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SUMMARY

A heat flux measurement system compnsing a laser diede, a single mode opucal

fibre interferometer and passive optical fibre components huas been constructed. The svstem

has been designed for use 1n transient flow wind tunnels and has a resolution of 1 kW m -

a dynamic range of 20 MW m~~ and bandwidth > 100 kHz  Heat flux measurements have

been made with the svstem on the endwall of a cascade of stator blades.
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Opucal Fibre Fabry-Perot Interferometers for Calonmetric
Heat Transter Gauges

S R Kidd. J S Barton and J D C Jones

Department of Physics, Henot-Watt University, Riccarton. Edinburgh, Scotland.
EH14 4AS, UK

K S Chana and I W Matthews

Defence Research Agency Aero & Propulsion Dept. Pvestock. Famborough. Hants,
England, GU 14 OLS, UK

1. Abstract

A heat flux measurement system comprising a
laser diode, a single mode opucal fibre
interferometer and  passive  optical  fibre
components has been constructed The system has
been designed for us¢ in transient flow wind
tunnels and has a resolution of 1 kW m™ | a
dvnamuc range of 20 MW m~2  and bandwidth
> 1K1 kHz Heat flux mecasurcments have been
made with the system on the endwall of a cascade

of stator blades
2. Introduction

In this paper we describe a laser based fibre
wnterferometer system for measuning heat transfer
rates. The techmque 1s intended for application in
making hecat flux measurements via transient

methods such as tn shont duration (~20 ms)
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blowdown wind tunnels and longer duratton (5 1s)

pulsed wind tunncls

Current techniques for heat transfer measurement
include liqud cnstals (reland & Jones 1986).
mass transfer analogues (Heikal et al 1991) and
swollen polvmers (Roberts et al. 1991) In
addiuon, plaunum thin film resistance gauges
(Schultz and Joncs 1973) conumnue to plav an

important role in heat transfer measurements

The potenual advantages of a fibre opuc sensor for
heat transfer measurement are (i) high spaual
resolution  (~20pum2). (1) high temperaturce
resolution (sub mK). (1) intninsic calibraton. (v
hugh measurement bandwidth (>100 kHz), (v)
muluplexed arrays possible. and (vi) immunity to

electro-magnetic interference

The basic opuical sensor design is that of a fibre

Fabry-Perot (FFP) interferometer. in the sensor, a




short length of fibre (~2mm) wath @ low reflectivin

coating at cach end forms an interferometer

In the following sections of thus paper we shall
descibe  the  design,  theon  of  operation
construcuon, operation and wind tunnel cvaluation
of FFP's as high bandwidth high resolution heat

transfer gauges
3. Sensor Operating Pinciples
3.1 The Fibre Fabry-Perot Interferometer

A fibre Fabnv-Perot (FFP) interferometer can be
formed inside a length of single mode optical fibre
stmply by cleaving the ends of the fibre normal to
the propagation axis. Each cleaved end provides a
Frernel reflecuon of ~ 4 % The single mode
propagation property of the fibre provides only one
optical path between the fibre ends and thus results
in the possibility of a resonant cavity for opucal
radiation (at one appropriatc wavelength and given
suitable temporal coherence properties of the

radiation)

If a second length of single mode fibre 15 placed so
that 1t butt joins the FFP, as shown 1n figure 1.
then the FFP can be efficientdy illuminated This
second fibre (termed the addressing fibre) can also
return the light reflected from the FFP to a suitable

detection system

Vaughan (1989) gives full details of the Fabn-
Pcrot rescnator . oniv the brelost outhine 1s ginven
here  The ntensity of the returned hLight s
dependent on the optical phase ¢ associated with
onc round tnp of the FFP, such that
h
4mnl

=

where nos the effectn e refractin e indes of the fibue
core. {15 the denpth of the PRV and 2w the
wavelength of the tlluminaune hebt The phasw o
thus directhy proporyonal o the epulad lonptn o
the interferometer As @ changes the reficared and
transmutted FFP intensty changes, ginving nise o o
senies of mnterference fringes For the vase of jow
reflectnany at cach end of the FFP only the fowest
order reflecuions need be considered and  the

return intensity 11s then given by

=1yt~ Vcose O
where I, 1s the mean return intensity (averaged
over one peniod of cos ¢) and Vs the vissbilinn of

the fnnge pattern, where

v = Ivax -hvin .
Tvax * b

and where I 4\ and L g are the fmnge miensim

maxima and minma
3.2. The FFP as a sensor

The basis of the FFP as a sensor 1s thai the single
mode fibre from which it 1s constructed has an
intninsic phase sensitivity to temperature, pressure

