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1 .  SCOPE: 

Th is  Aerospace In fo rma t ion  Report ( A I R )  prov ides an overv iew o f  temperature 
measurement fo r  engine mon i to r i ng  systems i n  var ious  areas o f  a i r c r a f t  gas 
t u r b i n e  engines wh i l e  focus ing  on c u r r e n t  usage and methods, sys tems,  
s e l e c t i o n  c r i t e r i a ,  and types o f  hardware. This  document emphasizes 
temperature mon i to r i ng  for  d iagnos t ics  and c o n d i t i o n  mon i to r i ng  purposes. 

2. PURPOSE: 

The purpose o f  t h i s  A I R  i s  t o  prov ide  i n fo rma t ion  and guidance on the  
s e l e c t i o n  and use o f  a i r c r a f t  t u r b i n e  engine temperature mon i to r i ng  systems 
and elements. 

3. BACKGROUND: 

3.1 Need: 

Temperature i s  one o f  the most c r i t i c a l  and w ide ly  measured v a r i a b l e s  i n  the 
mon i to r i ng  o f  a i r c r a f t  gas t u r b i n e  engines. 
i s  accomplished by a v a r i e t y  of sensor types used i n  a number o f  l o c a t i o n s  
( i . e . ,  thermodynamic s t a t i o n s )  i n  an engine. Furthermore, s igna l  process ing 
i s  o f t e n  accomplished d i f f e r e n t l y  and used fo r  a number o f  purposes by 
d i f f e r e n t  engine manufacturers.  Th is  A I R  w i l l  a t tempt  t o  prov ide  a common 
re fe rence p o i n t  for  cons idera t ions  o f :  

The measurement o f  temperature 

a. 
b. 

d. 
e .  
f .  
g *  
h. 

C .  

Sensor type 
Loca t i on 
S i  gnal t ransmi s s  i o n  
Signal  process ing 
Signal  uses 
Se lec t i on  c r i  t e r i a  
Accuracy 
P o t e n t i a l  problems 

3.2 Ai r f rame Measurements: 

I t  i s  poss ib le  t o  make c e r t a i n  temperature measurements on the  a i r c r a f t  
p h y s i c a l l y  apa r t  from the  engine. For example, i t  i s  poss ib le  t o  make a 
t o t a l  temperature measurement on the fuselage and to  have t h i s  represent  the  
engine i n l e t  t o t a l  temperature. However, t he re  i s  an i nc reas ing  tendency t o  
make engine temperature measurements independent o f  those made on the  
a i r f rame.  This  document w i l l ,  t he re fo re ,  concern i t s e l f  p r i m a r i l y  w i t h  
measurements made on the engine. 

3.3 Heat Transfer :  

The measurement o f  temperature depends upon the balance o f  th ree  phys i ca l  
phenomena: convect ion,  conduct ion,  and r a d i a t i o n .  This  A I R  w i l l  n o t  
address the  theory  o f  these phenomena. 
Reference 18 fo r  more in-depth in fo rmat ion .  

The reader  i s  r e f e r r e d  to  

- 4 -  
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4. CURRENT USAGE: 

The measurement o f  temperature i s  dependent on the  s t a t e  o f  both the  c u r r e n t  
technology a v a i l a b l e  t o  the  user and the  purpose fo r  which i t  i s  intended. 

4.1 Funct ions:  

Temperature measurements on the  engine are used fo r  f o u r  bas ic  f u n c t i o n s :  
c o n t r o l ,  d iagnos t ics  and c o n d i t i o n  moni tor ing,  c o c k p i t  d i s p l a y ,  and 
performance measurement. 

4.1.1 

4.1.2 

4.1.3 

4.1.4 

C o n t r o l :  The s igna l  i s  used, i n  an a c t i v e  sense, i n  a feedback c o n t r o l  
loop to  c o r r e c t  a number of phys ica l  v a r i a b l e s .  For example, temperature 
i s  used t o  l i m i t  f u e l  flow i n  o rder  t o  prevent  t u r b i n e  blades f rom 
overheat ing.  Furthermore, temperature i s  used t o  correct  a number o f  
phys ica l  v a r i a b l e s  such as rotor speeds; schedul ing v a r i a b l e  geometry; 
surge schedules; and a c c e l e r a t i o n  and d e c e l e r a t i o n  schedules. 

Diagnost ics  and Cond i t ion  Mon i to r ing :  Temperature s igna ls  from one 
l o c a t i o n  can be used t o  compute the  temperature o f  o t h e r  l o c a t i o n s  i n  an 
engine. This means the s igna l  i s  used, i n  a passive sense, t o  measure 
thermal behavior i n  var ious  p a r t s  o f  the engine. The t i m e  h i s t o r y  o f  the 
thermal behavior i s  u s u a l l y  recorded for  l a t e r  examination. For example, 
exhaust gas temperature (EGT) margin i s  computed i n  o rder  t o  determine 
t i m i n g  o f  shop v i s i t s  and t o  prec lude EGT exceedances, which d i s t u r b  
r o u t i n e  operat ions o f  a i r c r a f t  ( R e f .  AIR1873). S ignals  dedicated t o  
mon i to r ing  are u s u a l l y  n o t  a c t i v e l y  u t i l i z e d  t o  c o n t r o l  or c o r r e c t  o t h e r  
v a r i a b l e s  i n  an engine. However, s igna ls  used fo r  c o n t r o l  are somet imes 
used fo r  c o n d i t i o n  mon i to r ing .  Temperature measurements made i n  var ious  
l o c a t i o n s  o f  the engine d u r i n g  the development phase are inc luded i n  t h i s  
f u n c t i o n .  

Cockpi t  Disp lay:  Temperature measurements, e s p e c i a l l y  i n  the  engine 
t u r b i n e  sec t ion ,  are d isp layed t o  the  f l i g h t  c r e w  fo r  purposes o f  
mon i to r ing  engine opera t ion .  

Performance Measurement: I n t e r n a l  engine temperatures are c r i t i c a l  t o  the 
de terminat ion  o f  engine performance. Engine performance can be measured 
i n  a number of  ways, i n c l u d i n g  cor rec ted  f a n  speed (NI/ e) ,  engine 
pressure r a t i o  (EPR) ,  or s p e c i f i c  fue l  consumption (SFC).  
measures, NI /  8 and SFC depend s t r o n g l y  on temperature measurements. 

Two o f  these 

4.2 Media: 

Temperature measurements o f  d i f f e r e n t  media are r e q u i r e d  i n  an a i r c r a f t  gas 
t u r b i n e  engine. These inc lude the  f o l l o w i n g :  

a. Gas paths 
b. Turbine blades 
c .  L iqu ids ,  i n c l u d i n g  o i l  and f u e l  

- 5 -  
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4.2.1 Gas Path: 

4.2.1.1 The purpose of a gas path temperature measurement generally dictates 
where it is made. Purposes include control, diagnostics and condition 
moni toring, cockpit di splay and performance measurement. Purposes 
specific to each location will be discussed in the following 
paragraphs. The stations and their designation are described in 4.4.1 
and illustrated in Figure 3. 

4.2.1.1.1 

4.2.1.1.2 

4.2.1.1 + 3  

T1, T12, and 12 Locations: The reasons for making these measurements 
are generally related to control. 
compressor speeds, fuel flows, and variable geometry. The schedules 
consist of nonlinear relationships between temperature and the 
variable being scheduled. 
the scheduled variable is controlled to a tolerance pre-established by 
the engine control software/hardware. These temperatures are used to 
correct shaft speeds and can also be used for condition monitoring to 
establish baseline temperatures from which T2x and T3 can be examined. 

Schedules are often established for 

Depending upon the temperature measured, 

These temperatures are. sometimes also selected for use in performance 
measurement, For example, depending upon the temperature selected, 
N L / a  .can be used to assess engine performance, where NL = low 
pressure compressor speed and 0 = ratio of measured total (Tl, T12, 
or T2) temperature to reference (sea level ) ambient temperature. 
In many civil (commercial) applications, TI i s  measured external to 
the engine and generally on the fuselage. 
i s  significant disagreement between engine inlet total temperature and 
fuselage total temperature, the airframe (fuselage) total temperature 
is selected for the measurement. 
military engines, however. 
sensor is selected. 
temperature is selected or some other engine temperature is used in 
its place. 

T2x and T3: 
condition monitoring purposes. 
track efficiencies of low (T2x) and high (T3) pressure compressors 
through examination of their discharge temperatures in order to 
establish relationships between temperatures in the engine (between T1 
and T2x for example) under various engine operating conditions. 

T4x, T5, and T7: These temperatures are used for a l l  purposes, 
including control, diagnostics, condition monitoring, cockpit display, 
and for performance measurement. 

Furthermore, unless there 

This is generally not the case for 

In the event of disagreement, either the fuselage 
In these instances, the engine inlet 

These temperatures are often selected for diagnostics and 
They can be used to identify trends, 

- 6 -  
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4.2.1.2 

4.2.1.3 

Temperature Range: 
given by thermodynamic station in Table 1. They depend upon engine type 
(military, civil/commercial, corporate, helicopter) and flight envelope 
(maximum altitude and maximum Mach number). 
engine types are grouped as follows: high performance and low to  medium 
performance. 
temperature (TET). 
1150°C (21OO"F, 2560"R or 1423 K), whereas maximum TET falls below 
1150°C for. low t o  medium performance engines. 
relatively independent of the purpose for which the sensor is t o  be used. 

The temperature ranges for each measurement are 

For ease of comparison, 

These are defined basically in terms of turbine entry 
For high performance engines, maximum TET exceeds 

Temperature ranges are 

TABLE 1 - Normal Operating Temperature Ranges 
High Low/Medi um 

Stat i on ("Cl (O C )  

T1 /T12/T2 -55 tû +175 -55 t o  +125- 
T2x -55 t o  +260 -55 t o  +zoo 
T3 O t o  +650 O t o  +500 
T4x 260 to  >1150 260 t o  ~1150 
15 / T7 260 to  +600 260 to  +500 

In general, there is a trend toward higher core temperatures, 
particularly T3, T4x, T5, and T7. This is particularly true for high 
performance engines where there is a need for increased performance (for 
example in military engines), increased efficiencies (in 
civil/commercial engines), or for both. 

Accuracy: Accuracy requirements are established for the purpose for 
which the measurement is used. The measurement error includes several 
components, such as: 

a. Sensor related errors 
b. Signal transmission errors 
c .  Signal processing errors 
d. Signal display errors 

Accuracies are provided in Table 2 and discussed further in related SAE 
documents cited in the bibliography (such as ARP1587 and AIR1873). 

