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ABSTRACT

Extrinsic Fabry-Perot Interferometer, EFPI, is aversatile device for many fiber optic sensing applicationsincluding one
in harsh environments such as oil and gaswells. Dueto its unique structure, the EFPI could be designed to have an
extremely small temperature cross-sensitivity (TCS), by matching the coefficients of therma expansion (CTE's) of the
outer gage capillary tube and the inner fibers. Even though it isrelatively easy to get a matching condition at the
atmospheric pressure, it is not a good design because the CTE of the capillary tubing is expected to change under high
pressure conditions.

In this paper, the method and the experimental results for the study to minimize the temperature cross-sensitivity (TCS)
of the EFPI pressure sensor are presented. Test results have confirmed that the CTE of the capillary tube slightly
increases under high pressure, changing the original TCS at the atmospheric pressure. By manipulating the design of the
sensor to have a higher negative slope of TCS for the air-gap (dG/dT) at the atmospheric pressure, the zero TCS point
can be deliberatel y shifted to any point of interest within the pressure range.
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1.INTRODUCTION

Asiswell known, major advantages of the fiber optic sensor are immunity to electromagnetic interference, small size
and light weight, resistance to harsh environment, remote operation, and avoidance of electric sparksetc. [1]. Dueto
these inherent advantages, alarge variety of fiber optic sensor systems have been developed for various applications
during the last two decades [2]. Oil and gas well bore application would be apromising field for fiber optic sensor
systems because the demand for the real-time monitoring of reservoir conditionsis increasing to improve production
efficiency and to enhance the total recovery. The use of conventional sensors has been quite limited due to their harsh
environment of high temperature and pressure with various chemicals in the crude oil.

Thetemperature cross-sensitivity is one of the most important performance parameters for astatic pressure sensing. In
the case of fiber optic pressure sensors employing Fiber Bragg Gratings (FBG's), significant temperature sensitivity is
unavoidable due to the refractive index changes within the fiber core in response to the temperature variations[3]. For
this type of sensor, atemperature sensor should always be collocated with the pressure sensing element, and a proper
compensation should be made. The additional hardware will increase the sensor cost as well asreduce the measurement
accuracy. Itwasreported that the temperature sensitivity can be reduced dramatically by use of polarization maintaining
(PM) fibers as pressure sensing e ement [4, 5]. However these sensors need return path of fiber and are inconvenient to
be used in down-hole applications not to mention the overall performance of using the PM fibers as sensing € ements.
Extrinsic Fabry-Perot Interferometer, EFPI, is aversatile device for many fiber optic sensing applications[6, 7]. Dueto
its unique structure of the air-gap between the two Fresnel reflectors formed by two fiber-cleaved ends in a capillary tube,
it could be designed to have a very negligible temperature cross-sensitivity (TCS) for down-hole pressure sensing
applications.

Our god isthe implementation of low cost and high performance commercialization of fiber optic pressure sensor which
can bewidely used in the oil and gasfield. In this paper, part of the effort for the goal isintroduced. Fig 1 and Fig 2
show the sensor fabrication setup and the surface system respectively. A CO2 laser is used for the glass partswelding.
The surface system comprises an LED source, afiber coupler, a spectrometer and a digita signal processor for the
demodulation of the pressure signal. All the components are low cost version. Tubd TechnologiesInc. (TTI) has
developed a nove software algorithm to accurately demodul ate the air-gap of the EFPI without the fringe jumping
problem. All the experiments have been performed successfully using the new demodulation algorithm.
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Fig. 1. Sensor fabrication setup with CO2 laser Fig. 2. Surface system including demodulator

