
PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

Photonic crystal fibers as miniature
monitoring platforms for petroleum
characterization

Rodolfo Luiz Patyk, Cicero  Martelli, Marco J. da Silva,
Rigoberto E. M. Morales, Masood  Naqshbandi, et al.

Rodolfo Luiz Patyk, Cicero  Martelli, Marco J. da Silva, Rigoberto E. M.
Morales, Masood  Naqshbandi, John  Canning, "Photonic crystal fibers as
miniature monitoring platforms for petroleum characterization," Proc. SPIE
8421, OFS2012 22nd International Conference on Optical Fiber Sensors,
84217H (7 November 2012); doi: 10.1117/12.975632

Event: OFS2012 22nd International Conference on Optical Fiber Sensor,
2012, Beijing, China

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11/6/2017 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



:i0
70

-.
ï4

11
-.

s-
r

iii
4i ii i9
/

'
'

6 666666 60 60i66 6 \ 66 \ I

 

 

Pho

 
Rodolfo

a

bDepartm

cInterdisci

A fiber desig
This fiber con
ring mode in 
the oil indust
using the new

Keywords: P
 

Photonic crys
placed inside
stabilize the s
Examples of 
liquid sample
main limitatio
hollow cores 
change that c
concerns the 
silica with nS
inserted in th
and low refra

                   

 

 

 

 

 

 

Figure 1. 
calcu
ring 
profi

*c.martelli@u

n2 

otonic Cr

o Luiz Patyk

aGraduate S
ment of Mec

iplinary Pho

gn that allows 
nsists of an ai
a region betw
try where ma

w fiber is demo

Photonic cryst

stal fibers (PC
e of their hol
sample tempe
absorption an

es1, thin films
ons for all pho
the insertion 

can turn wave
materials with
iO2 = 1.45 at 1
e holes and th

active index m

a) Cross-sectio
ulation of the ne
of silica in the 

ile for a ring lik

utfpr.edu.br; p

n1 

rystal Fi
Pe

ka, Cicero M

School on El
hanical Eng

otonics Lab

the characteri
r-silica photon

ween the struc
aterials of diff
onstrated. 

tal fiber, micro

CF) have long
les. Long inte
erature are som
nd refractive 
s deposited in
otonic crystal 
of any liquid
length region 
h refractive in
550 nm. Both

he guidance pr
materials insert

on profile of th
ear field profile
absence of pet

ke mode with th

phone 55 41 3

n3 

a) 

bers as M
etroleum
Martelli*a, M

Naqshba
lectrical En
gineering, F

Bra
boratory, Sc

NSW

A

ization of high
nic crystal fib
tured area and

fferent refracti

ostructured op

1. IN
g been used as
eraction lengt
me of the ma
index monito

nside of the fib
fiber designs 

d or solid mate
of interest co

ndices higher t
h fiber designs
roperties of th
ted in the hole

he proposed PC
e for a ring like
troleum in hole

he insertion of p

3310 4685; ww

Miniatur
m Charac
Marco J. da 
andic, John C

ngineering a
Federal Univ
azil, 80230-
hool of Che

W 2006 Aus

ABSTRACT

h and low ref
ber supporting
d the fiber cla
ive indices ar

ptical fiber, pe

NTRODUC
s sensing syst
ths, broad ba
in properties 

oring using str
ber holes2 and
is the refracti
erial in the ho
ompletely not 
than that of th
s will also suf

he fibers chang
es is proposed 

CF fiber for pet
e mode confined
es, and; c) log s
petroleum into t

ww.utfpr.edu.b

re Moni
cterizati
Silvaa, Rigo
Canningc 
nd Applied 
versity of T
-901 
emistry, The
stralia 

T  

fractive index 
g a Gaussian li
adding. This v
re found. The

etroleum. 

TION  
tems to charac
andwidth, sma
that make PC
ructured fiber
d the phase c
ve index of th

oles leads dire
guided. As fo

he fiber host m
ffer from powe
ge. Here a fibe
(Figure 1). 

troleum monito
d between the s
scale of the num
the fiber holes. 

br 

b) 

toring P
ion 
oberto E.M

Computer 
echnology -

e University

materials is p
ike mode conf

versatile fiber 
e characterizat

cterize the opt
all sample vo

CF fibers attra
rs are found in
change of liqu
he samples. Fo
ectly to the fib
or the solid co

material, which
er reference sh
er design that 

oring; b) log sc
structured regio
merical calculat
Mode plots are

Platform

. Moralesb, 

Science, an
- Paraná, Cu

y of Sydney

proposed and 
fined in the fi
design finds a
tion of petrol

tical propertie
olume, ease t
active for chem
n the literatur

uids and solid
or the diffracti
ber transmissi
ore fibers the 
h is conventio
hifting as new
is able to ope

cale of the num
on and the outer
tion of the near

e in the same sca

s for 

Masood 

nd 
uritiba PR 

y – Sydney 

demonstrated
ber core and a
applications in
leum and CO

es of materials
to control and
mical sensing
re and include
s3. One of the
ive fibers with
ion bandwidth
main problem

onally made o
w materials are
erate with high

merical 
r most 
r field 
ale. 

