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Analiza deskryptorowa

- Pomiar temperatury z wykorzystaniem $wiattowodow.
- Badania proceséw metabolicznych

Abstrakt

-Podano zasad¢ pomiaru temperatury na zasadzie pomiaru polozenia pasma
absorpcyjnego pélprzewodnika oraz metoda fluorescencyjna , opisano uktad
pomiarowy metoda potozenia pasma absorpcyjnego potprzewodnika oraz
pierwsze wyniki pomiaru temperatury przy uzyciu spektrometru.

- Badanie probek ziarna prowadzono metoda chromofotograficzng.
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WSTEP

Pomiar temperatury w wielu przypadkach, jak np. w urzadzeniach wysokiego napigcia,
w trakcjach elektrycznych, czy w medycynie napotyka szereg problemoéw. Rozwigzaniem
trudno$ci w takich przypadkach jest pomiar temperatury za pomoca $wiattowodow, ktory
zapewnia dobra izolacje galwaniczng, jak rowniez brak oddzialywania na pomiar pola ele-
ktromagnetycznego. Ponadto, Ze jest to pomiar iskrobezpieczny od strony czujnika, moze
byé stosowany w srodowiskach o duzej wybuchowosci, a wigc w silosach, elewatorach
zbozowych itp. Z tych wzgledow w roku 1996 podjeto w PIAP prace statutowa pt.: ,,Bada-
nia eksperymentalne mozliwoéci zdalnego pomiaru temperatury za pomocg Swiattowodow”
(zlec. S1662).

W oparciu o literature techniczng, zwlaszcza maten'aly ostatnich kongreséw IMEKO na
wstepie przeanalizowano t.zw. ,,spektroskopi¢ ramanowska”, ktora polega na badaniu rozpro-
szenia $wiatla, polaczonego ze zmiang jego czestotliwosci w pasmie podczerwieni i w funkcji
temperatury. W widmie Swiatla rozproszonego o okreslonej czestotliwosci, padajacego np. na
plytke krzemu wystepuja linie widma ramanowskiego o innej czgstotliwosci, zaleznej od tem-
peratury plytki. W wyniku interferencji $wiatla padajacego na plytke¢i $wiatla odbitego wy-
stepuje efekt Dopplera, ktorego obrobka wymaga drogiego spektrometru lub ztozonego ukta-
du pomiarowego. Po glebszej analizie powyzsza metoda pomiaru temperatury okazuje si¢
bardzo kosztowna w praktycznej realizacji.

W migdzyczasie nawigzaliSmy kontakt z Uniwersytetem Quebec w Kanadzie, gdzie zaj-
muja si¢ pomiarami réznych parametréw nieelektrycznych z wykorzystaniem $wiattowodow.
W przypadku pomiaru temperatury skierowano nas do firmy ,,Nortech Fibronic Inc.”, ktora
produkuje takq aparature. Przystane materialy wskazuja, Ze firmata pomiar temperatury za
pomocsy $wiattowodow oparla na zaleznosci potozenia pasma absorpcyjnego polprzewodnika
od temperatury. Metoda ta rzeczywiscie jest prosta i tansza w realizacji, wymaga jednak sta-
bilizacji zrédla $wiatla. Wykorzystujac aparature spektroskopowa Wydzialu Chemii Uniwer-
sytetu Warszawskiego stwierdziliémy, ze transmitancja plytki polprzewodnika dla pewnych
czestotliwosci zmienia si¢ od wartosci bliskiej 100% do wartosi bliskiej 0%. PoloZenie tego
skoku transmitancji jest liniowo zalezne od temperatury. Pomiar temperatury plytki pélprze-
wodnika polega wiec na okreslenin progu absorpcyjuego, dla ktérego wystepuje gwattowna
zmiana transmitancji optycznej plytki.

Z analizy zdobytych materiatéw o $wiattowodowym pomiarze temperatury wynika, ze
istnieje jeszcze metoda fluorescencyjna oparta na emitowaniu przez niektore substancje wia-
snego promieniowania, ktorego intensywnos¢ jest funkcja temperatury. Intensywno$¢ promie-
niowania fluorescencyjnego jednak maleje szybko w funkcji czasu i pomiar nalezy prowadzié
tylko w okreslonym przedziale czasu. Metoda ta wymaga zlozonej aparatury pomiarowe;.

Poréwnujgc obrobke matematyczng oraz stopien ztozonosci uktadéw pomiaru tem-
peratury trzech wyzej przedstawionych metod $wiattowodowych nalezy stwierdzé, ze naj-
lepsza bedzie metoda druga, t.j. oparta na zaleznosci od temperatury polozenia pasma absor-
pcyjnego polprzewodnika. Z analizy poréwnawczej wynika, ze metoda ta wymaga wzglednie
prostej aparatury, a jednoczeénie zapewnia najlepsza dokladnos$¢ pomiaru. T¢ metod¢ wybra-
no wigc do realizacji stanowiska do badan $wiattowodowych temperatury.
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Niniejsze sprawozdanie zawiera raport pétroczny 02 -+ 07/1997 z realizacji projektu
badawczego. W raporcie przedstawiono wyniki prac badawczych wykonane przez 3 Zespoly.

W Zespole I - opracowano i wykonano stanowisko do badan $wiattowodowych
temperatury oraz dokonano przegladu literatury $wiatowej na powyzszy temat. Prace
wykonane przez ten Zespdl zostaly przedstawione w punktach: 2, 3,4, 516 niniejszego
sprawozdania. Prace zostaly opisane przez: dr chemii A. Kudelskiego, mgr fizyki St. Chu-
dzynskiego oraz prowadzacych te tematyke drinz. H. Leskiewicza 1 dr inz A. Kobosko -

- kierownika niniejszego projektu.

W punkcie 2 podano opis teoretyczny wybranej metody pomiaru temperatury z wykorzy-
staniem $wiattowodow. Natomiast w p. 3 na str. 2 pokazano w przekroju rysunek stano-
wiska z probka arsenku galu, umieszczong w cylindrze aluminiowym o regulowanej tempe-
raturze, sterowanej przez element Peltier. Zdjecia stanowiska pokazano na stronach: 8, 9110
Przy wykorzystaniu spektrofotometru na Wydziale Chemii U.W. przeprowadzono pierwsze
proby pomiaru zalezmoéci absorpcji promieniowania podczerwonego przez plytke GaAs
w funkcji temperatury. Wyniki tych badari przedstawiono na stronach: 4,5,6 i 7 punktu 3.
Punkt 4 sprawozdania zawiera opis pomiaru $wiattowodowego temperatury na zasadzie fluo-
rescencji pewnych substancji. W punkcie tym wykorzystano materiaty XIV Kongresu IMEKO.
Punkty 516 zawieraja materialy o pomiarach wiattowodowych prowadzonych na Uniwersy-
tecie Quebec oraz o aparaturze §wiattowodowej, wykonywanej przez firme kanadyjska
Nortech Fibronic Inc..

Zesp6t II w punkcie 7 sprawozdania przedstawia wyniki badan pod kierunkiem
prof. . Fornal, wykonane w Akademii Techniczno-Rolniczej w Olsztynie.

Zesp6t Il w punkcie 8 przedstawia wyniki badan, wykonane w Akademii Rolnicze;
w Poznaniu pod kierunkiem prof. E. Kaminskiego.



2. Opis metody progu absorpcyjnego -
dr A. Kudelski



Andrzej Kudelski

Pierwszym eksperymentem ktdry zostal wykonany bylo zarejestrowanie wiasnego
widma Ramana odcinka szklanego $wiattowodu (uzywany do pomiaréw $wiattowéd
mial pie¢ metréw dlugosci). Rejestracja widma zostala wykonana przy uzyciu
spektrometru Cary 82 zaopatrzonego w jonowy laser kryptonowy Aexe=647.1 nm).
Zarejestrowane widmo w zakresie czestosci 75-+630 cm™! przedstawione jest na
rysunku 1. Jak widaé z tego rysunku nieelastyczne rozpraszanie promieniowania przez
szklo jest Zrédlem znaczacej liczby fotonéw o zmienionej energii w stosunku do
energii fotonéw wzbudzajacych. W przypadku doprowadzania promieniowania
wzbudzajacego do badanej prébki (w naszym przypadku czujnika temeratury) za
pomoca §wiattowodu, a nastepnie dalszym przesylaniu za pomoca $wiattowodu
promieniowania rozproszonego do detektora, rejestrowane widmo sktadac sie bedzie
z widma prébki ktéra bylaby czujnikiem temperatury oraz z widma szkta. Poniewaz
promieniowanie laserowe przebywa nieporéwnywalnie wiekszy odcinek swojej drogi
w szkle niz w prébce, rejestrowane przez detektor widmo bedzie znacznie zaklécane
przez widmo szkla, nawet gdy dobierze sie substancje prébki w ten sposéb aby jej
przekr6j czynny w procesie nieelastycznego rozpraszania foton6w miat maksymalna
osiagalna wielko§¢. Przy wykorzystaniu metody ramanowskiej temperatura czujnika

jest wyznaczana ze WZoru:

A
T ®
st
gdzie:
I, — intensywnos$é pasma stokesowskiego
I, — intensywnos¢ pasma antystokesowskiego
A=h-p-k™! 2



_t 3)

x,0(v,+v)*

B=In

przy czym: T — temperatura ciala w skali Kelvina

h — stala Plancka

k — stala Boltzmanna

v, — czesto§¢ promieniowania wzbudzajacego

v — czesto$¢ drgania normalnego odpowiadajacego mierzonej parze pasm
ramanowskich

x, — stosunek czulosci aparatury pomiarowej na promieniowanie pasma
antystokesowskiego i stokesowskiego.

Poniewaz promieniowanie stokesowskie i antystokesowskie mierzone przez detektor
sklada¢ sie bedzie z fotonéw rozproszonych przez prébke bedaca czujnikiem
temeratury, jak réwniez z fotonéw rozproszonych przez szklo, nalezy liczy¢ si¢ z tym,
ze wyliczona ze wzoru 1 temperatura bedzie usredniona temperatura czujnika 1
doprowadzajacej do niego promieniowanie wiazki §wiattlowodowej. Problem ten mozna
rozwiazaé przez numeryczne odjecie wczesniej zmierzonego widma §wiattowodu od
eksperymentalnie uzyskanego widma ktére jest suma widma prébki i przesylajacego
promieniowanie §wiattowodu (ilustruje to rysunek 2). Przeprowadzenie takiej operacji
spowoduje jednakze dodatkowa komplikacje konstruowanego urzadzenia.

Nastepnie przeszliSmy do zbudowania uktadu do rejestracji widm Ramana, w
ktérym doprowadzenie promieniowania wzbudzajacego do prébki oraz przestanie
promieniowania rozproszonego do detektora odbywatoby sie przy uzyciu §wiattowodu.

Schemat testowanego przez nas ukladu przedstawiony jest na rysunku 3. Jako
prébka nieelastycznie rozpraszajaca promieniowanie uzywany byl tréjchlorooctan sodu
(CC1;COONa).

Niestety wielokrotnie powtarzane préby uzyskania widma ramanowskiego w takim
uktadzie nie zostaly uwiericzone sukcesem. Najprawdopodobnie bylo to spowodowane
tym, ze wykorzystywany §wiattowéd nie byt wyposazony na koricach w soczewki, co

powodowato, ze tylko niewielka cze§é z promieniowania kierowanego na §wiatlowéd



byla nastepnie przez niego przesylana.

Z powodu braku mozliwosci wykonania pomiaréw na zbudowanym przez nas
ukladzie przes§ledzili§my najnowsze (z 1996 roku) doniesienia o mozliwosciach
$wiattowodowych spektrometré6w ramanowskich (S.M. Angel, T.F. Cooney, H.T.
Skinner, Modern Techniques in Raman Spectroscopy, Edited by J.J. Laserna,
Published 1996 by John Wiley & Sons Ltd, 387-419). Analiza wspomnianego
materialu wykazala, 7e wymagana precyzja pomiaréw osiagana jest tylko przez
najlepsze obecnie budowane spektrometry o cenie jednostkowej powyzej 300000 PLN.
Prawdopodobnie, nie bedzie wiec mozliwe zbudowanie uktadu do pomiaru temperatury
o cenie ponizej 10% wymienionej kwoty, tzn. 30000 PLN.

Uwazamy, ze o wiele lepsza i tarisza metoda pomiaru temperatury przy
wykorzystaniu techniki §wiattowodowej moze okazaé sie pomiar temperatury oparty
na wykorzystaniu zalezno$ci od temperatury polozenia pasma absorpcyjnego
potprzewodnika.

