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1.1 Air Conditioning  Concept

In the hot weather regions especially in the south of Iraq, the air conditioning for the 

majority  of  peoples  maybe  just  (air  cooling)  because  of  the  long  summer  months 

throughout  the  year.  Air  conditioning  means  the  control  of  an  atmospheric
environment for the comfort of humans. The controlling of environments includes 

the following main parameters:

1. Air temperature

2. Relative humidity

3. Air motion

4. Contaminants  (pollutants)
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  The air temperature and relative humidity are the most important in air 

conditioning and so they will be studied intensively here.  
 

1.2 Properties of Moist Air 

Atmospheric air is a mixture of many gases plus water vapor and pollutants. It 

consists of five main gases as shown in the table below: 

 

Gas Molecular weight  Volume fraction 

Nitrogen 28.02 78.03 

Oxygen 32 20.99 

Argon 39.91 0.94 

Carbon dioxide 44 0.03 

Hydrogen 2.02 0.01 

 

The mixture of these gases is called dry air. the molecular weight of the dry air can 

be calculated as follows: 

 

𝑴 = 𝟐𝟖. 𝟎𝟐 × 𝟎. 𝟕𝟖𝟎𝟑 + 𝟑𝟐 × 𝟎. 𝟐𝟎𝟗𝟗 + 𝟑𝟗. 𝟗𝟏 × 𝟎. 𝟎𝟎𝟗𝟒
+ 𝟒𝟒 × 𝟎. 𝟎𝟎𝟎𝟑 + 𝟐. 𝟎𝟐 × 𝟎. 𝟎𝟎𝟎𝟏 = 𝟐𝟖. 𝟗𝟕 

Most air involves a mixture of dry air and water vapor. The amount of water vapor 

may vary from zero to a maximum depending on the temperature and pressure of the 

mixture. 

The molecular weight of water vapor H2O can be estimated as: 
 

𝑴 = 𝟐 × 𝟏. 𝟎𝟏 + 𝟏 × 𝟏𝟔 = 𝟏𝟖. 𝟎𝟐 𝒌𝒈/𝒌𝒎𝒐𝒍  
 

1.3 Fundamentals Parameters 
 

Moist air up to about three atmospheres pressure obeys the perfect gas law with 

sufficient accuracy for most engineering calculations. The Dalton law for a mixture 

of perfect gases states that the mixture pressure is equal to the sum of the partial 
pressures of the constituents: 
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𝑷 = 𝑷𝟏 + 𝑷𝟐 + 𝑷𝟑 + ⋯  
 

The pressure of moist air is: 
  

 𝑷 = 𝑷𝑵𝟐
+ 𝑷𝑶𝟐

+ 𝑷𝑨𝒓 + 𝑷𝑪𝑶𝟐
+ 𝑷𝑯𝟐

+ 𝑷𝑽  

  

The total pressure of moist air is the sum of the partial pressures of the dry air and 

the water vapor: 
 

 𝑷 = 𝑷𝒂 + 𝑷𝒗  
 

𝑃 :  Total pressure of moist air 

𝑃𝑎:  Pressure of dry air  

𝑃𝑣 :  pressure of vapor 

 
 

Example 1.1: 
 

Saturated air at 1 atmospheric pressure and temperature of 26oC. Calculate the 

pressure of the vapor and dry air. 
 

Solution: 
From the saturated steam table, the saturation pressure corresponding to the 

temperature 26oC is equal to 3.36kPa. 

 
  

 𝑷𝒗 = 𝟑. 𝟑𝟔 𝒌𝑷𝒂 

 

 𝑷 = 𝑷𝒂 + 𝑷𝑽  

 

𝑷𝒂 = 𝑷 − 𝑷𝑽   

 

The pressure of the dry air is: 

Air Conditioning 2022-2023
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𝑷𝒂 = 𝟏𝟎𝟏. 𝟑𝟐𝟓 − 𝟑. 𝟑𝟔 = 𝟗𝟕. 𝟗𝟔𝟓 𝒌𝑷𝒂  
 

 
Dry bulb temperature(DBT): It is the air temperature recorded or measured by a 

thermometer. Its denoted by T or Tdb or DBT. 

 

Wet-bulb temperature(WBT): It is the lowest temperature of air recorded by a 

thermometer when its bulb is covered with wet wick and exposed to an air stream. 

It's denoted by Tw or Twb or WBT. 

 
Dew point temperature (DPT): It is the temperature at which air is saturated with 

water vapor. It is denoted by Tdp or DPT. 

 

Dew point temperature can be calculated from the approximate equation as follows: 

 

𝑻𝒅𝒑 =
𝟒𝟎𝟑𝟎(𝑻𝒅𝒃+𝟐𝟑𝟓)

𝟒𝟎𝟑𝟎−(𝑻𝒅𝒃+𝟐𝟑𝟓) 𝐥𝐧 𝝓
− 𝟐𝟑𝟓  

 

𝑻𝒅𝒑 :  dew point temperature oC 
𝑻𝒅𝒃  : dry-bulb temperature oC 

𝝓   :  relative humidity (in fraction) 

 

 1.4 Pressure of Water Vapor in Moist Air 
  

The vapor pressure of saturated air can be found directly from the steam 

table at a given temperature or can be estimated approximately as follows: 

 

 

𝑷𝒔𝒂𝒕 = 𝑬𝒑𝒙 [𝟐𝟓. 𝟑𝟏𝟕 −
𝟓𝟏𝟒𝟒

𝑻𝒔𝒂𝒕
]  

 

Where; 
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𝑃𝑠𝑎𝑡  in Pa 

𝑇𝑠𝑎𝑡  in K 

 

In the case of unsaturated air, the vapor pressure can be calculated from 

the following relation: 

 

  

𝑷𝒗 = 𝑷𝒔𝒘 − 𝑷𝑩 𝑨 (𝑻𝒅 − 𝑻𝒘 )  
 

 

𝑷𝒗   Vapor partial pressure  
𝑷𝒔𝒘  Saturated vapor pressure at wet bulb temperature 

𝑷𝑩    Barometric pressure 

𝑨      Constant which is given as: 

 
A=6.66×10-4  OC-1      𝑻𝒘 ≥0  OC 

A=5.94×10-4  OC-1      𝑻𝒘 <0  OC 

𝑻𝒅  Dry bulb temperature  OC 

𝑻𝒘  Wet bulb temperature  OC 

 

Example 1.2: 
 Calculate the partial pressure of water vapor and dew point of moist air with 20 OC 

dry bulb temperature and 15 OC wet bulb temperature under barometric pressure of 
95kPa.  

 

Solution: 
From the steam table, the saturation pressure at WBT is equal to 1. 707 kPa, so the 
partial pressure of the vapor is: 

 

𝑷𝒗 = 𝟏. 𝟕𝟎𝟕 − 𝟗𝟓 × 𝟔. 𝟔𝟔 × 𝟏𝟎−𝟒 (𝟐𝟎 − 𝟏𝟓)  

      = 𝟏. 𝟑𝟗𝟏𝒌𝑷𝒂   
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From the steam table dew point temperature can be evaluated which is equal to the 

saturation temperature corresponding to the pressure 1.391; 
 

P=1.227 kPa    at     T=10 OC 

P=1.4014 kPa  at     T=12 OC 

 
Using interpolation: 

 

𝑻𝒅𝒑 = 𝟏𝟐 −
𝟏𝟐−𝟏𝟎

𝟏.𝟒𝟎𝟏𝟒−𝟏.𝟐𝟐𝟕
(𝟏. 𝟒𝟎𝟏𝟒 − 𝟏. 𝟑𝟗𝟏) = 𝟏𝟏. 𝟖𝟖 

OC 

 

Or by using the equation: 

 

𝑷𝒔𝒂𝒕 = 𝑬𝒑𝒙 [𝟐𝟓. 𝟑𝟏𝟕 −
𝟓𝟏𝟒𝟒

𝑻𝒔𝒂𝒕
]  

 

𝟏𝟑𝟗𝟏 = 𝑬𝒑𝒙 [𝟐𝟓. 𝟑𝟏𝟕 −
𝟓𝟏𝟒𝟒

𝑻𝒔𝒂𝒕
]  

 

𝒍𝒏(𝟏𝟑𝟗𝟏) = [𝟐𝟓. 𝟑𝟏𝟕 −
𝟓𝟏𝟒𝟒

𝑻𝒔𝒂𝒕
]  

 

𝑻𝒔𝒂𝒕 = [𝟐𝟓. 𝟑𝟏𝟕 − 𝒍𝒏(𝟏𝟑𝟗𝟏)]−𝟏 × 𝟓𝟏𝟒𝟒 = 𝟐𝟖𝟒. 𝟓𝟑𝑲 = 𝟏𝟏. 𝟓𝟑  OC 

Air Conditioning 2022-2023
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2.1 Relative humidity(RH or ϕ) 

It is the ratio of the mass of water vapor in a given volume of air at any 

temperature and pressure to the maximum amount of mass of water vapor 

that the same volume of air can hold at the same temperature conditions.  

The air contains the maximum amount of water vapor at the saturation 

conditions. 

The relative humidity can be defined as the ratio of the partial pressure of the vapor 

Pv in the mixture to the saturation pressure Ps
:
 

 

 

𝑹𝑯 =
𝑷𝒗

𝑷𝒔
  

 

 
 

 

 

 
 

 

 
 
 

                                                   

   

 

 Relative humidity  
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The relative humidity can also be defined in term of density or mole 

fraction of the moist air as follows: 

 

 𝑹𝑯 =
𝝆𝒗

𝝆𝒔
=

𝒗𝒔

𝒗𝒗
=  

𝒙𝒗

𝒙𝒔
 

𝝆𝒗: density of moist air  

𝝆𝒔 : density of moist air at saturation conditions 

𝒙𝒗 : mole fraction of moist air  

𝒙𝒔  : mole fraction of moist air at saturation conditions 

𝒗𝒗 : specific volume of moist air 

𝒗𝒔  : specific volume of moist air at saturation condition 

 

Example2.1: 

 Moist air at 20 oC(DBT) and 15 oC (WBT) and atmospheric pressure 95kPa. 

Calculate the vapor density and relative humidity of the moist air. 

Solution: 

The partial pressure of the water vapor in the moist air is calculated from the 

equation: 

 

𝑷𝒗 = 𝑷𝒔𝒘 − 𝑷𝑩 𝑨 (𝑻𝒅 − 𝑻𝒘 )  

 

𝑷𝒔𝒘 = 𝟏. 𝟕𝟎𝟕 𝒌𝑷𝒂    at 15 oC (WBT)  

𝑷𝒗 = 𝟏. 𝟕𝟎𝟕 − 𝟗𝟓 × 𝟔. 𝟔𝟔 × 𝟏𝟎−𝟒 (𝟐𝟎 − 𝟏𝟓)     

      = 𝟏. 𝟑𝟗𝟏𝒌𝑷𝒂    

Air Conditioning 2022-2023
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From ideal gas law the vapor density can be estimated as follows: 

 

𝝆𝒗 =
𝑷𝒗

𝑹 𝑻𝒗
=

𝟏.𝟑𝟗𝟏

𝟎.𝟒𝟔𝟏𝟓 (𝟐𝟎+𝟐𝟕𝟑)
= 𝟎. 𝟎𝟏𝟎𝟑 𝒌𝒈/𝒎𝟑  

 

To calculate relative humidity, the saturation pressure 20 oC(DBT) can be obtained 

from the steam table: 

 

𝑷𝒔 = 𝟐. 𝟑𝟑𝟕 𝒌𝑷𝒂  

𝑹𝑯 =
𝑷𝒗

𝑷𝒔
=

𝟏.𝟑𝟗𝟏

𝟐.𝟑𝟑𝟕
= 𝟎. 𝟓𝟗𝟓 = 𝟓𝟗. 𝟓%  

 

2.2 Moisture content(humidity ratio) 

 It is the ratio of the mass of water vapor to the mass of dry air contained in the 

sample air. It is denoted by w. 

𝒘 =
𝒎𝒂𝒔𝒔 𝒐𝒇 𝒘𝒂𝒕𝒆𝒓 𝒗𝒂𝒑𝒐𝒓 𝒊𝒏 𝒂𝒊𝒓

𝒎𝒂𝒔𝒔 𝒐𝒇 𝒅𝒓𝒚 𝒂𝒊𝒓
   kg/kg of dry air 

𝒘 =
𝒎𝒗

𝒎𝒂
  

The ideal gas equation can be applied to dry air and water vapor. 

 

𝑷𝒂  𝑽𝒂 = 𝒎𝒂𝑹𝒂𝑻   

𝑷𝒗  𝑽𝒗 = 𝒎𝒗𝑹𝒗𝑻   
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The mixture of dry air and water vapor at the same temperature and occupying the 

same volume  

 

𝑷𝒗  

𝑷𝒂  
=

𝒎𝒗𝑹𝒗

𝒎𝒂𝑹𝒂
   

𝒘 =
𝒎𝒗

𝒎𝒂
=

𝑷𝒗  𝑹𝒂

𝑷𝒂 𝑹𝒗 
  

𝑅𝑎 = 0.287 𝑘𝐽/𝐾𝑔 𝐾  (dry air), 𝑅𝑣 = 0.4615 𝑘𝐽/𝐾𝑔 𝐾  (vapor) 

 

𝒘 =
𝟎.𝟐𝟖𝟕𝑷𝒗  

𝟎.𝟒𝟔𝟏𝟓 𝑷𝒂 
  

𝒘 = 𝟎. 𝟔𝟐𝟐
𝑷𝒗  

𝑷𝒂 
  

 

𝒘 = 𝟎. 𝟔𝟐𝟐
𝑷𝒗  

𝑷𝑩−𝑷𝒗  
      kg of water vapor/kg of dry air 

 

Example 2.2: 

 Moist air at 20 oC(DBT) and 15 oC (WBT) and atmospheric pressure 95kPa. 

Calculate the moisture content in the air. 

Solution: 

𝑷𝒗 = 𝑷𝒔𝒘 − 𝑷𝑩 𝑨 (𝑻𝒅 − 𝑻𝒘 )  

𝑷𝒔𝒘 = 𝟏. 𝟕𝟎𝟕 𝒌𝑷𝒂    at 15 oC (WBT)  

𝑷𝒗 = 𝟏. 𝟕𝟎𝟕 − 𝟗𝟓 × 𝟔. 𝟔𝟔 × 𝟏𝟎−𝟒 (𝟐𝟎 − 𝟏𝟓)     

      = 𝟏. 𝟑𝟗𝟏𝒌𝑷𝒂    
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The moisture content is: 

𝒘 = 𝟎. 𝟔𝟐𝟐
𝑷𝒗  

𝑷𝑩−𝑷𝒗  
= 𝟎. 𝟔𝟐𝟐

𝟏.𝟑𝟗𝟏

𝟗𝟓−𝟏.𝟑𝟗𝟏
= 𝟎. 𝟎𝟎𝟗𝟐𝟒

𝒌𝒈

𝒌𝒈𝒅𝒂
  

 

Example 2.3: 

 
 Calculate the moisture content of air at 60 percent relative humidity when the temperature 

is 30°C. The barometric pressure is the standard value of 101.325 kPa. 