2. EFPI pressure sensor and itstemperature cross-sensitivity

The earlier generation of the EFPI sensor used an epoxy to bond the fibers and capillary tube. Due to the temperature
limitations and the high creep amount of the epoxy material, CO2 laser has been used for the bonding of the glass parts
since afew years ago. Fig. 3 showsthe structure of an EFPI pressure sensor. The air-gap (G) response due to the
pressureistypically very linear and predictable. Itisafunction of the capillary tube material characteristics and the tube
dimensions such asinner and outer diameter, gage length ( L, in the Fig 3). The air-gap change, AG, due to an applied
pressure P can be expressed as [6]:
L, (P-P,),°
AG = o > 0)2" [-2u) @
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Where L, isthe sensor gage length between the two bonding points, P, isthe pressure inside the tubewhich is

approximately the atmospheric pressure, E is the Y oung’s Modulus of the glass materia used for the capillary tube, I

and ; areouter and inner radius of the glass tube, and 1 is the Poisson' srétio of the glass.
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Fig. 3. Structure of EFPI pressure sensor Fig. 4. An EFPI pressure sensor before packaging

Theair-gap Gistypically very small in comparison to thegage length L. Given this condition, aslong as the thermal

expansion coefficients (CTE) for the glass tube and the fibersinside are matched, the temperature cross-sensitivities
(TCS) for this type of sensors can be negligibly small. Opticd fiber uses fused silica for its base materia. The CTE for

an optical fiber is quite close to the fused silicawhichis~0.5x107" /°C. However depending on the doping materia
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and the doping level of its core and the size of the core, the CTE' sdlightly vary for different fibers. TCS or
AG/ AT can be described as[6]:

AG
Ezao O, - (o0, +a, [0L,) )

Where a,,q,,a,aethe thermal expansion coefficients (CTE) of the capillary tube, the input fiber, and the reflector

fiber respectively, and L, L, are the lengths of the input fiber and the reflector fiber respectively as shown in Fig 3.
Here,

L,=L +L,+G, G<<L, 3)
Because the air-gap isvery small in comparison to the gage length, and because the CTE of the capillary tubeis quite
close to the CTE of the fibers, the sensor inherently has very small TCS at the atmospheric pressure. However the CTE
of the capillary tubing is expected to increase under ahigher pressure range where these sensors will be used. In other
words, the TCS would become worse especially at the pressure range of interest. The higher the pressure, the worse the
TCSwould be.
To avoid the TCS aggravation due to the high pressure, the sensor design could be manipulated. Thethermal expansion
coefficient of the input fiber cannot be adjusted because the kind of fiber is determined, but any kind of fiber of the same
cladding diameter can be used as the reflector fiber. Also the ratio between the lengths of the input and the reflector
fibers can be adjusted to get a desired total effect.
Itis expected that the CTE of afiber ishigher if the doping level ishigher and the core sizeislarger. When thiskind of
fiber is used for the reflector fiber, the TCS, AG/AT, would be a higher negative value at the atmospheric pressure as
reflected in the equation (2). When the higher pressure of down-hole increases the CTE of the capillary tube, the TCS
shall be compensated to the smaller value that we want, which should be zero at a certain point within the pressure range.
If the TCS at the atmospheric pressure is reasonably controllable, the zero TCS point within the pressure range can be
sdlectable, depending on the pressure range of the interest of the customers.

3. Experimental setup

Based on the reasoning described in the previous section, a few sensors of different design have been built using
different fibers and different ratios between the lengths of the input and the reflector fiber. Those sensors were packaged
using a unique design which preserves the original pressure sensitivity and the original TCS. Fig 5 shows the sensor
calibration and the TCS test setup. Fig. 6 isthe schematic diagram of it. To freeze the source profile for a better
accuracy of the measurement, the temperature of the hermetically sealed case of the LED is stabilized usinga TEC and a
temperature controller. The packaged sensor was pressurized stepwise using a deadweight tester from 0 psig to 6000

psig.
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Fig.5. Calibration and temperature cross-sensitivity test setup ~ Fig. 6. Schematic diagram of the setup
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Using aspecially designed small oven and atemperature controller, the temperature of the packaged and pressurized
sensors was controlled. The air-gap change is accurately and reliably monitored to determine the temperature cross
senditivities at various pressure levels using the surface system.

