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Chapter 3:  Calibration of a thermocouple 

 

3.1 Introduction 

Calibration is a fundamental process in instrumentation and measurement systems, ensuring that 

sensors and devices provide accurate, reliable, and traceable results. In industrial, laboratory, and research 

applications, precise measurements are essential for quality control, safety, and efficiency. However, no 

measuring instrument is inherently perfect; factors such as manufacturing tolerances, aging, environmental 

conditions, and usage can introduce errors. Calibration corrects these deviations by comparing the instrument’s 

output against a known reference standard and adjusting it accordingly. 

This chapter focuses on the calibration of three widely used measurement devices: 

 Thermocouples, which measure temperature based on the Seebeck effect but require careful 

calibration to translate voltage signals into accurate temperature values. 

 Pressure sensors, which often rely on strain gauges or piezoelectric elements and must be calibrated 

to account for nonlinearities and drift. 

 Flowmeters, which measure the rate of fluid flow and require calibration to ensure correct readings 

under varying process conditions. 

Through these examples, the chapter highlights the principles, procedures, and importance of calibration 

in maintaining measurement accuracy and reliability across different applications. 

 

3.2 Thermocouple 

3.2.1 How to read a thermocouple 

When preparing to read a thermocouple, it is necessary to understand a thermocouple reference table. 

Each type of thermocouple has its own reference table. Below is a portion of the reference table for a Type K 

thermocouple (Revised thermocouple Reference Table Nickel-Chromium vs. Nickel-Aluminum). The Nickel-

Chromium (Chromel) vs Nickel-Aluminum (Alumel) thermocouple. Type-K = Chromel (+) and Alumel 

(–). 
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This table is indeed a Type K Thermocouple Reference Table (Nickel-Chromium vs. Nickel-

Aluminum), as confirmed by the voltage values and their relationship to the temperature scale, which matches 

the standard ITS-90 Type K and shows the relationship between temperature and the voltage it generates (the 

Seebeck effect). Reading a thermocouple using this reference table involves a few key steps to convert the 

measured thermoelectric voltage (in millivolts) into a temperature (in degrees Celsius). 

1)  Locate the Measured Voltage: 

First, you must have the thermoelectric voltage measured by your device (in millivolts, mV). 

 Find the main voltage range: Look through the columns of numbers in the table. The numbers in the 

center of the columns represent the voltages. 

 Identify the row: Find the row that contains the voltage value closest to your measured voltage. The far 

left and far right columns of the table list the Temperature in degrees Celsius (∘C) in increments of 

10 (e.g., -260, -250, -240, ..., 0, 10, 20, ..., 600). This value is the base temperature for that row. 

 Identify the column: Now look across the top of the table. The numbers from −10 to 10 (for the left 

table) and 0 to 10 (for the right table) represent the Temperature difference (in ∘C) to be added to the 

base temperature of the row. Find the column header that corresponds to the voltage closest to your 

measured voltage. 

2)  Determine the Temperature 

The corresponding temperature is the sum of the row's base temperature and the column's temperature 

difference.  

Temperature (∘C) = Base Temperature (∘C) + Temperature Difference (∘C) 

 

 Example: Let's say your measured Thermoelectric Voltage is 15.390 Millivolts. 

1) Locate the Voltage: 

 Look at the right-hand table. The voltage 15.390 mV is between 15.385 mV (in the 370∘C row) 

and 15.427 mV (also in the 370∘C row). 

 Find the row starting with 370 (the Base Temperature). 

 Scan this row until you find the value closest to 15.390 mV. This value is 15.385 (which is closer 

than 15.427). 

 Look up to the column header for 15.385. The header is 6 (the Temperature Difference). 

 Important Note 

-If you find the voltage 15.385 mV in the row corresponding to the base temperature of 370°C, looking up 

to the column header reveals the Temperature Difference is 6 degrees Celsius. This means the actual 

temperature is the sum: 370°C + 6 °C = 376 °C.  