 

Solution: 

 

𝒘 = 𝟎. 𝟔𝟐𝟐
𝑷𝒗  

𝑷𝑩−𝑷𝒗  
= 𝟎. 𝟔𝟐𝟐

𝑹𝑯×𝑷𝒔   

𝑷𝑩−𝑹𝑯×𝑷𝒔  
  

 

The pressure of saturated air at 30°C is 4.241 kPa 

 

𝒘 = 𝟎. 𝟔𝟐𝟐
𝟎. 𝟔 × 𝟒. 𝟐𝟒𝟏  

𝟏𝟎𝟏. 𝟑𝟐𝟓 − 𝟎. 𝟔 × 𝟒. 𝟐𝟒𝟏 
= 𝟎. 𝟎𝟏𝟔𝟎 𝒌𝒈/𝒌𝒈𝒅𝒂 

 

 

2.3 Specific volume of moist air 
 

It is the volume of 1kg of dry air and water vapor mixture. In this mixture, 

each constituent occupies the same volume and the same temperature, but 

each exerts its partial pressure. 

 

Example 2.4: 
 

Calculate the specific volume of air at 20 oC(DBT) and a moisture content of 0.00734 
kg/kg of dry air at a Prometric pressure of 95 kPa. 
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Solution: 
 

the water vapor occupies the same volume and temperature as the moist air. The 
volume of the vapor can be calculated using the gas equation:  

 

 

𝑷𝒗  𝑽𝒗 = 𝒎𝒗𝑹𝒗𝑻   

 

𝑽𝒗 =
𝒎𝒗𝑹𝒗𝑻

𝑷𝒗  
  

 
The partial pressure of the vapor in the moist air can be estimated as: 

 

𝒘 = 𝟎. 𝟔𝟐𝟐
𝑷𝒗  

𝑷𝑩−𝑷𝒗  
  

𝟎. 𝟎𝟎𝟕𝟑𝟒 = 𝟎. 𝟔𝟐𝟐
𝑷𝒗  

𝟗𝟓−𝑷𝒗  
  

𝑷𝒗  = 𝟏. 𝟏𝟎𝟖𝟎 𝒌𝑷𝒂  

 

𝑽𝒗 =
𝟎.𝟎𝟎𝟕𝟑𝟒×𝟎.𝟒𝟔𝟏×(𝟐𝟎+𝟐𝟕𝟑)

𝟏.𝟏𝟎𝟖𝟎
= 𝟎. 𝟖𝟗𝟓 𝒎𝟑  

 

Or by using the gas equation for dry air: 

 

𝑽𝒂 =
𝒎𝒂𝑹𝒂𝑻

𝑷𝒂  
=

𝟏×𝟎.𝟐𝟖𝟕×(𝟐𝟎+𝟐𝟕𝟑)

𝟗𝟓−𝟏.𝟏𝟎𝟖𝟎
= 𝟎. 𝟖𝟗𝟔 𝒎𝟑  

 
 

2.4 Enthalpy 
  
Heat is supplied to gas in two ways: at constant volume or constant pressure. In a 

constant volume process, no work will be done by the gas, and the internal energy 
of the gas increases. If a heat exchange occurs at constant pressure, as well as a 

change in internal energy taking place, work may be done. This leads to the 

definition of enthalpy H: 
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H=U+PV   , J 
 

Or specific enthalpy for a unit mass of the working fluid: 
 

h=u+pv    ,   J/kg 

 

The enthalpy of moist air is the summation of the enthalpy of 1 kg of dry air and 

enthalpy of water vapor in the moist air. 
 

𝒉 = 𝒉𝒂 + 𝒘 𝒉𝒗  
   

𝒉    enthalpy of moist air         kJ/kg   

𝒉𝒂    enthalpy of dry air            kJ/kg   

𝒉𝒗    enthalpy of water vapor   kJ/kg   

𝒘      moisture content              kg/kg of dry air 

 

The enthalpy of dry air  𝒉𝒂  over the range   0 oC to 60 oC is given as: 

 

𝒉𝒂 = 𝟏. 𝟎𝟎𝟕 𝑻 − 𝟎. 𝟎𝟐𝟔        kJ/kg 

 

For the lower temperature, down to -10 oC, the approximate equation is: 
 

𝒉𝒂 = 𝟏. 𝟎𝟎𝟓 𝑻  
 

And the enthalpy of the water vapor is: 

 

 

𝒉𝒗 = 𝟐𝟓𝟎𝟏 + 𝟏. 𝟖𝟒 𝑻      kJ/kg 

 

 

The enthalpy of moist air at barometric pressure (101.325 kPa) becomes: 
 

 

𝒉 = 𝟏. 𝟎𝟎𝟕 𝑻 − 𝟎. 𝟎𝟐𝟔 + 𝒘(  𝟐𝟓𝟎𝟏 + 𝟏. 𝟖𝟒 𝑻)        kJ/kg  
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𝑻 ∶  temperature of moist air oC 

 

 

Example 2.5: 
Calculate the enthalpy of moist air at a dry bulb temperature of 24 oC and relative 
humidity of 40%. The barometric pressure is 101.325kPa. 

 

Solution: 

  

𝒘 = 𝟎. 𝟔𝟐𝟐
𝑷𝒗  

𝑷𝑩−𝑷𝒗  
= 𝟎. 𝟔𝟐𝟐

𝑹𝑯×𝑷𝒔   

𝑷𝑩−𝑹𝑯×𝑷𝒔  
  

 

From the steam table, the saturation pressure corresponding to 24 oC is 

2.982kPa or can use the following equation: 

 
 

𝑷𝒔𝒂𝒕 = 𝑬𝒑𝒙 [𝟐𝟓. 𝟑𝟏𝟕 −
𝟓𝟏𝟒𝟒

𝑻𝒔𝒂𝒕
] = 𝒆𝒙𝒑 [𝟐𝟓. 𝟑𝟏𝟕 −

𝟓𝟏𝟒𝟒

(𝟐𝟒 + 𝟐𝟕𝟑)
] = 𝟐𝟗𝟕𝟐. 𝟒𝟑𝑷𝒂 

 

          = 𝟐. 𝟗𝟕𝟐 𝒌𝑷𝒂  

 

𝒘 = 𝟎. 𝟔𝟐𝟐
𝑹𝑯 × 𝑷𝒔   

𝑷𝑩 − 𝑹𝑯 × 𝑷𝒔  
= 𝟎. 𝟔𝟐𝟐 

𝟎. 𝟒 × 𝟐. 𝟗𝟖𝟐

𝟏𝟎𝟏. 𝟑𝟐𝟓 − 𝟎. 𝟒 × 𝟐. 𝟗𝟖𝟐
 

 

          = 𝟎. 𝟎𝟎𝟕𝟒 𝒌𝒈/𝒌𝒈𝒅𝒂  

 

 
    𝒉 = 𝟏. 𝟎𝟎𝟕 𝑻 − 𝟎. 𝟎𝟐𝟔 + 𝒘(  𝟐𝟓𝟎𝟏 + 𝟏. 𝟖𝟒 𝑻)    

   

    𝒉 = 𝟏. 𝟎𝟎𝟕 × 𝟐𝟒 − 𝟎. 𝟎𝟐𝟔 + 𝟎. 𝟎𝟎𝟕𝟒(  𝟐𝟓𝟎𝟏 + 𝟏. 𝟖𝟒 × 𝟐𝟒) 

    𝒉 = 𝟒𝟑. 𝟎𝟎 𝒌𝑱/𝒌𝒈 
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3.1 Degree of saturation(µ) 
 

It is the ratio of moisture content at moist air to the moisture content of 

saturation air at the same temperature. 
   

 

𝝁 =
𝒘

𝒘𝒔
  

  

𝝁 =
𝒘

𝒘𝒔
=

𝟎.𝟔𝟐𝟐
𝑷𝒗  

𝑷𝑩−𝑷𝒗  

𝟎.𝟔𝟐𝟐
𝑷𝒔 

𝑷𝑩−𝑷𝒔 

=
𝑷𝒗  

𝑷𝒔 

𝑷𝑩−𝑷𝒔 

𝑷𝑩−𝑷𝒗  
  

 

𝝁 = 𝑹𝑯 
𝑷𝑩−𝑷𝒔 

𝑷𝑩−𝑷𝒗  
  

 
For humid air, the numerical value of the degree of saturation 𝝁 very closed to that 

of relative humidity 𝑹𝑯 . In the case of dry or saturation air, both 𝝁 and 𝑹𝑯 are 

equal. 

 

Example 3.1: 
 

Calculate the degree of saturation and relative humidity of moist air at a dry bulb 
temperature of  40 oC and a wet-bulb temperature of  20 oC. The barometric pressure 

is 101.325kPa. 

  

Solution: 

 

The saturation pressures corresponding to   40 oC and  20 oC are 7.375 kPa and 

2.337 kPa respectively. 

 

The water vapor pressure is calculated as follows: 

 
𝑷𝒗 = 𝑷𝒔𝒘 − 𝑷𝑩 𝑨 (𝑻𝒅 − 𝑻𝒘 )  
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𝑷𝒗 = 𝟐. 𝟑𝟑𝟕 − 𝟏𝟎𝟏. 𝟑𝟐𝟓 × 𝟔. 𝟔𝟔 × 𝟏𝟎−𝟒  (𝟒𝟎 − 𝟐𝟎) = 𝟎. 𝟗𝟖𝟕 𝒌𝑷𝒂  

𝑹𝑯 =
𝑷𝒗

𝑷𝒔
=

𝟎.𝟗𝟖𝟕  

𝟕.𝟑𝟕𝟓
= 𝟎. 𝟏𝟑𝟒 = 𝟏𝟑. 𝟒%  

 

Degree of saturation 𝝁 = 𝑹𝑯 
𝑷𝑩−𝑷𝒔 

𝑷𝑩−𝑷𝒗  
 

 

 𝝁 = 𝟎. 𝟏𝟑𝟒 
𝟏𝟎𝟏.𝟑𝟐𝟓−𝟕.𝟑𝟕𝟓

𝟏𝟎𝟏.𝟑𝟐𝟓−𝟎.𝟗𝟖𝟕
= 𝟎. 𝟏𝟐𝟓𝟓 = 𝟏𝟐. 𝟓𝟓% 

 

3.2 Psychrometric chart 
 Psychrometric chart is a graphical representation of the thermodynamics 

of humid air like moisture content, enthalpy, specific volume, relative 

humidity, dew point temperature, and wet bulb temperature. These 

properties vary with atmospheric pressure and altitude. The psychrometric 

chart for standard atmospheric pressure 101.325kPa at sea level will be 

considered here.  
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In constructing the psychrometric chart, two properties of moist air are taken as basic 

coordinates. The two common choices for this purpose are moisture content and dry-

bulb temperature (W-DBT) or any two properties like DBT and RH or DBT and 
WBT…etc.  

 

The above figure explained a state point and all the variables on the psychrometric 
chart.    
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3.3 Air conditioning processes 
 

1.Sensible cooling 
Sensible cooling of humid air can be done by passing it over a cooling coil whose 

surface temperature is kept below the dry bulb temperature of entering air and above 
the dew point temperature. No moisture is added or removed and dew point 

temperature remains constant throughout the sensible cooling process. 

 

 
 

 

Sensible cooling 
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The sensible cooling  during the process is given by: 

 

  

𝑸 = 𝒎̇(𝒉𝟏 − 𝒉𝟐 )  
 

Or  

 

𝑸 = 𝒎̇ 𝑪𝒑(𝑻𝟏 − 𝑻𝟐 )  
 

 

𝐶𝑝 for moist air is given as: 

 

𝑪𝒑 = 𝑪𝒑𝒂 + 𝒘𝑪𝒑𝒗 

 

𝐶𝑝𝑎 : specific heat for dry air 

𝐶𝑝𝑣 : specific heat for water vapor 

 

 

If we take an approximate value for 𝐶𝑝𝑎 = 1.013 𝑘𝐽/𝑘𝑔𝐾 and 𝐶𝑝𝑣 = 1.89
𝑘𝐽

𝑘𝑔
𝐾, the 

specific heat of moisture air becomes 1.013-1.026 kJ/kg K depending on the moist 

air conditions. If accuracy not very important, an approximate  value of  𝐶𝑝 can be 

taken as 1.02 kJ/kg K. The change in enthalpy (∆ℎ) is preferred for all air 

conditioning processes. 
 

 

 Example 3.2: 
 

Humid air at 40 oC (DBT) and 20 oC(WBT) flow over a cooling coil at a rate of 5000 
m3 /hr. It sensible cooled to 26 oC. Determine:  

a) Final WBT of air  

b) The total heat transferred 

 

Solution: 
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The point 1 is located on the chart at the intersection of 40 oC (DBT) and 20 
oC(WBT) lines. The value of enthalpy h1 = 57.5 kJ/kg and h2 =41.5 kJ/kg. specific 

volume of air v1 =0.896 m3/kg and WBT at outlet =15.5 oC. 

 

The total heat transfer rate is: 
 

𝑸 = 𝒎̇(𝒉𝟏 − 𝒉𝟐 ) =
V̇

𝒗
 (𝒉𝟏 − 𝒉𝟐 ) =

𝟓𝟎𝟎𝟎

𝟑𝟔𝟎𝟎

𝟎.𝟖𝟗𝟕
(𝟓𝟕. 𝟓 − 𝟒𝟏. 𝟓) = 𝟐𝟒. 𝟕𝟕𝟒 𝒌𝑾  

 

Or can be calculated approximately as: 

 

𝑸 = 𝒎̇ 𝑪𝒑(𝑻𝟏 − 𝑻𝟐 ) =
𝟓𝟎𝟎𝟎

𝟑𝟔𝟎𝟎

𝟎.𝟖𝟗𝟕
× 𝟏. 𝟎𝟐 × (𝟒𝟎 − 𝟐𝟔) = 𝟐𝟐. 𝟏𝟏 𝒌𝑾  

 

 
The error percentage between the accurate and approximated value is: 

 

𝑬𝑹𝑹 =
𝟐𝟒.𝟕𝟕𝟒−𝟐𝟐.𝟏𝟏

𝟐𝟒.𝟕𝟕𝟒
= 𝟎. 𝟏𝟎𝟖 = 𝟏𝟎. 𝟖%  

 

The error percentage is somewhat large.   So it   is   highly  recommended   to  use 

𝑸 = 𝒎̇(𝒉𝟏 − 𝒉𝟐 )  instead of 𝑸 = 𝒎̇ 𝑪𝒑(𝑻𝟏 − 𝑻𝟐 )  to calculate accurate heat 

transfer rate for all the psychrometric processes. 
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4.1.Sensible heating  
 

Sensible heat will be added to the humid air when passing it over a hot dry surface. 

