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Basics of Physical Measurement 
 

Units for measurement: 

Physical measurement always requires specification of both a value (i.e., a number 
representing “how much”) and a unit (i.e., “of what”). Systems of measurement are 
formal strategies for indexing amounts of specified physical quantities.  

 

Unit: 

To express the magnitude of a physical quantity a standard is chosen which is of the 
same kind as physical quantity. This standard is taken as reference to measure a 
physical quantity which is known as unit.  

Therefore the process of measurement of a physical quantity involves. 

i) The selection of the unit and 

ii) Number of times the unit is contained in that physical quantity 

 

System of Units: 

The common system of units are: 

(i) CGS system: It was set up in France and is based on centimetre, gram and 
second as the fundamental units of length, mass and time respectively. It is a metric 
system of unit 

(ii) FPS system or British system of units: - It is based on foot, pound and second as 
the fundamental units of length mass and time. 

(iii) MKS system: It was also set up in France and is based on metre, kilogram and 
second as the fundamental units of mass, length and time. 

 

SI system of unit:  

In 1960 The General Conference of Weights and Measures introduced a new system 
of, units known as SI units. It is based on seven basic and two supplementary units 
given as:  

 

Base Units: 

Property Unit of Measurement Symbol 

Length “metre” “m” 

Mass “kilogram” “kg” 

Time “second” “s” 

Electric Current “ampere” “A” 

Thermodynamic 
Temperature 

“kelvin” “K” 

Amount of Substance “mole” “mol” 

Luminous Intensity “candela” “cd” 

 

All properties of interest to a Boiler Engineer can be derived from the above Base 
Units as can be seen from the following: 
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Derived Units: 

Property Unit of Measurement Symbol 

Acceleration “metre per sec2” “m/s2” 

Area “square metre” “m2” 

Density “kilogram per cubic metre” “kg/m2” 

Energy “joules” “J” = “N.m” 

Entropy “joules per kelvin” “J/K” 

Specific entropy joule per kilogram kelvin J/(kg·K) 

Force “newton” “N” = “kg.m/s2 

Power (Rate of 
Work) 

“watt” “W” “J/s” 

Pressure “pascal” “Pa” = “N/m2” 

Quantity of Heat “joules” “J” = “N.m” 

Stress (Same as 
Pressure) 

“pascal” “Pa” = “N/m2” 

Velocity “metre per second” “m/s” 

Work “joules” “J” = “N.m” 

Moment of force newton meter N·m 

specific energy joule per kilogram J/kg 

 

Some of the useful conversions for SI Units: 

1 kg = 2.205 lb 

1 kgf = 9.81N (Newton) 

1 kg/ cm2 = 0.981 bar; 1 bar = 1.0197 kg/ cm2  

1 atm = 760 mm of Hg = 1.033 kg/ cm2 = 1.013 bar 

1 bar = 105 N/ m2 (Pa) = 102 kPa = 0.1 MPa 

750 mm of Hg = 1 bar 

1 kg/ cm2g = 2.033 kg/ cm2 absolute (ata) 

1 mm of water column = 1 kg/ m2 

10 m of water column = 1 kg/ cm2 

1 kg-m = 9.81 N-m = 9.81 J  

1 kcal = 4.187 kJ = 2.205 CHU = 3.969 BTU 

1 kcal = 427 kg m (Mechanical work equivalent of heat) 

1kg-m/s = 9.81 W 

1 HP (metric) = 75 kg-m/ s = 735.75 Watt 

1 HP (British) = 33000 ft pound/min = 746 Watt 

1 kWh = 3600 kJ = 860 kcal 

 

Mass: 

Mass is a property of physical objects that, roughly speaking, measures the amount 
of matter they contain.  

The SI unit for mass is the kilogram (kg), which is equal to the mass of the 
international prototype kilogram. 

 



 
India Boiler dot Com 

Basics of Physical Measurement 

 22 

Mole: 

The mole is the amount of substance. The unit is called the mole (mol), and it’s 
defined as the number of molecules present (6.023 x 1023) in 0.012 kilograms of 
carbon-12. In other words, 1 mole of carbon-12 has a mass of 12 grams. 1 kmol = 
103 mol 

 

Volume:  

Volume of gas or any substance is defined as the space, which it occupies. Unit of 
volume of any substance is cubic centimeter or cubic meter. The volume is also 
expressed in litre. 