Tfansmitancja cienkiej plytki krysztalu pélprzewodnika w pewnym obszarze
czestosci zmienia sie od wartosci réwnej niemal 100% do wartosci bliskiej 0% . Liczba
falowa promieniowania dla ktérego obserwowany jest taki gwaltowny skok
transmitancji jest liniowo zalezna od temperatury (wzrost temperatury krysztatu
pociaga za soba przesuniecie progu absorpcyjnego w strone promieniowania o
mniejszej energii fotonéw). Pomiar temperatury krysztatu pétprzewodnika odbywatby
wiec sie przez dokladne okreslenie liczby falowej promieniowania dla ktérego
nastepuje gwaltowna zmiana transmitancji plytki pélprzewodnikowej (schemat
proponowanych czujnikéw temperatury przedstawiony jest na rysunku 4).

Proponowana metoda pomiaru temperatury wyeliminuje koniecznos¢:

a) bardzo dokladnego (dopuszczalny blad ponizej 1%) pomiaru intensywnosci
promieniowania rozproszonego w sposéb nieelastyczny (intensywnos¢ takiego
promieniowania byla w naszych pomiarach znacznie poniZej jednej milionowe]
intensywnosci wiazki wzbudzajacej)

b) stosowania jako Zrédla $wiatla wzbudzajacego kosztownego lasera

(pStprzewodnikowy laser wykorzystywany do pomiaréw ramanowskich musi by¢

3

AQ



wyposazony w uklad zabezpieczajacy przed zmiana zatozonej energii fotonéw, co
wielokrotnie podnosi jego cene).

Rysunki 5 i 6 przedstawiaja znalezione w literaturze (T.S. Moss, Optical properties
of semi-conductors, London, Butterworths Scientific Publications, 1959) zaleznosci
absorbancji pétprzewodnika od energii fotonéw dla Si, InSb, InAs, GaSb, InP, GaAs,
AlSb i GaP. Znalezione wartosci przesunieé "skoku absorpcyjnego” pod wplywem
zmiany temperatury (d(h»)/dT) przedstawione sa w Tabeli 1.

Tabela 1 — wartosci przesunie¢ "skoku adsorpcyjnego” pod wplywem zmiany
temperatury (d(h»)/dT). /wg. T.S. Moss, Optical properties of semi-conductors,
London, Butterworths Scientific Publications, 1959/

pétprzewodnik d(hy)/dT [eV/K]
Si —4.0-107*
InSb -2.9.107*
InAs -3.5-10™
GaSb -4.1-107*
InP —4.6-107*
GaAs —4.9.107*
AlSb -3.5-10™
GaP -5.4-10™*
4
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3.6933401396E+00
3.6730758008E+00
3.6533957113E+00
3.6342793524E+00
3.6157072702E+00

3.5976610097E+00
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3. Sprawozdanie z testu uktadu do badan
czujnikdw temperatury -
mgr St. Chudzynski
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Sprawozdanie z testu ukladu do badan czujnikow temperatury.

1. Wstep

Jest wiadome, ze transmisja wielu materialow w zakresie widzialnym oraz bliskiej podczerwieni
jest funkcja temperatury. Szczegdlnie polozenie krawedzi absorpcji materialow potprzewodniko-
wych dosy¢ silnie zalezy od temperatury co mozna wykorzystac¢ do konstrukcji czujnikow
temperatury.

2. Prosta teoria

Przyjmijmy, ze transmisja T, a zatem i wspolczynik absorpcji O(,\zmieniaja sie skokowo w funkcji
dhugosci fali A jak ponizej.

T)Xa T, X A
)= 8- - B B , ;
X —_— ) - - X} —_— e - - - ———
| S — 1, W I a0/
N g Az A\ ”TA" Lo 4=1,€
>‘6

Obszar widma zawarty migdzy /\‘i Alnazywamy spektralnym oknem pomiarowym i w tym
obszarze mierzymy natezenie $wiatla przechodzacego przez probke. Jest on na tyle szeroki aby
objaé interesujacy nas obszar zmian polozenia krawedzi absorpcji. Zmiana polozenia same;j
krawedzi niech bedzie opisana funkcjg )\5'-')\0*1( t-t) Jesli przyjac, ze nateznie Swiatla
padajacego nie zalezy od dlugosci fali  to calkowite natezenie za probka wyrazi sig¢ wzorem:
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3. Konstrukcja uktadu

o ktaltle AL
|Smar(€z;?%;£?végn /ﬁlaqx%d@
rf[ Lre ’ mpa
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/ chidio /yagiicn (455 AL
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4. Przebieg testu Zs‘gbbf!c: QYOBUH

Test wykonano w ten sposob, ze ukiad umieszczono w spektrofotometrze jak ponizej i mierzono
absorbancje probki GaAs w funkcji temperatury na statej dlugosci fali = 895 nm z spektralnym
oknem pomiarowym =2 nm.

' SPEKTROFOTOMETR

| :
| i |

Gafs

&

v
=~
N

DETEKTOR

Na rysunku widoczna jest zalezno$¢ absorbancji A ( A ==InT = =Inl/lg) od temperatury t.
Przesunigcie krzywych roznych serii pomiarowych w osi pionowej jest rezultatem swobody
wyboru skali i zera aparaturowego. Zmiany absorbancji na 19C s dla wszystkich krzywych
zblizone. Oryginalne wydruki pokazujg mozliwos$¢ pomiaru absorbancji z doktadnoscia do 0,01
gdy zmianie temperatury o 1°C odpowiadaja zmiany o 0,07. Bledy sq wynikiem niemozliwosci
sztywnego zamocowania urzadzenia w spektrofotometrze i niedoskonalosci stabilizatora
temperatury. "Nasycenie" charakterystyk wynika ze zbyt waskiego spektralnego okna
pomiarowego jak to wyjasnia ponizszy rysunek.

T

T T . 5
| @ b c

A ‘ > A B > A

\ spektralnt okno pomiarowe/

W przypadku "c" nie obserwujemy zmian w absorbancji cho¢ krawedz absorpcji ulegta
przesunieciu. Jednak byla to maksymalna nastawa dla tego aparatu

f




5. Whnioski

Praktyka pokazala, ze jest mozliwy pomiar temperatury przez obserwacje absorbancji/transmisji

probki z szerokim spektralnym oknem pomiarowym. Wydaje si¢ celowe wprowadzenie

nastepujacych zmian:

« uzycie jako zrodta $wiatta diod §wiecacych lub lamp halogenowych - s3 one niewspotmiernie
tansze od monochromatorow lub spektrofotometrow.

» poprawienie mechanicznej sztywnosci konstrukcji uktadu

« zastosowanie stabilizatora temperatury o lepszych parametrach.

/MM/ s
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Fot. 3. Zdjeeie regulatora temperatury sterujgcego
temperaturs prdbki arsenku galu.



4. Rozeznanie mozliwosci wykonania
Swiattlowodowego pomiaru temperatury
opartego na fluoroscencyjnych sensorach

na podstawie referatu
na XIV Kongres IMEKO -

City University of London -
dr Andrzej Kudelski, dr Andrzej Kobosko
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Rozeznanie mozliwosci wykonania §wiatlowodowego pomiaru temperatury
opartego na fluorescencyjnych (luminescencyjnych) sensorach.

Zjawisko fluorescencji czyli emitowanie przez niektére substancje wlasnego
promieniowania po ich éwczesnym naswietleniu moze by¢ wykorzystywane do pomiaru
temperatury. Intensywno$¢ promieniowania fluorescencyjnego zmniejsza si¢ zazwyczaj
eksponencjalnie w funkcji czasu. Zanik w danym przedziale czasu promieniowania
fluorescencyjnego jest wtedy opisany réwnaniem:

I)=A-e"+¢gt)+B (0O<t<w)
gdzie: I - intensywno$¢ promieniowania fluorescencyjnego
t - zmienna oznaczajaca czas
w - dlugosé przedziatu czasu w ktérym dokonujemy pomiaréw
&(t) - komponent opisujacy rézne szumy w ukladzie
B - poziom linii bazowej za wystepowanie ktdrej jest odpowiedzialny na przyktad
prad ciemny detektora
A - poczatkowe nat¢zenie promieniowania fluorescencyjnego
7 - §redni czas Zycia "stanéw wzbudzonych" odpowiedzialnych za zjawisko
fluorescencji.

Dla przykiadu rysunki 1 i 2 prezentuja zaniki promieniowania fluorescencyjnego w funkcji
czasu.

Na podstawie numerycznej analizy otrzymanych zaleznosci I(t) mozna wyznaczyé §redni
czas zycia "stanéw wzbudzonych" odpowiedzialnych za zjawisko fluorescencji (7). Poniewaz
wspomniany czas zycia jest skorelowany z prawdopodobieristwem emisji fotonu (p) dla ktérej

zalezno$¢ od temperatury (T) moze by¢ wyrazona wzorem:

56



gdzie: a jest pewna stala [wzdr na podstawie: G. Monod-Herzen, L. Langouet, Proceedings
of the International Conference on Luminescence 1966, Budapest, strona 339] mozna w
przyblizeniu zalozyé, ze logarytm z czasu zycia (logr) jest odwrotnie proporcjonalny do
temperatury.

Przykladowe zaleznosci logr w funkcji T sa prezentowane na rysunkach 3 i 4.

Zestaw eksperymentalny niezbedny do wykonania pomiaréw temperatury przy
wykorzystaniu czujnikéw fluorescencyjnych przedstawia rysunek 5.

Zanik promieniowania fluorescencyjnego w funkcji czasu nie jest dla wszystkich

- substancji opisywany przy pomocy prostej krzywej eksponencjalnej. Na przykiad dla wysoce

domieszkowanego jonami Cr** chryzoberylu (zawarto$¢ jonéw chromu powyzej 0.4 %) zanik
promieniowania fluorescencyjnego w czasie jest opisywany jako suma dwéch krzywych
eksponencjalnych z dwoma réznymi "czasami zycia". Fakt ten musi by¢ wziety pod uwage
przy wyborze substancji dla ktérej czasowa zalezno$é promieniowania fluorescencyjnego
bedzie analizowana.

Warto réwniez wspomnieé o tym, ze komputerowa analiza sumy promieniowania
fluorescencyjnego z kilku 7rédel umozliwia odseparowanie poszczegdllnych krzywycl;
eksponencjalnych, a przez to niezalezne oznaczenie temperatury dla kazdego zrédia
promieniowania fluorescencyjnego. Zostalo to wykazane przez Sun i wspélpracownikéw
ktérzy wyznaczali temperature niezaleznie dla YAG domieszkowanego chromem i
aleksandrytu stosujac czujnik zbudowany z dwéch zlaczonych krysztaléw (patrz rysunek 6).
Mozliwos¢ przeprowadzenia takiej analizy stwarza szanse szeregowego umieszczenia kilku

czujnikéw na jednym $wiatlowodzie.

2%



Poréwnujac stopieri ztozono$ci ukladéw niezbednych do wyznaczenia temperatury na
podstawie pomiaréw fluorescencyjnych z ukladami opartymi na wykorzystaniu efektu
ramanowskiego i zaleznosci od temperatury polozenia pasma absorpcyjnego péiprzewodnika
mozemy z cala pewnofcia stwierdzi¢, ze metoda fluorescencyjna jest o wiele lepsza i
zciecydowanie tarisza od metody ramanowskie; natomiast poréwnanie metody fluorescencyjnej
z metoda oparta na przesuwaniu si¢ pasma absorpcyjnego pélprzewodnika jest o wicle
trudniejsze. Przy zalozeniu, Zze do pomiar6éw opartych na przesuwaniu si¢ pasma
absorpcyjnego wystarczy najprostszy zestaw prezentowany na rysunku 7 metoda ta powinna
okaza¢ sie zdecydowanie tarisza od metody fluorescencyjnej. W przypadku braku mozliwosci
osiagnigcia wymaganej dokladnosci w wyznaczeniu temperatury na podstawie przesuwania
sie pasma absorpcyjnego pélprzewodnika, wydaje sie, ze warto bedzie podjaé préby

przetestowania metody fluorescencyjne;j.
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INTERPRETATION OF MULTI-EXPONENTIAL DECAY ANALYSIS
FOR FLUORESCENCE-BASED OPTICAL TEMPERATURE SENSORS

T. Sun, Z. Y. Zhang, K. T. V. Grattan and A. W. Palmer

Department of Electrical, Electronic & Information Engineering, City University, Northampton Square,
London EC1V OHB

Abstract: The estimation of lifetime constants of multi-exponential-fluorescence decay processes is
very important in practical sensor systems and algorithms based on Prony's method are proposed for
use in such schemes. They are evaluated, using a Monte-Carlo simulation, the results of which show
that the performance of Prony's method can be greatly improved with the selection of an optimized
observation time and a few algorithm-related parameters. They are applied in real-time, quasi-
distributed temperature sensor systems and the experimental results obtained are presented to justify
their use in Prony's method in practical multi-exponential fluorescence decay analysis.