-The column header tells you the exact number of degrees to add to the base temperature of the row. 

-If your voltage was 15.259 mV in the 370 °C row, the corresponding column header is 3. The temperature 

would be 370°C + 3 °C = 373 °C. 

2) Calculate the Temperature: 

 Base Temperature: 370∘C 

 Temperature Difference (from column header): 6∘C 

 Final Temperature: 370∘C+6∘C=376∘C 
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3)  Using Interpolation (For Precision) 

If your measured voltage falls exactly between two values, you will need to use linear interpolation to 

estimate the precise temperature. For instance, if your measured voltage was 15.395 mV, which is 

between 15.385 mV (at 376∘C) and 15.427 mV (at 377∘C), you would calculate the proportionate 

temperature between 376∘C and 377∘C. 

4) Linear Interpolation Example 

Linear interpolation is necessary when the measured thermoelectric voltage falls between two entries in 

the reference table, allowing you to estimate the corresponding temperature more accurately. The principle is 

to assume the relationship between temperature (T) and voltage (V) is a straight line between the two closest 

points on the table. 

The Formula:You will use the following formula for linear interpolation: 

 

Where: 

 Tmeasured is the estimated temperature you are solving for. 

 Vmeasured is your actual measured voltage. 

 T1 and V1 are the lower temperature and its corresponding voltage found in the table. 

 T2 and V2 are the higher temperature and its corresponding voltage found in the table. 

 

 Example Calculation: Let's use a hypothetical measured voltage Vmeasured=15.395 mV. 

 Step A: Identify the Table Points 

Using the right-hand table, we find the two closest table entries to 15.395 mV: 

Voltage (V) Column Difference Base Temp (TBase) Total Temperature (T) 

V1=15.385 mV 6∘C 370∘C T1=376∘C 

V2=15.427 mV 7∘C 370∘C T2=377∘C 

 

 Step B: Substitute and Solve: Substitute the values into the interpolation formula. 

 

 

 

 

 

376 + (377 - 376) * 

376 +  

376 + 

376.238°C 
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The interpolated temperature is 376.238 °C. 

 

 

 

 Important Note on Interpolation 

For high-precision applications, particularly when using Type K thermocouples across wide 

temperature ranges (due to their non-linearity), highly accurate conversions are often done using ITS-90 

polynomial coefficients rather than simple linear interpolation on table values. 

Since the measured voltage (15.395 mV) is close to the table value (15.385 mV), the linear 

interpolation result is a very good approximation. 

Example calculation: Using the ITS-90 polynomial coefficients provides the most accurate way to 

convert voltage to temperature for a Type K thermocouple, especially across a wide range. The calculation is 

more complex than linear interpolation, as it involves a ninth-order polynomial (a series of terms with 

increasing exponents). For a Type K thermocouple, the official equation for converting voltage (E) to 

temperature (T) for the range of 0 °C to 1372 °C is: 

 

Where: 

 T : is the temperature in degrees Celsius (°C). E : is the voltage in millivolts (mV). 

 ci : are the ITS-90 polynomial coefficients for this temperature range. 

 

Polynomial Coefficients (ci): Here are the standard ITS-90 coefficients (c0 through c9) for the Type K 

thermocouple over the high-temperature range (0 °C to 1372 °C): 

i Coefficient (ci) 

c0 -0.176004136860 

c1 25.083552881 

c2 0.786010651 

c3 -0.025031303 
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i Coefficient (ci) 

c4 0.000831527 

c5 -0.000012280 

c6 0.000000098 

c7 -0.00000000044 

c8 0.00000000000105 

c9 -0.00000000000000119 

Let's use your measured voltage: E = 15.395  mV. 