 1 liter = 1000 cm3 =106 mm3   = 10-3  m3   

 

Specific volume: 

The specific volume of a substance is its volume per unit mass. 

The unit of specific volume is m3/kg.  

One kilogram of air at 00 C and under an absolute pressure of 1.0332 kg/cm2 (760 
mm of Hg) has volume of 0.7734 m3.  

 

Density & Specific Gravity: 

Density of a substance signifies how densely it is packed with mass. Mathematically it 
is expressed as “mass per unit volume” i.e kg/m3 it also termed as “Mass density” 
and denoted by ρρρρ. 

Density or Mass density, ρρρρ = m/v 

For example water has a Density of “1 gm/cc” or “1000 kg/m3” or “62.4 lb/cft”.  

The Specific Gravity of a substance is its “density compared with that of water”. 
Since Specific Gravity is only a comparison of Density of a substance with the Density 
of water, it has no unit and its value remains same irrespective of the Units of 
Measurement. Specific Gravity is generally used for liquids.  

Concentration: 

Concentration is the amount of a substance contained in a given volume. "Amount of 
a substance" and "given volume" can take many forms.  

 

Mole/Volume 

Moles per litre (mol/L) and moles per cubic centimetre (mol/cc) express 
concentration in the terms of mole per unit volume (mol/v).  

The number of moles of a substance in one litre of solution is called the molarity of 
that solution.  

 

Parts Per Million (ppm) 

A part per million is one of a quantity in one million of another quantity. Parts per 
million is abbreviated to "ppm".  

To convert a concentration from v/v to ppm the concentration must be in ml/ml, L/L, 
etc... and then multiply by 106 to get ppm v/v.  

In the same way w/w concentration can only be converted to ppm using the factor 
"106" if the concentration is expressed in grams per gram (g/g), kilograms per 
kilograms (kg/kg), etc.  

 

Pressure:  

Pressure is defined as ‘Force per Unit Area’.                                          
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                          i.e. pressure =     force /  area  

In practice it is expressed or measured in following units: 

N/m2 or Pascal ; Kg/cm2 ; Lb/in2 ; bar (1 bar=105N/m2); height of liquid column 
(Normally water & Mercury) 

 

Atmospheric Pressure: 

The atmosphere, surrounding the earth, exerts a pressure on its surface equivalent 
to the weight of air acting over unit area of the earth's surface and it is known as 
atmospheric pressure. At sea level, the weight of air over a weight of unit area of 
earth’s surface is equivalent to weight of a column of 76 cm (760 mm) of mercury 
column (Hg) at 00C. It is taken as the standard barometric pressure. This is also 
known as a physical atmosphere or barometric atmosphere.  

 The density of mercury is 13. 595 grams per cubic centimeter  

Therefore standard barometric pressure = 76 x 13. 595 = 1033. 32 grams / sq. cm.  
i.e.  1.03322 kg/sq.cm  

1 ata = 1 metric or technical atmosphere (1 kg/cm2 ab.) = 760 /1.0332 =735.6 mm 
of Hg                      

Pressure is also measured in the unit of mm of water column. One Atmospheric 
pressure is equivalent to 760x13.595mm of water column. That is 10332.2mm of 
water. This is 10.332 meter of water.  

1kg/cm2 = 735.6mm of Hg = 735.6x13.595 = 10meter of water 

We know that the atmosphere exerts pressure as mentioned. However, if we take a 
pressure gauge in our hand, it reads Zero, even though the atmospheric pressure is 
present. Thus pressure Gauge measures the pressure with reference to Atmospheric 
pressure. The pressure indicated by the gauge above atmosphere is known as gauge 
pressure. The pressure indicated by the gauge when the system pressure is less than 
atmospheric is termed as Vacuum, which is generally measured in mm of water or 
mercury column and the gauges are known as vacuum gauges. 

  

 

 

 

 

 

 

 

 

 

 

Thus the Absolute pressure = Atmospheric pressure + Gauge pressure 

Or          Absolute pressure = Atmospheric pressure – Vacuum 

 

Properties of Gases: 

The Kinetic Molecular Theory 

The Kinetic Molecular Theory is the basis of the many properties of gases. The five 
postulates to the Kinetic Theory are as follows: 

• Gases are composed of molecules whose size is negligible compared to the 
average distance between them.  

