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Table 3. Seeds identified for monitoring and control during turbine operation 

1 
3 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

- 
Item KO. Parameter 

TBC spallation detection 
Temperature measurements within the engine 
Signal transmission out of the engine (wireless sensors) 
Compressor stall avoidance 
Fast and accurate pressure and differential pressure sensors 
Flame quality measurement 
Blade temperature measurement 
Vibration measurement 
Combustion gas temperature measurement 
Blade tip clearance- measurement 
On-line oil analysis and determination of the rate of change of particulates in oil 
Low-cost NOx reduction 
Faster and more reliable actuators 
Standardized signal levels 
Longer thermocouple life 
Efficient trend monitoring 
Measurement of internal coolant temperature 
Detection of hot gas path leakage 
Detection of coolant leakage 
Measurement of stress in turbine components 
Detection of corrosionlaxidation 
Drum level control 

4 

4 2  SENSOR NEEDS FOR COMBUSTION RESEARCH 

The research staff at METC needs a high-temperature [2093"C (3800"F)I fast-response (3-ms) 
pressure sensor to study combustion instab'ility caused by lean fuel mixtures. This area is also of 
interest because nozzle design and combustion chamber impedance interact to create oscillations 
in the combustion flame. The facility we toured was oscillating at -300 Hz. The facilities at 
METC may also provide the means to evaluate new sensors and combustion controls developed 
by the R&D community. 

4,3 ADDITIONAL NEEDS IDENTIFIED AT WORKSHOP 

The needs discussed above were presented to industry and research organizations at the one-day 
workshop at the SCERDC. Additional needs were identified by workshop participants. 'l['hese 
are listed in Table 4. 
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To improve strain measurement, development is required on wires, overcoats, sheaths, 
adhesives/attachment methods, thin-film sensors, and nonintrusive measurement techniques. To 
improve blade displacement measurement, the PIWG recommends development of new 
algorithms/software, data acquisition hardware, optical and nonoptical sensors, and stress 
correlations. Surface temperature measurements might be improved with development of 
multiband pyrometry, use of temperature sensitive phosphors, film thermocouples, and improved 
thermocouple wiring. 

The PIWG also i s  recommending development of pressure sensors using high-temperature 
wiring and possibly even the use of pressure sensitive paints. h the area of telemetry, there is a 
need for development of high-temperature electronics that can operate up to 204°C (400°F). 

The PIWG plans to publish a roadmap of aircraft instrumentation needs in the fall of 1996. 

4.5 RECOMMENDATIONS OF THE ATS SENSORS AND CONTROLS WORKSHOP 

The ATS Sensors and Controls Workshop was held at the Clemson University Madren 
Conference Center on April 17, 1996. This workshop, jointly organized by ORNL and 
SCERDC, brought together 32 participants (see Appendix A for the workshop agenda and a list 
of participants) to jointly discuss and prioritize sensor and control needs for advance gas 
turbines. Each participant had the opportunity to make a few informal remarks regarding his or 
her company’s view of the needs for turbine sensors, controls, monitoring, and diagnostics. 
Following the discussion, three breakout groups were selected: ( 1 ) combustiodemissions group; 
(2) TBChondestructive evaluation (NDE) goup; and (3) operational performance monitoring 
group. After approximately 1 h of  discussion and debate, each group reported its conclusions 
regarding sensor and control needs to the workshop to establish consensus on the most important 
needs. The results of the breakout session are presented in the following sections. 

45.1 Combustioflmissions Group 

This group concluded that combustion instability is a major problem as a result of the very lean 
fuel-to-air mixtures that will be required to meet ATS emissions goals. There is a need to avoid 
flashback and improve measurement of hel/aix mixing. There are also needs for sensors to 
measure flame intensity, gas temperature, high-temperature dynamic pressure, acoustic energy, 
and emissions species (COINO,). Table 6 lists the specific sensors and key characteristics 
identified by this group. These measurements will provide data to interpret combustion 
dynamics and feedback for control of lean fuel combustion to increase combustion stability, to 
optimize performance, and to meet ATS goals. 