TABLE 2 - Accuracy Requirements 
Di agnos t i cs/ Coc kp i t Performance 

Control Condi tion Di siil ay Measurement 
Temperature ("Cl 

T1 - +0.5 
Tl2 - +2.0 
T2 - +2.0 
T2 x - +2.0 
T 3  NA 
T4x TBD 
T5/T7 - +2,51 

1At the design point only, 
temperatures. 

Monitoring ("i=) - ( O C )  

"C - +1 .o - +0.5 
"C NA - +1 .o 
"C NA - + 1  .o 

TBD "C NA TBD 
"C NA TBD 
"C - +10.0 TBD 
"C - +10.0 - +10.0 

This widens considerably at other 

- 7 -  
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4.2.2 Turbine Blade: 
4.2.2.1 Purpose: Turbine blade temperature i s  measured t o  assure blade 

temperature limits are not exceeded. Exceedance of established maximum 
allowable temperature will significantly reduce the creep life of a part 
(see AIR1872). The purposes of the measurement include control, 
diagnostics, and condition monitoring. 

4.2.2.2 Location: The most frequently chosen location for this measurement i s  
the high pressure turbine (HPT) blade position. However, low pressure 
turbine (LPT) blades may also be examined for diagnostics purposes. 

4.2.2.3 Temperature Range: The operating temperature range is from +650 t o  +15OO0C. 

4.2.2.4 Accuracy: .Accuracy requirements are meaningful only at the temperature 
design point selected. This may be anywhere over the operating range of 
temperatures. At the design point, the accuracy will typically be 1e9"C. 

4.2.3 Oil Temperature: 

4.2.3.1 Purpose: 
diagnostics or cockpit display. 

The purpose of this measurement i s  for condition monitoring, 

4.2.3.2 Location: The location of the temperature sensor will be before the oil 
cooler, see 4.4.3. 

4.2.3.3 Temperature Range: The temperature range is from -55 t o  +15OoC. 

4.2.3.4 Accuracy: The accuracy for the condition monitoring and diagnostic 
purposes should be +3.5"C, 
di splay. 

It should be within +3.5"C for cockpit 

4.3 Sensor Types: 
There are many different technologies that have been used t o  measure 
temperature inside gas turbine engines. These include the following types: 

a. 
b. 

d. 
e. 
f. 
g *  
h. 
i. 
j. 

C. 

Thermocouples 
Resistance temperature devices (RTD) 
Optical 
Therm! stors 
Gas / 1 i qu i d fi 1 1 ed thermometers 
Acoustical 
Beta emission 
Resonating crystal s 
Spectroscopic 
Color paints 

However, generally speaking, there are only four types that are used 
extensively, especially in production gas turbines. These are: 

a. RTDc 
b. Thermocoupl es 
c, Optical pyrometers 
d. Gas-filled thermometers 

- 8 -  
 

Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r19

00

https://saenorm.com/api/?name=be47f782ee177749f2621dbcdc15d7af


S A E  A I R * l S O O  9 3  ô357340 0055359 T M 

SAE AIR1900 

4.3.1 Resistance Temperature D e v i c e :  Resistance temperature devices (RTDs) 
operate on the p r i n c i p l e  t h a t  t he  res i s tance  o f  a m a t e r i a l  t o  the  passage 
of an e l e c t r i c a l  c u r r e n t  i s  temperature dependent. The res i s tance  o f  
metals used as sensing elements u s u a l l y  increases w i t h  i nc reas ing  
temperature, whereas commonly used semi-conductor ma te r ia l  s (such as 
the rm is to rs )  decrease i n  res is tance.  
engine temperature mon i to r ing  are p la t i num and n i c k e l .  

Two metals commonly used fo r  RTDs i n  

Engine manufacturers have increased t h e i r  usage o f  RTDs i n  the compressor 
sec t i on  of  the engine. 
needs fo r  h igher  accuracies i n  t h i s  sec t i on  and because RTDs o f fe r  the 
h ighes t  accuracy among proven technologies.  

This  usage has increased l a r g e l y  because of  the 

4.3.1.1 Plat inum RTDs: 

4.3.1.1.1 

4.3.1.1.2 

Temperature Range: 
over a wide temperature range, from -260 t o  +8OO0C. However, 
depending upon the  ma te r ia l s  used to  f a b r i c a t e  the t ransducers,  
sensors used i n  engine mon i to r ing  t y p i c a l l y  operate over a range from 
-50 to  +5OO0C. Higher temperatures can be monitored, b u t  t h i s  i s  
u s u a l l y  l i m i t e d  by the a b i l i t y  o f  p o t t i n g  ma te r ia l s  used i n s i d e  the  
sensor t o  w i ths tand h igher  temperatures. 

P lat inum i s  very p r e d i c t a b l e  and h i g h l y  l i n e a r  

Resistance/Temperature Re la t i onsh ip  ( R  v s  T ) :  
versus temperature ( T I  r e l a t i o n s h i p  of a p la t i num RTD i s  approximated 
by the Callendar-Van Dusen equat ion:  

The res i s tance  (R) 

( E q .  1)  

where T temperature ( O C )  

RT = res i s tance  a t  T degrees 
Ro = res i s tance  a t  the i c e  p o i n t  
a- = s e n s i t i v i t y  c o e f f i c i e n t ,  va r ies  between ,00385 ancl .O0392 
6 = 1.45 ( i n t e r n a t i o n a l  p r a c t i c a l  temperature scale-48) or 

ß = 0.1 fo r  T<O 
= O fo r  T l O  

1.46 ( i n t e r n a t i o n a l  p r a c t i c a l  temperature scale-68) 

- 

4.3.1.2 N i c k e l  RTDs: 

4.3.1.2.1 Temperature Range: N icke l  can be used from -190 to  +3OO0C. I t  i s  
Moreover, depending upon the  genera l l y  l ess  s tab le  than p la t inum.  

type o f  n i c k e l  (h igh  p u r i t y  or Balcom fo r  example), the Cur ie  p o i n t  
should no t  be exceeded. This e f f e c t i v e l y  l i m i t s  n i c k e l  to  
approximately 200OC. The p o t t i n g  ma te r ia l s  used i n  the  sensor housing . may r e s t r i c t  i t s  use to  temperatures below € h i s  l i m i t  as w e l l .  

4.3.1.2.2 R v s  T: The res i s tance  versus temperature r e l a t i o n s h i p  i s  g iven i n  
MIL-T-79908 fo r  Ro = 90.38 8, and i n  MIL-T-7258B where Ro = 1200 8. 
These are shown i n  F igure 1. 
temperatures up to  300°C, beyond the  normal ope ra t i ng  range fo r  n i c k e l .  

Note MIL-T-7990B i s  de f ined fo r  

- 9 -  
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4.3.2 Thermocouples: Thermocouples have been and 
temperature measurement technology in a gas 
several reasons for this, including the fol 

remain the most widely used 
turbine engine. There are 
owing: 

a. It i s  a well-understood technology. 
b. It is widely available. 
c. 
d. The accuracy, while not the highest, is generally acceptable. 
e. 

It is a relatively inexpensive product. 

The temperature ranges can be broad depending upon the type of 
thermoelements chosen. 

There does seem to be a trend away from thermocouples for many of the 
compressor section measurements. Furthermore, turbine blade temperatures 
(TBT) are beginning to be measured by optical pyrometers for high 
performance military engines. At this time, the TBT measurements are 
being made exclusively by thermocouples for civil aircraft engines. 

The basic thermoelectric circuit consists of two wires of different 
materials, joined at their ends to form a loop. 
the loop are at different temperatures, an electromotive force (emf) is 
generated. 
used and on the difference between the junction temperatures. 
not intended to be a detailed reference on thermocouples. 
recommended that AIR46 and AIR65 be consulted for more in-depth 
discussion. 
Reference 17. 

When the two junctions of 

The magnitude and polarity of the emf depends on the materials 
This AIR is 

It is 

An explanation of the theory of thermocouples is given in 

4.3.2.1 Types of Thermocouples: There are several types of thermocouples used 
on aircraft. These are shown in Table 3, along with their performance 
characteristics. Of these, type K and type E thermocouples are the most 
commonly used on aircraft gas turbine engines. 

4.3.2.2 Temperature Range: The temperature ranges shown in Table 3 are given 
for bare wire thermocouples. The maximum temperature will provide only 
a short life. To obtain a reasonable sensor life, these maximum 
temperatures should be lowered 100 to 150°C for the wire sizes (16 to 18 
gauge) typically used in turbine engine instrumentation. 

4.3.2.3 Thermal-emf Relationships: The emf-temperature relationships are given 
in Figure 2 for several different thermocouples. Even though the 
outputs are nonlinear, they can be considered linear over short (10 to 
20°C) temperature spans, 

4.3.3 Optical Pyrometers: Optical pyrometers operate on the principle that an 
object will radiate energy at various wavelengths, the intensity of which 
is proportional to a function of temperature. 
light onto a photoelectric sensitive material, an electrical signal can be 
generated that is proportional t o  a power of temperature of the radiation 
source. 

By focusing the emitted 
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FIGURE 2 - Output (mV) Versus Temperature for Various Thermocouples 

- 13 - 
 

Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r19

00

https://saenorm.com/api/?name=be47f782ee177749f2621dbcdc15d7af


SAE AIR*lîOO 91 = 8357340 0055364 3 = 

SAE AIR1900 

4.3.3 (Continued): 

Unlike other temperature technologies, the optical pyrometer does not come 
into contact with the temperature of interest. Optical pyrometers provide 
a means for noncontact surface temperature measurement. A viewing lens is 
used to gather the light emitted from a heated object (e.g., turbine 
blade) in a specific area and transmits the radiated light energy through 
either an optical fiber or metal tube to the photoelectric device. 
Additional signal conditioning is provlded to generate a usable electrical 
signal . 
Optical pyrometers measure temperature by measuring the total radiant 
energy gathered by the viewing lens. The radiant energy, however, is a 
function of absolute temperature. The relationship between the sensor 
measured temperature and the actual temperature of in 
of sensor design, viewing area environment and contro 
photoelectric device. A more detailed explanation o f  
optical pyrometers can be found in Reference 25. 

A s  mentioned previously, optical pyrometers are used 

erest is a function 

the theory o f  
o f  the 

n high performance 
military engines to meásure TBT directly. 
thermocouples are still being utilized to infer TBT. 

In civil engine usage, however, 

4,3.3.1 Temperature Range: Using silicon photodiodes, the operating temperature 
range is from 650 to 1500°C. 

4.3.4 Gas-Filled Thermometers: This type of temperature measuring device is 
typical for hydromechanically controlled aircraft engines. The 
measurement i s  made by means of the pressure increase due to thermal 
expansion of a gas (usually helium) enclosed in a metal tube used as the 
temperature probe. The resulting increase in pressure i s  transmitted 
through a thermally insulated tubular extension to a reservoir to which a 
bellows is attached. The bellows in turn operates servoactuators to 
regulate fuel flow. 