The hot surface temperature is above the dry bulb temperature of the air. The 
moisture content remains constant during sensible heating(see the figure below). 

 

The heat added to the air can be estimated as follows: 

 

𝑸 = 𝒎̇(𝒉𝟏 − 𝒉𝟐 )  

 

 

 Or can be calculated approximately as: 

 

𝑸 = 𝒎̇ 𝑪𝒑(𝑻𝟐 − 𝑻𝟏 )  

Sensible heating 
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 Example 4.1: 

 
Saturated air at 10 oC flows over a heating coil at a rate of 50 m3 /min. air leaves the 

coil at 40 oC. sketch the process on a psychrometric chart and determine the 
following: 

a) The wet-bulb temperature of the air 

b) The sensible heat transferred 

c) The total heat transferred 

  

Solution: 

 
 Point 1 is located on the saturation curve (RH=100%). The properties of 
saturated air can be calculated from the psychrometric chart as follows: 

 

 

𝒉𝟏 = 𝟐𝟗. 𝟕
𝒌𝑱

𝒌𝒈
 , 𝒘𝟏 = 𝒘𝟐 = 𝟎. 𝟎𝟎𝟕𝟕

𝒌𝒈

𝒌𝒈𝒅𝒂
, 𝒗𝟏 = 𝟎. 𝟖𝟏𝟐 𝒎𝟑/𝒌𝒈  

 

 

The enthalpy at point 2 is  𝒉𝟐 = 𝟔𝟎. 𝟐
𝒌𝑱

𝒌𝒈
 

 
 

a)   𝑊𝐵𝑇1 = 𝐷𝐵𝑇1 = 10 ℃  (Saturated state which means RH=100%) 

 
𝑊𝐵𝑇2 = 20.2℃  

 

b)  sensible heat transfer rate 𝑸 = 𝒎̇(𝒉𝟏 − 𝒉𝟐 ) 

 

  𝑸 =
𝟓𝟎

𝟔𝟎×𝟎.𝟖𝟏𝟐
(𝟔𝟎. 𝟐 − 𝟐𝟗. 𝟕) = 𝟑𝟏. 𝟑𝟎𝟏 𝒌𝑾 

 

c)  The total heat is equal to the sensible heat as no change in the moisture content 
during the sensible heating.   
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4.2 Cooling and Dehumidification of Humid Air  
 

Here the air is to be cooed and during cooling, water vapor is to be separated from 
the air. Moisture separation (condensation) will occur only when the moist air is 

cooled to a temperature below its dew point temperature. The effective surface 

temperature of the cooling coil kept below the initial dew point temperature of the 
air is called apparatus dew point ADP or Tc. The cooling and dehumidification 

process is shown in the figure. 

 

The energy and mass  balance equations of the cooling and dehumidification process 
are: 

 

𝒎𝟏𝒉𝟏 = 𝒎𝟐𝒉𝟐 + 𝑸𝟏−𝟐 + 𝒎𝒘𝒉𝒘𝟐  
 

𝒉𝒘𝟐 is the enthalpy of saturated water at the surface temperature of the cooling coil. 

 

𝒎𝟐 = 𝒎𝟏 − 𝒎𝒘  
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𝑚𝑤 is very small in comparison with 𝒎𝟏, therefore 𝒎𝟐 = 𝒎𝟏 = 𝒎 is considered 

approximately correct.  

 

𝒎 𝒉𝟏 = 𝒎 𝒉𝟐 + 𝑸𝟏−𝟐 + 𝒎𝒘𝒉𝒘𝟐  

 

 

 𝒎 𝒘𝟏 = 𝒎 𝒘𝟐 + 𝒎𝒘 

 
 

𝒎𝒘 = 𝒎(𝒘𝟏 − 𝒘𝟐)  
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𝑸𝟏−𝟐 = 𝒎(𝒉𝟏 − 𝒉𝟐) − (𝒘𝟏 − 𝒘𝟐)𝒉𝒘𝟐  

 
 

The term (𝒘𝟏 − 𝒘𝟐)𝒉𝒘𝟐 is small in comparison with the  term  (𝒎(𝒉𝟏 − 𝒉𝟐), so it 

can be neglected and the coil cooling load can be written as: 

 

  

𝑸𝟏−𝟐 = 𝒎(𝒉𝟏 − 𝒉𝟐)  
 
 

The cooling and dehumidification process involves sensible and latent heat transfer 

processes. The total heat transfer throughout the cooling and dehumidification 

process can be given as: 
 

   

 

𝑸𝑻 = 𝑸𝑺   + 𝑸𝑳  

 

 

𝑸𝑻 = 𝒎(𝒉𝟏 − 𝒉𝟐)  

𝑸𝑺 = 𝒎(𝒉𝟑 − 𝒉𝟐) ≈ 𝒎 𝑪𝒑(𝑻𝟑 − 𝑻𝟐)  

𝑸𝑳 = 𝒎(𝒉𝟏 − 𝒉𝟑) = 𝒎(𝒘𝟏 − 𝒘𝟐)𝒉𝒇𝒈   

 
 
 

 4.3 Bypass Factor of the Coil 
 
If all air following over the coil comes into contact with the cooling or heating 

surface of the coil for a long time, then the air temperature leaving the coil and the 

coil surface temperature will be the same. Practically air does not remain in contact 

with the coil surface for a long time and also some part of the air does not contact 
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the coil surface. That is means some air will bypass the coil. Therefore, the 

temperature of the outlet air is higher than the cooled surface (cooling process) or 

lower than the hot surface (heating process). The bypass factor can be written as: 

 
 

𝑩𝑭 =
𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆, 𝒆𝒏𝒕𝒉𝒂𝒍𝒑𝒚, 𝒎𝒐𝒊𝒔𝒕𝒖𝒓𝒆 𝒄𝒐𝒏𝒕𝒆𝒏𝒕  𝒅𝒊𝒇𝒇𝒆𝒓𝒆𝒏𝒄𝒆𝒔 𝒕𝒉𝒂𝒕 𝒊𝒔 𝒏𝒐𝒕 𝒂𝒄𝒉𝒊𝒆𝒗𝒆𝒅

𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆, 𝒆𝒏𝒕𝒉𝒂𝒍𝒑𝒚, 𝒎𝒐𝒊𝒔𝒕𝒖𝒓𝒆 𝒄𝒐𝒏𝒕𝒆𝒏𝒕  𝒅𝒊𝒇𝒇𝒆𝒓𝒆𝒏𝒄𝒆𝒔  𝒕𝒉𝒂𝒕 𝒄𝒐𝒖𝒍𝒅 𝒃𝒆 𝒂𝒄𝒉𝒊𝒆𝒗𝒆𝒅
 

 

 

 

𝑩𝑭 =
𝒉𝟐−𝒉𝒄

𝒉𝟏−𝒉𝒄
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In the case of humidification or dehumidification processes the bypass factor can be 
given as follows: 

 

𝑩𝑭 =
𝒘𝟐−𝒘𝒄

𝒘𝟏−𝒘𝒄
  

 

Also, the bypass factor can be expressed in term of temperature as: 
 

 

𝑩𝑭 =
𝑻𝟐−𝑻𝒄

𝑻𝟏−𝑻𝒄
  

 
 

 The contact factor CF is equal: 

 

  

𝑪𝑭 = 𝟏 − 𝑩𝑭  
 

 

 

𝑪𝑭 =
𝒉𝟏−𝒉𝟐

𝒉𝟏−𝒉𝒄
=

𝒘𝟏−𝒘𝟐

𝒘𝟏−𝒘𝒄
=

𝑻𝟏−𝑻𝟐

𝑻𝟏−𝑻𝒄
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5.1 Sensible heat ratio SHR 

 
It is defined as the sensible heating or cooling load divided by the total heating or 

cooling load. 
 

 

 

𝑺𝑯𝑹 =
𝑺𝒆𝒏𝒔𝒊𝒃𝒍𝒆 𝒉𝒆𝒂𝒕 

𝑻𝒐𝒕𝒂𝒍 𝒉𝒆𝒂𝒕
=

𝑸𝑺

𝑸𝑺   +𝑸𝑳
  

 

 

𝑺𝑯𝑹  is  1.0 in case of no latent heat transfer and SHR equal to  0 for no sensible 

heat transfer. 

 

 

𝑺𝑯𝑹 = {
𝟎                                  𝒏𝒐 𝒔𝒆𝒏𝒔𝒊𝒃𝒍𝒆 𝒉𝒆𝒂𝒕                                         
𝟎 < 𝑺𝑯𝑹 < 𝟏          𝒔𝒆𝒏𝒔𝒊𝒃𝒍𝒆 + 𝒍𝒂𝒕𝒆𝒏𝒕 𝒉𝒆𝒂𝒕                             
𝟏                                  𝒏𝒐 𝒍𝒂𝒕𝒆𝒏𝒕 𝒉𝒆𝒂𝒕                                              

} 
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Example 5.1: 

Humid air at 32 oC DBT and 50% RH enters a cooling coil at 2.778 m3/s.If 

the air leaving the coil should be at  20 oC DBT and 18oC WBT, 

determine: 

 

a) The surface temperature of the coil 

b) Bypass factor of the coil 

c) Sensible heat ratio of the coil 

d) Total heat removed from the air 

e) Mass of water vapor condensed on the coil. 

 

 

Solution: 
 

a)  

Extend the line AB to meet the 100% RH curve at point C which indicates the coil 

surface temperature of 15 oC. (See the figure) 

 

b) the coil bypass factor is: 

 

 

 

𝑩𝑭 =
𝑻𝑩−𝑻𝒄

𝑻𝑨−𝑻𝒄
=

𝟐𝟎−𝟏𝟓

𝟑𝟐−𝟏𝟓
= 𝟎. 𝟐𝟗  

 

 

c) To get the sensible heat ratio of the cooling coil, draw a line parallel to 

the process line AB through the center of the protractor give on the chart. 

Then read the SHR scale on the protractor, which is 0.61 in this case. 

 

Air Conditioning 2022-2023



  

 

Bsarah University   

Engineering College                                                                  4 th year 

Department of Mechanical Engineering                                     Prof. Dr. Salman H. Hammadi 

--------------------------------------------------------------------------------------------------------------- 

31 
 

 
 

d) 

  

The specific volume of the moist air at the inlet conditions (32 oC DBT and 50% 

RH) is 0.885 m3/kg, therefore the total heat removed from the air is: 

 

𝑸𝑻 = 𝒎(𝒉𝑨 − 𝒉𝑩) =
𝑽

𝒗
(𝒉𝑨 − 𝒉𝑩) =

𝟐.𝟕𝟕𝟖

𝟎.𝟖𝟖𝟓
(𝟕𝟎 − 𝟓𝟏) = 𝟓𝟗. 𝟔𝟔𝟐 𝒌𝑾  

 

e) 

 

mass of water vapor condensed : 
 

𝒎𝒘 = 𝒎(𝒘𝑨 − 𝒘𝑩) = 
𝟐.𝟕𝟕𝟖

𝟎.𝟖𝟖𝟓
(𝟎. 𝟎𝟏𝟓 − 𝟎. 𝟎𝟏𝟐) = 𝟎. 𝟎𝟎𝟗𝟒 𝒌𝒈/𝒔 
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5.2 Humidification 
 

Some time needs to increase the moisture content in the supplied air to the 
conditioned space. One way to accomplish this is to inject steam or water liquid into 

the air. The temperature of the air leaving the humidifier depends on the conditions 

of the water introduced. When relatively high-temperature steam is injected, both 
moisture content and dry bulb temperature would be increased. If water liquid was 

injected, the moist air may exit the humidifier with a lower temperature than the inlet 

as shown in the figures. 
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5.3 Heating and Humidification 
 

During the heating process in Winter, the relative humidity of the warm air 
decreases, and then an indoor thermal discomfort happens. Water vapor is added to 

the air stream through steam nozzles to increase the relative humidity for comfort 

and health. 
 

  
The mass of steam added during the humidification process can be given as follows: 

 

𝒎𝒘 = 𝒎(𝒘𝟐 − 𝒘𝟏)  
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The energy balance through the heating and humidification process shown in the 

figure is: 

𝒎 𝒉𝟏 + 𝒎𝒘 𝒉𝒘 + 𝑸 = 𝒎𝒉𝟐  

The heat transfer during the process is written as: 

 

𝑸 = 𝒎(𝒉𝟐 − 𝒉𝟏) − 𝒎𝒘 𝒉𝒘  

 

From the mass balance, the mass of injected water vapor is : 

 

𝒎𝒘 = 𝒎(𝒘𝟐 − 𝒘𝟏)  

 

Example 5.2 

Air enters a chamber at 10 oC DBT and 5 oC WBT at a rate of 100 m3/min. 

the barometer reads a pressure of 101.325kPa. while passing through the 

chamber, the air absorbs sensible heat at the rate of 40 kW and picks up 

45 kg/hr. of saturated steam at 105 oC. Determine the dry and wet bulb 

temperatures (DBT and WBT) of the air leaving the chamber. 

Solution 

As  shown  in  the  figure,  the  processes is  a  simple  sensible   heating  
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followed by humidification of air by the addition of steam. 

The specific volume of the entering air is 0.813 m3/kg 

The mass flow rate of air is: 

 

𝒎 =
𝟏𝟎𝟎×𝟔𝟎

𝟎.𝟖𝟏𝟑
= 𝟕𝟑𝟖𝟎 𝒌𝒈/𝒉𝒓.  