Table 6. Specific sensor needs identified by Combustion/lE=rnissions Group 

Sensor Response time Accurac y (YO) 

Flame intensity 5 ms 1-2 

Pressure (dynamic) 5 ms 5 

Species 20-50 ms 0.25 / 2 pprn 

Acoustics 20-50 V S  (20-50 kHz) < 5  
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6. Cost 
4.1 Market Arreptmre 

7. Efficiency 
7.1 Conk 40% 

8. Emissions 
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2 Lower Cost Electricity 

7.2.3.2.2 Monitoring Alumina Scale 

9. Operation 

I I .5.1 Stcam Turbine Durabiliry Issues 

10. Sensor Supply 

The number to the left of each item refers to the corresponding section within this report 

1 I .  Specific Needs 

Fig. 1. Overview diagram of the sensors, acfuafors, and controls needs of the ATS progra 
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generation capacity in 100-300-MW increments to follow the growth of electric power usage in 
a region. 

6.3 LOWER CAPITAL COSTS 

As outlined in this document, the advanced gas turbines have several unique requirements for 
sensors and controls. Because of the relatively small market, custom sensors and controls 
designed specifically to meet these requirements can only be obtained at a premium price, This 
can substantially increase the capital cost. Seeking lower cost alternatives, for instance by 
adapting and using low-cost sensors and controls that operate under similar conditions for a mass 
market such as the automotive market, could reduce the capital costs of  sensors and controls. 

6.4 LOWER OPERATING COSTS 

Greater initial capital costs for additional sensors and controls must be offset by lower, long-tem 
operating costs. Total costs over the life of the advanced turbine will be strongly affected by its 
efficiency and reliability. "he measures needed to maintain emissions within legal limits also 
affects efficiency and reliability. 

641 Fuel Efficiency 

Fuel efficiency is also a part of the overall efficiency picture fi-om two aspects, (1) minimizing 
fuel costs and (2 )  minimizing emissions, especially NO,. The effort to maximize efficiency and 
minimize emissions drives the need for lean operation, which, in turn, drives the needs for 
special high-speed pressure sensors, actuators, and controls to implement active, real-time 
controls. 

6.4.2 Lean Operation 

Lean operation of the gas turbine means to use a fbel-air mixture that approaches the lower limit 
of combustibility. That is, the fuel-air mixture is relatively dilute. Lean operation is discussed 
in more detail in Sect. 9, Operation. 

6.4.3 Active Control 

Active control refers to an integrated system such as the lean burn control where the time 
response of the system allows feedback control to be used to dampen out pressure fluctuations, 
burner instabilities, etc. Other forms of active control, mentioned elsewhere, refer to sensing the 
blade tip clearance in the compressor or the turbine and adjusting the clearance by changing the 
diameter of the housing to follow the growth of the blade length relative to the expansion of the 
engine shell as the engine goes from a cold start to operating temperatures. Affordable and 
reliable sensors for blade tip clearance are needed as well as reliable actuators to adjust the 
clearance. 

6.5 ]RELIABILITY, MAINTAINABILITY, Z 95% AVAILABILITY 
In general, the current generation of gas turbine engines is highly reliable, with over 95% 
availability. Any new systems must match or exceed this availability in commercial use. If 
these advanced turbines are to be accepted by the utilities industry, they must provide the high 

16 
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“I” indicates Inconel-600 sheath. ” S S ”  indicates stainless steel sheath. 

Fig. 3. Drift of O.O.lO-in.-diarn sheathed Type K therm couples at 10000, 110 
in vacuum. Source: R .  I-. Anderson, J. D. Lyons, T. G. Ksllie, W. H. Christie, and Re Eby, 
“Decalibration of Sheathed Thermocouples,” p. 977 in Temperature, Its Measurement and 
Control in Science aid Irithrirn . 1.01. 5 ,  American Institute of Physics, 1982. 

Blade material: Ni-based Superalloy 

Fig. 4. TRC and bond coat layers as applied to substrate, 
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Several types of coating monitors are available from the NDE community. These are mostly for 
off-line or end-of-line use. The techniques include 

0 eddy current, 
0 thermal wave, 
0 dielectric (capacitance), 

ultrasonic, and 
X-ray fluorescence. 