Keywords: Prony's method, multi-exponential decay, temperature sensor

1. INTRODUCTION
Fluorescence-based techniques have been widely used for the monitoring of temperatures using

optical sensors over a wide range, employing a variety of analysis techniques and sensor materials[1]. A
single exponential decay is either seen, or more often assumed, in most cases to obtain the exponential
measurement, which is the essential strength of the method itself, as it is non-intensity based. Where the
doping level of the fluorescent active system is low, for example in Cr3*-doped chrysoberyl, the method
offers examples with a single exponential at low doping levels (<0.1 wt%). However, with extremely
high dopant levels (e.g. >0.4 wt%), a double exponential decay is observed in the same host crystal. A
significant number of systems do show a double exponential behaviour and it is important that they are
properly analyzed in terms of extracting the two separate decay time constants, otherwise considerable
error can occur in the estimation of an associated single exponential as a best fit to the data points. The
ability to extract two different exponential decay times from a single optical signal opens up the
possibility of using this method in the multiplexing of several sensors, each having its own distinctive
decay time behaviour. Several sensors of red Schott glass, which were independently temperature
sensitive, were used 'in a quasi-distributed sensing demonstrated previously by Theocharous[2]. The
problem that results from such an absorption-based system is that the signal-to-noise ratio diminishes
with each sensor "down-line" from the source, as does the accuracy obtainable, with the possibility of
the effective use of more remote sensor elements being reduced.

An analysis scheme using Prony's method is reported which enables exponential decays from either
single material, multi-material (with two or three separate decays overlapping) or quasi-distributed
sensors to be deconvolved and thus data and measured information encoded in each individual signal to
be recovered. The prime application is seen in the use of a single optical signal recovered from several
fluorescent sensors for temperature measurement, for example from such sensors in quasi-distributed
form separated along an optical fibre or from a single or pair of sensors, one yielding, for example, a
double exponential decay, where more accurate measurand encoded information is extracted from the

variation of one or more of the essential decays present.

2. PRONY'S METHOD ‘
The use of Prony's method for fluorescence lifetime estimation has been proposed in the previous

work of some of authors [3] in which only the analysis of single exponential process is discussed.
However, the principle of the method used stays the same as is described in the literature [4], where the
approximation of exponential processes is expressed in the following generalized form [4]-

f(x)= A + Al +-+ A, , (1)

Iy



and to solve this kind of approximation, the values of f{x) are specified as a set of N equally spaced
points, f;, where a lmear change of variables has been introduced in advance in such a way that the data
points are x=0, 1, 2, **+, (N-1). These points may be seen to specify a set of linear equations:

-fjvnAN + J je(n-tyan +fj+(n—2)ANa2 + o 0= 0

Jj=0,1,2, -, (N—-nAN-1) )
where AN, the sample spacing index in each equation is an integer which satisfies (V-nAN) 2n, o; (i=1,
2, -+, n) are unknown coefficients. After the values of o; (i=l, 2, ***, n) are determined, the (AN)th
powers of %, in Eq.(1), u;8¥ (i=1, 2, -+, n) are found as the roots of the following algebraic equation:

Yoy o,y e, y+o, =0 (3)

2.1 Single Prony's Method
The work has been developed by some of the authors [3] using Prony's method for single-exponential

estimation. In an optical sensor system using the decay time approach, following the termination of
excitation light pulse, the fluorescence will decay exponentially with time and the observed decay signal,

f(?), may be given as a function of time, ¢, by:

J(@)=Aexp(-t/t)+e(t)+B (0<t<w) ' 4)
where w is the observation window width; €(z) the noise component attributed to various noise sources;
A and T are the initial fluorescence amplitude and the fluorescence lifetime respectively; and B is the
baseline offset. A number of numerical algorithms have been used for the estimation of single
exponential fluorescence lifetime, such as the log-fit algorithm, and the Marquardt non-linear least
squares approximation algorithm [5]. The single Prony's method, which is non-iterative and simple, is a

better alternative to its counterparts, for use for a solution of this problem.
According to eq.(2), (N-AN) linear equations can be directly formed from the N samples, given as

'fJ'+AN +j;a=0,j=0, l, 2a T (N—AN_]') (5)
The estimation of the lifetime will be given by
1=AN-At/In(-1/ ) (6)

Basically, there are two ways to approximate o from eq.(5). One is sunply to superpose all the linear
equations in €q.(5) together, then giving o as

N-AN-1 N-AN-1 )
== 2 Saw! 207, : 7
Jj=0 Jj=0

The other relies on the correlation of eq.(5) with (N-AN) samples, ]§-+ k=0, 1,2, -, (N-AN-1), giving o
as a,,,, by

N-AN~1 N-AN-1

== przw ;+k/ Zf f,+1e (8)

where k, the correlatlon dlsta.nce mdex is defined by within the region of AN >k > 0. If k is chosen to

be 0, eq.(8) gives the least squares solution to eq.(5). .
Monte-Carlo simulations are applied to select the optimum observation window width and a few

algorithm-related parameters. In the simulations, the noise component &(f), is added under the
assumption that it is independent of the fluorescence decay process and identically distributed with a

Gaussian probability density having a standard deviation, o, The noise-to-error transfer factor, my, is
introduced as a measure of the impact of the noise on the lifetime estimation and it is given by

o./t=m(c_/A) €)

iy
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where /7T is the normalized error in estimating the lifetime; and o,/ 4 the normalized noise
deviation which is set to be 0.1% during simulations. Both algorithms give their optimum performances
in the vicinity of B=2~2.25, AN =N/4 and k = AN /2, where the error transfering factor,

m_<0.31.

2.2 Double Prony's Method [6]

The double exponential decay signal, f{f), can be given as a function of time, 7, by:
f(t)=Aexp(-t/t)+ 4, exp(~t/1,)+e()+B (0s1< w) (10)

where A; and A, are the initial separate fluorescence amplitudes; T; and T, the corresponding

fluorescence lifetimes; €(f), B and w are as defined in eq.(4). According to eq.(2), (N-2AN) linear

equations can be directly formed from the N samples, j; (=0, 1, -+, N-1), given as

fj+2AN + j+ANa‘l +fja2 =0: j=0’1:2:'":(N—2AN_1) (11)
or by the following matrix form:

Y=XA : (12)
where

IF o 1| If fo  Jo WI
. . [, |
y= fo | x -l fon S and A =| IJ
l | : I -0,

L fea ) Lian Suana)
It is found in simulation experiments discussed later, that the least square method does not offer the
optimum solutions for matrix A. Thus, an auxiliary matrix Z is introduced to solve the problem by
correlation method. Multiplied by 7T the transposed matrix formed from Z, eq.(12) becomes

ZTY =Z7XA, A =[Z7X]"[Z"Y]. Then the two estimations of the lifetime will be given by

1, =-A/In(y), 1, =-A/In(x,) (13)
—a, ++Jol — 4o —a, —~Jol —4o
where ufw = 2' . qu =— 21 2 and A is the sampling time interval.

Monte-Carlo simulations reveal that the observation and numerical calculation conditions, B, AN and
k should be optimized in favour of the estimation of shorter time-constant and an acceptable region for

the difference between the two time-constants should be 1,/7,=0. 02~0.5. The optimized
observation window width, Bgpy, is closely related to the time-constant ratio 71, (= 13/ 13). When ryy
<1, it can be approximated by the following expression:

Bopt ~8.8-4.5n, ) (14)
The optimized numerical sample spacing index, AN, is 36/256 for ry; <0.6 and the optimum value for &
is AN/2.

'3 APPLICATION TO SENSOR SYSTEMS OF THESE METHODS

In this work, Prony's algorithms discussed above is demonstrated for application in a quasi-
distributed or multi-material sensor system. The schematic of such a system is shown in Fig.1, where
the sensing head of the probe comprises a combination of alexandrite and YAG: Cr3*. A blue LED
operating at a center wavelength of 442nm is used as the excitation light source and is modulated by a
pulse signal, v, generated by the digital output port of a desktop computer. The response signal, which
contains fluorescence from both sensors, is conveyed to the photodetecting stage by a 300um core
diameter, 1x2 fiber coupler. A fluorescence filter, F1, is used to prevent the reflected excitation light
from saturating the photodetector, showing the simplicity of the practical optical arrangement. The
detected response signal is digitized by an analog-to-digital converter inside the computer and processed
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using Prony's algorithm. The experimental results from the sandwich of YAG: Cr3* and alexandrite
with the thickness of each being ~0.5mm, processed by the double Prony's method, are shown in Fig.2,
in which the results with single Prony's method for separate YAG: Cr3* and alexandrite are also shown
to enable a cross-comparison to be made. The lifetimes of alexandrite and YAG: Cr3* as a function of
temperature obtained by the use of the double Prony's method are similar to those obtained using the
single Prony's method from the separate corresponding sensors. The results clearly show that extracting
two separate decay time constants with the use of the double Prony's method is not only efficient but
also accurate enough to make it possible to multiplex these two sensors effectively. This is a major step
forward, and opens up the possibilities for several more sensors multiplexed on a single fiber optic
cable, as discussed below.

Collimator
10000 ™ T T T T T
Ym ! 8000 e ne Alsxandrke (-Single £0n80r )i
000 b e TR YAG:CrY {singlesansot). . |
@  YAG: Cr” {slexandrite-YAG )
4000 - .- ¢ Re-YAG )
3000 prm mm oo sm 2w e m pmae ey
gt tibie it
2000 gy - ——— et

9000 e m e e mm e s e e e seemee o]

0 R

Lifatime {u)

Py ) U |

Computer

400 .

. o U T A
IR ]
LR IR e dndaanct LS ALE

Cladding

Output

100 " i : i L
-10 0 10 20 30 40 £0

Temperaturs (°C)
Fig.1 Schematic of multi-material sensor system Fig.2 Experimental results from the sand-
wich of YAG: Cr3* and alexandrite.

4. TRIPLE PRONY'S METHOD

4.] Theory

The above theory and experimental results reveal that Prony's method is a promising alternative way
to deconvolve each signal contained in multi-exponential decay. The triple Prony's method analyzed in
this paper is a further extension and exploration of the possibility of deconvolving three exponential
decays from a single signal. :

The triple exponential decay signal, f{f), representing the summation of the three exponential decays,
can be given as a function of time, ¢, by:

F() = A exp(-t/1)+ A, exp(—1/1,) + Ay exp(=t/ 1) +e(®)+ B (0< r<w) (15)
where A, A, and Az are the initial separate fluorescence amplitudes; 1), T, and 73 are the
corresponding fluorescence lifetimes; and &(f), B and w are as defined in eq.(4). According to eq.(2), (V-
3AN) linear equations can be directly formed from the N samples, _}; (=0, 1, ---, N-1), given as

f}+3AN+ j+2ANal+fj+ANa2 +fja3 =O: j=0:172’“':(N—3AN_1) (16)
and exp(-AN-A/ ) (i =1, 2, 3) are the roots of the following algebraic equation:
Y +ouy* +o,y+o3=0 (17)

A similar form to that shown in eq.(12) can be adopted to calculate the matrix A, but an auxiliary
matrix Z is also required, to offer the optimum solution, it being given by
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7= JSoswvint fAN:«'-k+l fl;u (18)

fN—AN-I+k fN-ZAN-l+k fN—BAN-H-k !

4.2 Simulation Results
Three noise-to-error transfer factors, m,, m, and ms, defined to be the measures of the noise effect

on the lifetime estimation, are given by
Gt, /Tl =ml(cc /Al)’ Gt, /12 =’n2(0: /Az), Gt, /T3 =’”3(Gc /AS) (19)

where G, /7, , ©,, /1, and O, / T3 are the normalized errors in estimating the lifetimes; o/ 4,
o,/ A, and o©_/ A, are the normalized noise deviations a8 fam U
which are set to reasonable levels of 0.1% during the
simulations. The performance of the Prony's algorithm can
be greatly optimized by the careful selection of the
observation window width, w, and the numerical sample 1
space index, AN, as well as the correlation space, k, as is .
shown in Fig.3 as an example, with simulation results ™

obtained when r,,(=1,/71,)=1/5, ny(=1,/7,)=1/10, X «0
where B=w/1, is the normalized observation window o o

width. These represent typical cases with commercial Cr3* o
doped materials, for example[l1]. ' . . o
pAn acceptable region fgr t[hg difference between the three Fig3 io;sg;cl-;:?g;r ﬁfer factormy,
. . . . . . and S.
time-constants 1S shown in  Fig4, taking
1,/t,~0.2~0.3; 7,/ 1, =0~0.1. The optimized observation window width, By is closely related
to the time-constant ratio 7, and ry3, as is shown in Fig.5.by the simulation results reported. However,
the optimized numerical sample spacing index, AN, defined in the algorithm, is more or less constant
over a wide range of the time constant ratio as shown in Fig.6, e.g. the optimized AN is 30/256. It is
also found that the optimum value for & is AN/2.
The above opsimum selection of algorithm-relat.ed p=22, AN:; 21266 ()
parameters can enable the effect caused by the noise
sources to be reduced to minimum. With k=0, the
triple exponential solution is of the least squares, but
the above simulation reveals the fact that it is not the
optimum solution.