The full equation is: 

 

For E = 15.395 mV, the calculation proceeds by substituting 15.395 for E: 

 

Term Calculation (ci×Ei) Result (Ti) 

c0 c0 * (15.395)0 -0.176004136860 

c1 25.083552881 *(15.395)1 386.17726484 

c2 0.786010651 *(15.395)2 186.22359573 

c3 -0.025031303 * (15.395)3 -9.16782531 

c4 0.000831527 * (15.395)4 0.46083098 

c5 -0.000012280 * (15.395)5 -0.00019280 

Sum of c0 to c5  563.49766928 

 

The remaining terms (c6 to c9) are extremely small 

and only affect the 5th+ decimal place for this 

voltage. 

 

 

For clarity, the results above are for the individual terms, but you must sum them all to get the final 

temperature. A full, high-precision calculation is required for accuracy. 

Final Comparison: When all 10 terms are correctly summed: 

 ITS-90 Polynomial Result (Accurate): 
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 Linear Interpolation Result (Approximate):  

 

For this specific voltage (15.395 mV), which is close to a table entry, the difference between the linear 

interpolation and the polynomial calculation is only about 0.0009 °C, confirming the linear approximation 

was indeed very good! 

 

 

 

 

 

 

Exercise 01: Comparison at High Temperature 
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At 1000 °C the linear interpolation error is about 80 times larger than the error we saw at 378 °C which was 

 

This clearly demonstrates why polynomial coefficients are necessary for high-precision measurement, as the 

error from linear interpolation can become significant in regions where the thermocouple's voltage-to-

temperature curve is highly non-linear. 

 

3.2.2 Calibration of a Thermocouple 

A thermocouple is one of the most widely used temperature sensors in industrial and laboratory 

applications. It works on the principle of the Seebeck effect, where a voltage is generated when two dissimilar 

metals are joined at one end and exposed to a temperature difference. However, thermocouples do not provide 

a direct temperature reading; instead, they produce a millivolt signal that must be related to temperature. To 

ensure accuracy, calibration is essential.  
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Figure 3.1:  Thermocouple based Seebeck effect. 
 

Thermocouples require calibration because they are subject to manufacturing tolerances and 

variations in material properties. Over time, their performance can also be affected by environmental factors 

such as oxidation, contamination, and aging, which may cause shifts in their output characteristics. Calibration 

is therefore necessary to ensure that the thermocouple’s voltage output corresponds accurately to the actual 

temperature. This process not only improves the accuracy of temperature measurement but also enhances its 

reliability and provides traceability, which is essential for both industrial processes and scientific 

applications.  

In practice, thermocouple calibration involves comparing its output against a standard reference 

under controlled conditions. This process requires a precisely known reference temperature and typically 

involves measuring the thermoelectric voltage at selected points, then comparing the results with standard 

reference tables (e.g., NIST tables). The general process of thermocouple calibration can be summarized into 

six key steps, as outlined below: 

1) Preparation : 

 Select the thermocouple type (K, J, T, etc.) and obtain the corresponding reference tables. 

 Inspect the sensor for physical damage, oxidation, or contamination. 

2) Set Reference Environment : 

 Use an appropriate reference source such as an ice bath (0 °C), boiling bath (100 °C), or a dry 

block calibrator. 

 Ensure that the temperature is stable and uniform. 

3) Position Sensors : 

 Place the thermocouple and the reference sensor at the same location to minimize thermal 

gradients. 

4) Measurement and Record Data : 

 Measure the thermocouple’s voltage output. 

 Simultaneously record the reference temperature from the standard device. 

5) Compare with Standards : 
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 Convert the thermocouple voltage into temperature using standard reference tables (e.g., 

NIST). 

 Calculate the error: 

 

6) Adjustment/Correction 

 Document the calibration factors or enter correction values into the measurement system. 

 If necessary, generate a calibration certificate for traceability. 

 

3.2.3 Thermocouple Calibration Methods 

3.2.3.1 Fixed Point Calibration 

The fixed-point calibration method is one of the most accurate techniques for calibrating 

thermocouples and other temperature sensors. It is based on the use of well-defined, reproducible physical 

temperature points that occur at the phase transitions of pure substances, such as the melting, freezing, or 

boiling points. These temperature values are internationally recognized and form the foundation of the 

International Temperature Scale of 1990 (ITS-90). 

