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Why is Extreme Temperature Sensing Needed --- Greener & More Efficient
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Ultimate Goal--ZEPP: Zero Emission Power Plant Greener Plant

*J. H. Ausubel, “ Big Green Energy Machines,” The Industrial Physicist, AIP, pp.20-24, Oct./Nov., 2004.



TOKYO ELECTRIC ZERO EMISSION HIGH EFFICIENCY POWER PLANT DESIGN

EXTREME ENVIRONMENT:
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*J. H. Ausubel, “ Big Green Energy Machines,” The Industrial Physicist, AIP, pp.20-24, Oct./Nov., 2004.



GE’s H system Gas Turbine

System Test had 3500 gauges and sensors
Uses Firing Temperature of 1430 °C

R. Matta, et.al, “ Power Systems for the 21t Century,” GE Power Systems Publication GER3935B, Oct. 2000.



Siemens Advanced W501G Gas Turbine

Produces 58% combined cycle efficiencies with near 250 MW output at 60 Hz.

Combustion Section Temperatures ~ 1500 °C



How does Extreme temperature Measurement get done today?

Platinum/Rhodium High Temperature Thermo-Couple (TC)
All-Electrical Technology Is used to Measure Extreme
Temperature

z”x )

Image courtesy: Cybernetics Technical Industries Inc.



What are the limitations of the Best TC Technology?

Combination Working Temperature Range/”C
Bare wire only Metal Clad | Tolerance/C
w Intermittent use form

|EC 584-2

Present TC Technology S Pt 10% Rh/Pt  200-1500 200-1650 200-1300 e Tor3
under extreme engine R Pt 13%RhPt  200-1500 200-1650 200-1300 éiﬁf?‘;é
conditions are: IEC 584.2
B 6%RhPt 30%RhPt  200-1600 200-1750 200-1450 Clase Tor2
i 20% RhPt 40% Rh/Pt 2001700 200-1850 200-1450 8.0
Structurally unreliable lidium  40% IYRh 10002100 . N/A 10.0
(develop cracks in the Q%% Chromel  1-300K : NAA
ceramic insulation)
. Tolerance Classes Table of tolerance values
Give Inaccurate and erratic  Class 1=+ 1°C or +- {1 + (t- 1100) x 0.0003)°C
: T Class2 =+ 15°C or +- 0.0025t°C
read”_]gs o Class 3 = +- 4°C or +- 0.005t°C Temperature — 3> (3o (135
Read”‘]gs |ntr|nS|Ca| |y Whichever is the greater and where t is temperature in °C ;
*C M afooC wf-eoC
depend Availability _ °c
on a % of measured S sl
extreme temperature, i.e.,  1ype Class Class  Class 200 10 200 40
- 1 2 3 0 200 4
gets worse at higher . ) ) a00 10 225 45
temperatures A ” . 1000 10 250 50
B . . 1100 10 275 55
2009 Table : JM Noble Metals Inc. 1200 13 300 BD
The ternperature scale used in ITS-50 for which the fixed points 1300 16 325 B5
www.noble.matthey.com are as follows:- 1400 19 350 70
Zinc point = 419.53°C 1500 22 375 75
Gold point = 10B4.15°C - _ 0
Palladium Point = 1553.5°C +-0.2% > 1% _2'5 j; gg

Platinum Paint = 1768.1°C



Who does TC Probes?

Engine/Turbine Manufacturers design custom
Temperature Probes based on Highly Packaged /
Protected TC Technology

Image courtesy: L&L Kilns Inc.



Fiber-Optic Probes?

Same Packaging Problem as TCs — Protect the Flexible and Thin/Brittle Optical
Fiber and related frontend optics generally requiring a mix of packaging materials-
CTE Mismatches

alumina tube

100/140um silica fiber 75um sapphire fiber
sapphire
* wafer
To whitedight . . i
system silica/sapphire :M;E?e

coupling point

Sapphire Tube Cutter Alumina Tube

Complete Probe Assembly

Ref: Virgina Tech, SPIE 2007.