10

5. SUMMARY
The results presented have shown that Prony's

method offers an effective and accurate way to
deconvolve  individual  exponential  behaviour
characteristics from a multi-exponential system, when
excited by the same optical source, modulated in the
same way, along a single fiber optic cable. The
extracted decay time constants using Prony's method
show a close comparison with those seen for the
materials individually (demonstrated experimentally. for two convolved decay signals), and the signal
processing to achieve this is simple and easy to perform with a PC. Results obtained over 2 series of

Fig.4 Noise-to-error transfer factor, my, as
a function of the ratios of time-constants.
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experiments also show the veracity of the mathematical approach, revealing the real possibilities of a
single source, detector and fiber, simple modulation, decay-time based quasi-distributed sensor using
several such elements formed together, on which multiple-Prony's method is based.

Bop( AN

(9s2ANV

Fig.5 The optimized observation window, ﬁopt’ Fig. 6 The optimum values of AV as a function
and the time-constant ratios ] of time-constant ratios
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FAX: (418) 872-2894

FAX COVER SHEET

Co. : WARSZAWA FROM : MICHEL PLOURDE
ATTN: HUBERT LESKIEWICZ DATE : DECEMBER 19™, 1996
FAX : 48 22 863 88 64 PAGE{s)} 5

Message :

Dear Dr. Park,

Thank you for your inquiry about our NoEMI product line. Enclosed, | am faxing you
some information about the entire NOEMI family.

Our compact version, Hand Held model, gives you the autonomy to move freely in order
to spot-check temperature. Furthermore, data can be stored, and afterwards
downloaded to a PC or printed, both via an RS-232 interface. The fransducer and
Quattro (4 channels) models are compatible with your control system since many output
types are available : 4-20mA, 2-10V, 1-5 V, efc.

The price of a Transducer unitis $3150 US, FOB Canada.

| hope that the information provided will give you a better appreciation of our company.
Feel free to contact me should you require any information.

Yours truly,

Michel Pldurde
Product Manager
Nortech Fibronic inc.
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NORTECH FIBRONIC INC 418 8722894

19 DEC ‘96 17:88

NoEMI-TS FIBER OPTIC
TEMPERATURE SENSORS

General Information

The fiber optic sensor technology offers to the industry
extremely reliable physical measurements. Due to its
great insemsitivity to electromagnetic interference, fiber
optic sensors are the devices most recommended for
applications where any of the following elements are

present:

« Al and RFI interferences
-Microwaves
-Ground Joop problems
-Need for a non-conducting sensor
-Handling of dangcrous matter
-Need for equipment that will
hot trigger an explosion
-High electrical fields
-High magnetic fields
-High tension
-Very small element
-Weight constraints
-Need for equipment that does not generate EMI
-Need for sensors that do not conduct heat

Transmigsion

Tmi20

Wave length

Figure #]

Figure #1 illustrates the change in light absorption.
Absorption shifts from nearly 100% to about 0% at a
given wavelength, The wavelength at which the jump
oceurs is a linear function of the erystal's temperature.

This physical phenomenon is the variation in the semi-
conductor's energy band gap. As the crystal temperature
increases, a greater number of low-energy photons are
captured and absorbed by the band. The effect is to move
the absorption shift to the longer wavelengths,
Consequently, measuring the position of the absorption
shift gives the measurement of the semi-conductor
crystal's temperature.

Scientific Basis

& technology used by our fiber optic temperature

-asurement systems allows the user to obtain
measurements that are reliable, recurrent and precise in
aggressive environments where other technologies are
unable to function, or can only do so if modified, meaning
a great cost of time, labour and loss of production (due to
an ineffective control of the manufacturing process).

‘The operating principle is based on light absorption by a
semi-conductor crystal placed at the end of an optical
fiber able to withstand high temperatures (max = 300° C).
The effects of temperature variations on the semi-
conductor are well known and its reaction is predictable

(see figure # 1).

Manpufacturing the Sensor

The mechanical assembly of the NoEMI scnsor (fast
mini-probe) is outlined in Figure #2. At the first
operation, 2 dielectric mirror is deposited on a semi-
conductor chip. Then, using a special tool, the chip is cut
into squares of approximately 400 micra-meters.

PROTECTIVE COATING
SEMICONDUCTOR
/ FIBER
S 1
| 1 o
/ L TEFLON TUBING
Figure #2
Doc.# 30022D01

5%
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Afierward, the semi-conductor is placed on the end of an
optical fiber that has been pre-polished. Finally, the
entire assembly is dipped in a chemical coating that will
protect the sensor from chemical and mechanical

apressions.

IR TELM M LDRUVITLL LIt 410 Of cctoD+

Analysis System

A sketch of the analysis system of the NoEMI-TS is
presented in Figure # 3.

® ® E
v
®
%&V@ ®
N
——

Figure #3

A light source (1) injects light into one of the branches of
the fiber optic coupler 2x2 (2). The light is channeled to
the sensor (3) (semi-conductor) by an optical fiber. This
signal passes through the semi-conductor where a portion
is absorbed. The other portion is retroreflected by the

dielectric mirror. The same signal passes through the
optical coupler on the opposite direction and armrives at
serial optical filters. The latter permits the instrument to
determine the position of the absorption change by taking
a number of power ratio measurements. This position is
interpreted as the temperature at the end of the sensor.
Element # 4 is a reflector that measures the spectrum of
the LED. To do so, a sensor must not be attached to the
device.

This method of analysis enables the user to obtain reliable
and recurrent temperature measurements without the
errors that may result from a loss of power in the
conmectors or a curve of the optical fiber,

In short, the NoEMI-TS is 2 device that is the end result
of a marriage between high performance and swnning

simplicity.

Doc.# 30022D01
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The NoEMI-Assistant Software

To enhance your NoEM! thermometer
system, Nortech Fibronic is offering a
versatile Windows™-compatible software
package with the following features:

o Supportforuplod thermometers, for a
total of 32 channels (each thermometer
requires a RS232 porf)

« Each channel independently enabled or
disabled

« Naming of channels for easier reference

»  Full minimum and maximum afarm
support, indspendently adjustable for
each channel, with visual, audio, or PIO
output

¢ Full data-logging software functions, with

utornatic logging to spreadsheet-
E; npatible files (such as Microsoft™'s
cel or Lotus™'s 1-2-3)

» DDE direct link to Microsoft™'s Excel

» Display the differences between any 2
channels

» Display temperatures in bar-graph or
strip-chart formats

» Compatible with Windows 3.1 or above
(including Windows 95).

Ty

4 Different Models are Available:

A portable, battery-operated single or dual channel unit. Dlsplay

Hand-Held:
and keypad offer various functions, including a data-logging
feature and an optional built-in analog output.

Transducer:  Single channe!, for laboratory and industrial applications. Analog
output feature, Can be supplied without display and keypad.

Quattro: 4 channels, for more exacting laboratory and industrial
applications. 4 independent channel analog outputs. Can be
supplied without display and keypad.

Multiplex: 16 or 32 channels, designed for dedicated industrial applications.

Display and keypad are standard.

NORTECH FIBRONIC INC 418 8722894

The NoEMI-TS™ Product Family — Fiber-Optics-Based Thermometers

L WlApplications ‘

‘Nortech Fibronic is proud fo offera
complste ling of fiber-opfic thermometers for
a wide range of industrial and research

applications. These sturdy instruments have:

been used in a variefy of fields during the
past 2 years, Some of their umque features
include:

» Insensitivity to variable loss in fi ber-ophc
cable, o that the length of the probe
can be changed without requiring
special recalibration.

.» One single calibration suffices—
whatever the probe used. This allows
probes to be interchanged without

+ necessitating further calibration.

:»  Completely insensitive to EMI/RFI ,

' interference and ground loop problems,
Also, highly safe in explosive and
.chemically aggressive environments.

« RS$232 and analog oulput interfaces.

‘s 1,2, 4,16 or 32 channels.

o Lowest prices in the industry.

The Company Behind the Products

Since its founding in 1991, Norteth Fibronle
has been active in the design, manufacture,
and application of high-performange fibér-
optic instruments. To date, Nortech” °
Fibronic's main activities have bee in
physical paramster (e.g. temperature) *
sensing, as well as in other fiber-optics
applications, such as communications test
equipment.

N

» Temperature monitoring in the presence
of strong eleclric andfor magnetic fields

o Hot spot monitoring inside medium-~to

high-power transformers

Microwave-oven food-packaging research

Nuclear and high radiation applications

{(>10" rad)

Microwave assisted chemistry

High- and very-high-voltage applications :f

RF heating

Various applications in EMI- and RFI-

polluted environments.

Large Selection of Probes*: ]

TP-01  Ultra-fast miniprobe, 1.5 mm
diameter, ~ 0.25 s response time

TPP-01  Teflon coated miniprobe,
2.7 mm diameter

TP-02*=  Utility handle probe, for general
purpose applications

TP-04 Penetration probe

TP-05**  Dual-threaded probe

TP06  Heavy-duty cable probe, for up

to 150 °C (300 °F).

* other configurations available; consult

factory for more details
* available in 316 stainless steel or alumina

Some Important Specifications:

# of channels: 1,2,4,16 0or 32
see model description
Temperature range: -200° to +300°C
(-325°to +575 °F)
Sampling rate: 0.7 sec/ channel
Accuracy. +1°C
Probe length: 2, 5 or 10 m standard
up to 1000 m (3300 f.)

Your Representative

Note:

consult factory for more information.

Special systems and probes are available for large power transformers and other "OEM" applications;

A Quality Product from Nortech Fibronic, Inc.

Document # 300016002

Printed in Canada
July ‘96
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Nortech Fibronic presents a totally new measurement
concept: the NoEMI-TS™ Transducer. This is the first fiber
optic temperature sensor for contact
GG LGEIT to the industrial environment, ,

NOEMI-TS™ Transducer simulates a thermocoupie by L e

providing analog outputs. It is based on the samplmg
of a signal modulated by a semi-conductor.. .-
An original algorithm is used to analyze th:s
signal.

NOEMI-TS™ Transducer is easy to interface to ™
an existing system by the means nf analog outputs¥

and ALE
UNPTE ANR INNOVATIVE BiRaDL LT

(S (IMMUNITY TO ELECYROMAGNETIC INTERFERENCE EXle [l EIR

environments makes it verv advantageous compared to

traditional sensors. In fac aditional sensors are very

sensitive to EM! and/or R. arferences, which often

causé bad readings or volta. srrent spikes that can

damage the equipment to which the sensors are FEATURES:

connected. However, fiber optics, being made of « No recalibration required when

are inherently immune to changing the fiber optic

these problems. temperature probes

» Sensor length extensible up to
1 km (0.62 mile) with a fiber
optic patchcord

e LED indicators helps to quickly

NoEMI-TS™ Tran-ducer is a new approach that allows
greater flexibility, reiiability and more powerful features
which live up to the industrial environment requirements.

For exemple, the fiber optic VR EE G RN T\ 0
LT I S LY TNV IEELNEN as each sensor is usad.
sensor, analog output and RS$-232

The ~0EMI-TS™ Transducer is well adapted to the e Clips for mounting on DIN RAILS

visualize proper operation of power

indu _ al environment by its ruggedness, accuracy and its e Qptional 48 cm (19" Rack mount

high degree of sensitivity. This instrument is EEZ¥YIN% Bezel (supports 3 units)

with existing industrial control e Terminal blocks for power and
systems. Available outputs are 4-20 mA, 0-20 mA, 2-10 analog output

itz 0-10 volts, 0-5 volts and 1-5 o Low cost

volits 50 that Transducer can be

S _ easily installed and used. No

SPECIFICATIONS special training is required.

Sensr: Diclectric tipped optical fiber

B range: -50°C to 230°CHT2°F o 482°F)
Resolution: 0,1°C (0.2°F) K‘RTE(H

ey 1 ()"(‘UO B FIBRONIC INC

500 St-Jeun-Baptiste #24
: Québec (Qc) G2E SR9 CANADA
- . Tél: (418) 8724686 Fax: (416, 872.2893
it .m;wmluua 0Cto ';0‘( (32°F 1o 122°F) '
e tomperature: -20°C 10 60°C C4°F to 140°F) - APPL":ATIDNS i
oy, gutputs: 4-20mA - 0-5Volts © INDUCTION !‘URNA(..E& . MI(.ROWAVE &RF APPLICATIONS :
0 0mA 155 Volis . HIGH VOLTAGE » TRANSFORMERS / GENERATORS . . - (-
' ISOLATOR . TROLLEY WIRE ¢ FEEDER * ELECTRIC MOTORS .