By mass balance of moisture, 

𝒎𝒘 = 𝒎(𝒘𝟑 − 𝒘𝟏)  ;   note that  w1=w2 

𝟒𝟓 = 𝒎(𝒘𝟑 − 𝒘𝟏)  

From the psychrometric chart 𝒘𝟏 = 𝟎. 𝟎𝟎𝟑𝟐𝒌𝒈/𝒌𝒈𝒅𝒂 

𝒘𝟑 = 𝒘𝟏 +
𝟒𝟓

𝒎𝒂
= 𝟎. 𝟎𝟎𝟑𝟐 +

𝟒𝟓

𝟕𝟑𝟖𝟎
= 𝟎. 𝟎𝟎𝟗𝟐𝟗 𝒌𝒈/𝒌𝒈𝒅𝒂  

By the energy balance, 

 

𝑸 = 𝒎(𝒉𝟑 − 𝒉𝟏) − 𝒎𝒘 𝒉𝒘  

𝒉𝒘 = 𝟐𝟔𝟖𝟑. 𝟔𝒌𝑱/𝒌𝒈 , enthalpy of saturated vapor at 105 oC. 

 𝟒𝟎 =
𝟕𝟑𝟖𝟎

𝟑𝟔𝟎𝟎
(𝒉𝟑 − 𝟏𝟖. 𝟓) −

𝟒𝟓

𝟑𝟔𝟎𝟎
× 𝟐𝟔𝟖𝟑. 𝟔 

𝒉𝟑 = 𝟓𝟒. 𝟑𝟕𝟔 𝒌𝑱/𝒌𝒈  

From the psychrometric chart at point 3  𝒉𝟑 = 𝟓𝟒. 𝟑𝟕𝟔 𝒌𝑱/𝒌𝒈 and 𝒘𝟑 =

𝟎. 𝟎𝟎𝟗𝟐𝟗 𝒌𝒈/𝒌𝒈𝒅𝒂 ,  

𝑻𝒅𝒃=𝟐𝟔. 𝟓 oC 

𝑻𝒘𝒃 = 𝟏𝟖. 𝟏 oC 
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6.1 Adiabatic Mixing 

Mixing of two moist air steams is a common process in air conditioning. 

For design purposes, it is usually assumed that the mixing process is 

adiabatic under steady-state conditions.    

In the figure below we consider two inlet ports 1 and 2 and an exit port 

3.the heat balance of the system gives: 

 

 

𝒎𝟏̇ 𝒉𝟏 + 𝒎𝟐̇ 𝒉𝟐 = 𝒎𝟑̇ 𝒉𝟑  

 The mass balance of air gives: 

𝒎𝟏̇ + 𝒎𝟐̇ = 𝒎𝟑̇   

For the mass balance of water vapor in the moist air: 

𝒎𝟏̇ 𝒘𝟏 + 𝒎𝟐̇ 𝒘𝟐 = 𝒎𝟑̇ 𝒘𝟑  
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if the heat capacities of the moist air stream 1,2, and 3 are equal, the 

following approximate relation can be given as: 

 

𝒎𝟏̇ 𝑻𝟏 + 𝒎𝟐̇ 𝑻𝟐 = 𝒎𝟑̇ 𝑻𝟑  

Or  

𝒎𝟏̇ 𝑻𝟏 + 𝒎𝟐̇ 𝑻𝟐 = (𝒎𝟏
̇ + 𝒎𝟐̇ )𝑻𝟑  

 

𝑻𝟑 =
𝒎 ̇ 𝑻𝟏+𝒎̇𝟐 𝑻𝟐

𝒎𝟏̇ +𝒎𝟐̇
   

Similarly: 

 

𝒉𝟑 =
𝒎 ̇ 𝒉𝟏+𝒎̇𝟐 𝒉𝟐

𝒎𝟏̇ +𝒎𝟐̇
  

And, 

 

𝒘𝟑 =
𝒎 ̇ 𝒘𝟏+𝒎̇𝟐 𝒘𝟐

𝒎𝟏̇ +𝒎𝟐̇
  

 

Example 6.1: 

2 kg/s of moist air at 45
o
C (DBT) and 30

o
C (WBT) is mixed with 1 kg/s 

of moist air at 25
o
C and relative humidity of 30% in an adiabatic mixing 

chamber. Determine the enthalpy, dry bulb temperature, and moisture 

content of the moist air at the mixing point. 
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Solution: 

From psychrometric chart at 45
o
C (DBT) and 30

o
C (WBT) : 

 

𝒉𝟏 = 𝟗𝟖. 𝟑𝟐
𝒌𝑱

𝒌𝒈
  

𝒘𝟏 = 𝟎. 𝟎𝟐𝟎𝟓𝟓𝒌𝒈/𝒌𝒈 𝒅𝒂  

 

At 25
o
C and relative humidity of 30%: 

𝒉𝟐 = 𝟒𝟎. 𝟏𝟑
𝒌𝑱

𝒌𝒈
  

𝒘𝟐 = 𝟎. 𝟎𝟎𝟓𝟖𝟗𝒌𝒈/𝒌𝒈 𝒅𝒂  

 

𝒉𝟑 =
𝒎 ̇ 𝒉𝟏+𝒎̇𝟐 𝒉𝟐

𝒎𝟏̇ +𝒎𝟐̇
=

𝟐×𝟗𝟖.𝟑𝟐+𝟏×𝟒𝟎.𝟏𝟑

(𝟐+𝟏)
= 𝟕𝟖. 𝟗𝟐 𝒌𝑱/𝒌𝒈  

 

𝒘𝟑 =
𝒎 ̇ 𝒘𝟏+𝒎̇𝟐 𝒘𝟐

𝒎𝟏̇ +𝒎𝟐̇
=

𝟐×𝟎.𝟎𝟐𝟎𝟓𝟓+𝟏×𝟎.𝟎𝟎𝟓𝟖𝟗

𝟐+𝟏
= 𝟎. 𝟎𝟏𝟓𝟔𝟔𝒌𝒈/𝒌𝒈 𝒅𝒂  

  

𝒉𝟑 = 𝟏. 𝟎𝟎𝟕 𝑻𝟑 − 𝟎. 𝟎𝟐𝟔 + 𝒘(  𝟐𝟓𝟎𝟏 + 𝟏. 𝟖𝟒 𝑻𝟑)         

𝟕𝟖. 𝟗𝟐 = 𝟏. 𝟎𝟎𝟕 𝑻𝟑 − 𝟎. 𝟎𝟐𝟔 + 𝟎. 𝟎𝟏𝟓𝟔𝟔 (  𝟐𝟓𝟎𝟏 + 𝟏. 𝟖𝟒 𝑻𝟑)         

𝑻𝟑 = 𝟑𝟖. 𝟒oC   

or can be calculated approximately by assuming that the specific heat of 

inlet and outlet air is the same: 
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 𝑻𝟑 =
𝒎 ̇ 𝑻𝟏+𝒎̇𝟐 𝑻𝟐

𝒎𝟏̇ +𝒎𝟐̇
=

𝟐×𝟒𝟓+𝟏×𝟐𝟓

𝟐+𝟏
= 𝟑𝟖. 𝟑𝟑oC   

 

6.2 Adiabatic saturation 

The adiabatic process is a humidification process in which no heat enters or leaves 

the system under consideration. Air is flowing through a perfectly insulated duct 

with an open water tank in the bottom of it. If the duct is infinitely long, the air at 

the outlet will be 100% saturated. 

 

  

Air Conditioning 2022-2023



  

 

Bsarah University   

Engineering College                                                                  4 th year 

Department of Mechanical Engineering                                     Prof. Dr. Salman H. Hammadi 

---------------------------------------------------------------------------------------------------------------  
 

41 
 

the heat balance equation is: 

 

𝒉𝟏 + (𝒘𝟐 − 𝒘𝟏)𝒉𝒇 = 𝒉𝟐  

Where 𝒉𝒇 is the enthalpy of the injected water at T2.   

The term (𝒘𝟐 − 𝒘𝟏)𝒉𝒇  small in comparison with  𝒉𝟏 and 𝒉𝟐, therefore 

the above equation becomes: 

𝒉𝟏 ≈ 𝒉𝟐  

That means the enthalpy during the adiabatic saturation process 

approximately remains constant as well as it is of constant wet-bulb 

temperature. 

Air Conditioning 2022-2023



  

 

Bsarah University   

Engineering College                                                                  4 th year 

Department of Mechanical Engineering                                     Prof. Dr. Salman H. Hammadi 

---------------------------------------------------------------------------------------------------------------  
 

42 
 

Also when 𝒉𝟏 ≈ 𝒉𝟐 , the latent heat added to the air approximately equal 

to the sensible heat removed from the air: 

𝑪𝒑 (𝑻𝟏 − 𝑻𝟐) = (𝒘𝟐 − 𝒘𝟏)𝒉𝒇𝒈  

Or 

𝑻𝟐 = 𝑻𝟏 −
(𝒘𝟐−𝒘𝟏)𝒉𝒇𝒈

𝑪𝒑
  

Where 𝑪𝒑 is the specific heat of moist air : 

𝑪𝒑 = 𝑪𝒑𝒂  + 𝒘 𝑪𝒑𝒗  

𝒉𝒇𝒈 : latent heat of evaporation at water temperature.  

 

Example 6.2: 

Air at 30 oC (DBT) and 17 oC (WBT) and a barometric pressure of 1.050 

bar enters an equipment where it undergoes an adiabatic saturation 

process. The air leaving with a moisture content of 5 g/kg higher than that 

it was while entering. Calculate the following: 

a) The moisture content of the air entering the equipment. 

b) Dry bulb temperature, enthalpy, and relative humidity of the air 

leaving the equipment.   

Solution: 

a) 

The vapor pressure at the inlet point can be calculated as follows: 

𝑷𝒗 = 𝑷𝒔𝒘 − 𝑷𝑩 𝑨 (𝑻𝒅 − 𝑻𝒘 )  

𝑷𝒔𝒘 = 𝟏. 𝟗𝟑𝟔𝒌𝑷𝒂  (saturation pressure at 17 oC (WBT)) 
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𝑷𝒗𝟏 = 𝟏. 𝟗𝟑𝟔 − 𝟏𝟎𝟓 × 𝟔. 𝟔𝟔 × 𝟏𝟎−𝟒 (𝟑𝟎 − 𝟏𝟕) =1.027 kPa 

 

𝒘𝟏 = 𝟎. 𝟔𝟐𝟐
𝑷𝒗𝟏  

𝑷𝑩−𝑷𝒗𝟏  
= 𝟎. 𝟔𝟐𝟐

𝟏.𝟎𝟐𝟕

𝟏𝟎𝟓−𝟏.𝟎𝟐𝟕
= 𝟎. 𝟎𝟎𝟔𝟏𝟒

𝒌𝒈

𝒌𝒈
𝒅𝒂  

 

b) 

𝒘𝟐 = 𝒘𝟏 + 𝟎. 𝟎𝟎𝟓 = 𝟎. 𝟎𝟎𝟔𝟏𝟒 + 𝟎. 𝟎𝟎𝟓 = 𝟎. 𝟎𝟏𝟏𝟏𝟒
𝒌𝒈

𝒌𝒈
𝒅𝒂  

𝒘𝟐 = 𝟎. 𝟔𝟐𝟐
𝑷𝒗𝟐  

𝑷𝑩−𝑷𝒗𝟐  
  

𝟎. 𝟎𝟏𝟏𝟏𝟒 = 𝟎. 𝟔𝟐𝟐
𝑷𝒗𝟐  

𝟏𝟎𝟓−𝑷𝒗𝟐  
  

𝟏. 𝟏𝟕 − 𝟎. 𝟎𝟏𝟏𝟏𝟒 𝑷𝒗𝟐 = 𝟎. 𝟔𝟐𝟐𝑷𝒗𝟐    

𝑷𝒗𝟐  = 𝟏. 𝟖𝟒𝟖 𝒌𝑷𝒂  

𝑷𝒗𝟐 = 𝑷𝒔𝒘 − 𝑷𝑩 𝑨 (𝑻𝒅𝟐 − 𝑻𝒘 )  

𝟏. 𝟖𝟒𝟖 = 𝟏. 𝟗𝟑𝟔 − 𝟏𝟎𝟓 × 𝟔. 𝟔𝟔 × 𝟏𝟎−𝟒 (𝑻𝒅𝟐 − 𝟏𝟕))  

𝑻𝒅𝟐 = 𝟏𝟖. 𝟐𝟓𝟖 oC 

 

𝒉𝟐 = 𝟏. 𝟎𝟎𝟕 𝑻𝒅𝟐 − 𝟎. 𝟎𝟐𝟔 + 𝒘𝟐(  𝟐𝟓𝟎𝟏 + 𝟏. 𝟖𝟒 𝑻𝒅𝟐 )    

𝒉𝟐 = 𝟏. 𝟎𝟎𝟕 ×  𝟏𝟖. 𝟐𝟓𝟖 − 𝟎. 𝟎𝟐𝟔 + 𝟎. 𝟎𝟏𝟏𝟏𝟒(  𝟐𝟓𝟎𝟏 + 𝟏. 𝟖𝟒 × 𝟏𝟖. 𝟐𝟓𝟖)    

𝒉𝟐 = 𝟒𝟔. 𝟓𝟗𝟓 𝒌𝑱/𝒌𝒈  

 

𝑷𝒔𝒂𝒕𝟐 = 𝑬𝒑𝒙 [𝟐𝟓. 𝟑𝟏𝟕 −
𝟓𝟏𝟒𝟒

𝑻𝒔𝒂𝒕𝟐
]  
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𝑷𝒔𝒂𝒕𝟐 = 𝑬𝒑𝒙 [𝟐𝟓. 𝟑𝟏𝟕 −
𝟓𝟏𝟒𝟒

𝟏𝟖.𝟐𝟓𝟖+𝟐𝟕𝟑
] = 𝟐. 𝟏𝟏𝟑 𝒌𝑷𝒂  

 

𝑹𝑯𝟐 =
𝑷𝒗𝟐  

𝑷𝒔𝒂𝒕𝟐
=

𝟏.𝟖𝟒𝟖

𝟐.𝟏𝟏𝟑
= 𝟎. 𝟖𝟕𝟓 = 𝟖𝟕. 𝟓%  
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7.1 Summer air conditioning systems 

The figure below shows a simple summer air conditioning system. In this 

system outdoor air denoted by (o) mixes with return air from the 

conditioned space (room r) at point m. The air mixture is then cooled and 

dehumidified through the cooling coil at point a. In case of high relative 

humidity, it is preferred to sensibly heat the air to point s before supplying 

it to the conditioned space. 
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7.2 Winter air conditioning systems 

In a typical winter air conditioning system shown in the figure below, 

fresh air mixes with return air from the room at point m then heated 

sensibly by the heating coil. finally, the air mixture was humified in the 

humidifier and supplied to the room. 
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Example 7.1: 

An air-conditioned space is maintained at 25 oC (DBT) and 50% relative 

humidity. 1m3/s of outdoor air at 45 oC (DBT) and 30 oC (WBT) was 

mixed with 2m3/s of return air from the space. The air mixture then cooled 

by cooling coil to 10 oC (DBT) and saturated state. Determine: 

a) the mass flow rate of the supplied air to space.

b) moisture content of the air after the mixing point.

c) the cooling capacity of the coil.

d) mass of condensate on the cooling coil.