Example Behavior of B-type Platinum/Rhodium Thermo-Couple during
Gas Turblne ng Start- Up Operatlons Over ~ 6.7 Hours
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Combustor Steady
State Conditions:

Temp: ~ 1200 deg-C

Avg Pressure: ~100 psi
(~ 7 atms)

TC recording
Every 1 sec.

- FLAME LIT: > 1000 deg-C Thermal Ramp in a Few (< 5 sec)
- Thermo-Couples (TCs) Can be Unstable
- High Temperature TCs are not accurate at the Lower Temperatures

Type B: Operation Zone: 870 to 1700 deg-C



What is new about our

approach?
Wireless + Wired Optics
l l
Extremely Hot Thermal Cool Section
Isolation
Steel

Steel Threads Connedor

t Piezoelectric
Vacuum Motion Assembly
Inlet/Cutlet



RELIABLE SOLUTION: THICK SINGLE CRYSTAL SILICON CARBIDE

Melting Temperature ~ 2500 °C
Resistant to Chemical Attack (Acids, Hot Gases)

l Mechanically Robust

-- Handles 1 GPa (10,000 atm) Yield Stress
-- Allows Elastic Deformation in the Small
Deflection Regime Due to Pressure

Excellent Atomic Scale Flatness

Minimal Optical Wavefront Spoiling ~—__ —
Slngle 1ok ?gtgl-mz #1071 TE 432 01077 - 8.7% 109 + data 1
High 2.55 Refractive Index Crystal e

Strong 20% SiC/Air Reflectivity —— SiC
At EYE SAFE Infrared Band (1550 nm) Chip

Thermo-optic Coefficient [10 T '1]
o

Natural Interferometer Chip _—

rJ
T

L L . L L . | I I
QDD 400 500 BO0 7OO  BOO 800 1000 1100 1200 1300
SiC Chip Temperature (K)

* Refractive Index “n” Changes With Temperature T
& dn/dT (Thermo-Optic Coeff.) Changes Quadratically with T

For SiC, can make the 2-Beam Interference Approximation:

P, =K-Rep ~K[R +(1-R, IR, + 21— R \/RR, cos| 6= 47’”(2)0'(”




Optical Power Variation with Temperature & Wavelength

Raw power at A = 1565.32 nm

0.06

0 200 400 600 800 1000 1200
Temperature ( °C)

Deploy Wavelength-Coded Signal Processing to Find Temperature



What is new about our approach?

— Single Crystal SiC + Sintered SiC Probe
— Single material (CTE matched) — Robust frontend for extreme zone

— Temperature Reading Independent of Intrinsic % Increasing
Temperature Error

Eliminated Fundamental TC Limitations

Front-End Probe
Unassembled Assembled

Images courtesy: Nuonics, Inc.



All-SIC Frontend Probe-based Optical Sensor System
For Extreme Gas Temperature Measurements
In Combustion Engines

[ 3] Combustor
Hot Refractory
Gas Layer Steel Pipe
I Connection
_# Seal

Connector

Optical Bench
¥

. SMF
e ,:% o)
Lens

Inlet/Outlet

Fiber Motion
Lens  JStages

: [ AN
. Y
l' N\ Single Crystal g red SiC Probe
SiC Optical
Chip
« | Power Meter
l Video
Sensor Control )
Computer Tunable Laser

PD :‘3:: Motion
Stage
- Motion
6 Stage
USB Cable Controller
nght Flow SMF




OPTICAL TRANSCEIVER DESIGN (Top View) AT GAS TURBINE TEST RIG




INSTALLED OPTICAL SENSOR AT GAS TURBINE TEST RIG
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6 Thermo-Couples (TCs) Placed in Circular Optical Probe about 6 inches

Ring Format At Exit of Combustor From TC positions in Combustor
Exhaust Section



PROBE EXTERNAL APPEARANCE & VACUUM STATUS
AFTER GAS TURBINE 1st RIG TEST

Start Vacuum:
25 inch Hg

After 14 hrs: 22.5 in-Hg (85kpa)
(over-night)

After 6 hr Rig Test: 20 in-Hg
After 42 more hrs: 19 in-Hg

Partial Vacuum Holding

First Test for 6 Hours (4.5 Hrs flame on and 1.5 hrs Blower on)
- See Discoloration of Front-end

-- Optical and Structural Integrity Maintained

-- Rig Temperatures reaching 1239 deg-C

Handled Extreme Thermal Shock (1000 deg-C in 3 sec and Chemical Attack

Images courtesy: Nuonics, Inc.