and strain -

4
é“:’z.l_a_‘gAT4 l.‘Z@Ap4l .,',),QA{
¢ odT ¢ P ¢ de
where T, P and ¢ represent temperature. pressure
and stramn respectively  For the fused sihica core
fibre uscd 1n our expenments in wind tunncls. it
has been shown (Hocker 1979) that the thermal
phasc seasitivity of the fibre domunates over the
pressurc and strain sensitivities 1n many practical
situations. From equation (1), we see that the
thermal senstivity of a short length of fibre 1n

thermal equilibnium 1s given by
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or

l~()—m:fl(}1(t+[3: (6
1JdT 2

where @ is the thermal expansiaty of the fibre,

and f§ = dn/dT 1s the thermo-optic coefficient. For

the fused silica fibre used 1n our expenments, the

term 1n P dominates

With appropnate signal processing (Culshaw &
Dakin 1989). 1t 15 possible to convert from changes
of FFP reflected intensity to changes of phase
using equation (2) Then. using the first term of
equation (4). the temperature change can be

determined
3.3. The FFP as a calorimeter

The FFP can be used as a cajonmeter 1n transient
wind tunnel expenments by cmbedding it in a
substratc (e.g a mode! turbine blade under test
such that its length / s perpendicular to the
substrate surface. as shown in figure 2 with 1ts
distal (outer) face flush with the surface. Fused
silica, from which the opucal fibres were
fabricated. has thermal properties very similar to
those of machinable ceramucs (¢ g Macor), from
which mode! test components designed for use
with plaunum thin film gauges arc most
commonly madc Hence. a one dimensional heat
transfer model 1s sufficicnt 1o describe heat flow in
the substrate and FFP An advantage of the optical
gauge 1s that 1t 1s all-dielectne, and mayv hence be
used with electncally conducting (e.g metal) test
components In this case. a two dimensional heat
transfer analysis 1s requited. but the mode of

operation 1s similar

TM AP 20

The umescale over which the FFF can oporate as a
calorumeter s set by ore denptde The denpth 7 must
be long compared to the depth of penctiation of 4
heat pulse inadent ax i phane wane paralich o the
substrate surfuce and FFP diaal face Thes depth
can be taken as the thermal diffusion depth Dy for

Lancident heat pulse of duraton ¢

re {7y
Dr=47t

where v 15 the thermal diffusivity of the fused sihcu
of the FFP For/ » Dy a neghgible proporuon of
the thermal wave of the mnadent heat pulse
propagates as far as the provimal tmner) face of
the FFP An FFP 3mm long constructed from
fused ssthicawithy= 8 4 x 107 mic! i suntable

for calonmetne operaton n wind wunnels with a

pulse duration of up to U £ 5

The phase change A4¢ of the FFP associated with a
temperature  change AT relatve 1o umiform

ambicnt temperature of Ty, 15

Ap=&T.+AT)-o(T) (R)

For the case 1n which the temperature change s a
function of distance along the fibre core. equation

(R) becomes

(9

Ao= 47:‘(n;1+ p)

faTeo dx

where AT(x) 1s the temperature change of an
elemental length dx of the FFP If AT 15 defined as
the mean temperature nsc antegrated over the
length of the FFP, then cquation (9) becomes

(10)

rd= i{dnazﬁ)IAT




The calonmeter equaton in terms of AT applied
to the FFP is

q:,OC[ﬁ (1h

where p and C are the mass density per umt length
and spectfic heat capacin  of fused silica
respectively and q 1s the heat energy gained by the
calonmeter per umit cross-sectional area. Taking
the ume derivauve of equation (i) and
substituting using equation (10) vields the surface
heat transfer rate 1n terms of the phase change of
the FFP

(12)

. pCA  do

T 4mno+ B dt
It can be seen from ‘his equauon that the
calibrauon of the FFP 10 measure heat flux in
wm? s intrirsic, dependent onhv on the
properuies of fused silica and the wavelength of
hght used to illuminate the FFP. and 1s

independent of the length of the sensor
4. The Measurement System

Figure 3 1s a schemauc representation of the
complete measurement system that we have
constructed Light from a laser diode (Sharp
LTO24) operating with 2 mean optical power of 20
mW at 3 wavelength of 780 nm s coupled into
arm 1 of a single mode fibre directuonal coupler
(DC) This hight 1s sphit 1n a S0/50 power ratio
between the two output arms 2 and 4 Arm 2 is
spliced to the addressing fibre. which can be of
arbitrany length (up 1o 100m in our experiments)
The FFP reflecion returns to the directional
coupler where 1t 1s split between arms 1 and 3 A
photo-diode at the end of arm 3 1s used to monitor
the return intensity In principle arm 4 of the DC