Absolute Pressure 

 = Atm. Pressure + Gauge 

Pressure 

Vacuum =  

Atm. Pressure - Absolute 

Pressure 

Absolute Pressure 
 = Atm. Pressure - Vacuum 

Absolute zero 

Atmospheric Pressure  
1.0332 kg/cm2 

 Vacuum Gauge 

 Pressure Gauge 

Gauge 
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• Molecules move randomly in straight lines in all directions and at various 
speeds.  

• The forces of attraction or repulsion between two molecules in a gas are very 
weak or negligible, except when they collide.  

• When molecules collide with one another, the collisions are elastic; no kinetic 
energy is lost.  

• The average kinetic energy of a molecule is proportional to the absolute 
temperature.  

Boyle's Law 

Boyle's Law states the volume of a definite quantity of dry gas is inversely 
proportional to the pressure, provided the temperature remains constant.  

Mathematically Boyle's law can be expressed as P1V1 = P2V2  

 

Charles's Law 

Charles's Law can be stated as the volume occupied by any sample of gas at a 
constant pressure is directly proportional to the absolute temperature.  

V / T =constant  

Note: Charles's Law is fairly accurate but gases tend to deviate from it at very high 
and low pressures.  

 

NTP 

NTP stands for Normal Temperature and Pressure. NTP is 0o Celcius and 1 
atmospheric pressure. Gases properties can be compared using NTP as a reference.  

 

Combined Law 

The combined gas law is a combination of Boyle's Law and Charles's Law; hence its 
name the combined gas law. In the combined gas law, the volume of gas is directly 
proportional to the absolute temperature and inversely proportional to the pressure.  

This can be written as PV / T = constant.  

Therefore we can write P1V1 / T1 = P2V2 / T2.  

 

Ideal Gas Law 

The ideal gas law is a combination of all the gas laws. The ideal gas law can be 
expressed as PV = mRsT.  

• P is the absolute pressure in kPa  

• V is the volume in m3  

• m is the mass of the gas in kg  

• Rs is a constant in kJ/ kg K 

• T is the temperature in Kelvin  

This equation is known as Characteristic equation of a gas. 

Sometimes R is called the Characteristic or specific gas constant. 

 

Universal gas constant: 

If the molecular mass of any gas is multiplied by its specific gas constant Rs it will be 
found that the product is the same for all gases. This constant is termed as Universal 
gas constant. 

For SI system the value of universal gas constant is 8.3143 kJ/ kmol K. 

Thus    Ru = MRs = 8.3143, kJ/kmol K. 
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Where M is the molecular mass of the gas in kg/ kmol. 

[It should be noted that in any calculations involving the gas laws, absolute 

pressures and absolute temperatures must be used.] 

 

Avogadro's Law: 

At a given temperature and pressure, equal volumes of gas contain equal numbers of 
moles. 

 For example, It has been found that at NTP, 22.4 m3 of Hydrogen gas has a 
mass of 2 kg, therefore 1 kmol of Hydrogen. 

As per Avogadro’s Law, at NTP 22.4 m3 of all other gas will have the corresponding 
mass of 1 kmol of that gas.  

 

Temperature: 

Temperature is the measure of the relative warmth or coolness of an object. The 
temperature of a substance does not measure its heat content but rather the average 
kinetic energy of its molecules resulting from their motions.  

A one-pound block of iron and a two-pound block of iron at the same temperature do 
not have the same heat content. Because they are at the same temperature the 
average kinetic energy of the molecules is the same; however, the two-pound block 
has more molecules than the one-pound block and thus has greater heat energy. 

 For measurement of Temperature there are two scales of measurements, one 
is “Fahrenheit” and the other is “Centigrade” or “Celsius”. The arbitrary reference 
taken is the freezing point of water under atmospheric conditions. This point at which 
water freezes to a solid state is considered as ZERO in Celsius or Centigrade Scale. 
Again the point of reference of water boiling at atmospheric condition and 
transforming to vapor stage is taken as 100 in Celsius or Centigrade Scale. In the 
Fahrenheit Scale the point corresponding to temperature at freezing of water is taken 
as 32, for water boiling point as 212 

In  MKS systems,  the  unit  of  temperature  is   degree Centigrade (C) 

In   FPS  system  the  unit  of  temperature  is   degree. Fahrenheit (F) 

In SI system the unit of temperature is degree Celsius (C) 

10 Centigrade = 10 Celsius. 

A temperature reading on one scale can be converted into a reading on the other 
scale by the following formula: 

   C/100    = (F-32)/180  or   C=5/9 (F-32)    or    F= 1.8C+32 

where, C is temperature in Celsius or Centigrade and F is temperature in Fahrenheit.  