1550 nm Observed Received Beam when
Gas Flame Lighted in Combustion Rig with Temperature
Rising from ~ 200 C to ~ 1200 C in a few Seconds

Also shows
Thermal Ramp Stable Optical
> 1000 deg-C Beam in
in a few Seconds Presence of RIG
Vibrations

Real-time Images seen showing Optical Probe Response
Camera view of 8.8 mm (horizontal) by 6.6 mm vertical.



OPTICAL PROBE EXTREME TEMPERATURE TEST
Oxy-Acetylane Torch Flame Application — 1600 deg-C

........

Flame Application: 5 minutes

NOTE: Type R Thermo-Couple Started to Melt
Optical Probe Mechanical/Structural Integrity Unchanged

Images courtesy: Nuonics, Inc.



GAS TURBINE RIG TESTING SUMMARY

COMBUSTION RIG FLAME ACTIVE OPERATION

6 DAYS

NO. OF TIMES PROBE EXPERIENCED FLAME LIGHT
AND THERMAL SHOCK

8
(1 DAY 3 FLAME LIGHTS,
5 DAYS 1 FLAME

(TEMPERATURE RAMP OF 1000 DEG-C IN 3 SECONDS) LIGHT/DAY
OPERATION WITH FLAME ON 26 HOURS
OPERATION WITH FLAME OFF AND BLOWER ON 13.5 HOURS
NUMBER OF COMBUSTION HEAT AND COOL CYCLES 8
DAYS IN EXTERNAL RIG ENVIRONMENT 28 DAYS




Silicon-Carbide based Extreme
Temperature Sensor Design

TL

FL

PC

CTE matched

PM

HOT ZONE
BS W  AI-SIiC probe
«—> [}—SiC chip
I >s
———
PD Oven

Wireless Optics only in Extreme Zone
Fiber Optics thermally isolated

22



Theoretical Analysis

Classic Fabry-Perot Etalon Reflectance

R, +R, +2,/R,R, cos
_ 2 1 @ (0:4%”(/1’-'-),[(-'-)
1+ R,R, +2,/R,R, cOS @ A

FP

AN
“«—>

Rep

A
AA is the Free Spectral Range (FSR) of the FP etalon

23



Theoretical Analysis

Difference between maximas or minimas

4 (A, T)t(T)—/l— (A, TI(T) = 27k k is an integer

1 2

A=A+A4  n =n(4 ) n,=n(4,,T) An=n,-n,

N. A. Riza and M. Sheikh, "Silicon-carbide-based extreme environment temperature sensor using wavelength-tunésignal
processing," Opt. Lett. May 2008.



Theoretical Analysis

Zt{— An+n, M}
ﬂ“l 2“1
A

Zt{— An+(n, + An)/q =k
A

K

25



Theoretical Analysis

For small changes in A, An d—nA/l
dA

2
A=k A

2tn, n, dA
A

2tn,
ALl = /11 i

n, dA

26



Theoretical Analysis

Sellmeier Equation for Silicon Carbide

2
n’(1)= A+ 28/1 A=1B =5.5515,C =0.026406 x10*2
A" —C
dn - ABC
d2  n(z2-cf
Wavelength separation between maximas or minimas
‘ 2t Tﬂ1 T
A = ( )an( )
1+ A BC

n(Ma*-cf

27



Thickness as a function of
Temperature

t(T)=[1+ AT }(T,)
a=-168x10"T?+3.60x107°T +3.19x10°°
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Z. Liand R. C. Bradt, “Thermal Expansion and Elastic Anisotropies of SiC as Related to Polytype Structure,” Silicon Z&rbide
Symposium (1987).