Many o f  the latest high performance civil and military engines are 
controlled by full authority digital engine control systems. Such 
controls typically use thermocouples, RTD or other electrical temperature 
sensing techniques. 
controls, and so this type of sensor is waning in popularity. However, a 
large number of gas filled thermometers continue to operate on existing 
engines. 

Gas-filled thermometers are not compatible with these 

4.3.4.1 Temperature Range: Currently, sensors in this category are limited to 
the range -55 to +125"C. 

4.3.5 Media and Application of Sensor ïypes: Table 4 shows the typical uses o f  
each sensor type within the various engine media. 
turbine blade temperatures can be measured only by pyrometers. 
thermocouples are used to estimate TBT. 
are currently limited to gas path (air) temperatures. 

It should be noted that 
However, 

Additionally, gas-fi 1 led bulbs 
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TABLE 4 - Media App l i ca t i ons  o f  Each Sensor Type 

Medi a 
Gas Turbine 

Sensor Type Path B1 ade Temperature L i  qu i  ds 

RTD X X 

Thermocouple X X X 

O p t i c a l  Pyrometer X 

Gas-Fi 1 l e d  Bu1 b X 

4.4 Measurement Locat ions:  

4 . 4 . 1  Gas Path: The f o l l o w i n g  thermodynamic s t a t i o n s  are  o f t e n  chosen f o r  
making measurements: 

T, = I n l e t l e n g i n e  i n t e r f a c e  temperature 
T12 = F i r s t  compressor f r o n t  face t i p  s e c t i o n  temperature 

T2 = F i r s t  compressor f r o n t  face temperature 
T13 = Temperature a t  end o f  compression o f  bypass f l o w  

= Temperature a t  in te rmed ia te  stage i n  1 s t  compressor 

T3 = Las t  compressor d ischarge temperature 
T4 = Burner d ischarge temperature 

= High pressure t u r b i n e  d ischarge temperature 

T5 = Las t  t u r b i n e  d ischarge temperature 

T7 = Enginelexhaust nozzle i n t e r f a c e  temperature 

Reference 8 descr ibes gas t u r b i n e  engine performance s t a t i o n  
i d e n t i f i c a t i o n s  and nomenclature, and Reference 5 p rov ides  temperature 
measuri ng devi  ces  nomencl a tu re .  

T2 x 

T4x 

F igure  3 i l l u s t r a t e s  the thermodynamic s t a t i o n s  for  a twin-spool t u rbo fan  
engine. 
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4.4.1 

4.4.2 

* In termediate s t a t i o n s  are assigned a numeric o r  alpha i d e n t i f i c a t i o n ,  
such as T2.2. 

FIGURE 3 - Thermodynamic Sta t ions  fo r  Twin-Spool Turbofan 
(Reference (ARP755A) 

(Continued): 

I f  there  i s  no asymmetrical d i s t r i b u t i o n  o f  temperature a t  the  g iven 
s t a t i o n ,  i t  i s  p o s s i b l e  for  a s i n g l e  temperature t ransducer to  be used. 
However, p r a c t i c a l l y  speaking, asymmetric temperature d i s t r i  b u t i o n  (bo th  
r a d i a l l y  and c i r c u m f e r e n t i a l  l y )  occurs r e g u l a r l y  and steps mus t  be taken 
t o  deal w i t h  t h i s  f a c t .  
temperature p r o f i l e s  and placement of  probes i s  chosen a t  r e p r e s e n t a t i v e  
l o c a t i o n s .  Depending upon t h e  l o c a t i o n ,  e i t h e r  one, two or several  probes 
are used t o  make c i r c u m f e r e n t i a l  measurements. I n  the  case of  t u r b i n e  
discharge (T5) temperature, a rake o f  thermocouples i s  u s u a l l y  designed 
t o  make the  chosen temperature measurement. 
i n  a rake can vary,  b u t  e i g h t  i s  a t y p i c a l  number. 

Tes t ing  i s  u s u a l l y  accomplished t o  e s t a b l i s h  

The number o f  thermocouples 

Turbine Blade Temperature (TBT):  Prior t o  the  development of  o p t i c a l  
pyrometers, the  d i r e c t  measurement of TBT was n o t  poss ib le .  
est imate could be made o f  TBT by the  use o f  thermocouple temperature 
measurements i n  the  HP t u r b i n e  discharge (T45) p o s i t i o n  or i n  the  LP 
t u r b i n e  discharge (T5 )  l o c a t i o n .  This remains the  dominant means o f  
e s t i m a t i n g  TBT a t  the t i m e  t h i s  document was prepared. 
T45 or T5 measurements are commonly used together  w i t h  a p r e d i c t a b l e  
b ias ,  t o  p r e d i c t  T4, the t u r b i n e  e n t r y  temperature. 
an est imate o f  TBT based upon the  est imate o f  T4. 
take i n t o  account cool i ng o f  the blades themselves, convect ive cool  i ng, 
conduction, and r a d i a t i o n  f rom the  blades. 

Instead,  an 

S p e c i f i c a l l y ,  

This i s  f o l l o w e d  by 
This est imate must 

With the  development o f  o p t i c a l  pyrometers a d i r e c t  measurement o f  TBT i s  
now poss ib le .  
measurement, a l though o t h e r  stages can be se lec ted  as w e l l .  

The f i r s t  stage. t u r b i n e  blades are o f ten chosen fo r  the 
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4.4.3 Oil: Measurement of the oil temperature is usually accomplished by use of 
a probe immersed directly into the medium. 
measurements are often located downstream of the scavenge pumps and 
upstream of the oil cooler. This subject is discussed in Reference 13. 

Locations may vary but 

4.4.4 Fuel Temperature: Measurement of fuel temperature is generally 
accomplished by the insertion of a probe directly into the medium. 
Locations may vary, but measurements are often located downstream of the 
fuel heater .and upstream of the fuel filter. 

5. SYSTEM CONSIDERATIONS: 

Proper design of a temperature monitoring system will account for each 
subsystem element. These include the locations of signal sources, 
appropriate mounting, how the signal is t o  be transmitted, how the signal(s1 
is t o  be processed, the sharing of signals and the end users for the signal 
itself. The next several paragraphs will account for each of these subsystem 
elements. 

5.1 Signal Source Location: 

The selection of the b e s t  location for a temperature sensor will enhance the 
reliability of the signal output. Several questions must be addressed 
before proper location can be decided: 

What temperature i s  desired? 

Can the desired temperature be measured directly or must it be measured 
indirectly? 

If the temperature is t o  be indirectly measured, as in the case of 
calculating an upstream temperature from a downstream location, is there 
a functional relationship between the two temperatures? 

Condition monitoring measurements in the gas path are commonly made at any 
or all of the following thermodynamic stations (see 4.4.1). 

T12 = First compressor front face tip section temperature 

T25 = High pressure (HP) compressor inlet temperature 

T3 = Last compressor discharge temperature 

T45 = Low pressure (LP) turb ne inlet temperature or high pressure 
(HP) turbine discharge temperature 

T5 = Low pressure (LP) turb ne discharge temperature 

Generally speaking, these stations are of interest since they are made at 
locations where transitions occur between circular cross-sections of 
connecting ducts and annular cross-sections of compressor or turbine. 
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5.2 Mounting Considerat ions:  

Mounting o f  sensors t o  var ious  l o c a t i o n s  w i t h i n  the  engine must, a t  a 
minimum, account for  the f o l l o w i n g :  

a. Ava i l ab le  space 
b. V i b r a t i o n  l e v e l s  - mechanica l ly  or a c o u s t i c a l l y  induced 
c.  Means of  secur ing 
d. Sea l ing  
e .  P o t e n t i a l  flow d i s t o r t i o n  
f. Temperature d i s t r i b u t i o n  around probe 

5.2.1 

5.2.2 

5.2.3 

5.2.4 

Space: The space a v a i l a b l e  for  mounting the  sensor o f t e n  determines the 
l o c a t i o n  o f  the sensor as w e l l  as the c o n f i g u r a t i o n  o f  sensor t o  be used. 
Space must be made fo r  secur ing the  sensor t o  the  mounting sur face,  as 
w e l l  as fo r  e l e c t r i c a l  connect ion on the  backside. Furthermore, space 
must be prov ided fo r  t o o l s  used t o  secure the  u n i t  and t o  remove i t .  

V i b r a t i o n  Levels:  
mounting sur face s ince engine induced v i b r a t i o n  l e v e l s  can be very  severe 
depending upon the type o f  engine t o  be instrumented. 
f requencies are determined by the  manufacturer 's  s p e c i f i c a t i o n .  However, 
they can range f rom 10 Hz t o  more than 20 O00 Hz. 
random or s inuso ida l .  When the  ac tua l  v i b r a t i o n  s p e c i f i c a t i o n  i s  i n  
doubt, MIL-STD-810 should probably  be u t i l i z e d  t o  spec i f y  t e s t  l e v e l s  and 
t i m e  du ra t i on ,  

Care must be taken to  mount the  u n i t  secure ly  t o  the  

S p e c i f i c  

V i b r a t i o n  i npu ts  can be 

Means of  Secur ing:  There are  many means of  a t t a c h i n g  sensors t o  a 
mounting surface. Examples are  shown i n  F igure  4. 
recommended thermocouple mount and Reference 4 descr ibes recommended 
f l ange  designs for  two ho le  f langes .  Two ho le  f langes  a re  sometimes n o t  
considered s u f f i c i e n t  fo r  mounting where there  i s  a h igh  v i b r a t i o n  
environment or where there  i s  concern about causing f o r e i g n  o b j e c t  damage 
(FOD) t o  the  engine. 
w i t h  e i t h e r  th ree  or four holes prov ided for  mounting studs or b o l t s .  

Reference 3 prov ides a 

I n  t h i s  event, o the r  f l ange  mounts may be chosen 

Seal ing:  Depending upon medium and the  l o c a t i o n  chosen fo r  measurements 
i n  the engine, i t  i s  u s u a l l y  necessary t o  ensure aga ins t  leakage from one 
l o c a t i o n  t o  another.  For example, i t  w i l l  be necessary to  prevent  o i l  
leakage around a sensor be ing used t o  measure o i l  temperature;  To ensure 
aga ins t  leakage, the  sensor i s  u s u a l l y  designed w i t h  a threaded boss, such 
as the  c o n f i g u r a t i o n  suggested i n  F igure 4. 
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THREADEDBOSS 
WITH HEX 

THREADED FllTING 

FIGURE 4 - Means of  Attachment to  Engine Mounting Surface 

5.2.5 P o t e n t i a l  Flow Distort ion: Gas flow through an engine should n o t  be 
d i s tu rbed  by a sensor placed i n  the a i r  flow path.  To prevent  t h i s ,  the 
sensor i s  e i t h e r  designed t o  be non in t rus i ve ,  as i n  the case o f  a sensor 
mounted f l u s h  to  the i n s i d e  wa i l  o f  a duct  or tube, or i t  i s  designed t o  
shed minimal wakes, If i n s e r t i o n  i n  the flow i s  necessary, the  sensor can 
be i n s e r t e d  i n t o  an engine s t r u t  or guide vane w i t h  i n l e t  and e x i t  p o r t s  
provided. Another way i s  t o  prov ide  a 
sensor c o n f i g u r a t i o n  whose c o n f i g u r a t i o n  i s  an a i r f o i l  i t s e l f .  