1s not nceded, but we have used the ssignal in this

arm as  an ontensih o opeferenge e aibow
compensaton  for  laser  antenst aoisy and
vanauons an the laser-to-fibre Lanch cthaeno
The outpwt from the photo-detoators s capaurd

with a transient revosder

For heat transfer expennients where ondy o smudl
opucal phase change (<« n rads) 18 induced 1n the
FFP. signal processing 1s straghtforward In this
regime. the FFP reflected intensin s hinearly
related to FFP phasc, provided the miual phase of
the FFP 15 not close to a wrng point of equation
{2) This iutial phase seting can be achicved by
control of the laser diode wavelength via ats

mjecuon current (Dandndge & Goldberg 19824

For cases where the FFP phase vanes over a
significant fracuon of 2= rads. an allernatne
techrique 1s required to avod signal fading We
have chosen a techmique based on quadrature
switching the laser diode wasclength, agam by
controtling 15 injection current This cffectineh
gencrates two  wavelengths (4; and Aa) of
itumination of the FFP. each wavelength being
used alternately. The wavelength difference &y-h.a
15 chosen so that the FFP phase (given by equation
(1) shifts bv =2 as a result of the change in
wavelength. The reflected signals from the FFP
can then be descnibed as

b= ha (1+V sing) (1)

b= bz (1+V cosen (4
From equations (13) and (14) 1t possibic to obtain
a unique value of ¢ that does not suffer from signal
fading. Using this technique we have quadrature
switched the laser diode source at rates of up 10 10
kHz (Anderson et al 1991). though the potenual
for higher switching rates of up to at least 90 kHz

exists
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A multiplexed sensor svstem of up to 4 sensors has
been constructed and operated by us The basic
stngle channel system of figure 3 has been
incorporated into a network of 7 fibre directional
couplers as shown in figure 4 In this system. four
sensors arc illumunated {rom a single laser diode
source and the reflected signal from each rFP 1s

taken to a separate photo-detector
5. Evaluation Experiments

Initial laboratory evaludtion of the FFP sensors
was carmed out with pulsed heating expenments
using a pulsed Nd. YAG laser (Kidd et al 19%0)
From these expenments, a responsc ume of the
sensing svstem was established as < 8 us The FFP
sensor was capable of measunng heat fluxes in the

range 1 kWm?2 1020 MWm™?

Pulsed wind tunncl sensor evaluation took place in
a short duration shock tubc. run in the Ludwieg
configuraton (Ludwieg 1957). A schemauce of this
tunne! 1s given in figure 5. belore cach run. the
matn tube was pressunzed to 8 Bar with argon and
the dump tank evacuated to a rough vacuum
When the doubic diaphragms were burst by
venung the ntermediate  volume 1o the
atmospherc. an expansion wave propagated the
length of the main tubc Behind this wave. the gas
expanded. cooled and flowed through the working
secuon to the dump tank. attarning a velocity of
Mach 07 and a temperature of ~ S0 K below

ambient. The run time of the tube was 20 ms

A flat plate constructed of Macor with an elliptical
leading edge was used as a simple test model and
placed 1n the working section of the tube. It was
instrumented with 4 FFP gauges embedded and
cemented at different distances from the leading

edge There were alse 6 pfatinum thin film gauges.
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4 of which were lovated at distances from the
leading cdge corresponding 1o the FFP paupes
The thin film gaupes provided comparison data fo
the heat transfer values obtaned from the FFP

gauges

Given the thermal properues of Macor and the run
conditions of the Ludwieg ribe. heat flux from the
plate to the cooler gas was anticipated to be
between 40 kWm™2 and 100 Wm2, depending on
the degree of turbulent flow over the plate The
anticrpated  change 1n the FFP  calonmeter

temperature was ~ 300 mk

The Ludwicg tube was chosen as a parucularhy
stnngent test of the Fabn -Perot sensors, given that
the duration of the heat pulse was short. leading to
a small temperature signal. and the magnitude of
the pressure change was large Following these
successful evaluations, further cxpenments were
conducted in a more realisuc practical situation
ustng a transient flow wind wnnel of run duration
520 ms, with a mean fluid-to-blade temperature
difference of 160 K. and a pressure change of | 5§
bar Expeniments were again conducted using a
Macor blade instrumented with  Fabrv-Perot

SENSOTS

For thesc cxpenments, the FFP mounting
amrangements were modified such that the sensors
were an accurate shding fit withun the substrate,
rather than baing cemented into place. It was
behieved that such an arrangement would prevent
the communication of strain from the substrate to
the sensor, thus reducing the apparent pressure
cross-sensitivity  In the expenments, the opucal
arangement for nterrogating the sensor was
situated at a distance of 10m from the tunnel.