» WOODs TEXTILE

0 Change o

INDUSTRIAL PROCESS MONITOR!NG AND CONTROL « ETC: Rt é O
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The NoEMI-T

Detailed System Specifications

Pt i “He

Number of channels lor2 T4

Resolution 0.1°Cor 0.1 °F

Accuracy £1°C plus 0.003 °C per meter of fiber

Temperature range , -40 (option: -200) to +300 °C (probe dependent)

Probe length 1 to 1000 meters ~ | "1 to 500 meters :
Response time 0.7 sec / channel (probe dependent) :
Unit *Cor'F a
Data logging function Ruilt-in | Requires the Assistant software i
Computer interface RS-232-C (standard) f,
Analog output* Option | Standard ] Standard | Not available "
Operafing temperature 0 10 45 °C, non condensing y
Storage temperature =30 to +60 °C -

Overall dimension 250L x 120W x 40D mm 230L x 140W X 230L x 140W x 135H x 485W x 490D mm v

65D mm 65D mm v

Weigi = 1.0kg 1.2 kg 13 kg 8 kg

Powe: — Internal Ni:Cad batteries, with Wall-mount module, 115 or 230 VAC 15 or 230 VAC

charger (115 or 230 VAC) )

#Analog outputs: 4-20 mA, 0-20 mA, 2-10V, 0-10V, 0-5V or 1-5V.

Nortech Fibronic is proud to offer a complete line of fiber-optic thermometers for a wide
range of industrial and research applications. These sturdy instruments have been used in a
variety of fields during the past 2 years. Some of their unique features include :
M [nsensitivity to variable loss in fiber-optic cable, so that the length of the probe can be
changed without requiring special recalibration,
B One single calibration. suffices - whatever the probe used. This allows probes to be
interchanged without necessitating further calibration.

i@ Completely insensitive to EMU/RFI interference and ground loop problems.

| l W RS232 and anaiog output interfaces.

"M Lowest prices in the industry.

transtérmer probe Diameter: 0.9 mm | meters +250°C
b NG

PC-ST: Patch cord, =5 - Cable: PVC 110 1000 -40 to

with ST meeting sleeve = 5@3 Sleeve: Polymer meters +85°C

#+¥ Other configurations available ; consult factory for more details.
|

‘ The Company Behind the Products

‘Since its founding in 1991, Nortech Fibronic has been active in the S .

design, manufacture, and application of high-performance fiber-optic Sensouet E"g;‘«w'fkj lnc .
instruments. To date, Nortech Fibronic’s main activities have been in 6402 Bernice Orf-

physical parameter (e.g. temperature) sensing, as well as in other fiber- GFlowces A‘—f / .0 wf . KlC 7ES
optics applications, such as communications test squipment. Oty

Nortech Fibromic’s goal is to offer to industry simple and reliable ’fd . (613)8 80T

solutions to measurement probiems by designing, manufacturing, and | ¢ (613) 82 689

Bk %
£ 2

3“‘-\” ety
.’4,

R
, i *i’g: Gkt

Minimal temperature ; -40°C
Maximal temperature : 250°C
Precision : £1°C + 0.003°C/m of
fiber (with instrument)

Response time ; 0,7 second
Magimum pressure (vacuum) : >80
psi (<100 pTorr)

Chemical resistance ¢ Transformer
oil, Kerosene...

Dielectric resistance : Tests ASTM
D-3426 and ASTM D-149
Mechanical resistance : Very
flexible (loop radius >1 ¢m)
Maximum diameter ; Cable = 0,9
mm ; Tip = About 1,2 mm

Length : § to 15 meter

Other : Life expectancy > 25 years

i

Your Representative - -

marketing - on a worldwide basis - innovative instrumentation that uses
the advantages of fiber-optics technoiogies.

A Quality Product from Nortech Fibronic, Inc.
Document # 30033D01

Printzd in Canada
October 1996
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Detailed System Specifications

[ ParameterModel

__Hand-Held _

.. Transducer

rroquctl ramiiy

it s A e 3,979, £ S P

" Quattro

Number of channels 1 1

Resolution 0.1 9C or 0.1 OF

Accuracy £1 OC plus 0.003 OC per meter of fiber

Temperature range -40 (option: -20Q) to +300 OC (probe dependent)

Probe length 1 to 1000 meters [ 1 to 500 meters

Response time 0.7 sec / channel (probe dependent)

Unit OC or OF

Local display Standard

Data logging function Built-in [ Requires the Assistant software

Computer interface RS-232-C (standard)

Analog output® Option | Standard | Standard [ Not available

Operating temperature 0 ta 45 OC, non condensing

Storage temperature -30 to +60 9C

Overall dimension 250L x 120W x 40D mm 230L x 140W x 2301 % 140W x 135H x 485W x

65D mm 65D mm 490D mm

Weight 1.0 kg 1.2 kg 1.3 kg 8 kg

Power Internal Ni:Cad batteries, with Wall-mount module, 115 or 230 VAC 115 or 230
charger (115 or 230 VAC) VAC

Probes

Wescrigtion ...

P-01: Ultra-fast mini-
probe
General purpose

T Tlilustration

Oulnrlmkl 4 Highlamp
V¥mm Teflon Adhoalvn
Livea

/ Uplicnl ¥idber
Scmiennguolal
cakary

““Construction.

Epoxy tip

Teflon coated fiber

Tt p—

T2 50r10 meter .80 to +250 OC |

TPP-01: Chemlecally
resistant miniprobe

TerLoM TURIND CROXY
TERLON L

e

geTicaL rioce—
SEMICONGUGTON —]

Teflon coated miniprobe
Teflon coating: 15 cm
Diameter: 2,7 mm

2, 50r 10 meters | -200to +3009C

TPT-01: Oil-immersad
transformer probe

Gmm g Nmall l‘ll\ ||l€h Temy

f“ﬁd .l cun yA Baalve

Eetaan

Teflon coated fiber
Diameter: 0.9 mm

Tip: 1.3 mm

1t0 15 meters -40 to +250 °C

TP-02: Utility handle
probe

3 2oom 1 Yl

Stainless steel or

Alumina

28,43 0r 58 cm =40 to +250 0C

TP-04: Penetration
probe

F orR -l—~]
t— | Y
Em SUE: 26m 1 3o

Stainless steel

28,43 or 58 em -40 to +250 €C

TP-05: Through hole
probe

Stainless steel or

Alumina

28,43 or 58 ecm -40 to +250 OC

TP-06: Heavy-Duty
cable probe

Stainless steel tip
Tefzel coated fiber

1 to 50 meters -40 to +150 9C

PC-ST: Patch cord,

with ST meeting sleeve

Cable: PVC
Sleeve: Polymer

1 to 1000 meters -40 to +85 °C

* Asalog outputs: 4-20 mA, 0-20 mA, 2-10V, 0-10V, 0-5V or 1-5V.

Probe uniformity : £1°C

. .ote  Special systems and probes are available for large power transformers and other “OEM" applications;
consult factory for more information.

NORTECH

FIBRUNIG ING

Canadian Office:

500 St-Jean-Baptiste Ave., Suite 240

Québec (Québec), G2E 5R9
418-872-4686

or 1-800-290-7244
418-872-2894

Fax:

US Office:
800 E. Campbeli, Suite 199
Richardson, TX 75081
Tel: 972-680-5215
or 1-888-507-5215

Fax: 972-699-7893

A Quality Product from Nortech Fibronic, Inc.

Document # 30029004

Printed in Canada
October1996
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PERFORMANCE AND APPLICATION OF FIBER-OPTIC PRESSURE CELL FOR
DIRECT STRESS MEASUREMENTS

Wojtek J. Bock, Waclaw Urbanczyk,! Marc R.H.Voet2

Laboratoire d’optoélectronique, Département d’informatique, Université du Québec 2 Hull,
P.O.Box 1250, St.”B”, Hull, Québec, J8X 3X7 Canada

lnstitute of Physics, Technical University of Wroclaw
50-370 Wroclaw, Poland

2Gl16tz] Gesellschaft fiir Baumesstechnik GmbH, D-7512 Rheinstetten 4-Fo, Germany

Abstract

In this paper we propose and discuss a novel, safe and reliable fiber-optic method to measure
stress and load in concrete, rock or soil materials under harsh environmental conditions. The
method is based on the concept of a flat-jack pressure cell embedded in the stressed material, and
equipped with a direct read-out of its internal pressure (depending on the stress in the
surrounding material) using a polarimetric fiber-optic sensor. This fiber-optic pressure cell
(FOPC) is then connected to the remote opto-electronic demodulation and measurement unit via
long optical cables. The proposed device is highly accurate {1% of full scale (FS) at up to 30
MPa in a wide range of temperatures}, electrically passive, safe in explosive environments,
immune to EMI and compatible with fiber-optic data transmission networks. The paper providcs
- a detailed discussion of the technology, construction and instrumentation of the FOPC, together
with several possible applications for load evaluation in large engineering structures.
Performance of the device is carefully evaluated in comparison to other fiber-optic and
conventional sensing techniques in terms of its metrological properties and reliability.

L. Introduction

The need for fiber-optic sensor (FOS) technology in the broad area of civil engineering (CE) is
now well documented and has been recently confirmed by the American Society of Civil
Engineers by publication of the book “Applications of Fiber Optic Sensors in Engineering
Mechanics” [we contributed an invited paper to this book (Bock et al. 1995)]. In Canada CE
structures include thousands of highway and railway bridges, dams, tunnels, large buildings and
underground mines. They must resist environmental and in-service loads due to winds,
earthquakes, traffic, thermal effects, construction or environmental damage. For safety and
maintenance purposes their response must be carefully monitored. This information is needed to
assess their overall “health” and to increase engineering knowledge for future projects. Pressure
and strain gauges, stress cells, extensometers, accelerometers and tiltmeters are among the
variety of electrical and non-electrical transducers which can be directly embedded in concrete,
earth, rock, borehole or tunncl lining to sense and monitor structural loads and responses. None
are well suited to more demanding CE environments. Non-electrical hydraulic devices are costly
in terms of labour-intensive inspection, maintenance and repairs; they are difficult to multiplex
and impossible to use for dynamic measurements. Electrical measuring devices are out of the
question in open-air structures (risk of lightning), and in mining environments (risk of
explosion). For these applications FOS technology offers potential for significant metrological
improvement: electrical passivity, high bandwidth, safety in corrosive or explosive
environments, immunity to EMI, high sensitivity, miniature dimensions, possibility of remote
operation and direct compatibility with increasingly present fiber-optic data transmission and
communication networks.
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II. Overview of fiber-optic sensor technology

An oplical fiber sensor may be considered as a device in which an optical signal is modulated in
response to an external measurand field. The input light signal can be provided by a coherent or
wide-band source and the modulated output will depend on the propagation matrix of the sensor.
This matrix depends in turn on the spectral properties of the source and on the physical
environment and includes terms representing temperature, strain, stress, pressure and
electromagnetic field. Following the modulation principle employed, the configurations of FOS
are intensity-based, polarimetric or interferometric (Udd 1991). Interferometry is the most
sensitive of these techniques, but usually requires complex and expensive instrumentation. The
fiber-optic sensors are configured most often in the form of intrinsic devices where an optical
fiber acts as a sensing element and simultaneously as a guiding medium for input/output light
signals. As the technology gradually matures, implementation issues such as the packaging,
interconnecting, reliability, multiplexing and especially cost-effectiveness are becoming the

primary focus of attention.

Hydrostatic pressure is one of the most important and informative parameters in engineering
mechanics. Most of the early research on fiber-optic pressure sensors focused on dynamic
ipplications, especially for the detection of underwater acoustic signals (Udd 1991); these
devices were generally configured as interferometric sensors and required sophisticated and
expensive instrumentation. To determine the real stress in structural components or to measure
slow changes of pressure in typical process-control applications, the sensor has to measure static
or slowly varying pressure. Most such sensors reported in the literature were designed for
relatively low pressures and primarily as modifications of displacement and stress-intensity
- transducers using multimode technology (Udd 1991). These devices have relatively low
sensitivity and use mechanically moving parts. Perhaps the most mature fiber-optic low pressure
sensor of this kind was one recently developed and tested (Voet and Barel 1990), a modification
of a microbending sensor. For higher pressures, however, the polarimetric fiber-optic sensor

presented later in this paper appears without competition.