Some other possibilities that might be explored include 

microwave. 
optical-both spectroscopic and scattering methods-and 

The semiconductor industry has similar interests in monitoring the temperature of wafers with 
thin dielectric coatings during rapid thermal processing. They have also investigated a 
combination of ellipsomet@ and radiation thermometry as a method for measuring the 
temperatures of these complex systems. 

On-line thickness sensors are needed for the application of TBC layer. Improvements in high- 
volume, off-line coating thickness measurement technology could reduce the cost of 
manufacture as well. Measurement of the coating 
thickness distribution over the complex shape of the blades and vanes is also needed. There is 
also concern regarding verification that cooling ports (air holes) are not plugged as a result of the 
bond coat/TBC application process. 

The surface finish of the turbine components i s  important. In configurations that use combined 
TBC/air cooling, a boundary layer of cooling air must be maintained at the surface of the air foil, 
particularly at the leading edge. The TE3C surface must not result in turbulent flow of the 
cooling air layer. Sensors for in-production measurement of surface fwish are needed. Many 
existing surface finish measurement techniques are “end-of-line” or off-line techniques for 
relatively flat surfaces. Efficient measurement of the surface finish t of complex shapes such as 
turbine blades is a more challenging problem, 

Single-point detection is not sufficient. 

7.2.3.2 Monitoring during on-line operation 

The critical importance of  the integrity of the,TBCs leads directly to the requirement for an on- 
line monitor of the TBC layers. The requirements for such a sensor are that it be able to detect a 
spallation of a one-quarter to one-half square-inch area7 and that it have a response time 
sufficiently fast to allow fuel flow to be cut back soon enough to avoid irreversible damage to the 
blade. This also means that the TBCs’ on-line monitor will have to be capable of “seeing” the 
100% of the blades or vanes facing the hot gas stream exiting the combustor. Monitoring the 
exhaust gas stream for particles released by the TBC has also been suggested. In any case, these 
monitors must also be highly reliable. False alarms cannot/will not be tolerated. Detection of 
the degradation of the TBC layer to allow an orderly shutdown and repair would be preferable if 

Ellipsometers are instruments designed to measure the rotation of polarized light as reflected by a surface. 
’ ORNL/Clemson Workshop. 
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8.2.2.1 Fast response sensors 

Fast response sensors are needed for operational control of the fuel-air mixture as well as safety 
systems. Optically based sensing is inherently fast, but the volume of data required to get 100% 
coverage, for instance, of the first stage turbine blades and vanes means that the data 
transmission and processing are also factors in achieving millisecond system response times for 
control of the fuel-air mixture. 

8.2.2.1.1 Millisecond response pressure and differential pressure sensors 

Pressure and differential pressure sensors are commercially available; however, they may not be 
designed to withstand the high-temperature environment near the shell of the turbine. These 
transducers must be mounted close to the sensing point to maintain the pressure transmission 
lines short to achieve good frequency response. Mehl” and Gillis” at NIST have employed 
tuned transmission lines* from a high-temperature (400°C) pressure cell to a pressure transducer 
near room temperatures for pressure signal transmission up to several kilohertz. 

8.2.2.2 Fast response actuators 

To complete the fast response control loop, reliable actuators with commensurate response times 
are needed. For control of fuel flow, for instance, inexpensive, high-speed actuators might be 
adapted from automotive fuel injectors. These would need to be tested for gas turbine operating 
conditions. 

Actuator reliability was described as a problem by at least one manufacturer. Therefore, more 
reliable actuators as well as fast response actuators are needed. 

8.3 EMISSIONS MONITORS 

To monitor compliance with emissions regulations, a continuous species monitor is needed with 
20-50-111s response with an uncertainty of 2 ppm or less for NOx and other regulated species 
such as CO and hydrocarbons versus -114 % for common atmospheric gases? 

The emission of certain gases must be controlled by virtue of the Clean Air Act. These are NO,, 
CO, SO2, volatile organic compounds, and unburned hydrocarbons. In addition, these 
“regulated emissions” must also be monitored to assure that they remain at acceptable levels. 
To minimize the formation of these gases, the Combustion must be controlled with a proper mix 
of air and fuel. The condition that minimizes this formation is a very lean burning fuel-air 
mixture operating close to the lower limit of combustibility. 