For example, the melting point of pure zinc (419.58 °C), tin (231.93 °C), or the triple point of water 

(0.01 °C) are commonly used as calibration references. During calibration, the thermocouple is placed in an 

environment where the material is at its transition point. Since the temperature remains constant during this 

process, it provides a stable and precise reference against which the thermocouple’s output can be compared. 

The ITS-90 defines nine official fixed points within the temperature range of approximately –190 °C to 1000 

°C (83.8 K to 1235 K). These include the triple point of water (0.01 °C), the melting point of gallium (29.76 

°C), and the freezing points of metals such as tin, zinc, and aluminum. Using these well-characterized 

references ensures calibration with high accuracy, reproducibility, and international traceability. The 

following table lists the relevant ITS-90 fixed points and their corresponding temperatures: 

Table 3.1: Official temperature fixed points of the ITS-90 from ~-190 °C to ~961 °C. (Triple point = 

equilibrium of solid/liquid/gaseous; Freezing point = freezing point of the metal at normal pressure; Melting 

point = melting point of the metal at normal pressure) 

Substance (State) Temperature ITS-90 

Argon (Triple Point) -189.3442 °C 

Mercury (Triple Point) -38.8344 °C 

Water (Triple Point) 0.01 °C 

Gallium (Melting Point) 29.7646 °C 

Indium (Freezing Point) 156.5985 °C 

Tin (Freezing Point) 231.928 °C 
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Substance (State) Temperature ITS-90 

Zinc (Freezing Point) 419.527 °C 

Aluminum (Freezing Point) 660.323 °C 

Silver (Freezing Point) 961.78 °C 

 

 

Exercise 02: The Fixed-Point Calibration method is the gold standard for accuracy because it relies on the 

fundamental, fixed temperatures where a pure substance changes phase (e.g., freezes or melts). These 

temperatures are defined by the International Temperature Scale of 1990 (ITS-90) and are reproducible 

anywhere on Earth. Here is an example calculation and procedure using the Freezing Point of Pure Tin (Sn), 

which is a common point for Type K thermocouple calibration. 

 

1. The Standard Reference 

The ITS-90 defines the exact temperature of the freezing point of pure Tin: 

 Fixed Point Temperature (TRef): 231.928 °C 

The standard tables (like the ITS-90 polynomial coefficients for Type K) state the theoretical voltage output 

for a perfect Type K thermocouple at this temperature: 

 Standard Voltage (VStd): 9.360 mV 

2. Experimental Setup (The Fixed-Point Cell) 

In a high-accuracy lab: 

 A Fixed-Point Cell a crucible containing high-purity  Tin and a central well for the 

thermocouple is placed inside a precision furnace. 

 The thermocouple under test is inserted into the cell's well. 

 The cold junction of the thermocouple is maintained at a perfect 0 °C using an ice-water triple-point 

cell or a high-accuracy electronic compensator. 

3. Procedure and Data Collection 

1. Melt the Metal: The furnace melts the Tin to a temperature a few degrees above the freezing point. 

2. Start the Freeze: The furnace temperature is slowly lowered. As the Tin begins to solidify, it releases 

a large amount of latent heat. 

3. Measure the Plateau: This heat release creates a temperature plateau where the temperature inside 

the cell holds constant at exactly the Tin freezing point, 231.928 °C, for an extended period (the "freeze 

arrest"). 

4. Record the Result: During this plateau, the precise voltage output of the test thermocouple is 

measured. 

Let's assume the following result was measured: 
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 Measured Voltage (VMeas): 9.352 mV 

4. Calibration Analysis and Correction 

The goal is to find the mVcorrection needed for the thermocouple to read the standard temperature correctly. 

 

 

The calibration reveals the test thermocouple is reading 0.195 °C lower than it should be at the Tin 

fixed point. This small, calculated deviation is then used to create a correction function or a deviation curve 

that is applied to all future measurements made by this specific thermocouple, ensuring maximum accuracy 

and traceability to the ITS-90 standard. 