Solution: 

a) 

For the supplied air at 10 oC  and saturated air of point s (RH=100%),  

v=0.8112m3/kg 

𝒎̇ =
𝑽̇

𝒗
=

𝟑

𝟎.𝟖𝟏𝟏𝟐
= 𝟑. 𝟔𝟗𝟖 𝒌𝒈/𝒔 
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b) 

𝒎̇𝒓 =
𝑽𝒓̇

𝒗𝒓
=

𝟐

𝟎.𝟖𝟓𝟕𝟐
= 𝟐. 𝟑𝟑𝟑 𝒌𝒈/𝒔 ;   (25 oC, RH=50%) 

𝒘𝒓 = 𝟎. 𝟎𝟎𝟗𝟖𝟖 𝒌𝒈/𝒌𝒈 𝒅𝒂

𝒎̇𝒐 =
𝑽𝒐̇

𝒗𝒐
=

𝟏

𝟎.𝟗𝟑𝟎𝟏)
= 𝟏. 𝟎𝟕𝟓 𝒌𝒈/𝒔    ; 45 oC (DBT) and 30 oC (WBT) 

𝒘𝒐 = 𝟎. 𝟎𝟐𝟎𝟓𝟓 𝒌𝒈/𝒌𝒈 𝒅𝒂

𝒎𝒓̇ 𝒘𝒓 + 𝒎𝒐̇ 𝒘𝒐 = 𝒎𝒎̇𝒘𝒎

𝟐. 𝟑𝟑𝟑 × 𝟎. 𝟎𝟎𝟗𝟖𝟖 + 𝟏. 𝟎𝟕𝟓 ×̇ 𝟎. 𝟎𝟐𝟎𝟓𝟓 = (𝟐. 𝟑𝟑𝟑 + 𝟏. 𝟎𝟕𝟓)𝒘𝒎
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     𝒘𝒎 = 𝟎. 𝟎𝟏𝟑𝟐 𝒌𝒈/𝒌𝒈 𝒅𝒂   

c) 

𝒎𝒐̇ 𝒉𝒐 + 𝒎𝒓̇ 𝒉𝒓 = 𝒎𝒎̇𝒉𝒎  

 

𝟏. 𝟎𝟕𝟓 × 𝟗𝟐 + 𝟐. 𝟑𝟑𝟑 × 𝟓𝟎. 𝟐𝟗 = (𝟏. 𝟎𝟕𝟓 + 𝟐. 𝟑𝟑𝟑)𝒉𝒎  

𝒉𝒎 = 𝟓𝟖. 𝟒𝟕𝟏𝟐 𝒌𝑱/𝒌𝒈  

𝑸 = 𝒎̇(𝒉𝒎 − 𝒉𝒔) = 𝟑. 𝟔𝟗𝟖(𝟓𝟖. 𝟒𝟕𝟏𝟐 − 𝟐𝟗. 𝟐𝟕) = 𝟏𝟎𝟕. 𝟗𝟖𝟔 𝒌𝑾  

 

d) 

𝒎𝒄 = 𝒎̇(𝒘𝒎 − 𝒘𝒔) = 𝟑. 𝟔𝟗𝟖(𝟎. 𝟎𝟏𝟑𝟐 − 𝟎. 𝟎𝟎𝟕𝟔𝟑)  

                                   = 𝟎. 𝟎𝟐𝟎𝟓𝟗 𝒌𝒈/𝒔  

 

7.3 Evaporative cooling 

In dry weather area, the difference between dry bulb and wet bulb 

temperatures is high enough to use water as cooling media. Let's consider 

warm air blowing over the water surface as shown in the figure. The air 

contacts the water surface and dissipates heat to the water by conduction. 

Water particles separate from the water surface, evaporate, and mix with 

the air. For the evaporation of water latent heat is to be supplied which 

comes from both air and water. Therefore air and water get cooled. This 

process of cooling is known as Evaporative cooling. In the Arab countries 

sometimes called Desert air conditioner.   
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During the evaporative cooling, the moisture content increases, and the 

enthalpy and wet bulb temperature remain constant. 

The effectiveness of the evaporative cooling can be given as follows: 

𝜺 =
𝑻𝟏−𝑻𝟐

 𝑻𝟏−𝑻𝒘𝒃
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It is clear that the effectiveness of the evaporative cooling reaches the  

maximum value (100%) when the outlet temperature 𝑇2 is equal to the

wet-bulb temperature of the moist air. 

when 𝒉𝟏 = 𝒉𝟐 , the latent heat added to the air equal to the sensible heat

removed from the air: 

𝑪𝒑 (𝑻𝟏 − 𝑻𝟐) = (𝒘𝟐 − 𝒘𝟏)𝒉𝒇𝒈

Or 

𝑻𝟐 = 𝑻𝟏 −
(𝒘𝟐−𝒘𝟏)𝒉𝒇𝒈

𝑪𝒑

Example 7.2 

2500 m3/hr air enters evaporative air cooler at 40 oC (DBT) and 20 oC 

(WBT). If the moisture content of the outlet increase by 90% more than 

that of the inlet. calculate the effectiveness and the cooling capacity of the 

evaporative air cooler. 

Solution: 

From the psychrometric chart at 40 oC (DBT) and 20 oC, the moisture 

content is: 𝒘𝟏 = 𝟎. 𝟎𝟎𝟔𝟏𝟗 𝒌𝒈/𝒌𝒈 𝒅𝒂

𝒘𝟐 = 𝒘𝟏 + 𝟎. 𝟗𝒘𝟏 = 𝟏. 𝟗 × 𝟎. 𝟎𝟎𝟔𝟏𝟗 = 𝟎. 𝟎𝟏𝟏𝟕𝟔 𝒌𝒈/𝒌𝒈 𝒅𝒂

𝑻𝟐 = 𝑻𝟏 −
(𝒘𝟐−𝒘𝟏)𝒉𝒇𝒈

𝑪𝒑
= 𝟒𝟎 −

(𝟎.𝟎𝟏𝟏𝟕𝟔−𝟎.𝟎𝟎𝟔𝟏𝟗)×𝟐𝟓𝟎𝟎

𝟏.𝟎𝟐
= 𝟐𝟔. 𝟑𝟓 oC 

𝜀 =
𝐓𝟏−𝐓𝟐

𝐓𝟏−𝐓𝐰𝐛
=

𝟒𝟎−𝟐𝟔.𝟑𝟓

𝟒𝟎−𝟐𝟎
= 𝟎. 𝟔𝟖𝟑 
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The outlet temperature 𝑻𝟐 can be also calculated as follows: 

𝒉𝟏 = 𝒉𝟐  

 

𝒉𝟏 = 𝟏. 𝟎𝟎𝟕 𝑻𝟏 − 𝟎. 𝟎𝟐𝟔 + 𝒘𝟏(  𝟐𝟓𝟎𝟏 + 𝟏. 𝟖𝟒 𝑻𝟏)     

 

 𝒉𝟏 = 𝟏. 𝟎𝟎𝟕 × 𝟒𝟎 − 𝟎. 𝟎𝟐𝟔 + 𝟎. 𝟎𝟎𝟔𝟏𝟗( 𝟐𝟓𝟎𝟏 + 𝟏. 𝟖𝟒 × 𝟒𝟎) 

           = 𝟓𝟔. 𝟏𝟗𝟏𝒌𝑱/ 𝒌𝒈    

 

 𝒉𝟐 = 𝟏. 𝟎𝟎𝟕 𝑻𝟐 − 𝟎. 𝟎𝟐𝟔 + 𝒘𝟐(  𝟐𝟓𝟎𝟏 + 𝟏. 𝟖𝟒 𝑻𝟐)    

 

  𝟓𝟔. 𝟏𝟗𝟏 = 𝟏. 𝟎𝟎𝟕 𝑻𝟐 − 𝟎. 𝟎𝟐𝟔 + 𝟎. 𝟎𝟏𝟏𝟕𝟔(  𝟐𝟓𝟎𝟏 + 𝟏. 𝟖𝟒 𝑻𝟐)   

  

𝑻𝟐 = 𝟐𝟔. 𝟎𝟔 oC 

 

𝑣1 = 0.8951 m3/kg 

𝒎̇ =
𝑽̇

𝑣1
=

𝟐𝟓𝟎𝟎

𝟑𝟔𝟎𝟎×𝟎.𝟖𝟗𝟓𝟏
= 𝟎. 𝟕𝟕𝟔 𝒌𝒈/𝒔  

 

𝒄𝒐𝒐𝒍𝒊𝒏𝒈 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 = 𝒎̇(𝒘𝟐 − 𝒘𝟏)𝒉𝒇𝒈  

                                  = 𝟎. 𝟕𝟕𝟔((𝟎. 𝟎𝟏𝟏𝟕𝟔 − 𝟎. 𝟎𝟎𝟔𝟏𝟗) ∗ 𝟐𝟓𝟎𝟎 

                                  = 𝟏𝟎. 𝟖𝟎𝟔𝒌𝑾  

Or  

𝒄𝒐𝒐𝒍𝒊𝒏𝒈 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 = 𝒎̇ 𝑪𝒑(𝑻𝟐 − 𝑻𝟏)  

𝒄𝒐𝒐𝒍𝒊𝒏𝒈 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 = 𝟎. 𝟕𝟕𝟔 × 𝟏. 𝟎𝟐 × (𝟒𝟎 − 𝟐𝟔. 𝟑𝟓)  

                                  = 𝟏𝟎. 𝟖𝟎𝟒𝒌𝑾  
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8.Cooling Load Calculations 

The human body continuously generates heat at a rate varying between 

100W and 500 W depending upon the health and activities of the 

individuals. Body temperature must be maintained with a narrow 

temperature range to avoid discomfort. Therefore, heat must be dissipated 

in a controlled manner. The comfort conditions are not the same for men, 

women, children, and old people. A large number of human experiments 

have been carried out to understand the comfort conditions. The 

experiments show that the majority of people feel comfortable in summer 

at: 

1.Dry bulb temperature =25 ±1 oC 

2.Relative humidity =50 ± 5% 

3.Air velocity = 15 to 20 m/min 

For the winter season the comfort conditions are: 

1.Dry bulb temperature =22 ±1 oC 

2.Relative humidity =50 % 

3.Air velocity = 9 to 12 m/min 

 

8.1Thermal exchanges of the body with the environment  

The rate at which the body generates heat is called the metabolic rate. The 

human body is considered a heat engine with 20% thermal efficiency. This 

means that if the body generates heat of 100W due to digestion of food, 

heat at a rate of 80W must be dissipated to the surroundings. The 

temperature of a healthy man is 36.9 oC.  

  Air Conditioning 2022-2023 

4th  year

Prof. Dr. Salman H. Hammadi



Bsarah University    

Engineering College        

Department of Mechanical Engineering    

54 

The heat exchange between the human body and the surroundings is 

through three modes: radiation, convection, and evaporation of moisture. 

The total heat exchanges can be given as:  

𝑸 = 𝑸𝒓 + 𝑸𝒄 + 𝑸𝒆

𝑄𝑟: radiation heat rate, (W)

𝑄𝑐: convection heat rate, (W)

𝑄𝑒: evaporation heat rate, (W)

The human feels comfortable only when the rate of heat generation due to 

metabolic rate is equal to the heat loss to the surroundings. Hence, one 

can apply the first law of thermodynamics to a body as: 

𝑸𝒎 − 𝑾 = 𝑸𝒆 ± 𝑸𝒓 ± 𝑸𝒄 ± 𝑸𝒔

𝑸𝒎 : Metabolic heat produced within the body

𝑾 : Useful rate of working 

𝑸𝒆 : Heat lost by evaporation

𝑸𝒓 : Heat lost or gained by radiation

𝑸𝒄 : Heat lost or gained by convection

𝑸𝒔 : Heat stored in the body
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Convective heat loss  𝑸𝒄 = 𝑼 𝑨 (𝑻𝒃 − 𝑻𝒂)  

 

if the surrounding temperature is higher than the human body temperature, 

the convective heat 𝑸𝒄 is negative (heat gain).  

𝑼  : overall heat transfer coefficient 

𝑻𝒃 : human body temperature, oC 

𝑻𝒂 : air temperature, oC 

𝑨 : the surface area of the human body which can be estimated from the 

following relation: 

 

𝑨 = 𝟎. 𝟐𝟎𝟐 𝒎𝟎.𝟒𝟐𝟓 𝒉𝟎.𝟕𝟐𝟓   , (m2)    

 

Where; 

𝒎 : mass of the human; kg 

𝒉  : height of the human; m 

 

Radiation heat loss  𝑸𝒓 = 𝝈 𝑨 (𝑻𝒃
𝟒 − 𝑻𝒂

𝟒) 

𝝈  : Stefan -Boltzmann constant,  𝝈 = 𝟓. 𝟔𝟕 × 𝟏𝟎−𝟖 𝑾

𝒎𝟐𝑲𝟒 

The temperature here should be in K 

If  𝑻𝒂 > 𝑻𝒃 , the radiation heat transfer 𝑸𝒓 becomes negative (heat gain). 
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𝑸𝒄 = 𝟏𝟒. 𝟖 √𝑽(𝑻𝒃 − 𝑻𝒂)

𝑸𝒓 = 𝟏𝟏. 𝟔𝟎𝟑 (𝑻𝒃 − 𝑻𝒔)

𝑸𝒆 = 𝟏𝟖𝟏. 𝟕𝟔 𝑽𝟎.𝟒(𝑷𝒔,𝒃 − 𝑷𝒗)

Evaporative heat loss 𝑸𝒆 = 𝑲𝒅 𝑨 (𝑷𝒔 − 𝑷𝒗) 𝒉𝒇𝒈 𝑲𝒄

𝑲𝒅  : diffusion coefficient in kg of water evaporated per unit area and

pressure difference per hour. 

𝑷𝒔 : saturation pressure of water vapor corresponding to the skin

temperature. 

