at YG/x Hmax CotKs (1 - K_p)Cx (43)

A materidlova bilancia etanolu, ktory vyprchal z kvapalnej do plynnej fazy:

g
dcy

V. R
T _(KLad)p(Cpg - Cp —=

p9- =
VI THy

(44)

Matematicky model sa pouzije pri vypocte zmeny koncentracie uvazovanych zloziek
v Case. Kritériom optimalizacie je vysoka koncentracia ziadaného produktu — etanolu.
Vypocet sa ukonéi, ked” sa premeni 97 percent z p6vodného mnozstva kl'a¢ového sub-
stratu — glukdzy, kedy koncentracia etanolu dosiahne hodnotu 69,1 [g.I'!]. Tym je zaroven
definovany aj Cas samotnej fermentécie (¢, = 11,4 h).

DOSIAHNUTE VYSLEDKY A DISKUSIA

Na obrazkoch Obr. 2 a Obr. 3 st znazornené koncentra¢no-casové profily glukézy, bio-

masy, etanolu a glycerolu v pripade ze bud’ uvazujeme vyprchanie Casti etanolu do plynnej
fazy alebo nie.

200 4

=
= 150
.0 —— Cx
© 100
= --A-- Cp
g 50
c —0—Cg
]

0 ——Cs

0 2 4 6 8 10 12
Time [h]

Obr. 2 Koncentracie glukdzy, biomasy, etanolu a glycerolu v tekutej podobe v ¢ase s vyprchanim etanolu
Fig. 2. Concentrations of glucose, biomass, ethanol and glycerol in the liquid phase versus time with
ethanol stripping
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Obr. 3 Koncentracie glukozy, biomasy, etanolu a glycerolu v tekutej podobe
v Case bez vyprchania etanolu
Fig. 3. Concentrations of glucose, biomass, ethanol and glycerol in the liquid phase versus
time without ethanol stripping

DISKUSIA

Ako bolo uvedené v uvode, saccharomyces cerevisiae sa pouzivaju v davkovej fer-
mentacii pri premene glukozy na etanol. V prispevku bol popisany navrhnuty matematic-
ky model, ktory kombinuje poznatky strojarskych uvah a mikrobialny jav, ktory zahina
stechiometriu, termodynamiku bunkovej kultivacie, mikrobialnu kinetiku a fyzikalne pro-
cesy (transportné javy) ako zmieSavanie, spotreba energie, prenos tepla a hmoty. Hodnoty
kinetickych parametrov p_ , K, K, pre opis mikrobidlnej kinetiky aplikovany v mate-
matickom modelovani boli odvodené na zaklade informacii z literatiry. NaneStastie je
fyzikalne nemozné udrzat’ rovnaké podmienky procesu pre laboratdria ako v priemysel-
nych bioreaktoroch, pretoze fyzikalne procesy su priamo a metabolické procesy nepriamo
zavislé na vel'kosti. Z vypoctu sme ziskali davkovua vyrobu etanolu 3 623 kg.1'! celkovo,
ro¢na produkcia etanolu 1 806 991 kg.rok ' a pre Styri davky 7 228 ton.rok'. S vytaznos-
tou 3 623 kg.davku' je produkcia na rok 1 862 222 kg.rok !, ale bez vyprchania etanolu
3 982 kg.davku ' a produkcia na rok 1 971 151 kg.rok ', ¢as pre jednu davku je 15,4 hodin
s vyprchanim etanolu a bez vyprchania je to 16 hodin. Boli odhadnuté investi¢né nakla-
dy 2 105 dolarov na hlavné medzisuctové vybavenie a pre celkovy kapital fermentacie
8 946 250 dolarov. So zmenou objemu reaktora alebo objemu tekutej fazy, proporcionalne
zvySovanie alebo znizovanie produkcie etanolu napr. ak objem reaktora predpokladal 60
m? proporcionalnu davkova produkciu etanolu, m = 3105 kg.I'!, ro¢nu produkciu etanolu
1 548 849 kg.rok ', a pre Styri davky 6 195 ton.rok '. Ventilacny pomer V, = 0,225. Ko-
eficient prenosu etanolovej hmoty (k a;) je 0,076 s™'. Znizovanie Gvodnej koncentracie
glukdzy zo 150 g.1"! proporcionalne vplyva na tok hmoty chladiacej vody na 7,70 kg.s™,
moélové mnozstvo spotrebovanej glukozy pocas produkceie etanolu 42 kmol, reakéné teplo
46 635 J.s7".
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ZAVER

V technologickej praxi sa s rozvojom informaénych technoldgii v sii¢asnosti stale viac
vyuziva matematické modelovanie a simulacia réznych procesov a zariadeni, kvoli ich
lepSiemu pochopeniu a optimalizacii ich fungovania (Mihal’, Markos, 2013). Matematic-
kému modelovaniu sa venuje aj tento prispevok. Vysledky tejto studie poskytuju nahl'ad
na vykonnost, optimalizaciu procesu a pomozu pri navrhu procesov pre vyrobu etanolu
velkého rozsahu pomocou kvasiniek Saccharomyces cerevisiae v anaerobnych podm-
ienkach. Vysledné matematické modely je mozné pouzit na predikciu planovanych fer-
mentacii v pripade scale-up zariadenia, hl'adania optimalnych prevadzkovych podmienok
v zavislosti na pozadovanej produkcii. Simulacie je mozné vyuzit’ pre analyzu nakladov,
s cielom optimalneho navrhu bioreaktora (Acai, 2007). V d’alSom vyskume je mozné
zamerat’ sa na vizualizaciu a analyzu popisanych procesov pomocou holograficke;j interfe-
rometrie (Cernecky, Pivar¢iova, 2013).
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