Th is  i s  o f t e n  done t o  measure EGT. 
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5.2.6 Temperature D i s t r i b u t i o n  Around Probe: Temperatures are o f t e n  beyond the  

c a p a b i l i t i e s  o f  e l e c t r i c a l  connectors or cables t o  surv ive .  This  means, 
i f  proper mounting i s  accomplished, care must be taken t o  ensure aga ins t  
excessive temperatures fo r  c e r t a i n  sensor components. Not o n l y  w i  1 1  the  
ambient temperatures c rea te  d i f f i c u l t i e s ,  b u t  heat  can be conducted from 
the  measured medium to  the  temperature sensi t i v e  components. 
happen e s p e c i a l l y  i n  the  h o t t e r  sec t ions  o f  the engine, i n c l u d i n g  the  HP 
compressor, HP and LP t u r b i n e  areas. 

This  can 

Not only must t h e  probe components somet imes be pro tec ted ,  b u t  care must 
be taken t o  the rma l l y  i s o l a t e  the  temperature sensing end from the  
connector end. This  w i l l  reduce conduct ion errors i n  RTDs and prov ide  
b e t  t e r  measurement s .  

5.3 Signal  Transmission: 

I n  many cases, a temperature sensor w i l l  be p h y s i c a l l y  separated by some 
d is tance from i t s  s igna l  cond i t i one r .  For example, s igna ls  from a 
thermocouple harness used t o  measure EGT w i l l  genera l l y  be needed i n  the  
c o c k p i t  for  d i s p l a y  purposes. This  means e l e c t r i c a l  s igna ls  w i l l  need t o  be 
t ransmi t ted  over  cables or leadwires.  Design cons idera t ions  w i  11 depend 
upon the  sensor type, the  environment i n  which the  sensor i s  l oca ted  and the  
end use. 

5.3.1 RTDs: P la t inum ( P t )  and n i c k e l  ( N i )  sensors have n e a r l y  i d e n t i c a l  needs 
for  s igna l  t ransmiss ion.  S ignals  from these sensors a re  genera l l y  
processed by v a r i a t i o n s  of the bas ic  Wheatstone Br idge,  t o  be discussed i n  
more d e t a i l  i n  5.4, The main cons idera t ions  for  RTDs a re  lead res i s tance ,  
lead  connect ion and e l e c t r i c a l  sh ie ld ing .  

Copper i s  the  most common leadwi re  used fo r  RTD s igna l  5.3.1.1 Lead Resistance: 
t ransmiss ion.  L i ke  a l l  metals,  copper leadwires possess an i nhe ren t  
e l e c t r i c a l  res is tance,  expressed i n  ohms/1000 f e e t  or m e t e r s .  
E l e c t r i c a l  res i s tance  i s  a f u n c t i o n  o f  the  m a t e r i a l ,  the  ambient 
temperature and the  cross-sect ional  area (gauge) o f  the  w i re .  
example, Table 5 e x h i b i t s  maximum res is tances  as a f u n c t i o n  o f  var ious  
copper w i res .  

The s igna l  processor (b r idge)  w i l l  r ece i ve  an RTD s igna l  a f f e c t e d  by 
res i s tance  f rom both  the  RTD and the leads, 
res is tance,  a th ree  or four w i re  system i s  o f ten chosen. A s  w i l l  be 
shown i n  5.4, the th ree  w i r e  sys tem almost, and the  f o u r  w i r e  sys tem 
completely,  enables the b r idge  t o  compensate fo r  the  lead res i s tance .  
I n  the  event t h a t  o n l y  two leads are  used, the  s igna l  processor must 
account f o r  the added lead res i s tance .  

For 

To compensate fo r  the  lead 
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AWG 

30 
28 
26 
24 
22 
20 
18 
16 
14 
12 
10 
8 
6 
4 
2 
O 

TABLE 5 - Maximum Resistance of Selected Leadwiresl 
tQ/1000 ft (304.8 m> at 20°C) 

Silver-Plated 
Ti n-P1 ated Silver-Plated Nickel Hiah Strenath 
Copper 

107.0 
67.6 
39.3 
24.9 
15.5 
9.70 
6.08 
4.76 
2.99 
1.58 
1.27 
O. 700 
0.436 
0.274 
O. 179 
0,114 

1Reference 16, pp. 2-13. 

Copper 

101 .o 
62.9 
36.2 
23.2 
14.6 
9.05 
5.80 
4.54 
2.87 
1.48 
1.20 
0.661 
0.419 
0.263 
0.169 
0.105 

P1 ated Copper 

109.0 
68.3 
40.1 
25.1 
15.5 
9.79 
6.08 
4.76 
3.00 
1.59 
1.27 
O. 680 
0.428 
0.269 
0.174 
o. 109 

CoC;per AI 1 õy 

116.0 
72.2 
41.5 
26.6 
16.8 
10.4 
6.65 
5.23 
3.30 
1.70 
1.38 
0.760 
0.483 
O. 302 
0.194 
O. 123 

5.3.1.2 Lead Connection: Whenever possible, sensors should be attached to 
wiring harnesses through standard electrical connectors, This has two 
main advantages over sensors with cables permanently attached: 

a. Should failures occur in either the sensor or cable, it wili be 
necessary to replace only the failed part, leading to lower costs. 

b. The sensor can be more easily designed with a hermetic seal. 

If, however, hermetic connectors are not possible, then provision must 
be made to ensure moisture does not migrate through the cable and into 
the sensor itself. Moisture within the sensor or within the leads 
themselves can either degrade insulation resistance, cause a short 
circuit or both may happen. 
will be unreliable. 

In either event, the resulting measurement 
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5.3.1.3 E l e c t r i c a l  Sh ie ld ing :  Electromagnet ic i n t e r f e r e n c e  (EM11 i s  genera l l y  
n o t  a problem fo r  an RTD u n l e s s  unwanted s igna ls  induce cu r ren ts  v i a  
leadwires which can cause d i e l e c t r i c  breakdown w i t h i n  the  sensor i t s e l f .  

However, unwanted EM1 w i l l  be a problem fo r  the s igna l  processor i f  
proper  s h i e l d i n g  o f  the c a b l i n g  i s  n o t  used. F igure  5 e x h i b i t s  a 
recommended method for proper  grounding o f  an e x t e r n a l l y  sh ie lded 
cable.  The sensor end should be grounded and the  s h i e l d  should be 
d i r e c t l y  connected t o  t h a t  ground. 

Add i t i ona l  care must be taken t o  p r o t e c t  the  s igna l  processor from 
extraneous r a d i o  f requency (RF) r a d i a t i o n .  

5.3.2 Thermocouples: S ignals  can be t ransmi t ted  from a thermocouple over  the 
thermocouple w i r e s  themselves or through extens ion leadwires.  
1 eadwi res  a re  at tached between the thermocouple measurement end ( h o t  
j u n c t i o n ) ,  and the  re fe rence j u n c t i o n  ( c o l d  j u n c t i o n ) .  The c e n t r a l  
cons idera t ions  f o r  leadwires w i l l  be r e l a t e d  t o  ex tens ion  lead m a t e r i a l s ,  
temperature grad ien ts ,  connectors, and e l e c t r i c a l  s h i e l d i n g .  

Extension 

5.3.2.1 Extension Leadwires: Extension leads may be used fo r  severa l  reasons, 
i n c l u d i n g  the  f a c t s  t h a t :  

a, 

b. 

I n t r o d u c i n g  leadwires can more e a s i l y  be adapted t o  the  mounting 
sur face 
Exchanging expensive the rmoe lec t r i c  w i r e  for  less  c o s t l y  ex tens ion  
w i r e  

I 
Leadwires f a l l  i n t o  two ca tegor ies :  I 

Category 1 .  
Category 2 ,  

A l l o y s  the  same as the  at tached thermocouple w i res  
Alloys d i f f e r e n t  from the  thermocouple w i r e  

Extension w i r e s  for types K, S ,  and T thermocouples are  shown i n  Table 6. 

There are  several  types o f  errors t h a t  may be i n t roduced by the  
leadwires themselves. These errors inc lude :  

a. D i f f e rences  i n  thermal emf between thermocouples and ex tens ion  

b. 

c. 
d, Connector ma te r ia l  having thermal emf c h a r a c t e r i s t i c s  d i f f e r e n t  from 

I 

1 eadwi res  
D i f f e rences  i n  temperature between the two thermoelement-extension 
w i r e  j u n c t i o n s  
Reversed p o l a r i t y  a t  the j u n c t i o n s  

the  1 eadwi r e s  

I More d e t a i l s  on these errors can be ob ta ined from Reference 17. 

Care i s  t o  be taken i n  recommending'changes from T/C  grade m a t e r i a l s .  
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SENSOR 
I 

SIGNAL PROCESSOR 

I- 
RECOMMENDED GROUNDING PROCEDURE 

NOT RECOMMENDED 

FIGURE 5 - RTD Shielded Cable-Grounding Opt ions 

Thermocoup 
"YPe 

K 
T 
S 

TABLE 6 - Extens 

e Extension 
Wi re  Type Pos 

on Wi res  for Thermocouples 

A l  loy Type 
t i  ve Negati ve 

Temperature Range 
( O C )  ( O F )  

KX 
TX 

sx 

N i  -Cr N i  - A l  o - 200 32 - 400 
Constantan -60 - 100 -75 - 200 Cu 

Cu CU-Ni o - 200 32 - 400 
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5.3.2.2 Temperature Gradients: Thermoelectric circuits can be made insensitive 
to temperature gradients within the extension leadwires as discussed in 
Reference 15. The main concern i s  that if an extension leadwire is 
attached to either of the thermocouple wires, the junctions at either 
end should be at the same temperature. 

5.3.2.3 Connectors: Connectors and switches for thermocouples must not produce 
emfs that would contaminate the temperature signal from the 
thermocouple. Spurious emf can be caused by material incompatibility, 
excessive cold work (in which the calibration characteristics differ 
markedly from the thermocouple wires), and by temperature gradients 
within the connector. 