4, Experimental results

First of all, the TCS s at the atmospheric pressure for the differently designed sensors were evaluated to seeif they are
reasonably and practically controllable. Three different fibers were chosen for the reflector fiber. Fig. 7 shows the result.
Using the fibers chosen for the reflector and by controlling the ratios between the lengths of the input fiber and the
reflector fiber it was possible to get the TCS's at the amospheric pressure as small as ~zero nm/°C (Fig 7-a) and aslarge
as>-1.0 nm/°C (Fig 7-d). Pressure sensitivity for a gage length of 10 mm is calculated to be-0.71 nm/psi or -1.40
psi/nm using the equation of (1), which will be verified through pressuretests. Using the scale factor the-1.0 nm/°C
TCSistranslated into +1.4 psi/°C cross-sensitivity at the atmospheric pressure.

Different sensors using the same fibers with the sameratios did not show the exactly same results but have some random
distributionsin TCS'sa the atmospheric pressure. However they showed a strong tendency in smaller or larger TCS's
depending on the design, which makes the free selection of the desired TCS value possible. Evauating the TCS's of
100% sensors built at the atmospheric pressure is no problem in practice.
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Fig. 7. Different temperature cross-sensitivities at the atmospheric pressure for
differently designed sensors

Some selected test sensors were packaged as shown in fig 4 for the pressure test. Fig 8 shows the pressure test result for

asensor which has the TCS of -0.3435 nm/°C at the atmospheric pressure. As shown in the Fig 8-a) through Fig. 8-d),
as the pressure increases, due to the CTE change of the capillary tube, the TCS varies. Starting with the intentiona
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negative slope at the atmospheric pressure (Fig 8-a), as the pressure increases, the negative slope gets smaller (Fig. 8-b)
and eventually changed to apositive slope (Fig. 8-c and d). Between 2200 psi and 4200 psi, must the zero TCS point
exist.
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Fig. 8-a) At 0 psig, TCS = -0.3435 nm/°C Fig. 8-b) At 2200 psig, TCS = -0.0765 nm/°C
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Fig. 8-c) at 4200 psig, TCS = +0.1058 nm/°C Fig. 8-d) a 6000 psig, TCS = + 0.3645 nm/°C
Fig. 8. Temperature cross-sensitivity change for the different pressure levels

Fig 9 showsthe calibration curves for different temperatures for a couple of representative sensors. Oneis a sensor that
has almost zero TCS at the atmospheric pressure (Fig. 9-a) and the other is the sensor of Fig 8 which has-0.34 nm/°C
TCS a the atmospheric pressure. Both sensors show avery good linearity and repeatability. Both sensors use the same
capillary tube with the same gage lengths. The slope changes, in other words the sensitivity or scal e factor changes, due
to the temperature change for the two sensors are quite close (0.00012050 nm/psi/°C for Fig 9-aand 0.00011762
nm/psi/°C for Fig 9-b for the temperature range of 100°C ~140°C). In the case of Fig 9-a, TCSisbest at 0 psig, and
worst at 6000 psig. In the case of Fig 9-b, with the sensor design change, the zero TCS point is shifted to around 3000
psig, and the TCS aggravation due to the increased pressure becomes about half of the case of Fig 9-a) at the maximum
pressure point. Fig. 9-b) isjust areplotting of the same data for Fig 8-a) through 8-d)

Itispossibleto make TCS a atmospheric pressure higher than -1.0 nm/°C using a different fiber for the reflector fiber,
so the zero TCS point can be shifted to higher than 6000 psi. Whether the zero crossing point should be shifted to the
maximum point or mid-point or in between those two within the pressure measurement range depends on the customer
requirement considering the well temperature variation, temperature information availability, and the pressure range of
interest. What is certain and important isthat, for alimited pressure range of the choice, the temperature cross-
senditivity is almost zero.
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Pressure vs. Air Gap for Different Temperatures, P9
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Fig. 9. Cdibration curves for different temperatures

5. Analysisof theresults

As confirmed through the experiments, the coefficient of therma expansion (CTE) of the capillary tube increases under
the high pressure. This change dightly affects the slope (hnm/psi) of the calibration curve for different temperatures as
can be seen in the Fig. 9-a) and 9-b). The slope change is confirmed to be quite consistent and predictable. In the
temperature range of 100°C ~ 140°C it was estimated to be:

(AGIAP)/AT = +0.00012 (nm/ps)/°C (4
From this important number with the pressure scal e factor (psi/nm), the following engineering formulae, (6) through (8),
can bedrawn. The scale factor was evauated to be average of -0.625 nm/psi or -1.6 psi/nm in the case of 10mm gage
length. This exhibits aslight discrepancy with the calculated value of -1.4 psi/nm. This is considered to be caused by
the differences between the known and the actua values of the material mechanicd properties (Y oung’s modulus,
Poisson’ sratio) and/or of the dimensions of capillary tubing. Fig 10 shows the concept of the zero TCS point shift in
relation with the formulae. Even though these are for a specific design of 10mm gage length with a specific capillary
tube, these formulae could be easily adapted to the designs of different dimensions because the relations are very linear.

TCS change due to apressure change (ATCS/AP):

+0.00012 (nm/°C)/psi or -0.000192 (psi/°C)/psi (5)
To havethe zero TCS point at apressure P, psi, the sensor should have a TCS of:
-0.00012 x P, (nm/°C) at the atmospheric pressure (6)
Using the (5), the TCS aggravation due to adeviation from the zero crossing point ( P, ) would be:
-0.000192 x (P — P,) psi/°C (7)
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Assuming a mid-point zero TCS within a pressure measurement range, the worst TCS would be:
0.000192 x (P, / 2) psi/°C (8)

For an example of 6000 ps maximum pressure range with the zero crossing point at 3000 psi, worst TCS would be —
0.576 psi/°C at 6000 psi and + 0.576 psi/°C at 0 psi. If the measurement range of major interest is reduced to the range
of 2000 ~ 4000 psi, theworst TCS would be reduced to + 0.192 psi/°C. The temperature cross-sensitivity is truly almost
zero around the 3000 psi.
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Fig. 10. Concept for the zero TCS point shift and the TCS deviation from the zero crossing point

Finally, following is to evaluate the CTE increase factor with the pressure, percent increase per psi (%/ps), of the
capillary tubing used:

From equation (2),

ap,0=a,0,-(a, +a,l,) 9
aP, TCS, =a,'l, - (a, 1, +a,L,) (10)
by (10)-(9) TCS; =(a,'-a,) [, (1)
a,=a,+ TGS, _ a,+ha (12

I‘0
Ag = T1CSe 13)
LO
A9 00%
Percent increase per psi (%/psi) = G (14)
P~ B

Using the equations (13), (14) and the experimental results (for P — P, = +1000psi, the TCS, = +0.12nm/°C), the percent
increase of the CTE of the capillary tube is estimated to be 2.4x10™° %/psi.
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The engineering coefficient (5), ATCS/AP, is for the fused silica tubes and for the specific gage dimension. Dueto the
linear relations involved with this type of sensor design, the evaluation of the coefficient for different designswill be
simple. Thiswill be further confirmed through the extended sensor building and testing.

6. Conclusion

A practical, simple, and low-cost method to minimize the temperature cross-sensitivity (TCS, AP/AT) of the EFPI
pressure sensor has been developed and the feasibility been proved through the careful experiments and analysis.
Through the analysis of the experimental results, practical formulae that could be used for the sensor design were drawn.
Once the sensor material and the dimensions for the EFPI are determined, the TCS deviation from the zero crossing
point (ATCS/AP) isdetermined. With the specific design of 10 mm gage length of the silica capillary tube used for this
experiment, the ATCS/AP was evaluated to be -0.000192 (psi/°C)/psi. Using this coefficient, for an example, the TCS of
asensor which has zero TCS point at 6000 psi would have worst TCS of £0.192 psi/°C in the range of 5000 ~ 7000 psi.
Using the low cost manipulation of the sensor design, the true ‘ zero’ TCS point can be shifted to any point of interest
within the pressure measurement range.
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