 

Absolute temperature scale:   

We know that temperature is the effect causes by internal energy of a substance due 
to random motion of molecules of a substance. A body that is hotter has its 
molecules moving more vigorously than that of a body which is colder. Thus, there 
can be a state when there is absolutely no random motion of the molecules of a 
substance. There is one particular temperature at which the molecular random 
motion of each substance totally stops. This temperature is called ‘Absolute Zero’ 
because there can not be a temperature lower than this (since the molecules can not 
be more stationery than being in no motion at all).  

Absolute zero is the temperature at which all vibratory, translatory and rotational 
motions of the molecule of a substance is supposed to cease i.e. when internal 
energy becomes zero. A gas on cooling will contract in volume as the temperature 
falls. Charles found with perfect gases, the decrease in volume per degree Centigrade 
decrease in temperature is 1/273rd of its initial volume at 00C, pressure remaining 
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constant. Thus, the volume of gas will be zero at temperature –2730C. This 
temperature 2730 C below   00 C (or -2720C) is called the Absolute Zero of 
temperature.  The absolute temperature is the temperature measured above the 
point of Absolute Zero.  

Absolute temperature is expressed by the capital latter ‘K’ and the scale using the 
Absolute Zero is called ‘Kelvin’ Scale. By adding 273 to the temperature in degree 
Centigrade we get the temperature in degrees of the Kelvin scale or 0K. 

Temperature K = Temperature 0C+ 273 

       i.e.  K = C + 273 

  Absolute temperature in degree Fahrenheit is known as degree Rankine or 0R 
and the Absolute Zero in degree Fahrenheit occurs at –4600F. 

Thus, Temperature 0R = Temperature 0F + 460 

 i.e.  R = F + 460 

 

Work: 

If a mass is to be moved from one place to other, one has to apply force or spend 
energy. The Force applied to a body multiplied by the distance moved is the amount 
of work done or amount of energy spent. 

Work = Force x distance (traveled in the direction of force) 

Work only involves the useful part of a force, namely the part that is effective in 
causing the motion. 

[Suppose a pail of water weighing 7 N is carried over a distance of 10 m. In order to 
hold the pail up against gravity a vertical force of 7 N is exerted on the pail. The 
motion, however, is horizontal, and the force exerted does no work, even though 
one might get tired of holding the pail after a while.] 

In SI system, the unit for work done is Newton-metre (Nm), which is the product of a 
unit force (one Newton) acting through a 1-metre distance. This unit of work done is 
also called Joules (J). 

     1 J = 1 Nm 

    1 kg.m = 9.81 Nm = 9.81 Joules (J) 

Work can also be measured in foot pounds or Kg metres 

 

Power:  

Suppose a weight is lifted off the floor at a fixed a distance. The work done in this 
case would be the product of the force exerted times the distance covered, 
independent of how fast the weight was lifted. Now if the same weight is lifted faster 
that is in lesser period, then one might be tempted to say that more ``work'' is 
done. Actually the work done in both the cases is same and it is the Power that is 
different.   

The power exerted by a force is defined as change in work done over a period. 

Power exerted = work / time = force x distance / time = force x velocity. 

The SI Unit for Power is “Watt”. In other words Jules/sec = Watt. 

In British Units the Unit of Power is “Horse Power” or “HP”, which corresponds to 
a rate of work of 33000 ft-lb/min or 1 British HP = 746 Watts. 

But unless and other wise mentioned, HP should be considered as Metric HP 

1 Metric HP = 75 kg m/ s = 735.75 Watts. 

 

Energy: 

In mechanics is defined as “capacity of doing work”. Units of Energy and Work are 
same. Energy exists in two forms, namely, Potential Energy and Kinetic Energy. 
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Potential Energy is possessed by a body due to its position relative to other body or 
of parts of the same body under the action of a force or forces tending to alter their 
relative position. For example, a body which is allowed to fall towards earth may be 
made to do work; hence before it begins to fall it possesses potential energy, or 
energy due to its position relative to earth.  

