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Abbreviations

European Union Aviation Agency

Electro-Motive Force
Exhaust Gas Temperature
Output

Total Air Temperature

Introduction

Exhaust Gas Temperature (EGT) is an essential parameter in the operation
of an internal combustion engine. It provides valuable information about
the engine’s efficiency and performance. EGT refers to the temperature of
the exhaust gas leaving the engine cylinders after combustion.

Thus, a thermocouple-based temperature sensor is commonly utilized in
aero-engine applications to measure EGT at various stages of engines.
Time response is a critical parameter used to assess the performance of
the EGT sensor.

Time response indicates how quickly a sensor can react to rapid changes
in temperature. It is often defined in terms of a time constant. The time
constant of the sensor output corresponds to the time to reach 63.2% of
the difference between the initial and final value due to a step change in
temperature. The time constant test involves subjecting a sensorto a
rapid change in temperature by immersing it in a heated fluid (air or oil)
maintained at ambient room temperature.

This paper focuses on the time response characteristic of an EGT sensor.
In an aero engine, EGT serves as a measure of the temperature of the
exhaust gas as it exits or enters the low-pressure turbine stage. This
temperature is crucial to determine the EGT margin and monitor the
engine start, relight and operating temperature.

EGT margin represents the difference between the maximum permissible
EGT (redline) and peak EGT during take-off. EGT margin is the highest
when the engine is new. As the engine wears, EGT will increase and the
EGT margin will deteriorate, as shown in Figure 1. This deterioration is
continuously monitored because it is the primary technical driver of
aircraft engine off-wing maintenance.
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Figure 1: EGT margin

For example, in *EASA Type-Certificate Data Sheet (E110), section IV
specifies the EGT margin for Leap-1A and Leap-1C engines — a maximum
continuous EGT margin of 1025°C has been specified. It is also critical to
determine the time response (time constant) of the sensor to reach 63.2%
of the difference between the initial and EGT values due to a step change
in temperature. Any delay in the measurement of temperature would also
drive the engine maintenance and affect the survey of engine start, relight
and operating temperatures.

Therefore, it is essential to characterize the time constant of EGT sensors
on the engine to apprehend any delay in temperature measurement due
to deterioration of the engine or sensors over time.

Time constant

A series of wind tunnel tests are conducted to determine the time
constant of the sensor and develop software compensation algorithms.
These algorithms are utilized by the engine controller to mitigate the fixed
errors. Additionally, a large number of sensors are tested to evaluate
random errors, allowing us to understand the error variations resulting
from the differences in sensor tolerances, manufacturing processes and
material.

K-type thermocouples are widely used for measuring the temperatures
inside the gas turbine engines.

Thermocouples are sensors used to measure temperature operating by
generating a voltage that varies with temperature. The fundamental
thermoelectric circuit comprises two wires of distinct materials
connected at their ends to form a loop. When the two junctions of the
loop experience different temperatures, an Electro Motive Force (EMF) is
produced. The magnitude and polarity of the EMF depend on the
materials used and the temperature difference between the junctions.
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This phenomenon, known as the Seebeck effect, was discovered by TJ
Seebeck. The cross-section of the sensing element of a thermocouple
sensor is depicted in Figure 2.
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Figure 2: Thermocouple sensing element

Various engine manufacturers specify time constant characterization
aqgainst different parameters, such as air mass flux/mass flow rate, Mach
number and ratio of inlet-to-outlet air pressure. This whitepaper provides
insight into the time constant characterization, specifically in relation to
the mass flux (kg/s/m2).

Test method

The temperature sensor will undergoes testing under varying airflow
conditions to evaluate the time constant and develop a software
compensation algorithm. This will involves heating the sensor probe tip
and quickly removing the heat source, exposing the sensing element to
airflow within the wind tunnel.

Due to the limitations of the available wind tunnel test facility, the air
within the tunnel is not heated or compressed to the values witnessed in
an aero-engine environment.

During the time constant tests, the air in the wind tunnel is most likely to
be at atmospheric temperature and pressures achievable by the selected
wind tunnel facility. The resulting wind tunnel mass flow rates is
determined using instruments such as the Total Air Temperature (TAT)
sensor, pitot tube and pressure transducer, which are integral parts of the
wind tunnel facility. To measure the time constant under these varying
mass flow rates, the sensor under test is locally heated within the closed
casing, insulating it from the airflow to at least 100°C above the ambient
temperature inside the wind tunnel. This would enable a step change of at
least 100°C. The casing is then swiftly removed from the sensor and airflow
using an automated actuator mechanism to minimize any disturbances to
the flow around the sensor.




The output of the sensor under test, along with the data from the TAT
sensor, pitot tube and pressure transducers, is continuously recorded
during the test using a data acquisition system with a finer sampling rate.
From the recorded parameters, the time taken by the sensor to reach
63.2% of tunnel air temperature at the known tunnel mass flow rate and
the mass flux is calculated.

