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DID  YOU  KNOW ?  
Michael Faraday (1791-1867) was a well-known physicist and chemist, born the son of an English blacksmith. In 1831, he 
discovered moving magnets through a coil of wire generated an electric current. Thus discovering  �electromagnetic 
induction�, the operating principle of all electric machines. The British prime minister once asked what use could be made of 
his discoveries. Faraday suggested �tax revenues� (imagine the sales tax revenue on all rotating electric machines sold in the 
19th and 20th centuries). Faraday was instrumental in inventing the words; electrolysis, electrolyte, ion, anode, and cathode. 
In his honor, the unit of capacitance �Farad� was named.  
 

Introduction To Thermocouples 
 
Preamble 
 

Volts

Thomas Johann Seebeck accidentally discovered the 
Thermocouple in 1821. He experimentally determined 
that a voltage exists between the two ends of a conductor 
when the conductor�s ends are at different temperatures. 
His work showed that this voltage is proportional to the 
temperature difference. His discovery soon became the 
basis of  �the thermocouple�, which today is one of the 
most popular and cost effective temperature sensors. 
 
Thermocouple Theory, How they really work 
 
 
  

their host lattice sites (nuclei) and, are available to move 
throughout the material when energized. 
 
When one end of a conductive material is heated to a 
temperature larger than the opposite end, the electrons at 
the hot end are more thermally energized than the 
electrons at the cooler end. These more energetic 
electrons begin to diffuse toward the cooler end. Of 
course, charge neutrality is maintained; however, this 
redistribution of electrons creates a negative charge at the 
cool end and an equal positive charge (absence of 
electrons) at the hot end. Consequently, heating one end 
of a conductor creates an electrostatic voltage due to the 
redistribution of thermally energized electrons throughout 
the entire material. This is the Seebeck effect and the 
T1 T2T1 > T2
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Figure 1 
Thermocouple Original Discovery 

 
Figure 1 illustrates Seebeck�s discovery. The open-circuit 
voltage between conductor ends was proportional to the 
temperature difference (T1-T2) as shown in Equation 1.  
 
V12 = Sa * (T1-T2)             Eqn. 1 
 
Where Sa is the Seebeck coefficient, defined as the 
�thermoelectric power� of a material.                       
 
Modern theories of electron behavior within a material�s 
molecular structure provide an analytical explanation of 
the Seebeck phenomena. The detail mathematics is very 
complex and involves electron quantum theory; however, 
the fundamental concept is straightforward.  
 
The molecular structures of electrical conductors is such 
that electrons within the material are �loosely� coupled to 

basic principal of thermocouples.   
 
Equation 1 provides the analytic expression for this 
phenomenon where the term �Sa� embodies all the 
complex quantum electron behavior within a solid and is 
dependent entirely on the material�s molecular structure. 
As one might expect, the �thermoelectric power� (Sa) is 
non-linear depending on a material�s internal molecular 
structure and its temperature.  
 
Seebeck�s experimental work showed that if a voltmeter 
circuit wiring and the conductor under test were both the 
same material, then the net loop voltage is zero because 
[Sa*(T1-T2)+Sa*(T2-T1)=0]. A net loop voltage 
appeared only when measurements were made across the 
open ends of two dissimilar conductors connected 
together with the connected end at a different temperature 
than the open ends. The topology of this situation is 
shown in Figure 2, which characterizes a typical 
thermocouple connection for measuring temperature 
difference.   
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1. Thermocouple action between two different 

materials (Seebeck Effect) is a material 
phenomenon that depends solely on the 
material�s internal molecular structure and does 
not depend on the type of junction between 
materials. The junction only needs to be a good 
electrical contact. 

 
Analysis of the topology shown in Figure 2 illustrates 
Seebeck�s fundamentals of thermocouple behavior.  
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2. Thermocouples measure temperature difference 
between the junction end and the open end; they 
do not measure the individual temperature at a 
junction. 

 
 
 
 

3. Both thermocouple wires at the connection to the 
voltage measuring circuit establish unwanted 
thermocouple junctions between the connector at 
temperature (Tc) and the voltmeter circuit wires 
at temperature (Tv). If these two �parasitic� 
junction connections are both at temperature Tc, 
and if all elements in the voltmeter circuit are at 
temperature (Tv), then the effect of these 
parasitic �junctions� cancel. This condition 
becomes a requirement for using thermocouples. 