5.3.2.4 Electrical Shielding: Spurious emf must not be allowed to distort the 
thermocouple signal. Unshielded thermocouple leads can give rise to emf 
in the presence of an intense electromagnetic field. . 

Ground loops must be avoided in a thermocouple circuit. For example, if 
different ground potentials ex1 st between the measuring junction and the 
reference junction, and a ground loop exists, then a current may flow 
through the thermocouple leads and/or wire. 
inherent resistance, this will give rise to a potential that will 
distort the original thermocouple signal. 

Because the wire has an 

Vendor catalogs on thermocouple connectors should be consulted for more 
detailed information. 

5.3.3 Optical Pyrometers: The transmission of signals from an optical pyrometer 
will consist of two parts (examples are shown in Figure 6): 
a. 

b. 

The transmlssion of radiance from the lens assembly to the 
photo-electric detector 
The transmission of current from the pre-amplifier to the signal 
processor 

In the case of transmission of radiant energy, there are two different 
means of conveying energy. In the first case, radiant energy can be 
focused directly on the photoelectric detector. In the second case, 
radiant energy i s  transmitted from the lens assembly through a fiber optic 
cable to the detector/pre-amp assembly some di stance away. 

The transmission of radiant energy directly onto a detector does not 
present any special problems. Therefore, the following discussion will 
focus on the transmission of radiant energy via a fiber optic cable as 
well as to discuss the considerations associated with transmitting current 
from the pre-amp to the signal processor. 
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W 
f 

TURBINE 
BLADE 

LENS 
ASSEMBLY SIGHT TUBE PRE- 

ELE~TRICAL 
CABLE 

PHOTO-ELECT RIC 
DETECTOR 

SIGNAL 
PROCESSOR 

A. NO FIBER OPTIC CABLE 

LENS FIBER OPTIC 
CABLE 

\ I / PRE- 
ASSEMBLY SIGHT TUBE 

--- - _ - - - - - -  
~ - - 4 ---- - 

PHOTO- 7 ELECTRICAL SIGNAL 
ELECTRIC CABLE PROCESSOR 

TURBINE DETECTOR 
BLADE 

B. FIBER OPTIC CABLE 

FIGURE 6 - Transmission o f  Radiant Energy 

5.3.3.1 Type of F i b e r - o p t i c  Cable: F iber -op t ic  cables can e i t h e r  be s i n g l e  
S ing le  f i b e r  cables t y p i c a l l y  f i b e r  cables or f i b e r  bundle cables.  

o f fer  g r e a t e r  e f f i c iency  ( i n  r a d i a n t  energy per  square cent imeter)  over 
the  cross-sect ional  area o f  the  cable, p o s s i b l y  h igher  temperature 
c a p a b i l i t y ,  and b e t t e r  f a u l t  i s o l a t i o n  ( i f  the  cable i s  broken, no 
s igna l  w i l l  be t r a n s m i t t e d  t o  the  d e t e c t o r ) .  F iber  bundles, on the  
o t h e r  hand, of fer  the  advantages o f  somewhat g r e a t e r  re1  i abi  1 i ty, i .e. ,  
i f  one f i b e r  i s  broken, there  i s  redundancy i n  the  system. Furthermore, 
f i b e r  bundles are  g e n e r a l l y  more wide ly  a v a i l a b l e ,  hence l e s s  expensive. 
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5.3.3.2 Transmissivity: Transmissivity is defined as the percentage of radiant 
energy received by the lens that impacts the photoelectric detector. 
Transmissivity is a primary consideration in choosing a fiber optic 
cable. 
largest transmissivity possible in order to maximize output current from 
pre-ampi ifier assembly. 

5.3.3.3 Temperature Limits: For purposes of mounting the cable, it is desirable 
to insure the cable will survive maximum temperatures between 400 to 
500°C (approximately 800 to 1000°F). This is because locations aft of 
the turbine case may not receive cooling bypass air. 
modern engines operate at increasingly higher TET temperatures. 
means the turbine case will experience temperatures up to 500'C 
(approximately 1000°F). 

Typically in the 60% range, it is important to acquire the 

Furthermore, 
This 

5.4 Signal Processing: 

The task of processing signals from RTDs, thermocouples, optical pyrometers, 
optical fiber thermometers, and gas-filled bulbs can range from a simple 
Wheatstone Bridge for an RTD to complex electronic devices for processing 
radiance signals from optical pyrometers. The fol lowing discussions wi 1 1  
focus on the key considerations. 

5.4.1 RTDs: Variations on the basic Wheatstone Bridge (see Reference 15) are 
used to condition the signals from an RTD. For most applications, the 
bridge is excited with a constant voltage power source (28 V DC). 
However, there are also bridges excited by constant, current sources. 
They will have different impacts on probe self-heating. The following 
considerations are important in the design o f  a bridge circuit: 
nonlinearities, self-heating errors of the probe, temperature sensitivity, 
and supply voltage. Self-heating errors are discussed in 7.1.1.2.5. 

5.4.1.1 Nonlinearities: The bridge output voltage is always a nonlinear 
function of the probe resistance, and the probe resistance is a 
nonlinear function of temperature (especially for nickel RTDs). This 
means bridge output voltage will be a nonlinear function of 
temperature. However, in the case of nickel RTDs, nonlinearities in the 
probe tend to compensate the nonlinearities of the bridge, Increased 
linearization of a bridge with nickel RTDs can be accomplished by 
placing a selected fixed resistor in parallel with the probe. 

In the case of platinum RTDs, the nonlinearities o f  the probe and the 
bridge tend to be additive. The total nonlinearity can be kept small by 
minimizing probe self-heating. In most aircraft applications, the 
bridge will be excited by a constant voltage (28 V DC) source. This 
means that probe self-heating i s  inversely proportional to probe 
resistance. In the case o f  constant voltage excitation, bridge 
nonlinearities can be kept small by selecting probes with high 
resistance (e.g., greater than 500 QI. 
In the case of constant current bridges, however, probe self-heating is 
directly proportional to probe resistance. This means selection o f  
small resistance sensors will be necessary to minimize self-heating and 
thereby nonlinearities. 

c 

O 
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5.4.1.2 Temperature Sensitivity: Given proper choice of bridge resistors and 
leadwires, changes in environmental temperature should not have an 
appreciable effect on bridge output. 
resistors and copper leads will leave the bridge insensitive to 
temperature. However, the use of constantan along with copper should be 
avoided since the combination will cause thermoelectric effects with 
temperature. 

For example, manganin wire 

5.4.1.3 Supply Voltage: The bridge supply voltage should be regulated closely, 
since voltage changes can cause output errors. 

5.4.2 Thermocouples: Signals from thermocouples are processed for display in 
the cockpit and for input to the engine control unit (ECUi. Direct 
display processors are often moving coil indicators, whereas processors in 
the ECU are generally analog to digital convertors. 
convertors are generally available: 
successive approximation type. General considerations include the 
temperatures o f  the reference junction and electrical noise interference. 

Two types of 
the integrating type. and the 

5.4.2.1 Reference Junction: Correcting or compensating a thermocouple for the 
cold junction temperature is usually accomplished through the use o f  a 
t'floatingll reference junction, shown schematically in Figure 7. The 
junction is a standard "Uniform Temperature Reference" box with 
multichannel capacity. The temperature in the UTR, called the reference 
temperature, i s  allowed to "float" but is measured through the use of an 
RID or thermistor in the UTR. Therefore, the output voltage from the 
thermocouple is compensated by the addition of voltage corresponding to 
the reference temperature. 

5.4.2.2 Electrical Noise: The signal from a type K thermocouple is 
approximately 40pV/"C (2OpV/"F). Furthermore, the resolution of 
many signal processing instruments must be kept small (+1 to 2pV) in 
order to guarantee high accuracy in the enti re temperature measuring 
system. O f  the two types of digital voltmeters, the integrating type is 
generally less susceptible to noise than the successive approximation 
type. More information can be obtained from Reference 1. 

5.4.3 Optical Pyrometers: Optical pyrometers can be used for development, 
control, diagnostics, or condition monitoring. This means that signals 
may be processed for input to either the engine control unit, to a 
dedicated, on-board data acquisition unit (for flight instrumentation), or 
to a ground-based data acquisition unit (for development, diagnostics or 
for ground-based condition-monitoring systems). Electrical signals are in 
the form of DC current and they range in magnitude from a few nanoamps at 
the lower operating temperatures (600°C) to several microamps at the 
higher operating temperatures (1450 to 1500°C). 
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REFERENCE 
JUNCTION 

MEASURING 
JUNCTION 

REFERENCE 
TEMPERATURE 

SENSOR 

FIGURE 7 - F l o a t i n g  Reference Junc t ion  for  Thermocouples 

5.4.3.1 

5.4.3.2 

Typ ica l  S igna l :  The measurement o f  t u r b i n e  blade temperature (TBT) i s  
d i f f i c u l t  for  several  reasons. To begin w i th ,  the  t a r g e t  i s  remote and 
moving a t  h igh  speed. Secondly, the o p t i c a l  s igna l  from the  pass ing 
blades (expressed i n  wat ts  per  square cent imeter  per  micron) must be 
converted through a detector/preamp t o  an e l e c t r i c a l  s igna l  ( u s u a l l y  
expressed i n  nanoamps). The r e s u l t i n g  e l e c t r i c a l  s igna l  i s  a non l i nea r  
f u n c t i o n  o f  temperature. Moreover, the  h igher  the  temperature, the more 
accurate the e l e c t r i c a l  s igna ls .  F i n a l l y ,  the  e l e c t r i c a l  s igna l  i s  weak 
and must be separated from several  o the r  extraneous s igna ls .  These 
extraneous s igna ls  r e s u l t  from emissions from the gas i t s e l f ,  emission 
from h o t  p a r t i c l e s  passing i n  view o f  the l e n s  and r e f l e c t e d  r a d i a t i o n  
f rom the combustor. A sample ou tpu t  p a t t e r n  i s  shown i n  F igure  8. 

Desired Outputs: The raw ou tpu t  from an o p t i c a l  pyrometer t y p i c a l l y  has 
a low s igna l  t o  no ise r a t i o .  The s igna l  t y p i c a l l y  con ta ins  extraneous 
r a d i a t i o n  which can range f rom shor t  10 ps burs ts  w i t h  ampl i tude no 
l a r g e r  than peak blade rad iance t o  peak br ightnesses over  100 t i m e s  the 
blade rad iance and l a s t i n g  for  several  microseconds. 