II1. Fundamentals

An isotropic cylindrical optical fiber made of silica consists of a core and a cladding with
corresponding radii @ and b, and refractive indices ny and n,. If light of wavelength A is launched
into the core it will be guided along the fiber duc to the total internal reflection which takes place
when n; > n,. Depending on how the input light is introduced it can propagate following different
yaths. Since the core and the cladding form a diclectric waveguide, the electromagnetic wave will
propagate in definite states known as modes. Each mode is characterized by its own propagation
constant B, polarization X or Y, and intensity distribution (known as the mode pattern). An
important dimensionless quantity characterizing the waveguidc properties of the fiber is the V-
parameter (or normalised frequency), defined as:

V = (2r/\)a (n2 - n2,)1/2 (1)

Depending on the value of the V-parameter, one or more modes can be excited. For an isotropic
cylindrical core/cladding fiber, the following mode propagation condititions hold. For V<V _ =
2.405 only the fundamental LPy, mode propagates. The modc is twofold degenerate and can be
X- or Y-polarized denoted respectively by LPy,* and LPy,;Y; both modes have the same
propagation constant fy,. For V. = 2.405 <V < 4, a sccond spatial mode LP;; can propagate as
well. The second mode is, however, fourfold degenerate and can exist in two spatial orientations,
even and odd, each being X- or Y-polarized. We thus have LP,¢X, LP &y, LP;,%* and LP;,°¥
polarization modes with the samc propagation constant fy,.



For a fiber with given core/cladding refractive indices and a given core radius, the V-parameter
and thus the number of modes can be changed only by launching light of a different color, i.e. ata
different wavelength A. The smaller the wavelength, the greater the V-parameter, and the more
modes can propagate. All three characteristics of a mode - its propagation constant f, polarization
and mode distribution - depend on the V-parameter. Another parameter of an optical fiber A,
called the cut-off wavelength, determines the shortest wavelength at which the fiber will still
operate in a single-mode regime. If anisotropy is introduced into the fiber during its
manufacturing process, however, then the refractive indices along the X and Y axes become
different, and hence the V-parameters along the X and Y-axes are also different which
automatically leads to different propagation constants B and fy. The fiber is then birefringent or
highly birefringent (HB). Anisotropy can be achieved by making the core elliptical (e-core fiber),
or by laterally compressing the core with the help of stress applying areas (bow-tie, panda-type
fiber) or elliptical cladding (e-cladding fiber).

B 4 Propagation Mode
kn T Constants Patterns
Fa ~@> x
4y | LPor
Bdi T Y
4a8| 45
B ﬁ ABI - 4 X
1 ¥ LPn
_J B 7 el @I@ Y
km -+
Fig. 1.

Propagation constants and mode patterns in HB bimodal fibers.

When very high birefringence is introduced, the even and the odd LP;; modes will have different
cut-off wavelengths. This means that over a specific wavelength region, only four polarization
modes can propagate along the waveguide: LPg,*, LPy;Y, and the even LPy* and LP;;¥ modes

whose propagation constants we denote by Bg,*, Bo,¥» B1,* and By,7.

A schematic diagram of thc propagation constants and the corresponding mode patterns is
presented in Fig.1. For the sake of simplicity, we will limit this discussion to single-mode effects.
Single-mode operation occurs when only one spatial mode LPy; or LPy, is excited at fiber’s
input. However, the most common solution is to use a single-mode optical fiber in which only the
fundamental LP,, mode will propagate with no intermodal interference being observed.

IV. Polarimetric pressure sensor

A basic polarimetric sensor is shown in Fig.2. The optimal conditions involve launching from a
laser diode LD into a HB fiber a lincarly polarized light oriented at a 45° angle (using a polarizer
P) with respect to the fiber's birefringence axes and placing a similarly oriented analyser A at the
output. The detected optical intensity measured by a demodulation unit DEM will then be given,
assuming that the light sourcc is quasi-monochromatic, by the following cquation:

I= Io[l - hcos CDO] (2)



where @, = Afy,L is the phase and i is a corelation function between the polarization modes
(=1 for a monochromatic source §4=0). When external perturbations are generated in the
surrounding environment they cause changes in the phase @, = 48,,L of the fundamental LP,
mode (or correspondingly @, = 4f;; L for the LPy;). These will lcad to a cosine variation of the
observed intensity I measured after the analyzer, a variation that is in fact a polarization
interference. The set-up is then a polarimetric sensor and the interfering waves in this case are the

LP,,* and the LPy;¥ polarization modes.
measurand

LD 450 X

N ]

45° DEM

Sensing HB fiber

Fig. 2.
Basic configuration of a polarimetric sensor

For pressure measurement and considering temperaturc to be a disturbing parameter,
temperature- and pressure-induced phase shifts Ags(p,t) will then be transformed into intensity

- changes Ig(p,t) - I, following the equation:

15,0 =To{1 - cof Aps(p0)]} ©

Fig.3 shows our topology of a polarimetric pressure sensor (PPS) in both reflection and
transmission configurations, employing a principle of temperaturc sclf-compensation [6]. The
sensing (Ly) and compensating (Lj) parts of the sensor are almost equal, with a practical

difference between them of about 30-50 pm. The advantage of the reflection configuration is that |

only one fiber leadthrough is required to connect the sensor to the laser source and to the
detection electronics. The advantage of the transmission version lies in the much higher level of

optical signal, allowing for longer transmission distances and/or multiplexing of several sensing .

devices.
Principal a Fiber Splice  Fiber Splice
P
foe; y 45° 90° Output
_L;@x E »,3*8 ? g

Input

Polarization
Leading Fiber Reference Sensing Reflecting
Section Section Mirror
Input X : ,
—_——
e @ X 8 Y
Output

Fig. 3.
Temperature-compensated polarimetric pressure sensor
in transmission (a) and reflection (b) configuration
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rotated by 90°, while the input and output fibers are rotated at 45° relative to the sensing and
compensating parts, respectively. Ideally, if equal sensing and compensating elements remain at
the same temperature, their temperature-induced phase retardations will cancel out, and if they
are placed under different pressures, the pressure-modulated output signal will be immune to
temperature changes. In reality, however, if such an arrangement is to satisfy the requirements
for an accurate pressure-measuring instrument, several important first- and second-order
coefficients have to be considered to account for simultaneous pressure and temperature effects
on fiber birefringence. In a polarimetric cross-spliced sensor, the resulting unwanted sensitivity
to temperature will still be present and can be described by differentiation of the phase
retardation with respect to temperature (Bock et al. 1994):

_ 0AQg
at

pt = ALKt + LKtpAp

3 J2 4)
_19¢ _199
K‘_Lat’ Kip L atap

where AL = Lj - Ly, K denotes first-order phase sensitivity to temperature and Kyp is
iemperature-pressure cross-sensitivity coefficient.

This simple but informative equation provides an important insight into designing the sensor
with minimum temperature error. The first term in it can be minimized by choosing a small AL
(it is worth noting that AL cannot be 0 to avoid very low sensitivity to pressure at the beginning
- of the sensor characteristic). The second term depends on fiber properties but will always be
nonzero, and can only be minimized by carefully adjusting the fiber's technological and

construction parameters.

V. Fiber optic stress cell

Direct embedding of FOS in concrete using a variety of metallic, epoxy or plastic coatings has
been heavily researched in the last 6-7 years. So far this approach has not been successful
(Mendez et al. 1994). The concept of “smart” structures and skins with fiber-optic sensors
embedded in composite structural materials was initially tempting in aircraft technology; despite
immense effort, however, just one in-flight test has been reported (Fiirstenau et al. 1993) and
practical applications have never materialized. The extension of this concept to structural
inonitoring would be even more difficult: a) embedding fiber into composite material is still an
ansolved issue: a 65% reduction of the composite compression strength due to the presence of
embedded fibers have been reported; b) still unsolved are issues of distinguishing a desired
measurand from others that equally influence the sensor output and interconnecting the
embedded fibers with external networks; ¢) composite materials cost much more than concrete,
d) several sensing systems proposed to date are unstable, costly and unlikely to be applicable.

In this paper we propose a safe and reliable method for embedding and interfacing the FOS (of
pressure, load or stress) in concrete, rock or soil materials under harsh environmental conditions.
This simple and practical method does not impair the mechanical properties of evaluated
structures and effectively combines modern fiber-optics with elements of traditional hydraulic
measurement technology. The standard technique of stress analysis in large-scale structures with
pressure cells involves various configurations of hydraulic measuring systems based on the
compensation method, in which stress in the material surrounding the pressure cell is
compensated by automatically adjusted pneumatic or hydraulic pressure within the device. This
simple principle is illustrated in Fig.4 using the example of a Gldtzl standard pressure cell.
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overpressure
valve i - pump
=] Dressure line =

return line

pressure pad

P 44441

Fig. 4.
Standard Glotzl hydraulic pressure cell for direct stress measurcment up to 40 MPa

A thin flat cell filled with a hydrostatic pressure medium (oil or mercury) and equipped with a
sensitive diaphragm valve is cast into the concrete or placed in some other solid medium
depending on the particular application. If a stress is acting in the direction perpendicular to the
plane of the cell, the pressure of the finite volume of hydraulic fluid enclosed inside the cell will
increase. This pressure can be calibrated using an external pressure pump, also shown in Fig.4.

- When both pressures are equal, the diaphragm valve allows hydraulic fluid to flow into the return

pipe; the rate of this flow can then be associated with the cell pressure and thus with the stress
exertcd on the cell. This type of system requires installation of great lengths of pressure tubing
and creates serious maintcnance problems when the number of sensors increases. To avoid such
problems and to capitalize on the potential advantages of fiber-optic technology, we replaced the
hydraulic measurement system by a direct read-out of the interior pressure in the cell using the
polarimetric fiber-optic sensor described above.

Sensing and
compensating fibers Pressure pad

Fig. S.
Complete assembly of a fiber-optic pressure cell for direct stress measurement up to 25 MPa

The assembly of the fiber-optic pressure cell (FOPC) is composcd of a pressure pad connected to
a fiber optic pressure scnsor, as shown in Fig.5. The pressure ccll itself remains basically
unchanged and is optimized for stress measurements. Such optimization involves adapting the
plate surface/thickness factor 1o minimize both the measurcment error and the influence of the
different modulus of clasticity between the cell and the surrounding material. The dimensions of

s RRNAA



the flat-jack cell are 70mm x 140mm x 6mm. The cell is then attached to a housing containing a
polarimetric pressure sensor in a temperature-compensated configuration and equipped with two
specially designed pressure leadthroughs to input and output the leading fibers. The optical
leading cables are protected by resistant plastic tubes to withstand the effects of grouting process
during bore hole installation.

VI. Instrumentation system of the FOPC

Fig.6 shows the complete instrumentation system required for the FOPC designed to measure
load or stress. The fiber-optic pressure sensor was designed to support a pressure range up to 25
MPa. The transducer was developed using Corning HB fiber with a cut-off wavelength of 700
nm. The device is based on the transmission configuration of the PPS shown in Fig.3 and uses
the same Corning HB elliptical core fiber for connectorized input (IF) and output (OF) fibers.
The transducer is designed so that only the sensing fiber undergoes pressure changes, while the
compensating one is totally isolated from such effects. At the same time, both parts of the sensor
are placed very close to each other to avoid any temperature gradients. In the tested prototypes,
all leading fibers were 50 meters long and were attached to the connectorized (IC) pigtailed laser
diode LD (Seastar model PT-560-830-HX) from one side and to the input connector (OC) of the
vptical detection module (ODM). As a result, the sensors are interchangeable with the universal
panel containing driving and detection electronics. Power budget calculations show, in addition,
that the system can support leading fibers as long as 1 km.

DR LD PF

C 1+ b

MC ODM

Fig. 6.
Instrumentation system for FOPC. For calibration purposes the pressure pad is disconnected
and the device is attached to a Harwood DWT-35 pressure standard

The system shown in Fig.6 is all-fiber and employs a distributed fiber polarizer (PF) with no
need at all for optical bulk components except for the output analyzer inside the ODM.
Analog/digital conversion of the pressure-induced phase shift into voltage-pressure
characteristics is accomplished using a microcontroller (MC) which also controls the laser driver
(DR). Electronic signal processing for reconstruction of mcasured pressures using an optimized
splinc-based algorithm is implemented in the microcontroller, and these pressure values are
displayed in MPa. During laboratory tests the FOPT was connected to the Harwood Primary
Pressure Standard DWT-35, generating and calibrating pressure with an attainable accuracy of
0.01% traceable to NIST. The calibration table of the transducer is then saved in EPROM and
used for pressure calculation during the actual measurement.
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VII. Sensor calibration data

Calibration of FOPC transducers was performed in the pressure range up to 24 MPa. Each
transducer underwent mectrological evaluation including at Icast 20 pressure cycles up to its
maximum range, repeatability evaluation, stability tests at zero pressurc, temperature error
analysis, tests of the sensor response to a rapid change of temperature, and evaluation of the
sensitivity of the leading fibers to environmental perturbations. Shown in Fig.7 are two

calibration curves obtained for pressures up to 24 MPa and at two temperatures, 14°C and 34°C.