 
 
 

 
Figure 2 

Thermocouple Example  
 
 Definitions for the situation shown in Figure 2 are; 
 
! Tx is the unknown temperature.  

4. Thermocouple voltages must be measured with 
high impedance circuits to keep loop current near 
zero. Current flow in thermocouples can create 
errors by disturbing the thermal distributions of 
electrons. 

! Tc is the temperature at the voltmeter connector 
(assumed the same for both wires). 

! Tv is the internal temperature of all the voltmeter 
circuit elements. 

! Sa is the Seebeck coefficient of thermocouple 
wire material �a�.  

Equation 3 is the basic working equation for measuring 
temperature with thermocouples. Given Sab and the 
temperature Tc, an unknown temperature Tx can be 
determined.   

! Sb is the Seebeck coefficient of thermocouple 
wire material �b�. 

! Sc is the Seebeck coefficient of the wiring used 
in the voltage measuring circuit. 

 ! The �Voltage Circuit� measures thermocouple 
open circuit voltage (VTC) with a high 
impedance circuit to minimize loop current.  

The thermocouple circuit shown in Figure 3 represents the 
basis upon which thermocouple standard tables have been 
established. A new junction is added and held in an ice 
bath at Tice (0°C/32°F).  The �standards community� and 
thermocouple manufacturers use this topology to develop 
tables of thermocouple voltage versus temperature. 

 
Recall Kirchhoff�s voltage law, which states that the sum 
of voltages around a closed loop is zero. Applying 
Equation 1 around the circuit loop gives;  
  
Sa*(Tx-Tc) + Sc*(Tc-Tv) + VTC + Sc*(Tv-Tc) ���..  
 ���.. +  Sb*(Tc-Tx)=0                                       Eqn. 2  
Rearranging and simplifying:  
  
(Sa-Sb)*(Tx-Tc)  = [VTC]                                       Eqn. 3 
(Values of Sa and Sb determine [VTC] polarity)  

 
 

  
Definitions:  (Sa-Sb) = Sab and  (Sb-Sa) = -Sab          
These terms are defined by industry standards as the 
�Sab� Seebeck coefficient signifying a type �ab� 
thermocouple made of material �a� and �b�. 

 
 

 
Important Observations  
 
The analysis used to develop Equation 3 provides the 
following important characteristics of thermocouple 
behavior; 
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Figure 3 

Thermocouple Topology  
Ice Bath Reference Junction 
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Analyzing the topology in Figure 3 with Equation 1 and 
the technique used for establishing Equations 2 and 3 
above gives; 
 
Sa*(Tx-Tc) + Sc*(Tc-Tv) + VTC + Sc*(Tv-Tc) ���.         
��.. + Sa*(Tc-Tice)  +  Sb*(Tice-Tx) = 0            Eqn. 4 
 
Rearranging and simplifying: 
 
Sab*(Tx-Tice) = [VTC]             Eqn. 5 
(Values of Sa and Sb determine [VTC] polarity)            
 
Note: In Equation 5, both the connector temperature (Tc) 
and voltage measuring circuit temperature (Tv) are 
eliminated. Ice bath temperature (Tice) is fixed; therefore, 
the unknown temperature (Tx) can always be determined 
by finding the corresponding measured voltage [VTC] in 
any appropriate thermocouple look-up table (based on ice 
point reference).  
 
This thermocouple temperature measurement technique 
was developed in about 1828. Since then, thermocouple 
materials, tables, and analytical models have had well 
over 172 years to mature into a very cost effective 
temperature measurement scheme.  
 
Modern signal conditioning modules use semiconductor 
electronics, which eliminate clumsy ice-baths by 
electronically simulating reference junction �ice-point� 
temperatures. This process is referred to as Cold-Junction-
Compensation, CJC. In addition, these modern signal-
conditioning modules linearize the non-linear behavior of 
Seebeck coefficients and provide linear scaled outputs in 
volts or amperes per degree. 
 
For these CJC and linearization techniques, additional 
thermocouple application details, and thermocouple 
interface products the reader is encouraged to examine 
Datforth�s website.  Also, the reader is encouraged to 
review Dataforth�s AN107, �Practical Thermocouple 
Temperature Measurements�, for a further practical 
discussion of thermocouples, Ref 2.  
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