The types o f  s igna ls  des i red  depend s t r o n g l y  upon the  f u n c t i o n  o f  the 
pyrometer i n  the  engine. They are g iven as follows: 
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5.4.3.2.1 

5.4.3.2.2 

TEMP (K) 
1 

HOT CARBON EXTRANEOUS 
PARTICLES RADIATION 

Y 

TIME (HC) 

FIGURE 8 - Typical Radiation Pattern From Optical Pyrometers 

Average Peak Blade Temperature: 
a control signal to limit the maximum TBT. Extraneous radiation is 
usually ignored and, in general, it will not be possible to detect 
individual overheated blades. The electrical bandwidth i s  usually 
much lower than for a diagnostics/condition monitoring pyrometer. 

This type of signal is often used as 

Minimum Picking Temperature: 
positively to the TBT signal. This means that if the positive 
contribution can be eliminated, the remaining (called minimum picking) 
signal could be used for blade profiling purposes. This type of 
signal is appropriate for development, diagnostics, or condition 
monitoring purposes. 

Extraneous radiation always contributes 

5.4.3.3 Electrical Bandwidth: The electrical bandwidth will depend strongly on 
the function of the pyrometer. 
purposes, the bandwidth can be low (on the order of 40 to 50 kHz). 
However, for purposes of development and diagnostics, the bandwidth must 
be larger. 

Generally speaking, for control 

For purposes of blade profiling (in order to assess blade cooling designs 
for example), it is recommended that the optical target (spot size) be 
selected to be approximately one-fifth the viewable blade width and the 
electronic bandwidth be selected to be maximum blade passing speed 
divided by the target diameter. This would mean it may sometimes be 
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5.4.3.3 (Continued): 

necessary t o  e s t a b l i s h  a bandwidth as h igh  as 125 t o  150 kHz. 
suggests a pyrometer to  be used for  c o n d i t i o n  mon i to r i ng  may r e q u i r e  an 
e l e c t r o n i c  bandwidth somewhere between 50 and 150 kHz depending upon the 
temperature t h a t  i s requ i red .  

This  

5.4.4 Gas-Fi l l e d  Thermometers: The process ing o f  s igna ls  from gas- f i  l l e d  
thermometers i s  u s u a l l y  n o t  accomplished s ince there  i s  g e n e r a l l y  no 
e l e c t r i c a l  s igna l  invo lved.  Ins tead,  the mechanical impulse i s  sent  from 
a r e s e r v o i r  to  var ious  mechanical ac tua tors  i n  the  ECU. 

5.5 Shared Signals :  

S ignals  from var ious  sources on the engine are  o f t e n  shared by subsystems 
w i t h  va ry ing  purposes. For example, a s igna l  used by the  ECU to  c o n t r o l  
f u e l  flow may a l s o  be used fo r  c o c k p i t  d i sp lay .  
s igna ls  used for  c o n t r o l  (e.g., T2) may be se lec ted  for  i n p u t  t o  an 
on-board, cond i t ion-mon i to r ing  sys tem.  While t h i s  may n o t  be unusual, t he re  
are  cons idera t ions  t h a t  must be made i n  o rder  t o  insu re  the  in tended 
accuracies o f  t h e  var ious  s igna ls .  These cons idera t ions  f a l l  i n t o  a t  l e a s t  
two areas: 

I n  a s i m i l a r  manner, 

a. Phys ica l  l o c a t i o n  o f  b i f u r c a t e d  s igna ls  
b. C o m p a t i b i l i t y  o f  e l e c t r i c a l  bandwidths 

5.5.1 

5.5.2 

B i f u r c a t e d  Signals :  Genera l ly  speaking, a p r o p e r l y  designed amp1 i f i e r  
w i t h  m u l t i p l e  ou tpu ts  w i l l  be ab le  to  supply s igna ls  ( c u r r e n t  or vo l tage)  
t o  d i f f e r e n t  f unc t i ons  f rom the  s i n g l e  ou tpu t  o f  a s i n g l e  sensor. 
However, i t  i s  not adv isab le  t o  separate s igna ls  f rom a s i n g l e  sensor i n  
advance o f  the s igna l  cond i t i one r  as F igure  9 i l l u s t r a t e s .  Cons idera t ion  
should a l s o  be g iven to  ensur ing the  e x c i t a t i o n  cu r ren ts  a re  i d e n t i c a l  
among d i f f e r e n t  power sources. I f  they are  d i f f e r e n t ,  the  sensor w i l l  
exper ience d i f f e r e n t  l e v e l s  o f  se l f -hea t ing  g i v i n g  r i s e  t o  errors i n  
measurement. 

S ignal  Bandwidth C o m p a t i b i l i t y :  Shar ing s igna ls  can be a problem i f  the 
func t i ons  i n tend ing  t o  share a s igna l  have w ide ly  d i f f e r i n g  da ta  t r a n s f e r  
or sampling needs, For example, o p t i c a l  pyrometer s igna ls  can range f rom 
25 to  50 kHz t o  more than 150 kHz. Unless da ta  a c q u i s i t i o n  r a t e s  between 
the  d i f f e r e n t  f unc t i ons  can be made compat ib le,  i t  i s  h i g h l y  probable t h a t  
accuracies of the  temperature devices w i l l  be compromised. For example, a 
d iagnos t ics /cond i  t i o n  mon i to r i ng  f u n c t i o n  w i  11 genera l l y  r e q u i r e  much 
h igher  bandwidths than w i l l  a c o n t r o l  f u n c t i o n .  This means a c o n t r o l  
ou tpu t  a t  50 kHz w i l l  p robably  n o t  be s u f f i c i e n t  f o r  b lade p r o f i l i n g  a t  
much h igher  f requencies.  

Bandwidth i s  general l y  not a problem for  an RTD or a thermocouple s ince 
t h e i r  response t i m e s  a re  genera l l y  much slower than the  da ta  t r a n s f e r  or 
sampling r a t e s  for  most systems.  For example, a t y p i c a l  RTD t i m e  constant  
w i l l  be 4 t o  6 s I n  a i r ,  wh i l e  a 1 kHz da ta  r a t e  prov ides an upper 
response o f  2 ms. 
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A. CORRECT 

c 

ELECTRICAL SIßNAL MULTIPLE 
CABLE CONDITIONER OUTPUTS 

UNSOR (RTD/THERMOCOUPLE) 
WITH SINGLE OUTPUT 

I 
ummÆEGI 

FIGURE 9 - Locations of Signal Bifurcation 

6. SELECTION CRITERIA: 

Stated in general terms, the selection of temperature systems or subsystems 
is made with consideration of the following: 

a. Type of measurement 
b. General performance, including accuracy 
c. Costs, including hardware and maintenance 
d. Re1 i abi 1 i ty and mai ntai nabi 1 i ty , and 
e. Interface considerations 
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6.1 Measurement Type: 

The measurement type inc ludes the  cons ide ra t i on  o f  whether: 

a. 

b. The measurement i s  for  engine t e s t i n g  or whether i t  w i l l  be a 

c .  The measurement i s  fo r  c o n t r o l ,  d iagnos t i cs  and c o n d i t i o n  mon i to r i ng  

d. The s igna l  i s  t o  be used for  inst rument  reading,  a i rbo rne  record ing ,  or 

e .  There w i l l  be i n d i v i d u a l  or m u l t i p l e  measurements, such as p o i n t  or area 

The type of medium being measured i s  gas path,  t u r b i n e  blade, oil  or 
f u e l  temp 

measurement on produc t ion  engines 

purposes, d i sp lay ,  or for  performance measurement 

for  rea l - t ime  use 

measurements, mean, d i f f e r e n t i a l ,  or ra te - type  measurements 

For those measurements where the r e s u l t s  a re  t o  be d isp layed i n  the  cockp i t ,  
the  need fo r  accuracy may n o t  be as g rea t  as those cases where the  
measurement i s  to  be used for  a i rbo rne  reco rd ing  or rea l - t ime  use. 
Moreover, i n  some instances,  d iagnos t ics  and c o n d i t i o n  mon i to r i ng  
measurements w i l l  need to  be more accurate than fo r  purposes o f  c o n t r o l .  

6.2 Performance: 

There are  several  performance va r iab les  o f  i n t e r e s t .  These inc lude :  

a. Temperature range 
b. Accuracy 
c .  T ime  response 
d .  S t a b i l i t y  

6.2.1 Temperature Range: There are  two ranges o f  concern: the  ambient or 
environmental ranges and the  opera t i ng  measurement range. Genera l l y  
speaking, the  environmental range w i l l  be wider than the  opera t i ng  range 
and w i l l  be impor tan t  i n  determin ing the  i n t e r f a c e  (such as connectors 
v e r s u s  cables)  and whether s igna l  c o n d i t i o n i n g  can be done l o c a l l y  or 
remote 1 y. 

6.2.2 Accuracy: An accurate measurement i s  one w i t h  low measurement e r r o r s .  
Genera l l y  speaking, e r r o r s  can be expressed as the  sum o f  time-dependent 
error sources and those whose which are  t i m e  independent as follows: 

where e ( t )  = the t o t a l  measurement error, as a f u n c t i o n  o f  t i m e  
a ( t )  = t i m e  dependent error 
b = t i m e  independent error 
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6.2.2 

6.2.3 

6.2.4 

(Continued) : 

Generally speaking, the time dependent error a(t> is referred to as 
stability. 
the total measurement error can be expressed as the sum of random errors 
and systematic errors. Systematic errors are predictable errors. These 
are often called bias errors, dependent upon the engine operating 
condition. The random errors are not predictable, and contribute to a 
band of uncertainty about the systematic error. 
include some portion of the signal conditioning errors. More discussion 
follows in Section 7 .  

It can be characterized as a drift in measurement. Moreover, 

Random errors will 

Time Constant: 
the time taken by the sensor to respond to 63.2% of a step change in 
temperature. 
and type of measurement. 
constant to assure repeatable measurements in a sampled system, 
particularly in control applications. 

The time constant of a sensor is generally expressed as 

The importance of time constant depends upon the function 
It is typically desirable to minimize the time 

Stability: A s  explained in 6.2.2, the measurement is subject to drift 
over time. 
of accuracy required of the sensor as well as the type o f  measurement 
being made. 

The amount of  drift allowable depends upon the overall level 

6.3 Costs: 

The cost of a system is often complex and difficult to estimate. 
often include but are not necessarily limited to the following: 

Costs 

a. Unit cost, purchased from the vendor, for production engines 
b. Nonrecurring development cost 
c. Qualification costs including data costs 
d. Flight testing costs 
e. Product support costs 
f. Spares costs 
g. Other administrative costs 

While initial costs of a system or subsystem may be low, the total cost per 
unit may be high. This may occur, for example, when failure rates are high 
and spare costs are excessive. 