Output signal of the FOPC as a function pressure up to 24 MPa

Sensor output [V]

4 l
1 [a T=14°cC //
3 o T=34°C / ~

,/

12

18

Pressure [MPa]

Fig.

7.

To evaluvate the effect of pressure hysteresis, if any, these data were taken for both increasing and
decreasing pressures. Numerous pressure cycles were also run at other temperatures, but the
results are not shown in order to not obscure the figure. As the two curves in Fig.7 are practically
indistinguishable, in Tab.1 we present numerical data which allow better evaluation of the

performance of this sensor.
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Fig. 8.
Dynamic response to a rapid change of temperatutc from 34°C to 14°C

Fig.8 illustrates the temperature properties of the investigated transducer and shows its dynamic
" response in time to the rapid change of ambient temperaturc from 34°C to 14°C, registered at
atmospheric pressure. Additionally, Fig.8 provides results of a short-term stability test after
attaining a temperature stabilization around the sensor after about 30 minutes, and illustrates the
noise level that could generally be expected from a practical temperature-compensated

polarimetric fiber-optic sensor.

VIII. Conclusions

The results presented here of metrological evaluations of the FOPC provide strong experimental
evidence that this is a highly accurate and reliable device. As shown in Table 1, the full pressure
range of 24 MPa corresponds to an increase in the measurement signal of about 3.9V, which
means that in order for the sensor to meet the targeted accuracy of 1% of full scale (FS), the total
arror would have to be smaller than 39mV. It can be seen from the results in the table that this
maximum difference is not exceeded in the range of temperatures 14-34°C. The maximum
difference was lower for all cycles taken at other temperatures within this range. The differences
of about 10mV observed at the same pressure and temperature valucs while increasing and
decreasing the pressure are due to the local fluctuations of chamber temperature and disappear at
the noisc lcvel after about 10-15 minutes. Neither hystercsis nor cumulative drift of the zero
signal after multiple pressure cycles was observed.

It is clear from Fig.8 that thc temperature effect of the sensor is compensated well within the
maximum allowable error of 1%, providing the temperature varics slowly and no temperature
gradicnt exists between the two parts of the sensor. If such a gradient arises, like the one
intentionally generated in our experiment illustrated by Fig.8, one may expect to obtain a small
false apparent pressure reading from the sensor. This effect, however, is unlikely to occur in
planned applications and can be further minimized by improved design of the FOPC. To
theoretically evaluate the maximum possible range of temperatures in which the temperature

AR



error of the sensor will still be contained within the targeted accuracy of 1%, we have to first
calculate the cross-sensitivity coefficient K, following equation (4). For the Corning 800 fiber
we have estimated this coefficient as -9-10-5 rad/m-K-MPa (Bock and Urbanczyk 1996).
Consequently, the physically limited temperature range in which temperature error would be
contained within 1% could be estimated, using the expression ATmax = 0.01Kp/Kpt and knowing
that Kp = 0.72 rad/m-MPa, to be equal to about 80°C. Some improvement in this case is still
possible through optimization of transducer design. The noise level expected from the FOPC can
be also estimated using the results shown in Fig.8. It is worth noting that the stability test
included repeatedly bending and squeezing the leading fibers and heating them to about 60°C.
The resulting total noise can be estimated at 0.2% of FS, and consequently the accuracy of the
system can be safely estimated as better than 1% in the range of temperatures from at least 14°C

to 34°C, with a sensitivity better than 0.1% of FS.

Impervious asphaltic screen

Polarimetric
pressure sensor

Polarimetric
pressure sensor

BEDROCK
Inspection

Gallery Grout

curtain

Fig. 9.
Planned installation of several FOPCs in a hydroelectric dam

Two prototype FOPC load monitoring systems are scheduled for fall installation in hydroelectric
dam in Val de Monts (Qué.). Schematic view of this intended installation is shown in Fig.10. 9
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Olsztyn, 1997-04-15

Sprawozdanie

z badan cech geometrycznych i jakosci technologicznej pszenicy
kanadyjskiej przechowywanej w komorze z ciqglym monitoringiem

temperatury ziarna (komora 2 )

1. Material badan.
Materiatlem badan bylo ziarno pszenicy kanadyjskiej - 5 prob, pobieranych
co 50 ton w czasie oprézniania komory.

Proby umownie oznaczono nastepujgco:

1 warstwa dolna
2
3 warstwa Srodkowa
4
5 warstwa gorna
2. Metody analityczne jak w sprawozdaniu z I eksperymentu ( komora 1 ).

3. Wyniki.

3.1. Cechy geometryczne.

Ziarno pszenicy kanadyjskiej bylo bardzo wyréwnane pod wzgledem
wielkosci, a gtownymi frakcjami byty > 2,5 x 25 mm 1 < 2,5 x 25 mm.
Skiad frakcyjny badanej pszenicy wynika z kanadyjskiej zasady kierowania
narynek zbozowy ziarna wyréwnanego pod wzgledem wielkosci ( klasy

numeryczne ) (tab.1.).



Wyznaczone rzeczywiste wymiary geometryczne ziarna 5 préb umownie
odpowiadajacych warstwom komory sg zréznicowane w obregbie frakeji
(rys.1,2,3.; zal.1,2,3,4,5.; tab.2.). Niezaleznie od frakcji, ziamno dolnej i goérne;
warstwy charakteryzowalto si¢ mniejsza dhugoscia 1 szerokoscia w porédwnaniu
z warstwami centralnymi. Réznice te mialy jednak niewielki wplyw.na obwdd
ziarniakow 1 pole powierzchni w obrebie frakcji wszystkich badanych warstw.
Stwierdzono natomiast znaczace réznice pomiedzy frakcjami co miato wplyw
na wielkosci  wspoélczynnikéw ksztattu (tab.2.). Wyznaczone zaleznoSci
pomi¢dzy wspotczynnikiem ksztaltu a dlugoscia ziarniakéw badanych frakeji
byly zréznicowane w najwiekszym stopniu miedzy frakcja 1 1 3, w mniejszym
stopniu pomiedzy frakcja 2 1 3 (rys.4,5,6.).

3.2. Jakos$¢ technologiczna.

Jako$¢ technologiczna ziarna warstwy goémej 1 dolnej byla zblizona

1 bardziej réznicowaly ja wielkosci ziarniakéw (tab.3.). Ziarno nalezy zaliczy¢
do klasy $rednio twardej wg Williamsa, chociaz warstwa goérma miala cechy
raczej ziarna S$rednio migkkiego. Wyciag maki réwniez bardziej zalezal
od frakeji. Charakterystyczna byla réwniez wysoka liczba opadania co jest cecha

czerwonej pszenicy kanadyjskie;.

prof. dr hab. FLucja Fornal
dr inz. Katarzyna Majewska
mgr inz. Witold Gudaczewski



Tabela 1. Procentowy udzial badanych frakcji (pszenica kanadyjska).

Frakcja Warstwa gorna Warstwa dolna
>3.2x25mm 5.03% 3.90 %
>2.5x25mm 33.85% 31.50 %
<2.5x25mm 61.05 % 64.36 %

+



Tabela 2. Cechy geometryczne ziarniakéw pszenicy kanadyjskiej - komora 2

( wielkoSci Srednie ).

Warstwa | Dlugo$¢ | Szerokos¢ Obwod Pole w
[ mm ] [ mm ] [ mm ] powierzchni [-]
[ mm? ]
1 6.62 4.15 25.22 18.17 0.028
2 6.77 4.12 25.65 18.35 0.028
Frakcja 1 3 7.06 423 26.77 12.99 0.028
4 6.84 431 26.27 19.46 0.028
5 6.62 4.21 25.13 18.05 0.028
zakres |6.62-7.06| 4.12-4.31 |25.13-26.77 | 18.05-19.46 0.028
1 6.22 3.97 23.62 15.89 0.028
2 6.84 4.1 25.74 18.02 0.027
Frakcja 2 3 6.72 4.15 25.39 17.63 0.027
4 6.47 4.05 24.79 17.07 0.028
5 6.32 3.93 23.89 16.07 0.028
zakres |6.22-6.84| 3.93-4.15 |23.62-25.74|15.89-18.02 1 0.027-0.028
1 5.96 3.71 22.56 13.57 0.026
2 6.33 3.84 23.95 14.82 0.026
Frakcja 3 3 6.17 3.73 23.52 13.88 0.025
4 5.89 3.68 22.44 13.53 0.027
5 5.8 3.62 21.98 13.01 0.027
zakres 5.8-6.33 | 3.62-3.84 |21.98-23.95]13.01-14.82]0.025-0.027
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Zatacznik 1. Cechy geometryczne, komora 2 ( Warstwa dolna-w I).

Wymiar FrakcjaNr.*
geometryczny 1 2 3

X §r. 6.62 6.22 5.96

Dlugosc X max 7.61 7.25 7.09
X min 5.31 5.35 4.61

[mm] o 0.418 0.378 0.476
o’ 0.175 0.143 0.227

x §r. 4.15 3.97 3.71

Szerokosé X max 5.18 4.74 471
X min 2.68 2.57 1.98

[mm] G 0.437 0.454 0.537
o’ 0.191 0.206 0.288

X §r. 25.22 23.62 22.56

Obwod X max 28.83 27.28 26.75

X min 20.67 20.24 17.85

[ mm ] c 1.456 1.349 1.753
¢’ 2.121 1.821 3.072

Pole X §r. 18.17 15.89 13.57
powierzchni | x max 22.33 20.7 18.52
rzutu X min 13.69 12.42 8.68

[ mm?] c 1.708 1.642 2.014
o’ 2.918 2.698 4.057
Wspblczynnik | x $r. 0.028 0.028 0.026
konturu obwodu | x max 0.033 0.035 0.032
obiektu X min 0.024 0.024 0.021

W=P/O’ o 0.0018 0.0019 0.0019E-06
[-] o’ 3.24E-06 3.48E-06 3.56E-06

*Frakcja: nrl-zlot z sita 3,2 x 25 [mm}, nr2-zlot z sita 2,5 x 25 [mm],

nr3-przesiew z sita 2,5 x 25 [mm].




Zalacznik 2. Cechy geometryczne, komora 2 ( Warstwa IT).

Wymiar FrakcjaNr.*
geometryczny 1 2 3
X §r. 6.77 6.84 6.33
Dlugosé X max 7.7 7.72 7.56
X min 5.65 5.98 .3.97
[mm ] c 0.397 0.375 0.523
o’ 0.158 0.141 0.283
X §r. 4.12 4.1 3.84
Szerokosé X max 5.09 5.29 5.01
X min 2.92 2.8 2.1
[ mm ] o 0.423 0.43 0.577
o 0.178 0.185 0.333
X §r. 25.65 25.74 23.95
Obwod X max 29.26 28.97 27.88
X min 21.37 2222 15.21
[ mm ] c 1.459 1.389 1.995
o 3.131 1.931 3.982
Pole X §r. 18.35 18.02 14.82
powierzchni | x max 23.74 22.39 19.46
rzutu X min 13.98 14.16 7.15
[ mm?] o 1.814 1.845 2.309
o’ 3.289 3.404 5.332
Wspdtczynnik | x $r. 0.028 0.027 0.026
konturu obwodu | x max 0.032 0.031 0.038
obiektu X min 0.023 0.023 0.02
W=P/O? o 0.0016 0.0016 0.0023
[-] o’ 2.52E-06 2.72E-06 5.12E-06

*Frakcja: nrl-zlot z sita 3,2 x 25 [mm], nr2-zlot z sita 2,5 x 25 [mm],

nr3-przesiew z sita 2,5 x 25 [mm)].
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Zalacznik 3. Cechy geometryczne, komora 2 ( Warstwa III ).