*Normally these would merely be referred to as pressure sensing lines; however, in order to achieve 
maximum response, these lines are specially tuned to match the pressure source and are therefore more 
properly termed pressure transmission lines. 

l o  J. B. Mehl and M. R. Moldover, “Specific Heat and Virial Coefficient Measurements with a Spherical 
Resonator,” in Proceeding of the Eighth Symposium on Thermophysical Properties, Vol. I ,  
Thermophysical Properties ofFluids, ASME, New York, N.Y., 1982, pp. 134-141. 
I ’  K. A. Gillis, M. R. Moldover, and A. R. H. Goodwin, “Accurate Acoustic Measurements in Gases Under 
Difficult Conditions” Review of Scientific Instrumentation, pp. 22 13-22 17 (September 199 1). 

. 

Outcome of ORNL/Clemson Workshop working sessions. 
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9.2.1 Effects of Variations in Fuel Composition 

Advanced gas turbines must have a wide range of operation and it must accommodate changes in 
the fuel composition. A valuable on-line sensor that would promote operating stability would be 
an economical, on-line, fuel heating value meter. This would allow the control system to 
respond to gas fuel composition changes in real time. 

Also needed is a rapid response h e 1  flow sensor that can be integrated into the control system 
with a fast response actuator. 

9.3 STALL AVOIDANCE 

Stall refers to the disturbance of the air stream entering and flowing through the compressor 
stage of the turbine. In aero applications, stall can occur when the air stream entering the intake 
is predominantly parallel to the intake. This prevents the engine’s compressor blades from 
properly inducting the air into the engine. The ability to adjust the angle of the compressor 
vanes helps to avoid this condition. There are, however, other contributing factors. The result of 
a stall condition is that while fuel is still being injected into the combustor, there is insufficient 
air flow through the combustor to continue the desired combustion level. Fuel tends to 
accumulate and then when air does begin to flow, the accumulated he1 burns more rapidly than 
desired. 

9.4 ACTIVE CLEARANCE CONTROL 
The clearance between the blade tip and the cornpressor housing represents a possible leakage 
path for air in the compressor. The clearances change as the engine warms up. Sensors and on- 
line active control of blade clearance in the compressor section are needed to maximize 
efficiency. 

A similar problem exists in a more extreme environment in the turbine section.. Implementing 
active clearance control is a much more challenging problem in the higher temperature turbine 
sect ion. 

9.4.1 Clearance Measurement 

Improved blade tip clearance measurements are needed to implement active clearance control. 
Blade tip clearance determines the gas leakage around the turbine or compressor blades and 
hence directly influences the efficiency. Currently, blade tip clearances arc determined 
indirectly, but direct blade tip clearance measurement is needed for control. Measurement 
systems for blade tip clearance are currently used in engine testing but may not be reliable 
enough to meet the availability goals established for advanced turbines. 

9.5 SENSORS AND ACTUATORS INTEGRATED WITH CONTROLS 
As a result of a very tightly coupled and fast responding physical system, the sensors, actuator, 
and controls system must also be integrated as a system. Traditional application of analog 
controls may not be sufficient. Real-time digital signal processing may be required and 
incorporated as part of the sensing and control loop. This offers the opportunity to integrate 
higher levels of flexibility and functionality into the control system. 
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10.3 INADEQUACIES IN EXISTING SENSORS 

During the course of the assessment study, it was determined that, although there are existing 
sensors being used in turbine measurement applications, many of theses sensors are in need of 
improvement or replacement in order to meet the increased demands of the ATS Program. The 
following sections discuss sonic of the areas identified. 

10.3.1 Cannot Withstand High Temperatures 

Alternatives to current thermocouple technology are needed to measure exhaust temperatures. 
Currently, the firing temperatures are a maximum of about 1288°C (2350°F). ATS firing 
temperatures are expected to reach 1427°C (2600°F). This approaches the melting temperatures 
of base metal thermocouples (such as Type K, Chromel/Alurnel), and the decreased electrical 
resistance of ceramic insulation can result in significant errors. Various methods for measuring 
gas temperature using noncontact probes generally require line-of-sight access, which creates a 
design problem in itself. In addition, optical access requires windows, which tend to be fogged 
by combustion products after a time. These techniques have been used in gas turbine tests with 
run times of 50 to 60 h maximum where the degree of fogging experienced is acceptable. 