 

 

 

 

 

 

A compressed spiral spring has potential energy because if it is allowed to resume its 
unstrained form it can be made to do work. Likewise compressed air possesses 
potential energy. The energy stored in a piece of coal is potential energy, and under 
favourable conditions the atoms of the constituents of the coal and atoms of oxygen 
of the air will rush together and produce heat which may be converted into work. If a 
body of W kg weight is allowed to fall from an elevation L2 to an elevation L1, the 
change in potential energy. 

                  ∆PE = PE2 - PE1 = W (L2 – L1) 

The unit of potential energy is Kilograms meter (MKS) and Newton metre (SI) 

 

Kinetic Energy of a body is due to its being in motion with respect to another body. 
A kilogram of water at rest at a height of 100 metres above level of the sea 
possesses 100 kg.m of potential energy and if this water is allowed to fall freely to 
the level of the sea, without doing work on the way it will in every position of its fall 
possess 100 kg.m of energy, but as it descends its potential energy will diminish, and 
the remainder of 100 kg.m will be stored in water as kinetic energy. When the 1kg 
of water would have fallen 25 metres its potential energy would be reduced by 25 
kg.m to be only 75 kg.m and its kinetic energy would then be 25 kg.m so that total is 
75 kg.m (Potential Energy) + 25 kg.m (Kinetic Energy) = 100 kg.m. 

A body of weight ‘w’ kg, moving with a velocity ‘v’ possesses a certain amount of 
kinetic energy (KE) with reference to earth gravitational force, 

K.E = w. v2/2g. 

The unit of K.E. is also kg.m in MKS and Newton metre in SIS. 

Other forms of energy are also different manifestations of these two forms. For 
example Electricity stored in a Capacitor having a Capacitance of C Farads and 
charged to a Voltage of V Volts is a Potential Energy and its value is ½CV2 Joules. 
Similarly, the Energy in an Inductor having Inductance of L Henry (and passing an 
electrical current of I Amps)has a Kinetic Energy equal to ½LI2 Joules. 

All other forms of energy such as Magnetic, Light etc. are similarly explainable in 
terms of Potential or Kinetic Energy. 

Internal Energy: The molecules of all substances are continuously in motion. The 
movement of molecules is more in gases than in liquids. Even when a gas is stored in 
a closed vessel and is stagnant, that is not moving, it possesses a considerable 
amount of internal Kinetic Energy due to motion of its molecules within the limits of 
its containing vessel. In addition of the Internal Kinetic Energy substances also have 
Internal Potential Energy due to the relative position of their molecules. Thus, the 
Internal Energy, E of a substance may be defined as the algebraic sum of Internal 
Kinetic Energy and Internal Potential Energy of its molecules. 

The internal energy of substance increases with increases of temperature of 
substance due to increases of molecular activity. Thus Internal Energy is a function of 

h 

PE=mgh 

PE=0 

Gravitational 

Potential Energy 
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Temperature and its value increases or decreases by adding heat to or subtracting 
heat from the substance. 

 

Mechanical Equivalent of Heat:  

Heat and Work are mutually convertible from one form into another. In a heat engine 
the heat produced by combustion of the fuel used is converted into the work done by 
the engine. When the brakes are applied to the wheels of a moving train, in order to 
bring it to rest, the kinetic energy of the train is converted into heat at the rubbing 
surfaces of the brake blocks and wheels, or if the wheels skid the heat is produced at 
the rubbing surfaces of wheels and rails. Careful experiments have shown that a 
certain definite number J or foot pound of work is equivalent to one unit of heat.  

In British Units J is 778 ft.lb. for 1 Btu. 

       and in metric units,   4.187 Kilojoules = 1 Kilocalories &  

                                        1 Kilocalories = 427 kg-m 

 

Heat and Heat Transfer 

Heat 

Heat is believed to be “a mode of motion”. It is supposed that a body possessing heat 
has its particles or molecules in a state of motion, the rate of motion increasing as 
the body gets warmer and diminishing as the body cools. As to the character of 
motion of the molecules it may be imagined to be an oscillatory motion in the case of 
solids and liquids, but in the case of gases it is supposed to be a motion of 
translation. 