Wymiar FrakcjaNr.*
geometryczny 1 2 3
X §r. 7.06 6.72 6.166
Dlugosé X max 8 7.84 7.34
X min 6.06 5.6 - 4.08
[mm ] o 0.399 0.408 0.56
o’ 0.159 0.166 0.314
X §r. 4.23 4.15 3.73
Szerokosé X max 5.32 5.44 493
X min 3.27 2.92 1.22
[ mm ] o 0.424 0.453 0.687
o® 0.18 0.205 0.473
X §r. 26.77 25.39 23.52
Obwod X max 29.96 294 38.16
X min 22.5 20.53 15.63
[ mm ] o 1.38 1.519 2.329
o’ 1.905 2.307 5.426
Pole X §r. 12.99 17.63 13.88
powierzchni | x max 2491 24.16 21.6
rzutu | X min 15.06 12.3 2.36
[ mm?] c 1.953 1.793 2.766
o’ 3.815 3.215 7.649
Wspbétezynnik | x §r. 0.028 0.027 0.025
konturu obwodu |x max 0.033 0.032 0.039
obiektu X min 0.024 0.022 0.0016
W=P/0? o 0.0014 0.0018 0.003
[-] o’ 1.99E-06 3.14E-06 1.1E-05

*Frakcja: nrl-zlot z sita 3,2 x 25 [mm], nr2-zlot z sita 2,5 x 25 [mmy],

nr3-przesiew z sita 2,5 x 25 [mm)].
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Zalacznik 4. Cechy geometryczne, komora 2 (Warstwa IV ).

Wymiar FrakcjaNr.*
geometryczny 1 2 3
X §r. 6.84 6.47 5.89
Dlugosé X max 8.04 7.51 7.49
X min 5.64 5.37 . 435
[mm ] o 0.49 0.481 0.622
o’ 0.24 0.231 0.386
x §r. 431 4.05 3.68
Szerokosé X max 6.15 6.28 491
X min 2.92 2.8 2.45
[ mm ] c 0.54 0.49 0.543
o’ 0.292 0.24 0.294
X §r. 26.27 24.79 22.44
Obwéd X max 37.28 38.27 28.13
X min 22.22 20.1 16.3
[ mm ] c 2.167 2.172 2.27
o’ 4.699 4719 5.15
Pole X §r. 19.46 17.07 13.53
powierzchni | x max 26.66 22.13 20.58
rzutu X min 14.6 12.44 79
[ mm?] o 2.093 1.766 2.428
o’ 4.381 3.12 5.897
Wspotczynnik | x ér. 0.028 0.028 0.027
konturu obwodu |x max 0.033 0.033 0.032
obiektu X min 0.014 0.013 0.02
W=P/0* o 0.0025 0.0024 0.0023
[-] o’ 6.54E-06 5.91E-06 5.2E-06

*Frakcja: nrl-zlot z sita 3,2 x 25 [mm], nr2-zlot z sita 2,5 x 25 [mm],

nr3-przesiew z sita 2,5 x 25 [mm].
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Zalacznik 5. Cechy geometryczne, komora 2 ( Warstwa goma-w V).

Wymiar FrakcjaNr.*
geometryczny 1 2 3
X §r. 6.62 6.32 5.8
Dlugosé X max 7.95 7.34 6.88
X min 5.62 5.22 . 4.52
[mm ] o 0.446 0.395 0.509
o’ 0.199 0.156 0.26
X §r. 421 3.93 3.62
Szerokosé X max 5.28 4.79 4.48
X min 2.92 2.57 2.1
[mm ] o 0.437 0.465 0.535
o’ 0.191 0.216 0.286
X §r. 25.13 23.89 21.98
Obwod X max 29.96 27.57 26.58
X min 21.65 20.39 16.9
[ mm ] c 1.576 1.465 1.829
¢’ 2.484 2.147 3.348
Pole X §r. 18.05 16.07 13.01
powierzchni  [x max 2598 21.95 20.03
rzutu X min 13.47 11.94 7.69
[ mm?] o 1.849 1.755 2.135
o’ 3.42 3.081 4.56
Wspdlczynnik | x §r. 0.028 0.028 0.027
konturu obwodu | x max 0.033 0.033 0.033
obiektu X min 0.024 0.024 0.021
W=P/0O? o 0.0017 0.0017 0.002
[-] o’ 2.85E-06 3.02E-06 4.11E-06

*Frakcja: nrl-zlot z sita 3,2 x 25 [mm], nr2-zlot z sita 2,5 x 25 [mm],

nr3-przesiew z sita 2,5 x 25 [mm)].
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Rys. 1. Podstawowe cechy geomelryczne ziarna pszenicy kanadyjskie;j
- komora 2 elewatora, frakcjanr 1 (3,2 x25mm-2z)
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Rys. 2 . Podstawowe cechy geometryczne ziama pszenicy kanadyjskiej
- komora 2 elewatora, frakcjanr2 (2,5 x25mm-z)
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Rys. 3. Podstawowe cechy geometryczne ziama pszenicy kanadyjskiej
- komora 2 elewatora, frakcja nr 3 (2,5 x 25 mm-p)
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Rys. 4 . Zalezno$¢ pomiedzy dlugoscia, a wspdtczynnikiem ksztaltu ( W),
pszenica kanadyjska - komora 2 elewatora - frakcja nr 1 ( 3,2 x 25 mm - z)
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Rys. 3. Zalezno$¢ pomigdzy dlugoscia, a wspolczynnikiem ksztaltu ( W),
pszenica kanadyjska - komora 2 elewatora - frakcja nr 2 ( 2,5 x 25 mm - z)
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Rys. 6 . Zalezno$¢ pomigdzy dlugoscia, a wspdlczynnikiem ksztaltu (W),
pszenica kanadyjska - komora 2 elewatora - frakcja nr 3 (2,5 x 25 mm - p)

— 0,025

B

W[-]

Wi-]

0,035 A

Kanadyjska dolna-wl-frakcja 3

0,05

0,045 -

0,04

0,03 -

rm

0,02 -

0,015 -

0,01 -

0,005 -

4 5 6 7

Dlugos§é [mm]

Kanadyjska-w3-frakcja 3

11

0,05

0,045

0,04 -

0,035

0,03

0,025 1
0,02 -

0,015 -

0,01 4

0,005 -

0,05 ~

4 5 6 7

Dlugo$é [mm]

Kanadyjska gorna-wS-frakcja 3

0,045 |-

0,04 - - -

11

0,035 4-
0,03 -
0,025 -

(15 Sppp—_—
0,015 4 - nn
0,01 -l

0,005 -

0

4 5 6 7

Dlugosé jmm]




8. Analiza prébek ziarna z elewatora
S ZYImanmow’’,

badania prowadzone pod kierownictwem
prof. E. Kaminskiego - AR Poznan
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ANALIZA PROBEK ZIARNA Z ELEWATORA
SZYMANOW

Wykonano w

Zaktadzie Koncentratoéw Spozywczych
Instytutu Technologii Zywnosci
Pochodzenia Roslinnego

AR w Poznaniu

Poznan, 15.07.97
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MATERIAL. BADAWCZY

‘Do analizy otrzymano probki ziarna w miesigcu styczniu i maju. Proby zostaly pobrane z
jednego silosa z warstwy gormne;j i dolnej. Po otrzymaniu prob przechowywano je do momentu
przeprowadzenia analiz (ok. 1 tydzieni) w temperaturze 4°C.

W prébkach oznaczono wilgotno$é, zawartosé mikroflory grzybowej, i zawartosé zwigzkow

lotnych.

Oznaczenie probek:

z100 - préba z miesigca stycznia; gora silosa; wilg. 13.5%
z101 - proba z miesigca stycznia; dot silosa; wilg. 13.0%
z126 - proba z miesigca maja; gora silosa; wilg. 13.6%

z127 - prdba z miesigca maja; dot silosa; wilg. 13.0%

ANALIZA MIKROBIOLIGICZNA

Metoda:

Z kazdej proby ziarna wybrano losowo 100 ziarniakéw, niejatowionych powierzchniowo i
ulozono na ptytkach Petriego z pozywks brzeczkows 8°Blg z dodatkiem 7% NaCl i zestalonej
2% agarem (10plytek po 10 ziarniakow). Plytki inkubowano w ciepalrce w 26°C. Po 4-5
dniach liczono ziarniaki przy ktérych wyrosty kolonie grzyb6w a po 7-14 dniach okreslono
roczaj grzybow wykonujac preparaty mikroskopowe.

Wyniki:

Wyniki analiz mikrobiologicznych przedstawiono w tabeli 1. Dominujacymi grzybami we
wszystkich prébach byly grzyby rodzaju Aspergillus i Penicillium, bedacych reprezentantami
mikroflory przechowalniczej. Nie odnotowano znacznych réznic w skladzie mikroflory z
warstwy dolnej i gornej silosa. W probie z100 odnotowano znaczng w poréwnaniu z
pozostatymi probami zawarto$é grzybow z rodzaju Fusarium. W probie z121 wykryto znaczne

ilosci A. Flavus i Mucor.

ANALIZA ZWIAZK()W LOTNYCH
Metoda:

Zwigzki lotne izolowano metodg barbotazu (stripping) adsorbujac zwigzki na powierzchni

polimeru Tenax GR a nastgpnie wymywano mieszaning eteru i pentanu i nanoszono na

chromatograf gazowy sprzezony ze spektrometrem masowym (HP 589011 + HP 5971B
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MSD). Rozdziat zwigzkdéw przeprowadzono na kolumnie HP Ultra-2. Zwigzki zostaly
zidentyfikowane w oparciu o bibliotek¢ widm masowych NIST, a ich zawartos¢ zostata
okreslona w oparciu o standard wewngtrzny (tetradekan).

Wyniki:

Wyizolowane z probek zboza zwigzki lotne przedstawiono w tabeli 2. Skiad zwigzkoéw
lotnych typowy jest dla przechowywanego, wzglednie suchego ziara. Proby pochodzace ze
stycznia roznily si¢ od préb z maja zar66wno pod wzgledem liczby tworzonych metabolitow
jak iich zawarto$ci. Na uwage zastuguje wysoka zawartosé dimetylobenzenu i limonenu w
probie z100 (o najwyzszym stopniu porazenia grzybami potencjalnie toksynotwdrczymi -
Fusarium). Sposréd innych zwiazkéw lotnych, charakterystycznych dla mikroflory grzybowej
wykryto w probach z100 i z101 3-oktanon. W probach zidentyfikowano takze zwigzki

terpenowe takie jak aifa farnezen, fellandren, cytral i karwon.

Wykonawcy:
% WMM

prof. dr hab. Edward Karmnskl dr\Henryk Jelen
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Tabela 4

Mikroflora préb ziama pszenicy pochodzacych z duzych elewatoréw

Procent porsionych ziamiakdw grzybami

grzyby symbol préby
Z 100 Z 101 Z 126 7127
Asperedius 100 100 100 100
w tym:
A glaucus 89 97 90 91
A. candidus 11 9 10 8
A. ochraceus 0 1 0
A. flavus 6 3 8 30
A. niger 0 1 0
A. versicolor 0 1 0
Aspergillus sp. 0 0 1
Penicillivm 54 55 89 84
Alternaria 3 3 17
Fusarium 30 0 3
Mucor 1 0 1 42
Epicoccum 1 0 0
inne 0 0 0
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Tabela 2. Zwigzki lotne wyizolowane z prob zboza z silosu Szymandw. Zawartos¢ zwigzkow

odano w ng/Lpowietrza/100g
Lp | zwiazek Rt nr proby

z100 z101 z126 z127
1 3-metyl-1-butanol 3.68 - - - 192
2 | pentanol 4.27 - - - 270
3 | heksanal 474 - - - 7
4 | oktan 4.80 - i 13 .
5 | heksanal 4.80 - 16 - -
6 | etylobenzen 6.19 588 62 - -
7 | heksanol 6.31 - - - 543
8 | dimetylobenzen 6.40 29532 4808 69 -
9 styren 6.87 - 105 6 -
10 | nonan 7.05 - - 17 -
11 | 1-etyl-3-metylbenzen 8.74 29 47 - -
12 | 1-etyl-2-metylbenzen 9.22 39 27 - -
13 | 3-oktanon 9.35 54 19 - -
14 | 1,2,3-trimetylobenzen 9.62 141 45 - -
15 | alfa fellandren 9.93 27 - - -
16 | limonen 10.69 4215 121 - 33
17 | 1-metyl-3-propyl benzen 11.25 40 - - -
18 | nonanal 12.72 45 39 - 57
19 | 1,2,3,5tetrametylobenzen 13.26 39 - - -
20 | oktanolan metylu 13.30 - 25 - -
21 | naftalen 15.09 135 46 - 22
22 | dekanal 15.59 - - - 25
23 | karwon 16.74 114 31 - -
24 | cytral 17.42 38 13 - -
25 | alfa-farnezen 22.28 - - 7 39

préba 100:
proba 101:
préba 126:
proba 127:



Ryc. 1. Chromatogram rozdziatu zwiazkéw lotnych ziarna z elewatora Szymanow. Proby z100
oraz z101.
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Ryc. 2. Chromatogram rozdziatu zwigzkow lotnych ziarna z elewatora Szymanéw. Proby z126

oraz z127.
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