This analysis of test data can be performed either manually or using
automated scripts.

A schematic of the wind tunnel test setup is shown in Figure 3.
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Figure 3: Wind tunnel setup schematic

Test data analysis -
manual method

An example of data extracted from the Datalogger for 0.5 lb/s mass flow
rate is shown in Table 1 and Figure 4.
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Data recorded during the test Calculated data*

Time Time TAT Unit Pressure Air Density, Air Mass Flux Average

(Secs) (Min) o/P Temp (Pa) p Velocity,V  (Kg/m2s)  Mass Flux
(°C) (°C) (Kg/m3) (m/s) (Kg/m2.s)

0.000 0.000 25336 25386 58765 1170 10.022 nzaz 13.364

0.025 0.000 25341 25386 58765 1170 10.022 nzaz

0.050 0.001 25329 25350 58765 1170 10.022 nzaz

0.075 0.001 25.344 25358 58765 1170 10.022 nza7z

0100 0.002 25340 25369 58765 1170 10.022 nrza27z

0125 0.002 25339 25368 58765 1170 10.022 nzaz

0150 0.003 25338 25355 58765 1170 10.022 nrzaz

0175 0.003 25344 25355 58765 1170 10.022 nzaz

0.200 0.003 25331 25408 58765 1170 10.022 nzaz

0.225 0.004 25332 25381 58765 1170 10.022 nzaz

0.250 0.004 25.333 25343 58765 1170 10.022 nzaz

Table 1: Data sample recorded during the test
*Air Density, Air Velocity and Mass Flux is calculated using the below
formulae.

Air Density p (kg/m3) = [Ambient Pressure (mbar) * 1001/[287*(TAT O/P
(°C)+27315)]

Air Velocity V (m/s) = SQRTI(2*Pressure (Pa))/Air Density (kg/m3)]

Mass Flux (kg/m2s) = Air Density (kg/m3) * Air Velocity (m/s)
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Figure 4: Typical unit temperature plot

Initial data until a sudden drop in unit temperature is removed and the
test plot is rescaled, as shown in Figure 5.
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Figure 5: Rescaled temperature plot

The maximum and minimum temperature is recorded from the rescaled
data.

63.2% of the temperature is calculated using the below formula:

[(Max Temperature) — (Max Temperature — Minimum Temperature)
*63.2/100)]

Maximum Temperature (°C) = 152.72 (Refer to Figure 6 and Figure 7)
Minimum Temperature (°C) = 25.65 (Refer to Figure 6 and Figure 7)

63.2% Temperature (°C) = [152.72 - ((1562.72-25.65)*63.2/100)] = 72.41 (Refer
Figure 6 and Figure 7)

The corresponding time for 72.41°C indicates the primary time constant
and in this case it is 17725 seconds.
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Figure 6: Rescaled temperature plot with annotations
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Figure 7: Rescaled temperature plot with primary time

Test data analysis -
Macro method

The manual process above can be automated using an Excel VBA Macro.
This macro processes the 15 sets of data in a batch, thereby expediting the
data analysis process.

The analysis workbook contains a macro that calculates the time constant
for each plot. When the macro is executed, it searches for a sudden drop
in temperature of the sensor caused by the lowering of the heat gun
casing and exposing the sensor to the much cooler airflow from the wind
tunnel, which marks the starting point of the time constant measurement.
However, sometimes the macro may misinterpret a noise spike in the data
stream as this start point, resulting in an erroneous result. Therefore, some
manual intervention is required to verify the correct start point.

Time constant
characterisation

The above process is repeated for other mass flow rates and then the time
constant is plotted against mass flux or Mach number to get the
characterization plot, as shown in Figure 8 and Figure 9.

A power curve is fitted on the data and the corresponding power equation
gives the characterization equation, which can be used to extrapolate the
time constant for mass flow rates experienced by the engine.
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Orifice Flow (lb/s) Time Constant (s) Mass Flux (kg/s/m2)

Table 2: Data time constant data of a unit
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Figure 8: Time constant characterisation plot
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Figure 8: Time constant characterization plot (Log)

Conclusions

There are limitation on achieving specific air flow rates and temperature in
a wind tunnel setup. Typically, tests are conducted within the established
flow range of the wind tunnel facility and then test data is extrapolated to
the higher flow rate experienced by the engine. However, this method of
extrapolation can introduce some errors and may not accurately reflect
the actual engine environment.

It is advisable to conduct the testing in the wind tunnel facility with an
integrated combustor rig as this setup partially simulates the actual
engine environment. However, this approach would raise the testing costs,
considering that the current wind tunnel facility maintains ambient
temperature air flow across the sensor.

Performing the time constant testing early in the program as part of the
rig test with the development engine is also a prudent approach.
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