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Abstract. This paper attempts to prove the feasibility of a novel High Temperature Heat Flux 
(HTHF) sensor for gas turbine environment. Based on the latest improvement in a new type of 
Polymer-Derived Ceramic (PDC) material, the authors present the design and development of 
a HTHF sensor based on PDC material, and show that such a sensor is indeed feasible. The 
PDC-HTHF sensor is fabricated using newly developed polymer derived SiCN, whose 
conductivity is controlled by proper composition and treatment condition. Direct 
measurements and characterization of the relevant material properties are presented. Electrical 
conductivity can be varied from 0 (insulator) to 100 (ohm.cm)-1; in addition a value of 4000 
ppm/°C (at 600 K) is obtained for temperature coefficient of resistance. This novel sensor is 
found to perform quite satisfactorily at about 1400 °C for long term as compared to 
conventional heat flux sensors available commercially. This type of PDC-HTHF sensor can be 
used in harsh environments due to its high temperature resistance and resistance to oxidation. 
This paper also discusses lithography as a microfabrication technique to manufacture the 
proposed PDC-HTHF sensor. In our current design, the sensor dimensions are 2.5mm in 
diameter and 250 m thickness.  
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1. Introduction 
Heat flux is one of the important parameters, together with pressure, temperature, flow, etc., of interest 
to Gas turbine engine designers. There is need for heat flux sensor that can measure high heat fluxes at 
high surface temperature especially inner walls of combustion chamber in gas turbines. Standard  heat 
flux sensors do not perform well under these conditions because of high temperature and oxidation 
environment. Wrbanek et al. investigated the feasibility of ceramics as thin film thermocouples for 
extremely high temperature applications thus taking advantages of both the stability and robustness of 
ceramics and the non-intrusiveness of thin films.1

    The need to consider Polymer Derived Ceramics (PDC) sensing elements is brought about by the 
temperature limits of metal thin film sensors in propulsion system applications. Longer-term stability 
of thin film sensors made of noble metals has been demonstrated at 1100 0C for 25 hrs.2 The maximum 
temperature of noble metal thin film thermocouples of 1100 0C and their duration of operation may not 
be adequate for the increasingly harsh conditions of gas turbine engine. The introduction of PDC 
sensing element shown a feasibility of withstanding high temperature upto 1500 0C and operate under 
highly oxidation environment for long duration. 

2. Working Principle: 
Heat flux sensors are classified into three categories according to their measurement principles: the 
gradient method, the transient method, and the balanced method.3 In our design of HF sensor, the 
gradient method is preferred for its most frequent use, and is based on Fourier’s conduction law in 
which heat flux is proportional to the thermal conductivity and the temperature gradient.  

                                               21)(
TT

TKQ          (W/m2)                                                     (1) 

Where Q is the incident heat flux, K is the thermal conductivity of thermal resistance layer, is the 
thickness of the thermal resistance layer and is a temperature difference measured across 
thermal resistance layer by RTDs.   

     

Figure 1. Shows the schematic of conventional layered gage in which heat flows parallel to the 
direction of the thermal resistance.  
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Figure 1. Principle of the layered heat flux measuring gage. 
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3. Need for PDC-HTHF sensor: 
The efficiency and performance of gas turbine engines are limited by the materials used and the need 
for internal cooling. Internal cooling is necessary because temperatures may exceed the melting point 
of the materials used in some engine components. In almost all the gas turbines the internal cooling of 
the components is achieved by extracting (typically 20%) of the air from the compressor of the engine. 
However, the cooling air supply is penalty to the thermal efficiency. Therefore, a balance is sought 
between raising turbine inlet temperatures and increasing cooling air requirements. This is achieved by 
an understanding of the various flows and associated heat transfer, and requires instrumentation which 
can directly measure heat transfer with minimal disruption. Research is being done to quantify the 
temperatures and heat flux seen by the turbine section of an engine in order to better understand the 
thermal loads contributing to thermal fatigue.  

Commercially available layered heat flux gages pose significant problems in harsh conditions like 
gas turbine environment where ultra high temperature and high level oxidation are common. Therefore 
these are not suitable for hostile environments, such as combustion. Our research on micromachined 
PDC-HTHF sensor is motivated by the needs of heat transfer measurement in gas turbine environment. 
None of the commercially available heat flux sensors can withstand the thermal and/or chemical 
environment that exists at the inner surface of a gas turbine combustor liner.  