Refractive Index Calculation

Refractive index as a function of temperature

" (T)— A¢(AT)/11 N nl(Ti )t(Ti) A® is the unwrapped
A 474(T) t(T) phase difference

Raw power at A = 1565.32 nm

0.06

0.05}
< 0.04}
=
£
= 0.03

o
0 0.02¢

0.01¢

0

0 200 400 600 800 1000 1200
Temperature ( °C)
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cos(6)

Refractive Index Calculation

Cosine phase Unwrapped phase A

COS(¢) —9 F)m —0.5x (Pmax + I:)min)

I:)max - I:)min
P is the raw optical power

1 . . . 250
200+
0.5+
@ 450}
]
o B
= 100}
=
-0.5¢+
50+
_1 1 1 1 0 1 1 1 1 1
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1201
Temperature ( °C) Temperature { °C)
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Refractive Index Calculation

Refractive index as a function of temperature

283

262
261
%. 2BF
289+
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Experiment

12.15

1211
Theoretical

12.05 -

Experimental

1185+

1 | 1 1 | 1 | 1 1 1
100 200 300 400 500 G00 700 800 900 1000
Temperature T ( °C)

A range: 1550 — 1565 nm
SiC chip thickness: 389 um
k : 10 (arbitrary)

Total A change from r.t. to 1000 °C: 0.31 nm

32



Key Points

Measure integer multiples of FSR (temperature
dependent)

Wide Range Temperature Sensor
Higher k value, higher resolution

Coarse direct temperature reading with ~15-20 °C
resolution

Compared to TC, not good enough!

33



Classical FP Peak Shift

Classic Fabry-Perot Etalon Reflectance

R, +R, +2,/R,R, cos
= T TN TRY o =0, )
1+ R,R, +2,/R,R, cOS @ A

FP

At maximas |

COS(DZ]_ _ 3y N W iy V | |
i n(ﬂ“peak’T)(T)sz” & |
ﬂ’peak [

m is an integer _ ) ‘ J ' , ' }

A



Classical FP Peak Shift

4
" In(4,T)+Ank(T)=2mz N
ﬂ'peak I
— ABC 5
AN = > AA o
n(4> -C)
AA = ﬂ’peak _ﬂ’l
5 A
2| - A'BC
m| nl(/ll2 —C)2 Can be used to accurately
Apeac = 2t1,BC measure temperature within one

1+

mnl(/lf _C)z FSR of the FP etalon

35



Combine the Two Techniques?

 AA gives a coarse value
« k-value needs to be sufficiently high

*  Apeak 9ives a precise value

M. Sheikh, N. A. Riza, “Direct Measurement High Resolution Wide Range Extreme Temperature Optical Sensor 36
using an all-Silicon Carbide Probe,” Opt. Lett., Vol. 34, No. 9, May 2009.



Coarse Measurement
Experiment

725 | !
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A range: 1520 — 1600 nm

k : 60 (arbitrary)
A (AN): 0.04 — 0.05 nm
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Fine Measurement Experiment
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Comparative Results

TC T (°C) OPTICAL SENSORTT (°C) % DIFFERENCE
21.8 22.9 5.0
102.0 100.8 1.2
209.0 209.1 0.048
303.0 302.3 0.23
397.6 395.7 0.48
496.2 494.6 0.32
595.7 594.9 0.13
693.3 692.8 0.072
791.5 789.3 0.28
894.0 897.6 0.40
997.2 998.4 0.12