It is found that all the phenomenon of Heat may be explained by this theory. For 
example, it is well known that in general the effect of heat on matter is to enlarge it. 
A piece of iron when heated gets longer, wider and thicker (due to thermal 

expansion). Now it is natural to expect that if the molecule of iron have more motion 
as the iron gets hotter they will require more room and will therefore push one 
another further apart and consequently cause the whole body to get larger, just as a 
crowd of people take up more space when they jostle one another than they do when 
standing still or when jostling to a less extent. 

Different units of measurement of heat are as given bellow.  

In British System: 

British Thermal Unit (BTU): 

The quantity of heat required to raise the temperature of one pound of water through 
1°F is defined as a BTU. 

In MKS Units: 

Centigrade Heat Unit (CHU): 

The quantity of heat required to raise the temperature of one pound of water through 
1°C is defined as a CHU.  

The quantity of heat required to raise the temperature of one kilograms of water 
through 1°C is defined as one Kilo-Calorie  

Since the amount of heat required per degree centigrade varies at different points on 
the temperature scale, a more precise definition is the amount of heat required to 
raise the temperature of one kg of water initially at 14.5oC to 15.5oC while 
maintained at constant pressure of 760mm of hg. 

1 Kcal = 2.205 CHU = 3.969 BTU 

The unit for heat in SI system is measured in Joules (J) 

   1 Kcal = 4187 Joules = 4.187 Kilo Joules 
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Specific Heat of a substance may be defined as the amount of heat that must be 
supplied to the substance to raise the temperature of unit mass of the substance 
through one degree. When a body is heated, the heat energy is used to speed up the 
internal motion of its molecules and also to provide the work necessary to expend the 
body. In a solid or a liquid, the amount of expansion is very small and the work of 
expansion is similarly small.  

When a gas is heated, expansion is considerably more and values of specific heat will 
depend on nature of heating process i.e., whether the heating is at Constant Volume 
or at Constant Pressure. Thus gas has a two important types of Specific Heat, 
namely:  

(1) Specific Heat at constant volume ( Cv) 

(2) Specific Heat at constant pressure (Cp) 

 

Specific Heat at Constant Volume: Consider 1 kg of gas being heated in a closed 
vessel so that no expansion of gas is allowed. The number of kcal required to raise 
the temperature of 1 kg of gas through 10C under these condition is called the 
Specific Heat at Constant Volume and is denoted by ‘Cv’.  

In this case there is no work due to expansion of gas, because the gas is contained in 
closed vessel and all the heat supplied is used only to increase the Internal Energy 
i.e. Kinetic Energy and Potential Energy of molecules of the gas. 

Specific Heat at Constant Pressure: Consider 1 kg of gas being heated in a 
cylinder fitted with a movable piston which exerts a constant pressure on the gas. 
When the gas is heated it will expand and move the piston through some distance in 
this case. Therefore, in this case, in addition to the heat required for increasing the 
kinetic energy of the molecules, further heat must be added to perform the work of 
moving the piston through the distance. The Specific Heat at Constant Pressure is 
denoted by ‘Cp’. 

The value of the specific heat of gas at constant pressure will therefore always be 
greater than that at constant volume by the amount of expansive work done. 

The unit of specific heat in MKS System of units is kcal/kg 0C and in the SI system of 
units it is kJ/ kg K. 

Enthalpy (H) or Total Heat or Heat Content: Enthalpy is nothing but total 
heat energy content in a substance. It is denoted by ‘H’ and is defined as follows: 

H = E + (PV/J) kcal 

Where, E is the Internal Energy, P is the Absolute Pressure, V is the Volume in m3 
and J = 427 kg-m. 

 

Heat Transfer: 

In Boiler heat energy is released from the combustion of fossil fuels and the heat is 
transferred to different fluids in the system and a part of it is lost or left out as 
unutilized. It is therefore essential to study the general principle of heat transfer for 
understanding the behaviour of boiler in relation to heat transfer during different 
conditions of operation. 

In Steam Generating System, generally the heat transfer takes place in all the three 
modes of heat transfer process namely Conduction, Convection and the Radiation. 

 