𝑷𝒔 : vapor pressure in the air

𝒉𝒇𝒈 : latent heat of evaporation

𝑲𝒄  : a factor for the type of clothing

According to Belding and Hatch, the convective, radiative, and 

evaporative heat transfer rates from the naked body of an average adult, 

Q
c
, Q

r, 
and Q

e
, respectively, are given by:

𝑽 : air velocity m/s 

𝑻𝒃 : human body temperature

𝑻𝒔 : the temperature of the surrounding surfaces  

𝑻𝒂 : Air temperature

𝑷𝒔,𝒃 : saturated vapor pressure at the surface temperature of the body; kPa

𝑷𝒗 : partial pressure of water vapor in air kPa
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8.3Metabolic rate 

The metabolic rate depends on the activity. It is normally measured in the 

unit “met”. A met is defined as the metabolic rate per unit area of a 

sedentary person and is found to be equal to about 58.2 W/m
2
. This is also 

known as “basal metabolic rate”. The following table shows typical 

metabolic rates for different activities: 

                                                 Typical metabolic rates  

Activity  Specifications Metabolic rate  

(met) 

Metabolic rate 

(W/m2) 

Resting  Sleeping 0.7 41 

Reclining 0.8 47 

Seated, Quite 1 58 

Standing, relaxed 1.2 70 

Walking 0.89 m/s 2 116 

1.79 m/s 3.8 221 

Office activity Typing 1.1 64 

Driving Car 1-2 58-116 

Heavy vehicle 3.2 186 

Domestic 

activities 

Cooking 1.6-2 93-116 

Washing dishes 1.6 93 

House cleaning 2-3.4 116-198 

Dancing - 2.4-4.4 140-256 

Teaching - 1.6 93 

Games 

 and sports 

Tennis, singles 3.6-4 210-233 

Gymnastics 4 233 

Basketball 5-7.6 291-442 

Wrestling 7-8.7 407-506 
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8.2Effective temperature 

People feel comfortable only when dry bulb temperature, relative 

humidity, and air motion are within certain limits. Effective 

temperature ET is an index of the measure of comfort. The 

effective temperature is the temperature of saturated air at which 

people feel comfortable as experienced in the actual unsaturated 

environment. 

The effective temperature is a measure of feeling warmth or cold by the 

human body in presence of air temperature, relative humidity, and air 

motion. To construct a constant ET line on the psychrometric chart, mark 

point A on the intersection of 50% RH and 25 oC DBT (see the figure). 

Draw a vertical line from the x-axis corresponding to 21.7 oC intersecting 

the saturation curve at point S (RH=100%). Join the points S and A 

indicating constant ET line. This is an approximate method of obtaining a 

rough idea about effective temperature ET. 

Effective 
temperature ET 
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The following table shows the effective temperature in the summer and 

winter seasons. 

Summer Winter 

ET oC RH % ET oC RH % 

26.7 25 25.6 10 

26.1 30 24.4 20 

25.6 40 23.9 30 

25 50 23.3 40 

23.9 60 22.8 50 

23.3 70 22.2 60 

- - 21.7 70 

- - 21.1 80 

Table: Effective temperature in summer and winter seasons. 
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The comfortable zone can be plotted on a psychrometric chart in term of 

effective temperature ET as shown in the figure below: 

Comfort chart for a sedentary person (activity ≈ 1.2 met) 
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Table: Heat gain from occupants 

Activity Location Total Heat, W Heat Gain, W 

Adult 

male 

Adjusted 

M/F 

Sensible Latent 

Seated 

theater 

Theater 115 105 70 35 

Seated, 

very light 

work 

Office, hotels, 

apartments 

130 115 70 45 

Moderately 

active office 

work 

Office, hotels, 

apartments 

140 130 75 55 

Standing, 

light work, 

walking  

Department 

store; retail store 

160 130 75 55 

Standing, 

walking, 

Drug store, bank 160 145 75 70 

Sedentary 

work 

Restaurant 145 160 80 80 

Light 

benchwork 

Factory 235 220 80 140 

Moderate 

dancing 

Dance hall 265 250 90 160 

Walking 

4.8 km/h; 

light 

machine 

work 

Factory 295 295 110 185 

Bowling Bowling alley 440 425 170 225 

Heavy 

work 

Factory 440 425 170 255 

Heavy 

machine 

work; 

lifting 

Factory 470 470 185 285 

Athletics Gymnasium 585 525 210 315 
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9.1Selection of outdoor design conditions 

Outside design conditions are important parameters for the energy 

efficiency of buildings. The result of incorrect selection of outdoor design 

conditions can be caused discomfort and energy consumption. The 

selection of the outdoor design conditions may only prevail for a short 

time, and most of the time the actual external conditions will be different 

from the design values the outside design conditions depends on the 

following factors:  

.  

1. Type of the structure, (heavy construction, medium, or light)

2. Thermal insulation of the building walls and roofs.

3. Percentage of glass area.

4. Type of usage

5. Nature of occupancy

6. Daily range of temperature.

9.2 Outdoor design conditions for summer and winter: 

ASHRAE handbook-Fundamentals 2017 lists outdoor design conditions 

for major locations around the world for 0.4%, 2%,5%, or 10 % of total 

hours in a year. Choosing of 0.4 % value or 2 % value or 5 % or 10% 

value depends on the specified requirements and experience of the HVAC 

designer. The following table shows the outdoor design condition for four 

locations only in Iraq that are listed in ASHRAE handbook-Fundamentals 

2017. 
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Table: Outdoor design condition in summer for some locations in Iraq

Table: Outdoor design condition in winter for some locations in Iraq

If no special requirements, the winter outside design conditions in the 

south of Iraq is roughly selected as 0
 o
C (DBT) and RH=85%. 

9.3 Indoor design conditions for summer and Winter:  

According to ASHRAE comfortable zone, the following indoor design 

conditions are recommended:  

City 0.4% 

Value 

2%Value 5% Value 10% 

Value 

Daily 

Range 

DBT WBT DBT WBT DBT WBT DBT WBT 

Basrah 50.2 21.8 48.9 21.6 47.4 21.6 46.1 21.2 17.7 

Baghdad 48.2 22.1 46.9 21.7 45.5 21.3 44.1 21 15.2 

Mosul 47.1 21.3 45.8 21.2 44.6 20.7 43.2 20.3 15.5 

Kirkuk 47.2 21 45.8 21 44.5 20.7 43.2 20.1 13.3 

City DBT oC 

Dry bulb temperature 

DPT oC 

Dew Point temperature 

99.6% 99% 99.6% 99% 

Basrah 3 4.8 -6.9 -4.9

Baghdad 1.4 3 -8 -6.1

Mosul -0.9 0.3 -9.9 -7.1
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Inside design conditions for Summer: 

T
db 

between 22.5 to 26.0
o
C at  RH of 60% 

T
db 

between 23.5 to 27.0
o
C at  DPT of 2

o
C   

Inside design conditions for Winter: 

T
db 

between 20.0 to 23.5
o
C at   RH of 60% 

T
db 

between 20.5 to 24.5
o
C at   DPT of 2

o
C 

In the absence of any special requirements, the indoor design conditions 

in most practical applications in Iraq is roughly selected as 25
 o

C and 

RH=50%.  

9.4 Steady-state heat conduction in buildings 

 The heat gain or loss through building structures like walls, roof, 

windows, and doors are the major part of the sensible cooling or heating 

load of the buildings. 

Consider the wall of single homogenous material as shown in the figure. 

If one surface of the wall is exposed to higher air temperature, then heat 

transfers through the wall to the surface of the lower temperature. The 

heat transfer can be given as follows: 

𝑸 = 𝑼 𝑨 (𝑻𝒐 − 𝑻𝒊), W

Where 𝑈 is the overall heat transfer coefficient 

𝐴 : area normal to the direction of heat flow 
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The overall heat transfer coefficient  𝑈 can be estimated as follows: 

𝑼 =
𝟏

𝑹𝒕
    , (W/ m2 oC)

Where, 𝑅𝑡 is the total heat resistance of the wall which is equal:

𝑹𝒕 = 𝑹𝒄𝒐𝒗,𝒐 + 𝑹𝒄𝒐𝒏𝒅+𝑹𝒄𝒐𝒗,𝒊

𝑹𝒕 =
𝟏

𝒇𝒐
+

𝒙

𝒌
+

𝟏

𝒇𝒊
, (m2 oC/W) 

𝑓𝑜   : outside heat transfer coefficient

𝑓𝑖   : inside heat transfer coefficient

𝑘  : thermal conductivity of the wall

𝑥  : wall thickness

For multilayer wall of different 

materials   as shown in the figure,  

the total heat resistance of the wall is: 

𝑹𝒕 =
𝟏

𝒇𝒐
+

𝒙𝟏

𝒌𝟏
+

𝒙𝟐

𝒌𝟐
+

𝒙𝟑

𝒌𝟑
+

𝟏

𝒇𝒊

And the overall heat transfer coefficient 

is: 
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𝑼 =
𝟏

𝑹𝒕

        And, 

𝑸 = 𝑼 𝑨 (𝑻𝒐 − 𝑻𝒊), W

 When an air gap is provided between the materials as shown in the figure 

below, then the total heat resistance is given by:   

𝑹𝒕 =
𝟏

𝒇𝒐
+

𝒙𝟏

𝒌𝟏
+

𝟏

𝒌𝒂
+

𝒙𝟐

𝒌𝟐
+

𝒙𝟑

𝒌𝟑
+

𝟏

𝒇𝒊
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The heat transfer coefficient of the outside and inside air film is given as: 

𝒇𝒊 =9.37 W/ m2 oC, no air motion

𝒇𝒐 =34.1 W/ m2 oC, Winter with wind velocity 24km/hr.

𝒇𝒐 =22.7 W/ m2 oC, Summer with wind velocity 12km/hr.

Example 9.1: 

A building was maintained at 24
o
C (DBT) and 50% relative humidity. The 

outdoor conditions are 45
o
C (DBT) and 25% relative humidity. The inner 

and outer heat transfer coefficients are 9.37 W/m
2
. K and 22.7 W/m

2
. K, 

respectively. Calculate the heat gain and the inner surface temperature of 

the building wall (see the figure).  

Solution: 

the heat resistance of the wall is: 

𝑹𝒕 =
𝟏

𝒇𝒐
+

𝒙𝟏

𝒌𝟏
+

𝒙𝟐

𝒌𝟐
+

𝒙𝟑

𝒌𝟑
+

𝟏

𝒇𝒊

𝑹𝒕 =
𝟏

𝟐𝟐.𝟕
+

𝟎.𝟐𝟒

𝟎.𝟔
+

𝟎.𝟎𝟓

𝟎.𝟎𝟒
+

𝟎.𝟏𝟓

𝟎.𝟖
+

𝟏

𝟗.𝟑𝟕
= 𝟏. 𝟗𝟖𝟖    m2 oC/W
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𝑼 =
𝟏

𝑹𝒕
=

𝟏

𝟏.𝟗𝟖𝟖
= 𝟎. 𝟓𝟎𝟑 W/ m2 oC

𝑸 = 𝑼  (𝑻𝒐 − 𝑻𝒊) = 𝟎. 𝟓𝟎𝟑(𝟒𝟓 − 𝟐𝟒) =10.563 W/m2

The inner surface temperature can be evaluated by: 

𝑸 = 𝒇𝒊 ( 𝑻𝒔𝒊 − 𝑻𝒊)

𝟏𝟎. 𝟓𝟔𝟑 = 𝟗. 𝟑𝟕 ( 𝑻𝒔𝒊 − 𝟐𝟒)

𝑻𝒔𝒊 = 𝟐𝟓. 𝟏𝟐𝟕  oC
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Peak cooling load time 

10.1Unsteady-state heat conduction in buildings 

One of the more difficult aspects of estimating the maximum cooling load 

for space is determining the time at which this maximum load will occur. 

This is because: 

1-Heat storage in the building’s structures.

2-Variation of the solar radiation and ambient temperature with time.

3-The individual components of building like walls, roof, windows, and

other components not reach a peak heat gain at the same times, for

example, the heat gain through the roof will be highest in the late

afternoon, when it is warm outside and the sun has been shining on it all

day. Conversely, the heat gains due to the sun shining through an east-

facing window will be highest in the early morning when the sun is rising

in the east and shining directly into the window.
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10.2 Effect of heat storage in the building’s structures 

The transition of heat through the walls and roof exposed to the outdoor 

is not steady due to variation in the ambient temperature and solar 

radiation intensity over 24 hours. The temperature of walls and roof rises 

with the rise in outside air temperature and solar radiation and the heat is 

stored in the wall and roof and other components of the building. The 

stored heat in the wall or roof is given off to the room when the outside 

air temperature falls. Therefore, the instantaneous heat gain from 

outside is not equal to instantaneous heat gain inside the room. The heat 

stored in the wall is given off to later in the evening. (see the figure) 
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The shaded area above the actual load shows the heat stored and below 

the actual load shows the heat released by the walls and other structures. 

The two areas are equal. The heat stored in walls and other structures 

depends on the thermal mass of the building which equals multiplying the 

mass of the structure by its specific heat capacity. The increase of thermal 

mass increases time lag and increasing thermal energy storage capability 

as shown in the figure below for three types of structure (light, medium, 

and heavy). The heavy structure (higher thermal mass) has a higher time 

lag and higher heat storage in comparison with a medium and light 

structure. 
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A convenient of taking into account this lagging effect of storage and the 

solar radiation is to use cooling load temperature difference CLTD. The 

heat gain through the external walls and roofs can be given as: 

𝑸 = 𝑼 ×  𝑨 ×  𝑪𝑳𝑻𝑫 

10.3 Sol-Air temperature 

The sol-air temperature is a hypothetical temperature used to calculate the 

heat received by the outside surface of a building wall by the combined 

effect of convection and solar radiation. 