c) c) 

d. 
a 
n 
2 

s 
d 

g. 
e 
e 
h 
h 

m 
f 
e 
h 

OFS2012 22nd International Conference on Optical Fiber Sensors, edited by 
Yanbiao Liao, Wei Jin, David D. Sampson, Ryozo Yamauchi, Youngjoo Chung, Kentaro Nakamura, Yunjiang Rao, 

Proc. of SPIE Vol. 8421, 84217H · © 2012 SPIE · CCC code: 0277-786/12/$18 · doi: 10.1117/12.975632

Proc. of SPIE Vol. 8421  84217H-1

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11/6/2017 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



0.010

0.008

0.006

0.004

0.002

0.000 P

J

1570

R1

R1

10

12
R8Re

R4 P6

P8 P

P 8

P18 P201
I 1

Py 112

0 II

1572 1574 1576 1578

Wavelength (nm)

1580

0.05

0.04 -

0.03 -

0.02 -

0.01

0.00 -

R20 R6132
R221 R18I

R28 R
Ó

R24

^ 1

1570

P4

R2 P2

7

P18 P20

1.12P 4P16 1
_

P8PO

I I I

1572 1574 1576 1578

Wavelength (nm)

1580

 

 

The proposed PCF fiber is made of three materials as depicted in Figure 1.a: n1 and n2 which are silica of different 
density and purities and n3 which is the material of the holes. The fiber has two main modes at the 1550 nm region, one 
confined in the core within the holey region and another with a ring like shape confined between the structured region 
and the interface of n2 and n1 materials. The fiber structure is made of 6 rings of holes distributed in a hexagonal lattice 
with Λ ~ 1.41 µm and d ~ 0.8 µm and core diameter of approximately 2.4 µm.  

The core mode is only supported for hole refractive indices smaller than silica`s RI. Hence, this fiber is the ideal for gas 
monitoring that have the RI very close to 1.0 or liquids of low refractive index. The ring like mode is supported for both 
high and low refractive index materials within the fiber holes. Figure 1.b shows the energy distribution of the ring like 
mode cross section when there is only air in the holes. It is possible to observe that although most of the energy is being 
confined in the ring region outside the holey structure some of the power penetrates the holes interacting with the holes 
materials. When a high refractive index material is inserted into the fiber holes most of the energy of the ring mode is 
dragged into the holey region and peaks of higher energy are found on top of the holes. For the calculation presented in 
Figure 1.c the refractive index of the hole material was considered the same as a crude oil`s, i.e. nhole = npetroleum = 1.5 4. It 
is worth pointing out that no proper confinement was observed for the core mode for nhole > nSiO2 and that the calculated 
confinement losses for the ring mode in both case nhole = nair and nhole = npetroleum were negligible. Therefore, this fiber 
design seems to be ideal for the characterization of virtually any material that can be inserted into fiber holes. Given the 
importance of the petroleum industry as well as its constant need for novel solutions that can be integrated into the 
always limited space found in the production columns and in the subsea equipment this fiber is being used for the 
development of a miniaturized sensing system to characterize petroleum and all other substances that can be found in the 
reservoirs. Carbon dioxide is one of these substances which are abundantly found in the Brazilian offshore reserves and 
is consequently of interest for petroleum chemical sensing system. Results of the petroleum characterization as well as 
the detection of CO2 using the proposed PCF fiber are presented in the following sections.  

2. CARBON DIOXIDE DETECTION 
Most of the optical sensors found commercially or in the literature for CO2 detection operate at the mid-infrared 
wavelengths where the optical absorption of this molecule is highest. The down side of operating in such IR region is the 
lack of optical components such as sources and detectors as well as waveguides that can considerably increase the optical 
interaction lengths and subsequently the sensitivity of the sensor. Carbon dioxide presents a weak absorption band 
around 1570 nm which coincides with one important telecom band and its detection could therefore benefit from the 
components availability. The long interaction lengths possible by the PCF fibers appear as an alternative solution for the 
low absorption coefficient of CO2 at 1570 nm and allow the use of all components developed by telecommunication 
industry that can be found off the shelf at low prices. Figure 2.a show the absorption spectrum of carbon dioxide at the 
1570 nm wavelength region measure by an ASE source and an optical spectrum analyzer along with the PCF described 
above. Approximately 70 m of the PCF fiber was filled with a mixture of CO2 and air and had its ends spliced to two 
smf 28 patch cords. During the splicing procedure care was taken so that only the ring like mode was excited 
demonstrating the sensing concept. Figure 2.b shows a reference absorption spectrum measured at a free space 
calibration chamber. The CO2 absorption at 1570 nm is a combination of the bands: 2v1+2v2+v3. 
 

 

 

 

 

 

 

 

 

 

 

Figure 2. a) Optical absorption of CO2 at 1570 nm using a PCF fiber and b) using a reference chamber. 

a) b) 
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characterization. More generically the possibility of spreading the mode field over the fiber holes shines new light in the 
opportunities for optical detection and characterization of chemical samples. Here extremely high sensitivity was 
achieved leading to a strong attenuation of the fiber transmission at the 1570 nm. Furthermore, pure silica photonic 
crystal fibers are also important devices for harsh environments applications such as the oil industry given their 
temperature stability and chemical inertia especially with regards to hydrogen5.  
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