6.4 ReliabilitylMaintainability: 

The selection of a temperature system often depends upon the reliability of 
the system itself. 
including: 

This can be measured in a number of different ways 

Mean time between overhauls (MTBO) 
Mean time between failures (MTBF) 
Mean time between unscheduled removals (MTBUR) 
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6 . 4  

6.5 

(Continued): 

I t  w i l l  be necessary t o  de f i ne  p r e c i s e l y  what a f a i l u r e  cons is t s  o f .  
comprise several  meanings: 

I t  may 

a. I n t e r m i t t e n t  read ing  
b. Open c i r c u i t  
c .  Out o f  to le rance cond i t i on ,  determined by some re fe rence 
d. 

M a i n t a i n a b i l i t y  may a l s o  be a determin ing f a c t o r  i n  the  choice of  a 
temperature system. 
"on-condi t ion"  maintenance may be impor tant ,  
the probe o r  o the r  p a r t s  o f  the system may be impor tan t  i n  i t s  s e l e c t i o n .  
For example, i f  a l o c a t i o n  for  mounting i s  n o t  a v a i l a b l e ,  a l t e r n a t i v e  
measurements may be requ i red  i n  l i e u  o f  the des i red  measurement. 

Other - dependent upon da ta  a c q u i s i t i o n  

For example, the ex ten t  t o  which a system conforms t o  
A d d i t i o n a l  l y ,  accessi  b i  1 i t y  o f  

I n t e r f a c e  Considerat ions:  

I n t e r f a c e  r e f e r s  t o  the e l e c t r i c a l  and phys ica l  connect ions t h a t  must be 
made t o  a t t a c h  the sensor a t  i t s  l o c a t i o n .  
the  Pol  lowing: 

Cons idera t ion  should be g iven t o  

a. Mounting holes and brackets  
b. V i b r a t i o n  i s o l a t o r s  
c .  Connectors and cables 
d. Sh ie ld ing  
e. S ignal  c o n d i t i o n i n g  
f .  E l e c t r i c a l  uses o f  the s igna l ,  such as ECUs, a i r  da ta  computers (ADC), 

g. Modular design aspects 
h. Qu ick  d isconnect  
i. Testabi  1 i ty  

mu1 t i  p l  exers (MUX) , and da ta  buses 

7 .  ACCURACY: 

A l  1 p r a c t i  ca l  measurements are accompanied by error componen L s .  General y 
speaking, an error i s  the sum o f  a systemat ic or p r e d i c t a b l e  component and of  
a random o r  unpred ic tab le  component, Systematic components a re  p r e d i c t a b l e  
us ing  any o f  a number o f  engine f l i g h t  cond i t i ons .  A s  such, the  e r r o r s  can 
be compensated by appropr ia te  s igna l  processing. Random e r r o r s ,  on the  o the r  
hand, are n o t  p red ic tab le ,  and hence, they must be regarded as r e s i d u a l  
errors a f t e r  systemat ic components a re  accounted for .  An accurate 
measurement i s  one w i t h  low errors wh i l e  a repeatable measurement i s  one w i t h  
low random (bu t  n o t  necessa r i l y  low systemat ic)  errors. 

While i t  i s  posss ib le  t o  u t i l i z e  sensors t h a t  are repeatab le  fo r  the 
func t i ons  o f  c o n t r o l  and c o c k p i t  d i sp lay ,  accurate sensors a re  needed f o r  
d iagnos t ics  and c o n d i t i o n  mon i to r ing ,  
r e p e a t a b i l i t y  i s  more impor tant .  Hence, there  may be a r i s k  i n  shar ing  
s igna ls  w i t h  control sensors u n l e s s  the accuracy requirements fo r  c o n d i t i o n  
mon i to r i ng  are m e t .  I t  should be noted t h a t  s i n g l e  gas pa th  sensors o n l y  
p rov ide  an est imate o f  the average gas path temperature. 

For performance mon i to r ing ,  
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7.1 Error Types: 

7.1.1 RTDs and Thermocouples: Temperature measurement errors may be: 

a. Meteorological errors 
b. Position errors 
c. Temperature lag error 
d. Instrument error 
e. Leadwire errors 
f, Indicator errors 

7.1.1.1 

7.1.1.2 

Meteorological Errors: In the event a measurement is being made in the 
inlet or bypass duct of an engine, the effects of moisture and of snow 
or ice can be quite pronounced. Water droplets can impinge directly on 
the sensing element, if care is not taken to inertially separate 
droplets or moisture from the temperature sensing element. Continuous 
airflow past the element will generally cause an evaporative process to 
take place which means the establishment of a temperature equilibrium 
lower than that prevailing in dry air. This is the so-called "wet bulb 
temperature" effect and can cause considerable measurement errors. The 
magnitude of this error depends on several factors. These include 
relative humidity, flow rate, static temperature, difference between 
water temperature and static temperature, etc. The unpredictable 
magnitude of this error means that it must be treated as a random error. 

Position Errors: 
location, the sensor and the measured medium must come into thermal 
equilibrium with one another. Due to the need to make measurements 
practical and reliable, something less than true equilibrium between 
sensor and medium is achieved. This means the measurement involves less 
than ideal heat transfer between sensor and medium. It may be ascribed 
to the physical location (i.e., position) of the sensor or to the 
configuration of the sensor itself. For example, a probe whose sensing 
element is immersed directly in the airstream will perform differently 
from a probe,whose sensing element is placed elsewhere in the probe with 
airflow directed to it. 

In order to measure the temperature at a given 

Position errors fall into the following categories: 

a. Probe location error 
b. Velocity error 
c .  Conduction error 
d. Radiation error 
e. Self-heating error 
f. Deicing heat error 

- 35 - 
 

Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r19

00

https://saenorm.com/api/?name=be47f782ee177749f2621dbcdc15d7af


SAE AIR*39OO 93 M 8357340  0055386 2 M 

SAE AIR1900 

7.1.1.2.1 Probe Locat ion Error: Three d i f f e r e n t  types o f  l o c a t i o n  e r r o r  may 
occur.  They i nc lude  (1) t he  e r r o r  due to  d i f f e r e n c e s  i n  flow r a t e s  
between the  probe and the  medium, (2) t he  e r r o r  due t o  d i f f e r e n c e s  
between the ac tua l  thermodynamic s t a t i o n  and the  des i red  thermodynamic 
s t a t i o n ,  and ( 3 )  a t t i t u d e  e r r o r s .  

7.1.1.2.1.1 Flow Rate D i f f e rences :  This e r r o r  a r i s e s  because t h e  l o c a l  flow 
r a t e  a t  t he  probe i s  d i f f e r e n t  from the  ac tua l  f low r a t e  i n  the 
medium. 
a i r  temperature ( T s )  and the  a d i a b a t i c  temperature r i s e  (ATk) 
as f o l  lows : 

For example, t o t a l  temperature ( T t )  i s  t he  sum o f  s t a t i c  

T t  = Ts .t. ATk (Eq.3) 

Furthermore, a d i a b a t i c  temperature r i s e  i s  r e l a t e d  t o  Ts through 
the  Mach number as follows: 

(Eq.4) 

where Ts i s  g iven i n  absolute u n i t s  

y i s  the r a t i o  o f  s p e c i f i c  heats Cp/Cv 

I n  an i d e a l  sense, t he  sum of s t a t i c  and a d i a b a t i c  temperatures 
i n s i d e  a c losed system such as an engine i n l e t  should remain 
constant,  unless heat t r a n s f e r  changes one or bo th  o f  these 
components. However, t he  flow r a t e  i n s i d e  a flow boundary l a y e r  i s  
much slower than i n  nonv isc id  a i r  flow. Moreover, t he  s t a t i c  
temperature cannot be measured we1 1 because o f  convect ion 
phenomena. This means the  measurement o f  t o t a l  temperature from 
i n s i d e  a flow boundary l a y e r  w i l l  r e s u l t  i n  a measurement e r r o r  
which we choose to  c a l l  p o s i t i o n  e r r o r .  

7.1.1.2.1.2 

7.1.1.2.1.3 

Actual  Versus Desired Thermodynamic S t a t i o n :  P o s i t i o n  e r r o r s  a l s o  
occur when, for  example, an at tempt i s  made t o  measure T12 ( f i r s t  
compressor f r o n t  face t i p  sec t i on  t o t a l  temperature) by l o c a t i n g  the 
probe a t  t he  T i 3  l o c a t i o n  (see 4.4.1). I n  twin-spool turbofans,  
t h i s  p o s i t i o n  i s  behind the fan.  
p lace between the  T12 and T i 3  s t a t i o n s .  However, t he  increase 
i n  t o t a l  temperature between the two l o c a t i o n s  cannot s imply be 
subtracted from T i 3  t o  est imate T12. This i s  because convect ion 
and r a d i a t i o n  e f f e c t s  occur w i t h i n  the t u r b u l e n t  flow p a t t e r n  a t  
s t a t i o n  13. 

Some a d i a b a t i c  compression takes 

A t t i t u d e  Errors: P o s i t i o n  e r r o r s  can a l s o  i nc lude  a t t i t u d e  e r r o r s  
t h a t  a r i s e  because o f  changes i n  the d i r e c t i o n  o f  flow. This ,  i n  
tu rn ,  g ives r i s e  t o  an angle o f  a t t a c k  or angle o f  s i d e s l i p  e f f e c t ,  
causing a s h i f t  i n  the recovery o f  a d i a b a t i c  temperature r i s e ,  t he  
sub jec t  o f  which i s  covered i n  the  next  subsect ion.  
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7.1.1.2.2 Probe Velocity Error: Even under conditions where probe location 
errors are minimized or eliminated, complete capture (or recovery) of 
the sum of static plus adiabatic temperature rise will be impossible. 
This arises mainly in the measurement o f  gas path temperatures. 

The proportion of the adiabatic temperature rise ATk that is 
recovered by the probe i s  called the recovery factor r. 
as follows: 

It i s  defined 

Tr - Ts 
Tt - Ts 

r =  (Eq.5) 

where 'Tr i s  the recovered temperature 

I t  is also shown in Figure 10. 

Furthermore, the temperature velocity error Ev i s  given as the 
difference between true total temperature and recovery temperature. 

E, = Tt - Tr = ATk (1-r) (Eq.6) 

Since Tt i s  not known, a substitute for Tt must be made in terms 
of known quantities. 
follows: 
temperaure not recovered through Tr. 

First, Tt i s  found in terms of Tr as 
Let q = 1 - Tr/Tt to express the fraction of total 

Next, Tt i s  expressible as: 

Tt Tr/(l-q) 

This means: 

However, when q is small, E, i s  given approximately by 

Ev riTr 

More details are given for thermocouples in ARP65. 