10.3.2 Cannot Withstand High-Temperature Gas ~ ~ r b i n ~  ~ ~ v ~ r o ~ ~ e ~ t  

Sensors and transducers that must be mounted in or near the engine must withstand temperatures 
of around 205°C (400°F). This is outside the range of most electronics devices without extra 
cooling. Special high-temperature electronics that will withstand temperatures to 300°C (572°F) 
are available in Galas but as custom production at a very high premium. 

10.3.3 Hot Gas Stream 

Sensors in the hot gas path in the turbine are needed for both perfomance and durability. They 
are needed for both turbine development testing and for real-time service operation. 

The key parameters that need to be measured in the hot gas path include the following: 

Measurements needed in combustor section 
-- Flame temperature 
- Temperature distribution 
- Lines temperature 
- 
Rotor and stator metal temperatures 
Internal coolant temperatures 
Transient and steady-state cooling flow and temperature 
Pressure and rate of change in pressure 
Hat gas path leakage 
Coolant leakage 
Component stress 
TBC spallation 

Dynamicspressure differential pressure and vibration 
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the efficiency and safety of operations. In addition., the automotive market is driving some of 
these developments. The result should be the availability of mass produced sensors and 
actuators that are relatively inexpensive. In addition, the automotive sensors will be fairly 
tolerant of environmental extremes. There is a need to evaluate some of the available sensor 
technologies to determine if they can be adapted economically to meet the needs of the advanced 
gas turbines. 

One desirable quality that is emerging from the intelligent sensors iield is that of on-line or self- 
calibration. This will increase the operating reliability and reduce the operating costs. An 
alternative is to design the sensor or actuator and its installation so that the sensor can be 
replaced with the system running. This would reduce the need for nonexistent durability data. 

10.5 SENSOR SELECTION GUIDE 

The gas turbine manufacturers' representatives at the ORNL/Clernson workshop a g e d  that they 
would like to have help in just keeping up with the sensor technology that is available. There are 
numerous annual buying guides for sensors, but the need is for a guide to qualified sensors. 
There is also a need for monitoring and evaluating new sensor technology as it appears. 
Typically, today the time to market of technologies emerging from university laboratories is on 
the order of 7 to 10 years. 
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11.3.2 Fuel Monitoring 

The quality and energy content of natural gas fuel vary considerably. On-line analysis of the 
incoming fuel is needed to control the engine at its optimum operating point. This might be 
analysis of composition, but as suggested earlier, might be a fuel heating value monitor. 

11.4 ON-LXNE OIL QUALITY MONITOR 
An oil quality monitor for the lubricating system of the gas turbine engines is needed. Such a 
monitor should provide on-line indication of oil cleanliness. It should be able to detect and 
discriminate between normal foreign matter and system degradation material. It would be 
desirable to have some analytical capabilities in the monitor to help trace the source of the 
contamination. 

11.4.1 Nonmetallic Contamination 

The oil quality monitor needs to detect and evaluate nonmetallic contamination. Buildup of 
carbon, for instance, might indicate the overheating of a lubricated component. 

11.5 STEAM TURBINE AND HEAT RECOVERY STEAM GENERATOR 

Although steam turbines are a mature technology, the long nnn times between major overhauls 
may extend beyond the current experience base. Sensors are needed for on-line corrosion and 
oxidation detection as well as sensors for thermal stress measurements in the turbine rotor, the 
shell casings, and the heat recovery steam generator. 

Better sensors and controls, possibly using Euzzy logic, are needed for the steam drum level to 
predict and control system swell (the expansion of the water reservoir inventory). 

11 -5.1 Steam Turbine Durability Issues 

A monitor is needed to detect condensed water droplets entrained in the steam supply to the 
steam turbine. If these are allowed to enter the turbine section, they can result in severe erosion 
of the turbine blades. 
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