39




Summary of our Approach

Direct measurement, wide range, high resolution
temperature sensor

Smaller coarse bin size at higher temperatures

Resolution varies from 0.66 °C at room temperature
to 0.12 °C at 1000 °C

Comparable to TC

40



Novel All-SiC Probe Frontend Design Optimized
For Temperature Measurement

S1C Optical Chip

RS

Air/Vacu
Cavity

Top
Sintered SiC View
Input/Output Laser Beam

Cross-Sectional View Pressure Fitting End of Probe



Novel All-SIC Probe Frontend Design Optimized
For Simultaneous Temperature And Pressure Measurement

Gas Pressure P at Temperature T

Cross-Sectional View

- SiC Optical Chip

Sintered SiC View

Input/Output Laser Beam

Pressure Fitting End of Probe



Temperature Sensor Network —
Basic Design Engineering

SMF
COMBUSTOR SECTION IN GAS TURBINE O
(@]
I | 1xNSMF
Remoting o' Optical Switch
Zone
N SMFs & N SMFs
N+1ECs &1EC Circulator
<= = —
/!
Tunable Power
i #— PC [*
EIeI;:ItrlcaI B Control Laser Meter
Cable EC v
) Motion Control | | Control
Insulatlng/Refractory (] Temperature Electronics Electrical  PC:Computer
Concentric Layers Sensing Probe Cable (EC)

N. A. Riza, M. Sheikh, “All-Silicon Carbide Hybrid Wireless-Wired Optics Temperature Sensor Network Basic

Design Engineering for Power Plant Gas Turbines,” submitted for publication 43



Alignment using Piezoelectric
Motion Stages
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Other Impact-Jet Aviation

Jet Engine industry

Combustion temperatures
>1500 deg-C

Leads to

— Higher system efficiencies
and performances

— Faster Jet Speeds

— Lower and cleaner fuel
consumption

— Longer airplane ranges
— Lower operational costs

“Fahrenheit 3600”, Feature Article, Apr 2007, Mechanical Engineering magazine



Conclusion- Technology has Potential for Success

« Both single-crystal SiC and
sintered SiC are tried and tested
material

Ref: Seme Lab

« Single-crystal SIC is used by
US DoD for all high
temperature power electronics

o Sintered SIC is used by NASA /
ESA as a lightweight material
for space platforms and for
giant mirrors for telescopes

. Ref.: ESA




References

-N. A. Riza, et.al., OFS 17, SPIE Proc. Vol. 5855, pp.687-690, Bruges, Belgium, May 2005.
-N. A. Riza, et.al, IEEE Sensors Journal, VVol.6, June 2006.

-N. A. Riza, et.al, AIP Journal of Applied Physics, Vol.98, 103512, 2005.

-N. A. Riza, et.al., OFS 18, OSA Conf. Proc., Oct. 2006.

-N. A. Riza, et.al, IEEE PTL Journal, Dec. 2006.

-N. A. Riza, et.al, Optics Letters Journal, May 2008.

-N. A. Riza, et.al, SPIE Sensor Conf, Prague, April 2009.

-M. Sheikh and N. A. Riza, Optics Letters Journal, May 2009.



	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	How does Extreme temperature Measurement get done today?
	What are the limitations of the Best TC Technology?
	Who does TC Probes?
	Fiber-Optic Probes?
	Slide Number 10
	What is new about our approach?
	Slide Number 12
	Optical Power Variation with Temperature & Wavelength
	What is new about our approach?
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Silicon-Carbide based Extreme Temperature Sensor Design
	Theoretical Analysis
	Theoretical Analysis
	Theoretical Analysis
	Theoretical Analysis
	Theoretical Analysis
	Thickness as a function of Temperature
	Refractive Index Calculation
	Refractive Index Calculation
	Refractive Index Calculation
	Experiment
	Key Points
	Classical FP Peak Shift
	Classical FP Peak Shift
	Combine the Two Techniques?
	Coarse Measurement Experiment
	Fine Measurement Experiment
	Comparative Results
	Summary of our Approach
	Slide Number 41
	Slide Number 42
	Temperature Sensor Network – Basic Design Engineering
	Alignment using Piezoelectric Motion Stages
	Other Impact-Jet Aviation
	Conclusion- Technology has Potential for Success
	Slide Number 47