The total heat received by the outside surface of the wall by convection 

and radiation is given by: 

𝒒𝒐𝒔 = 𝒒𝒄 + 𝒒𝒓 = 𝒇𝒐(𝑻𝒐 − 𝑻𝒐𝒔) + 𝜶 𝑰 

𝒒𝒐𝒔 = 𝒒𝒄 + 𝒒𝒓 = 𝒇𝒐𝑻𝒐 − 𝒇𝒐𝑻𝒐s + 𝜶 𝑰 

= 𝒇𝒐(𝑻𝒐 +
𝜶 𝑰

𝒇𝒐
) − 𝒇𝒐𝑻𝒐𝒔

=𝒇𝒐 𝑻𝒆 − 𝒇𝒐 𝑻𝒐𝒔

𝒒𝒐𝒔 = 𝒇𝒐(𝑻𝒆 − 𝑻𝒐𝒔)

Where; 

𝑇𝑜  : outside air temperature

𝑇𝑜𝑠 : outside surface temperature

𝑇𝑒  : sol-air temperature  𝑻𝒆 = 𝑻𝒐 +
𝜶 𝑰

𝒇𝒐
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𝐼  : total solar radiation intensity (W/m2) 

𝛼 : absorptivity of the surface  

𝑓𝑜 : outside heat transfer coefficient  

 

10.4 Heat gain through the glass area 

When solar radiation strikes a glass surface, part of it (about 8 percent for 

uncoated clear glass) is reflected back to outdoors, part of it (5 to 50 

percent, depending on composition and thickness) is absorbed within the 

glass, and the remainder is transmitted indoors, as shown in Figure below. 
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the solar heat gain through that window is determined from: 

 

𝑸 = 𝑨 × 𝑺𝑪 × 𝑺𝑯𝑮𝒎𝒂𝒙  × 𝑪𝑳𝑭   , W 

  

 

𝑺𝑪  is shading coefficient is given by: 

 

  

𝑺𝑪 =
𝒔𝒐𝒍𝒂𝒓 𝒉𝒆𝒂𝒕 𝒈𝒂𝒊𝒏 𝒐𝒇  𝒑𝒓𝒐𝒅𝒖𝒄𝒕

𝒔𝒐𝒍𝒂𝒓 𝒉𝒆𝒂𝒕 𝒈𝒂𝒊𝒏 𝒐𝒇  𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 𝒈𝒍𝒂𝒛𝒊𝒏𝒈
  

 

 

𝑪𝑳𝑭  is the cooling load factor which refers to heat gains to building 

material due to solar radiation is not converted to cooling instantly but 

there is some time lag between heat gain and cooling. 

 

The transmission heat gains through the glass area that results from the 

temperature difference between the outside and inside air temperature can 

be given as follows: 

 

𝑸 = 𝑨 × 𝑼 × 𝑪𝑳𝑻𝑫  

 

The total heat gain through the glass is: 

 

𝑸 = 𝑨 × (𝑺𝑪 × 𝑺𝑯𝑮𝒎𝒂𝒙  × 𝑪𝑳𝑭 + 𝑼 × 𝑪𝑳𝑻𝑫)    
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10.5 Cooling load estimation 

The cooling load is an hourly rate at which heat must be removed from a 

building to hold the indoor air temperature at the design value. 

Theoretically, it may seem logical to address that the space heat gain is 

equivalent to space cooling load but in practice “Heat gain ≠ cooling 

load.” as shown in the following diagram. 

 

 

 

 

The primary explanation for this difference is the time lag or thermal 

storage effects of the building elements. Heat gains that enter a building 

are absorbed/stored by surfaces enclosing the space (walls, floors, and 

other interior elements). These elements radiate into space even after the 

heat gain sources are no longer present. 
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10.6 Classification of Cooling Loads  

 

There are two types of cooling load; (a) the sensible load (heat gain) and 

(b) the latent load (water vapor gain). 

 

Sensible Loads 

Sensible heat gain is the direct addition of heat to space, which shall 

increase space temperature. The factors influencing sensible cooling load: 

1) Solar heat gain through the building envelope (exterior walls, glazing, 

skylights, roof, floors over crawl space) 

2) Partitions (that separate spaces of different temperatures) 

3) Ventilation air and air infiltration through cracks in the building, doors, 

and windows 

4) People in the building 

5) Equipment and appliances in the space. 

 

Latent Loads 

A latent heat gain is heat contained in water vapor. Latent heat does not 

cause a temperature rise, but it constitutes a load on the cooling 

equipment. The latent load is the heat that must be removed to condense 

the moisture out of the air. 

The sources of latent heat gain are: 

1) People (breathing) 

2) Cooking equipment 

3) Housekeeping, floor washing, etc. 

4) Appliances or machinery that evaporates water 

5) Ventilation air and air infiltration through cracks in the building, 

doors, and windows 
 

Cooling Loads Classified by Inside-Outside Environment as follows: 
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a) External cooling load 

1. Sensible loads through opaque envelope assemblies (roofs, walls, 

floors) 

2. Sensible loads through transparent or translucent envelope assemblies 

(skylights, windows, glazed openings) 

3. Sensible loads through ventilation and infiltration (air leakage) 

4. Latent loads through ventilation and infiltration. 

 

1) Roofs, External Walls & Conduction through Glass 

The equation used for sensible loads from the walls, roof, partitions, and 

the conduction through glass is: 
 

𝑸 = 𝑨 × 𝑼 × 𝑪𝑳𝑻𝑫𝒄  

for walls and roofs  𝑪𝑳𝑻𝑫𝒄 is: 

𝑪𝑳𝑻𝑫𝒄 = (𝑪𝑳𝑻𝑫 + 𝑳𝑴) × 𝑲 + (𝟐𝟓. 𝟓 − 𝑻𝑹) + (𝑻𝒐 − 𝟐𝟗. 𝟒)   

for glass area  𝑪𝑳𝑻𝑫𝒄 is: 

𝑪𝑳𝑻𝑫𝒄 = 𝑪𝑳𝑻𝑫 + (𝟐𝟓. 𝟓 − 𝑻𝑹) + (𝑻𝒐 − 𝟐𝟗. 𝟒) ; (table 10) 

Where;  

𝐿𝑀 : latitude-month correction (Table 9) 

𝐾    : color adjustment factor (𝐾=1 for a dark color, and 𝐾=0.5 for light 

color) 

𝑻𝒐 : Average outside temperature on design day 

 

𝑻𝒐 =
𝑻𝒂.𝒎𝒂𝒙 + 𝑻𝒂.𝒎𝒊𝒏

𝟐
= 𝑻𝒂.𝒎𝒂𝒙 −

𝟏

𝟐
(𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒖𝒓𝒆 𝒅𝒂𝒊𝒍𝒚 𝒓𝒂𝒏𝒈𝒆) 
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𝑻𝑹 : indoor design temperature 

 

2) Solar Load through Glass 

 

𝑸 = 𝑨 × 𝑺𝑪 × 𝑺𝑯𝑮𝒎𝒂𝒙  × 𝑪𝑳𝑭  

Where; 

 

𝑺𝑪  :  shading coefficient 

𝑪𝑳𝑭 : cooling load factor; (tables 13, 14) 

𝑺𝑯𝑮𝒎𝒂𝒙 : maximum solar heat gain; (table 11) 

 

3) Partitions, Ceilings, and Floors 

 

𝑸 = 𝑨 × 𝑼 × (𝑻𝒂𝒋 − 𝑻𝑹)  

 

𝑻𝒂𝒋 : Temperature of adjacent space; in summer 𝑻𝒂𝒋 is given by: 

𝑻𝒂𝒋 = 𝑻𝑹 +
𝟐

𝟑
(𝑻𝒐 − 𝑻𝑹)  
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4) Ventilation & Infiltration Air 
Ventilation air is the amount of outdoor air required to maintain indoor 

air quality for the occupants  

 

𝑸𝒔 = 𝟏. 𝟐𝟐 𝑽̇ (𝑻𝒐 − 𝑻𝒊)  

 

𝑸𝑳 = 𝟐𝟗𝟒𝟎 𝑽̇ (𝒘𝒐 − 𝒘𝒊)  

 

𝑸 = 𝟏. 𝟐 𝑽̇ (𝒉𝒐 − 𝒉𝒊)  

 

 

𝑽̇ = Ventilation airflow rate. 

𝑻𝒐 = Outside dry bulb temperature of the air. 

𝑻𝒊 = inside dry bulb temperature of the air.  

𝒘𝒐, 𝒘𝒊 = Outside and inside moisture content. 

𝒉𝒐, 𝒉𝒊 = Outside and inside enthalpies. 

 

b. Internal Loads 
Internal cooling loads consist of the following: 

1) Sensible & latent loads due to people 

2) Sensible loads due to lighting 

3) Sensible loads due to power loads and motors (elevators, pumps, fans 

& other machinery) 

4) Sensible & latent loads due to appliances 

 

The equations used in estimating internal loads are: 

1) People 
 

𝑸𝒔 = 𝑵 × 𝑸𝒔𝒑 × 𝑪𝑳𝑭  
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𝑸𝑳 = 𝑵 × 𝑸𝑳𝒑    

 

𝑵 = number of people in space. 

𝑸𝒔𝒑, 𝑸𝑳𝒑 = Sensible and Latent heat gain from occupancy.  

𝑪𝑳𝑭 = Cooling Load Factor, by the hours of occupancy.  

 

2) Lights 
 

The lights result in sensible heat gain. 

 

𝑸 = 𝟏. 𝟐 × 𝑾 × 𝑪𝑳𝑭  

 

For practical applications  𝑪𝑳𝑭 = 𝟏  and 𝑸 = 𝑾  

In case of no data available about the lighting plan of the conditioned 

space, the lighting intensity is considered as 25 W/m2. 

 

3) Power Loads & Motors 
 

Three different equations are used under different scenarios: 

 

A. Heat gain of power-driven equipment and motor when both are located 

inside the space to be conditioned 

 

𝑸 =
𝑷

𝜼
  

 

𝑷 = power rating from electrical power plans or manufacturer’s data 

𝜼 = Equipment motor efficiency, as a decimal fraction. 

 

 

B. Heat gain of when driven equipment is located inside the space to be 

conditioned space and the motor is outside space or air stream 
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𝑸 = 𝑷  

 

C. Heat gain of when driven equipment is located outside the space to be 

conditioned space and the motor is inside space or air stream. 

 

𝑸 = 𝑷 × (𝟏 − 𝜼)/𝜼  

 

P = Horsepower rating from electrical power plans or manufacturer’s data 

 

The figure below explaining the three cases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 
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4) Appliances

𝑸𝒔 = 𝑾 × 𝑭𝒖 × 𝑪𝑳𝑭 

𝑾 = Installed rating of appliances in watts.  

𝑪𝑳𝑭 = Cooling Load Factor, by an hour of occupancy.  

𝑭𝒖 =Usage factor

𝑪𝑳𝑭 = 𝟏, if the operation is 24 hours. Here 𝑪𝑳𝑭 value is taken as 1.0 for all 

applications. 

Usage factor 𝑭𝒖 according to ASHRAE fundamentals is 0.06-0.83, it

can be taken as 0.4 (average value) for all appliances. 

The latent heat due to appliances is: 

𝑸𝑳 = 𝑾 × 𝑳𝒂𝒕𝒆𝒏𝒕 𝒉𝒆𝒂𝒕 𝒇𝒓𝒂𝒄𝒕𝒊𝒐𝒏 

c. Heat Gain from HVAC System

Supply and/or return fans that circulate or supply air to space add heat to 

space or system depending on the location relative to the conditioned 

space. This heat gain is normally estimated as a percentage of the space 

sensible cooling load (usually 1% to 5%) added to the coil cooling load.  

Example 11.1 

A classroom size (10 × 6 × 4)m  lies at latitude 32o N. 40  students 

attending at 8 am and leaving at 4 pm. The outside conditions are 50 oC 

maximum dry bulb temperature, 32 oC minimum (DBT), and 25% relative 

humidity. The inside design conditions are 25 oC (DBT) and 50% relative 

humidity. The classroom has two windows of (3 × 2)m and a door of 

(2 × 2.5)m. Neglect heat gains from the door, calculate the cooling load 
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of the classroom at 5 pm in July. The thermal conductivity of the 

structure's components is listed in the table below. 

Material Thickness mm Thermal conductivity W/m.K 

Concrete 200 0.9 

Brick 240 0.7 

Sand 100 2 

Cement slabs 35 0.71 

Plaster 5 0.75 

Glass 6 1.5 

Cement slabs 35mm 
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Solution 

A-Walls

𝑅𝑡 =
1

𝑓𝑖
+

𝑥1

𝑘1
+

𝑥2

𝑘2
+

𝑥3

𝑘3
+

1

𝑓𝑜
=

1

9.37
+

0.005

0.75
+

0.24

0.7
+

0.005

0.75
+

1

22.7

𝑅𝑡 = 0.506 m2. oC/W

𝑈 =
1

𝑅𝑡
=

1

0.506
= 1.976 W/m2 oC 

1.South wall

At 5 pm(17.00), wall group B; Table 7 

𝐶𝐿𝑇𝐷 = 10  oC  

𝐿𝑀 = −1.6  oC, Table 9 

𝐶𝐿𝑇𝐷𝑐 = 𝐶𝐿𝑇𝐷 + 𝐿𝑀 + (25.5 − 𝑇𝑅) + (𝑇𝑜 − 29.4)

𝑇𝑜 =
𝑇𝑚𝑎𝑥+𝑇𝑚𝑖𝑛

2
=

50+32

2
= 41 oC 

𝐶𝐿𝑇𝐷𝑐 = 10 − 1.6 + (25.5 − 25) + (41 − 29.4)

𝐶𝐿𝑇𝐷𝑐 = 20.5 oC

𝑄 = 𝑈 × 𝐴 × 𝐶𝐿𝑇𝐷𝑐

𝑄 = 1.976 × [(10 × 4) − 2(3 × 2)] × 20.5  

𝑸 = 𝟏𝟏𝟑𝟒. 𝟐𝟐𝟒𝑾  
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2.West wall

 At 5 pm(17.00), wall group B; Table 7 

𝐶𝐿𝑇𝐷 = 9  oC  

𝐿𝑀 = 0  oC, Table 9 

𝐶𝐿𝑇𝐷𝑐 = 𝐶𝐿𝑇𝐷 + 𝐿𝑀 + (25.5 − 𝑇𝑅) + (𝑇𝑜 − 29.4)

𝐶𝐿𝑇𝐷𝑐 = 9 + 0 + (25.5 − 25) + (41 − 29.4) = 21.4 oC

𝑄 = 𝑈 × 𝐴 × 𝐶𝐿𝑇𝐷𝑐

𝑄 = 1.976 × (6 × 4) × 21.4  

𝑸 = 𝟏𝟎𝟏𝟒. 𝟖𝟕𝟒 𝑾  

3.East wall

At 5 pm(17.00), wall group B; Table 7 

𝐶𝐿𝑇𝐷 = 14  oC  

𝐿𝑀 = 0  oC , Table 9 

𝐶𝐿𝑇𝐷𝑐 = 𝐶𝐿𝑇𝐷 + 𝐿𝑀 + (25.5 − 𝑇𝑅) + (𝑇𝑜 − 29.4)

𝐶𝐿𝑇𝐷𝑐 = 14 + 0 + (25.5 − 25) + (41 − 29.4) = 26.1 oC

𝑄 = 𝑈 × 𝐴 × 𝐶𝐿𝑇𝐷𝑐

𝑄 = 1.976 × (6 × 4) × 26.1  

𝑸 = 𝟏𝟐𝟑𝟕. 𝟕𝟕 𝑾  
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4.North wall