Figure 2. Shows sectional view of industrial gas turbine, the exploded view shows the location 
where the heat flux to the walls needs to be measured; the measure of heat flux at this location not only 
helps in design of efficient combustor but also made to control combustion in order to avoid failure of 
blades due to ultra high temperature. 

4. Polymer Derived Ceramics (PDC) materials:  
Polymer-derived ceramics (PDCs) are a new class of materials synthesized by thermal decomposition 
of polymeric precursors. The basic processing steps are shown in Figure 3. it involves the following 
steps: (i) Synthesizing and modifying the polymer precursors, (ii) shaping and cross-linking the 
precursor to form infusible polymer components with desired structures, and (iii) converting the 
polymer component to a ceramic by pyrolysis at about 1000 0C.

    

Figure 2.  Sectional view of industrial gas turbine 

                                                                                 9616W501: Rev 2 
   Illustration courtesy of Siemens Westinghouse Power Corporation 
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The polymer-derived ceramics (PDCs) thus obtained are based on amorphous alloys of silicon, 
carbon and nitrogen. While synthesized at relatively low temperatures, the polymer derived ceramics 
exhibit excellent thermo-mechanical properties at high temperatures.4 Other elements can be 
incorporated into the PDC materials for the modification of their properties. The electric conductivity 
of PDCs can be tailored in a large range: from insulator (10-8 ( .cm)-1) to semi-metallic (104 ( .cm)-1). 
Figure 4. shows the conductivity of polymer-derived SiAlCN as a function of temperature. It can be 
seen immediately that the conductivity of this material is perfectly repeatable during heating/cooling 
cycles up to 1000 0C, suggesting that the sensors made from the material can be repeatedly used to 
high temperatures when conductivity is used as sensing mechanism. Figure 4. also suggests that the 
SiAlCN material shows typical amorphous semiconductor behavior. The characterization of PDC 
material shown excellent electrical and thermal properties suited to fabricate heat flux sensor5.

Figure 4. Electric conductivity of SiAlCN as a function of temperature, suggesting amorphous 
semiconductor behavior of SiAlCN. 

5. Design and Fabrication process: 
The proposed HTHF sensor consists of two Resistance Temperature Detectors (RTDs) made of 
SiAlCN, resistive layer made of SiCN (insulator-lightly doped) and electrical leads made of SiCN 
(conductor-heavily doped). The PDC materials used in our design of Heat Flux sensor not only can 
withstand ultra high temperature of gas turbine flow field, but also can resist contamination and 
oxidation (up to 1400 0C). The specifications of the sensor mainly depend on the thermal conductivity 
of the resistive layer. Based on thermal conductivity and required temperature gradient, the geometry 
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Figure 3.   Processing of polymer-derived ceramics. 
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of the proposed sensors, such as length, width and thickness of the sensing elements and thickness of 
insulating layer are shown in Figure 5 and 7.  

The direct chemical-to-ceramic processing route of PDCs enables the employment of many well-
developed microfabrication technologies. MEMS components and devices can be first made in organic 
form and then converted to ceramics. Recently, the microfabrication techniques, such as micro-casting, 
lithography and polymer-based bonding, have been developed for the fabrication of ceramic MEMS 
with these novel materials 6-10. Figure 6. shows some representative PDC-MEMS structures.  

     

                                     (a)              (b)  

Figure 6. (a) SEM image of SiCN micro-gear fabricated by microinjection molding; (b) optical 
image of SiCN atomizer fabricated by lithography. 

The overall fabrication process of PDC-HTHF sensor can be carried out by using the cost effective 
photolithographic technique. The liquid precursors of SiAlCN and SiCN are used in this fabrication 
process to obtain polymeric structure, from which we directly get ceramic component after pyrolysis.   

Figure 7. Schematic showing the structure of proposed temperature/heat-flux sensor. 
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Figure 5. sectional view of proposed heat flux sensor 
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RTD’s films are deposited on each side of resistive layer perpendicular to each other to avoid 
interference of leads. Figure 7. Shows schematic of final form of heat flux sensor. 

6. Conclusion:  
Comprehensive optimization of design, materials and associated fabrication methods are quite 
involved and are to be exhaustively addressed in  the future work. Such issues will be systematically 
explored to improve the performance, ease of fabrication, and reliability. 
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