(Eq.7) 

(Eq.8) 

(Eq.9) 

7.1.1.2.3 Conduction Error: This error i s  caused by heat transfer to (from) the 
sensing element from (to) the mounting surfaces and the lectrical 
leads. This error is a function of the flow rate past the sensing 
element as well as the ratio of length to diameter of the probe (L/D> 
and the temperature difference. AIR65 shows the effect on conduction 
error o f  both flow rate and L/D in Figure 11. 
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FIGURE 10 - Tota l  Temperature as Funct ion o f  Mach Number 
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BARE WIRE LOOP JUNCTION 
CHROMEL-ALUMEL IN SWAGED Mgo 

W i n  Diameter 0.038 In., (0.965 mm) L = 0.287 In. (7.290 mm) I = Immersion Depth. 

35 

30 

25 
CONDUCTION 

ERROR 
VO (Tgas - Tmount) 

2a 

MASS VELOCITY 
KWm2 - SEC 

21 42 63 84 

C 

MASS VELOCITY 
. LB/m - SEC 

FIGURE 1 1  - Conduction E r r o r  as Funct ion o f  Mass Flow f o r  Various Immersion Depths 
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7.1.1.2.4 

7.1.1.2.5 

7.1.1.2.6 

7.1.1.3 

7.1.1.4 

Radiation Error: 
at higher temperature to transfer heat to another body at lower 
temperature. This is commonly realized by heating the sensor from 
surrounding areas at higher temperatures. 
is difficult to quantify. 
thermocouples in some detail. 
be discussed in 7.2. 

This error arises because of the tendency of a body 

The magnitude of this error 
However, ARP65 discusses this problem for 

Means for minimizing such errors will 

Self-Heating Error: This error is encountered only in resistance 
thermometers. This i s  due to the fact that a current must flow 
through the sensing element in order to determine its resistance, a 
function of temperature. The power disipated is given by 

P = 12R WATTS ( E q .  10) 

This error is influenced by excitation current (the smaller the 
better), total pressure, Mach number, total temperature, and the probe 
design. Generally speaking, this error can be minimized by 
maintaining a low excitation current. 
systematic error, always acting to increase measured temperature. 

Deicing Heat Error: 
that are heated to remain ice-free. Hence, they are mainly limited to 
engine inlet total temperature probes. The deicing heat effects 
depend largely upon inlet mass flows with larger flows contributing to 
lower deicing heat. 

In any event, it is a 

This error i s  unique to those temperature probes 

A typical error curve is shown in Figure 12. 

Temperature Lag Error: The temperature lag error occurs whenever the 
sensed medi um (air or 1 i quid) temperature changes more rapidly than the 
sensor can respond to (see 6.2.3). Generally speaking, the time 
constant for RTDs and thermocouples is a function of the mass of the 
sensor itself. In other words, the larger the mass surrounding the 
sensing elements, the longer the time constant. The time constant 
results from the process of attaining equilibrium between the phenomena 
of convection, conduction, and radiation, This means whenever these 
processes slow down, the time constant will be larger. Consequently, 
the temperature lag error will be correspondingly larger. 

Instrument Errors: 
independent of the application in which the sensor i s  used. 
errors comprise these categories: calibration, repeatability, 
hysteresis, and interchangeability. 

This error type is inherent to the sensor and is 
These 

7i1.1.4.1 Calibration Error: This error is interpreted as an uncertainty in the 
resistance (in the case of an RTD) or the voltage (in the case of a 
thermocouple) output of a sensor at a reference (calibration) 
temperature. For example, RTDs and thermocouples are often calibrated 
at 0°C. Furthermore, the resistance (or millivolt) outputs will be 
subject to an uncertainty to a level specified by the supplier. 
error is independent of the sensor manufacture but is dependent on the 
calibration equipment, medium, and operator. 

This 
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DE-ICING 
HEAT ERROR 
(DEGREES) 

MASS FLOW 
FIGURE 12 - Deicing Heat Error as Function of Inlet Mass Flows 

7.1.1.4.2 Repeatability Error: This error arises as a result of the sensor 
manufacture. In the case of RTDs, thermal cycling will often cause 
the calibrated resistance to shift due to internal stresses and 
strains on the element wire.. 
single temperature (such as the ice point). 

This error i s  often interpreted at a 

7.1.1.4.3 Hysteresis Error: This error i s  also dependent on sensor manufacture 
and arises in RTDs because o f  internal stresses and strains on the 
element wire. It most often arises during thermal cycling and can be 
interpreted as a difference between the actual resistance at a 
selected temperature and the expected resistance (from an 
interpolation scheme) at the same temperature. 
example of this type of error in addition to the repeatability error. 

Figure 13 shows an 

- 41 - 
 

Distributed under license from the IHS Archive
 
 

                                                                                          

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r19

00

https://saenorm.com/api/?name=be47f782ee177749f2621dbcdc15d7af


SAE AIR*17OO 91 W 83573L10 0055172  8 W 

SAE AIR1900 I 

Ri2 

Ri 

Ri1 

R 
NOMINALRvrT i 

ACTUAL R w T I 
I 
I 
I 
I 

I I 

DIFFERENT 
END 
POINT 
RESISTANCES 

I 
I 
I 
I 

I I I 
I I I I - 

11 Ti 12 

FIGURE 13 - Repeatability and Thermal Hysteresis Errors in RTDs 

7.1.1.4.4 Interchangeability Error: This error refers to the ability to 
substitute one sensor for another in a temperature application without 
affecting overall system accuracy, This error is expressed as a 
tolerance band about the nominal R versus T curve (in the case of an 
RTD) or about the nominal voltage versus T curve (in the case of a 
thermocouple). 

7.1.1.5 . Leadwire Errors: Leadwire errors arise in the case of an RTD whenever 
the resistance of the leadwire cannot be separated by the Wheatstone 
Bridge from the resistance of the sensing element wire. 
generally be eliminated by introducing 3 or 4 wire leads instead of 
two. Other sources for RTD leadwire errors can arise whenever the leads 
experience stress or strain due to vibration, for example. RID 
leadwires are generally insensitive to parasitic voltages due to E M I .  

This error can 

Leadwire errors in thermocouples can arise in a number of different 
ways. Thermal emf can arise at points of connection between 
thermocouple wires and other leadwires, especially where adjacent 
temperatures are not the same (Reference 18). Additionally, EM1 can 
cause errors in the temperature reading if the thermocouple is not 
properly s hi el ded. 
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7.1.1.6 Indicator Error: This type of error arises independently of the sensor 

Since our purpose is to concentrate more on the sensor, 
and the application. 
the indicator. 
no detail will be provided on this type of error. 

It is inherent to the design and application of 

7.1.2 Optical Pyrometers: Temperature measurement errors from optical 
pyrometers can be of six generic types: 

a. Spurious radiation 
b. Emissivity 
c. Detector/electronics 
d. Spot size 
e. Interpolation 
f. Instrument error 

7.1.2.1 Spurious Radiation: This type of error arises in the presence of hot 
carbon particles, from gas emissions and from reflection of combustion 
flame off objects adjacent to blades. 

7.1.2.1.1 Hot Carbon Particles: Particles from incomplete combustion, metal 
abrasion, and ingested particles can pass between lens and the 
targeted spot. Additionally, these particles will generally be at a 
higher temperature than the target. These particles will consequently 
give off radiation which, if not corrected, will cause an error in 
blade temperature measurement. 

7.1.2.1.2 Reflection: Depending upon the orientation of the pyrometer lens head 
assembly relative to the combustor, the pyrometer can be subject to 
considerable errors arising from the reflection of the combustor flame 
off components adjacent to the target. The combustor flame can be as 
high as 2000°C, whereas the blade temperature will be much lower. 
Since the reflected component will contribute positively to the 
radiation received by the pyrometer, there can be a substantial error 
associated with this phenomenon. 

7.1.2.1.3 Gas Emissions: The hot gas from the combustor will itself emit a 
radiation different from that of the targeted blade. Since the gas 
will generally be at a higher temperature than the blade, it will 
contribute to the temperature reading of the target, depending upon 
the response bandwidth of the photodetector. 

7.1.2.2 Emissivity: The radiation from a blade will be proportional to some 
function of the wavelength and the absolute temperature. 
of proportionality i s  often referred to as the emissivity E .  

constant is, however, time dependent. Since reflectivity of a component 
decreases over time due to oxidation, abrasion and other surface 
changes, the emissivity will also change over time. It may be expressed 
as follows: 

The constant 
This 

E(t> = 1 - p(t> (Eq. 1 1  ) 

where p(t> = reflectivity of the target at time t 
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7.1.2.3 Detector/Amplifier: This error contribution occurs because of detector 

7.1.2.3.1 Detector Temperature Sensitivity: For most aircraft gas turbine 
applications, optical pyrometers use a silicon photodiode as the 
detector. The silicon photodiode i s ,  however, sensitive to 
temperature. Because of this, the detector output will depend not 
only on the target temperature but also on its own temperature. 
Unless the contribution it adds is accounted for, a considerable error 
in temperature measurement can result. 

temperature variations and amplifier noise. 

7.1.2.3.2 Amplifier Noise: Amplifier noise increases with increasing 
bandwidth. 
temperature. With higher amplifier noise, the signal-to-noise ratio 
is lower, 
component, if the signal cannot be separated from the noise component. 

The target or spot size determines the amount of radiation 
collected at the detector, given the focal length and lens diameter. In 
turn, the higher the radiation, the higher the signal to noise ratio. 
However, the spot size may need to be much smaller than the width of a 
turbine blade in order to identify the blade temperature profile. The 
larger the ratio of spot size to blade width, the greater the error 
between the actual blade temperature and the recorded temperatures. 

This becomes more significant with decreasing target 

This means a larger error in temperature due to this 

7.1.2.4 Spot Size: 

7.1.2.5 Interpolation: The total emitted radiation from the blade will, 
according to Planck's Law of Radiation, be a function of wavelength and 
the fourth power of absolute temperature. However, because the actual 
radiation will be processed by a silicon photodiode, the photodiode 
output will be a different function of wavelength and absolute 
temperature. This function will be nonlinear and empirically 
determined. 
function, errors will result. 

Because i t  i s  only an approximation to the true radiation 

7.1.2.6 Instrument Errors: This error type i s  inherent to the sensor and is 
independent of the application in which the sensor i s  used. These 
errors comprise three categories: calibration, repeatabi 1 i ty, and 
interchangeability. 

7.1.2.6.1 Calibration: Calibration errors arise through several different 
. sources. These include an assumed blackbody error, resulting in a 
measured temperature different from the actual temperature; operator 
errors; and indi cator/recorder errors. 

7.1.2.6.2 Repeatability: This error results from sensor manufacture and i s  
caused by thermal cycling of the associated electronics. The 
calibrated output in nanoamps, for example, will have a tendency to 
shift due to aging effects and to changes in bias. 
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