communicating via an oplical fibre cable




6. Evaluation Results

Figurc 6 shows a tvpical result of a Ludwicg tube
run. The run time of the tube 15 indicated by the
regon of the pressure trace that 1s constant The
mean heat transfer rate determuned using the FFP
gauge was 53 * 6 kWm-2 and that of the
corresponding thin film gauge was 52 | kWm2
A summary of further runs is given in the
following table. Sensor number in the table relates
to the distance from the leading edge of the plate

Confidence limuts for the thin film gauges are *

5%.
Run | FFP | ¢ qwm2; | Pt No. | g kwm2)
No
1 5 392255 |4 50
2 5 43863 4 S0
3 5 342248 4 16
4 3 329246 4 52
b 39455 16 445
bl 1 317444 3 455
3 139219 |4 16 5
b 198+28
6 I 214230 3 47
3 284+40

After run 5, the Macor plate was found to have
fractured and was no longer Iving with the planc of

the plate parallzl to the gas flow This meant that

there was not 4 uniform distnibution of  heat
transfer over the area of the plate W bolies s that
the FFP heat tramsfer rates for runs © and ©
therefore should not necessaniy correspond 10 than

fili heat transfer rates

Tvprcal results from ap expenment using  the
longer duration wind tunnel are shown tn figure
plotted as mean temperature change against time
The flow condiions were adjusted to produce an
approximatels constant heat flux The mean heat
flux obtained with the FFP sensors was 177 = 7
kwWm2 compared with 148 « 4 KWm from
thin film gauges. thus showing good agreement
withint cxperimental error The resulis show that

the FFP sensors had msignificant pressure Cross-

sensitvity
7. Discussion

A companson between the heat transfor rates
obtained from the FFP gauges and the thin film
gauges given in the table shows that there was
reasonable agrecment between the two in the first
3 runs. In the later runs 1t 1s evident that there are
significant differences in the heat transfer rawe
obtained from the different sensor tvpes  As
mentioned above, this 1s thought to be duc to the
damaged plate This damage took the form of
scveral large and deep cracks across the plate
surface The accidental damage to the plate tested
the robustness of the FFP sensors. which continued
to operate satisfactoniy., whilst a number of

platinum thin film gauges failed

Several aspects of figurc 6 arc worth commenting
on It should be noted that the total temperature
change of the FFP duning the entire Ludwieg tube
run was only 300 mK._ The pressure sensitivity of

the FFP scnsor was much higher than first
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expecied, based on cestimates of the pressure
seasitivity of fused silica fibre However, the
mounung arrangement of the sensor  could
significantly increase its sensitivity to pressure

(Bucaro 1987)

The large periodic oscillations in the data from the
FFP are attributed to oscillations of mechanical
components used to enable the coupling of light
from the laser diode source to the fibre. The
intensity referencing scheme outlined above was

unable to completels correct for these vanations.

In the experiments carmied out using the longer
duration pulsed wind tunnel the combination of a
higher thermal signal and improved sensor
mounting and ntensity referencing vielded data
showing negligible pressure cross-sensitivity or
intensity  notse  The results obtained showed
excellent agreement with the plaunum thun film

gauges

The noise lmit for the FFP heat transfer
measurements is determined by the contribution to
the detected signal from parasiic  optical
reflections and parasitic optical cavities within the
fibre optic network. Such reflecuons were reduced
bv design features such as careful matching of the
refracuve indices of components. but there is a
fundamental backscattered signal ansing from
light that has been coherently Ravieigh scattered in
the addressing fibrc We have devised a technique
based on high frequency modulauon of the
wavelength of the laser diode, which significantly
reduces this effect, so that the entire system noise

floor 1s below 30 mK in a 100 kHz bandwidth

Further development of the FFP sensor as a heat
transfer gauvge and a thermal sensor will continuc,

with development of alternative multiplexing and

T™ AP 20
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signal  provessing schemes as well oo
improvements 1 the constriction of the FFP By
further reducing the noise floor of the ©ystem
towards ats fundamental himut and by lumung the
measurcment bandwidth. thermal  micasurements

with gK resolution are possible
8. Conclusions

Measurcments of heat flux using a fibre opuc
interferometne  sensor  have been  successfully
carried out i1n a short duration wind tunnel facilits
The sensor has a resolution of 1 kWm™  and a
dvna.nic range of 20 MWm2, with a

measureinent bandwidth of 100 kH/
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Figs 3-5

Figure 3

Opucal svstem for a single heat transfer sensor
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