 

3.2.3.2 Comparison Calibration Method 

The comparison calibration method is one of the most widely used approaches for calibrating 

thermocouples and other temperature sensors. Unlike the fixed-point method, which relies on precise physical 

constants, this method compares the output of the sensor under test directly with that of a reference standard 

thermometer over a range of temperatures. 

In practice, the thermocouple and a reference device—typically a Standard Platinum Resistance 

Thermometer (SPRT) or another high-accuracy sensor—are placed together in a stable temperature source, 

such as a calibration furnace, dry block calibrator, or liquid bath. The environment is adjusted to different set 

temperatures, and at each point the thermocouple’s voltage output is recorded and compared against the 

reference reading. This process makes it possible to establish a calibration curve or set of correction factors 

that relate the thermocouple’s measured output to the true temperature. 
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3.2.3.3 Ice Bath Method (Two-point Calibration) 

The ice bath method, also known as two-point calibration, is a simple and practical technique for 

calibrating thermocouples and other temperature sensors. It is based on exposing the sensor to two well-

defined temperature points and adjusting its response accordingly. 

The two reference points most commonly used are: 

 0 °C (Ice Point): Achieved by immersing the thermocouple in a properly prepared ice-water mixture, 

which provides a highly stable and reproducible reference temperature. 

 100 °C (Boiling Point): Obtained by placing the thermocouple in boiling distilled water at standard 

atmospheric pressure (adjusted if necessary for altitude). 

By recording the thermocouple’s voltage output at these two points and comparing it with standard 

reference tables (e.g., NIST tables), a linear calibration line can be established. This line serves as the basis 

for interpreting intermediate temperatures within the calibrated range. 

 

3.2.3.4 Automated Calibration Systems 

With the advancement of modern instrumentation, automated calibration systems have become 

widely used in laboratories and industries to improve efficiency, consistency, and accuracy in the calibration 

process. Instead of performing calibration manually, these systems use computer-controlled equipment to 

manage the entire procedure from setting the temperature or pressure source, to recording data, to generating 

calibration reports. 

An automated system typically consists of: 

 Reference Standards: High-accuracy sensors or instruments used as calibration benchmarks. 

 Controlled Source: A temperature bath, dry block calibrator, pressure controller, or flow standard 

capable of being precisely adjusted by the system. 

 Data Acquisition and Software: A computer interface that automatically collects sensor readings, 

compares them to the reference standard, and applies correction factors. 

 Output and Reporting Tools: Automated generation of calibration certificates, ensuring traceability 

to national or international standards. 

  

3.2.4 Sources of Error in Calibration 

Even with precise procedures, several factors can introduce errors during calibration. These errors 

affect the accuracy, repeatability, and traceability of the results. Understanding their sources is essential for 

ensuring reliable calibration. 

1. Sensor-Related Errors 

 Aging and Drift: Changes in sensor properties over time due to oxidation, thermal cycling, or 

mechanical stress. 
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 Contamination: Deposits, corrosion, or insulation breakdown affecting thermocouples and other 

sensors. 

 Hysteresis: Sensor output may differ when approaching a temperature from heating versus cooling. 

2. Reference Standard Errors 

 Limited accuracy of the reference thermometer or pressure/flow standard. 

 Calibration errors in the reference itself (traceability chain issues). 

3. Environmental Errors 

 Temperature gradients in the calibration bath or furnace. 

 Ambient temperature fluctuations affecting electronics. 

 Improper preparation of ice baths or boiling baths. 

4. Instrumentation and Measurement Errors 

 Electrical noise and interference in voltage measurement. 

 Inadequate resolution or accuracy of data acquisition systems. 

 Contact resistance or poor sensor connections. 

5. Procedural Errors 

 Improper placement of the test sensor and reference, leading to unequal temperature exposure. 

 Insufficient stabilization time before recording measurements. 

 Human error in reading, recording, or applying corrections. 
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