At 5 pm(17.00), wall group B; Table 7 

𝐶𝐿𝑇𝐷 = 6  oC  

𝐿𝑀 = 0.5  oC ,  Table 9 

𝐶𝐿𝑇𝐷𝑐 = 𝐶𝐿𝑇𝐷 + 𝐿𝑀 + (25.5 − 𝑇𝑅) + (𝑇𝑜 − 29.4)

𝐶𝐿𝑇𝐷𝑐 = 6 + 0.5 + (25.5 − 25) + (41 − 29.4) = 18.6 oC

𝑄 = 𝑈 × 𝐴 × 𝐶𝐿𝑇𝐷𝑐

𝑄 = 1.976 × [(10 × 4) − (2 × 2.5)] × 18.6  

𝑸 = 𝟏𝟐𝟖𝟔. 𝟑𝟕𝟔 𝑾  

B-Roof

At 5 pm(17.00), roof No.8; Table 5 

𝑅𝑡 =
1

𝑓𝑖
+

𝑥1

𝑘1
+

𝑥2

𝑘2
+

𝑥3

𝑘3
+

 𝑥4

𝑘4
+

1

𝑓𝑜

𝑅𝑡 =
1

9.37
+

0.005

0.75
+

0.2

0.9
+

0.1

2
+

0.035

0.71
+

1

22.7
= 0.478 m2. oC/W 

𝑈 =
1

𝑅𝑡
=

1

0.478
= 2.092 W/m2 oC 

𝐶𝐿𝑇𝐷 = 25  oC  

𝐿𝑀 = 0.5  oC;  Table 9 

𝐶𝐿𝑇𝐷𝑐 = 𝐶𝐿𝑇𝐷 + 𝐿𝑀 + (25.5 − 𝑇𝑅) + (𝑇𝑜 − 29.4)

𝐶𝐿𝑇𝐷𝑐 = 25 + 0.5 + (25.5 − 25) + (41 − 29.4) = 37.6 oC

𝑄 = 𝑈 × 𝐴 × 𝐶𝐿𝑇𝐷𝑐 = 2.092 × 10 × 6 × 37.6

 𝑸 = 𝟒𝟕𝟏𝟗. 𝟓𝟓𝟐 𝑾 
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C.Windows

𝑅𝑡 =
1

𝑓𝑖
+

𝑥

𝑘
+

1

𝑓𝑜
=

1

9.27
+

0.006

1.5
+

1

22.7
= 0.154 m2. oC/W 

𝑈 =
1

𝑅𝑡
=

1

0.154
= 6.494 W/m2 oC 

𝐶𝐿𝑇𝐷 = 7  oC ; Table 10 

𝐶𝐿𝑇𝐷𝑐 = 𝐶𝐿𝑇𝐷 + (25.5 − 𝑇𝑅) + (𝑇𝑜 − 29.4)

𝐶𝐿𝑇𝐷𝑐 = 7 + (25.5 − 𝑇𝑅) + (𝑇𝑜 − 29.4) = 19.1 oC

𝑄𝑐 = 𝑈 × 𝐴 × 𝐶𝐿𝑇𝐷𝑐 = 6.494 × 2(3 × 2) × 19.1 = 𝟏𝟒𝟖𝟖. 𝟒𝟐𝟓 𝑾

Radiant heat gain;  

𝑄𝑆𝑅 = 𝐴 × 𝑆𝐶 × 𝑆𝐻𝐺𝑚𝑎𝑥 × 𝐶𝐿𝐹

𝑆𝐻𝐺𝑚𝑎𝑥 = 227 𝑊 , Table 11

𝑆𝐶 = 0.95 , Table 26 

𝐶𝐿𝐹 = 0.41 , Table 13 

𝑄𝑆𝑅 = 12 × 0.95 × 227 × 0.41 = 𝟏𝟎𝟔𝟏 𝑾

𝑸 = 𝟏𝟒𝟖𝟖. 𝟒𝟐𝟓 + 𝟏𝟎𝟔𝟏 = 𝟐𝟓𝟒𝟗. 𝟒𝟐𝟓 𝑾  

D.Infiltration

 𝐴𝐶𝐻 = 1.5 , Table 27 

𝑉̇𝑖𝑛𝑓 = 𝑠𝑝𝑎𝑐𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 ×
𝐴𝐶𝐻

3600
= 10 × 6 × 4

1.5

3600
= 0.1 m3/s 

𝑄𝑖𝑛𝑓 = 1.2 × 𝑉̇𝑖𝑛𝑓 × (ℎ𝑜 − ℎ𝑖)

ℎ𝑜 = 100.94 𝑘𝐽/𝑘𝑔 ;   [50 oC(DBT), 25% RH]
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ℎ𝑖 = 50.29 𝑘𝐽/𝑘𝑔 ;   [25 oC(DBT), 50% RH]

𝑄𝑖𝑛𝑓 = 1.2 × 0.1 × (100.94 − 50.29) = 𝟔. 𝟎𝟕𝟖 𝒌𝑾

𝑸𝒊𝒏𝒇 = 𝟔𝟎𝟕𝟖 𝑾

E.Ventilation

Ventilation requirements according to the activity in the space is 5 

(L/s)/person.  

𝑉̇𝑣𝑒𝑛𝑡 = 40 × 5 = 200 𝐿/𝑠 = 0.2 m3/s, Table 28

𝑄𝑣𝑒𝑛𝑡 = 1.2 × 𝑉̇𝑣𝑒𝑛𝑡 × (ℎ𝑜 − ℎ𝑖)

The infiltration rate is 0.1 m3/s and it covers 50% of the fresh air required 

for ventilation. Therefore only 0.1 m3/s of fresh air needs and the total 

heat gain due to the ventilation air becomes: 

𝑄𝑣𝑒𝑛𝑡 = 1.2 ×  0.1 × (100.94 − 50.29) = 𝟔. 𝟎𝟕𝟖 𝒌𝑾

𝑸𝒗𝒆𝒏𝒕 = 𝟔𝟎𝟕𝟖 𝑾

F.Peoples

Sensible and latent heat gain per person are: 

Table 18 

𝑄𝑠/𝑝 = 60 𝑊

𝑄𝐿/𝑝 = 40𝑊

Total sensible heat gain 𝑄𝑠 is:

𝑄𝑠 = 𝑁 × 𝑄𝑠/𝑝 × 𝐶𝐿𝐹
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The cooling load factor of 9 hours after entry into the space 𝐶𝐿𝐹 is: 

𝐶𝐿𝐹 = 0.38  

𝑄𝑠 = 40 × 60 × 0.38 = 𝟗𝟏𝟐 𝑾

𝑄𝐿 = 0

Total heat gain from peoples 

𝑄 = 𝑄𝑠 + 𝑄𝐿 = 912 + 0

𝑸 = 912 𝑾  

G.Lighting

In case of no information about the lighting plan, the default value can be 

taken as 25 W/m2

𝑄 = 𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 × 𝐴 × 𝐶𝐿𝐹 

In all calculations related to lighting heat gain, 𝑪𝑳𝑭 is considered equal 

to 1. 

𝑄 = 𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 × 𝐴 × 𝐶𝐿𝐹 = 25 × 10 × 6 × 1 = 1500 𝑊  𝑸 = 

𝟏𝟓𝟎𝟎 𝑾 The total cooling load of the classroom is: 

𝑄𝑡 = 1134.224 + 1014.874 + 1237.77 + 1286.376 + 4719.552 + 
2549.425 + 6078  + 912 + 1500  

𝑸𝒕 = 𝟐0432. 𝟐𝟐𝟏 𝑾 = 5. 81 𝑻𝑹 ≈ 6 𝑻𝑹

coil cooling load capacity=space cooling load+ventilation cooling 
load=𝟐0432. 𝟐𝟐𝟏+6078=26510.221W=7.54TR
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   Table. Summary of the cooling load calculations 

Components U ,W/m2 oC A 

m2 

CLTDc 
oC 

SHGmax 

W/m2 

CLF Qt, W 

South wall 1.976 28 20.5 - - 1134.224 

West wall 1.976 24 21.4 - - 1014.874 

East wall 1.976 24 26.1 - - 1237.77 

North wall 1.976 35 18.6 - - 1286.376 

Roof 2.092 60 37.6 - - 4719.552 

Windows 6.494 12 19.1 227 0.41 2549.425 

Infiltration - - - - 6078 

Ventilation - - - - 6078 

Peoples - - - 0.38 912 

Lighting - 60 - - 1 1500 

Total - - - - 26510. 𝟐𝟐𝟏 
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12.1 Heating load Calculations 
Heating load calculations are carried out to estimate the total heat losses 

from the building in winter. The heat load calculations are executed 

assuming steady-state conditions (no solar radiation and steady outdoor 

conditions) and neglecting internal heat sources. 

The heating load includes: 

(a) Conduction heat loss to adjoining spaces through the ceiling, interior

partition walls, and floor.

(b) Heat loss due to cold air infiltrating into space from outdoors through

doors, windows, and small cracks in the building envelope.

(c) Heat loss due to ventilation purposes.

(a)Conduction heat loss

When calculating heating loss by conduction through the roof, the exterior 

walls, and the windows, no credit is given for the effect of the sun shining 

on the outside surfaces. With this assumption, the amount of heat 

transferred through the surface is a direct result of the temperature 

difference between the outdoor and indoor surfaces (ΔT is used instead 

of CLTD). 

The conductive heat loss through a roof, an exterior wall, or a window can 

be given as follows: 

𝑸 = 𝑼 ×  𝑨 ×  ∆𝑻 

Where;

𝑸 = heat loss by conduction [W] 

𝑼 = overall heat-transfer coefficient of the surface [W/m2 °C] 

𝑨 = area of the surface, [m2] 
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∆𝑻 = (𝑻𝒊 − 𝑻𝒐) = desired indoor dry-bulb temperature (𝑻𝒊) minus the 

design outdoor dry-bulb temperature (𝑻𝒐).  
 

(b) Heat loss due to infiltration  

During the winter season, air may leak in from outdoors through doors, 

windows, and small cracks in the building envelope. It contributes to the 

sensible heat loss of the space because the outdoor air is typically colder 

than the indoor air. 

The outdoor air during the winter season is generally drier than the indoor 

air. If the building requires humidification, then the latent heat load is 

considered. The heat loss due to infiltration air is given by: 

 

𝑸𝒔 = 𝟏. 𝟐𝟐 𝑽̇𝒊𝒏𝒇 (𝑻𝒊 − 𝑻𝒐)  

 

𝑸𝑳 = 𝟐𝟗𝟒𝟎 𝑽̇𝒊𝒏𝒇 (𝒘𝒊 − 𝒘𝒐)  

 

𝑸 = 𝟏. 𝟐 𝑽̇𝒊𝒏𝒇 (𝒉𝒊 − 𝒉𝒐)  
 

(c) Heat loss due to ventilation purposes. 
 

Heat loss due to ventilation is similar to that of infiltration except that the 

ventilation loss is added to heating coil load while the infiltration loss is 

added to space heating load.  

𝑸𝒔 = 𝟏. 𝟐𝟐 𝑽̇𝒗𝒆𝒏𝒕 (𝑻𝒊 − 𝑻𝒐)  

 

𝑸𝑳 = 𝟐𝟗𝟒𝟎 𝑽̇𝒗𝒆𝒏𝒕 (𝒘𝒊 − 𝒘𝒐)  

 

𝑸 = 𝟏. 𝟐 𝑽̇𝒗𝒆𝒏𝒕 (𝒉𝒊 − 𝒉𝒐)  
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12.2 Inside wall surface temperature 

The inside surface temperatures of the walls, roofs are very important in 

the Winter season to prevent the risk of vapor condensation on the interior 

wall and roof surfaces. The surface condensation occurs when the surface 

temperature falling below the dew point temperature of the inside air.  

 

The heat loss from the wall is: 

 

𝑸 =
𝟏

𝑹𝒕
×  𝑨 × (𝑻𝒊 − 𝑻𝒐)  

Also, the heat loss through the wall 

is given as: 

𝑸 =
𝟏

𝑹𝒇𝒊
×  𝑨 × (𝑻𝒊 − 𝑻𝒔)  

From the two above equations, we 

can write: 

𝟏

𝑹𝒕
× (𝑻𝒊 − 𝑻𝒐) =

𝟏

𝑹𝒇𝒊
×  (𝑻𝒊 − 𝑻𝒔)  

 

𝑹𝒕

𝑹𝒇𝒊
=

𝑻𝒊−𝑻𝒐

𝑻𝒊−𝑻𝒔
  

Where; 

𝑹𝒕 =
𝟏

𝒇𝒐
+

𝒙

𝒌
+

𝟏

𝒇𝒊
  

𝑹𝒇𝒊 =
𝟏

𝒇𝒊
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12.3 Unconditioned spaces 

 Frequently it may be necessary to know the air temperature of an 

unheated area in Winter, like an attic space or of a storage room, or any 

unconditioned space. We need to know the approximate temperature in 

these areas to estimate heat losses through wall partitions separating 

conditioned rooms from these unconditioned areas. In winter the 

temperature of unconditioned space can be given by an approximate 

relation as follows: 

 

𝑻𝒂𝒋 = 𝑻𝒊 −
𝟏

𝟐
(𝑻𝒊 − 𝑻𝒐)  

 

𝑻𝒂𝒋 : Temperature of adjacent space. 

𝑻𝒐   : Outside air temperature.  

𝑻𝒊   : inside air temperature.  

 

In winter the floor temperature is required to calculate heat loss through 

the floor. In the absence of any information about the floor temperature, 

it can be taken as a daily mean ambient temperature in the coldest month 

of the region considered. For example, in the south of Iraq, the floor 

temperature can be taken in the range of 10 oC to 14 oC. 

 

Example12.1: 

Room walls are composed of common bricks and outside and inside 

plaster layers with an overall heat transfer coefficient of 2.5 W/m2 oC. The 

outside air temperature is -15oC (DBT) and the inside design conditions 
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are  23 oC DBT, 55% RH. Is condensation occur on the inside surface or 

not? Take 𝒇𝒊 = 𝟖. 𝟐𝟔 W/m2 °C. 

 

Solution: 

Heat loss through the walls per unit area is calculated by: 

𝑸 = 𝑼 × (𝑻𝒊 − 𝑻𝒐) = 𝟐. 𝟓 × {𝟐𝟑 − (−𝟏𝟓)} = 𝟗𝟓  𝑾/𝒎𝟐 

The heat transfer between the inside surface and the inside temperature 

is: 

𝑸 = 𝒇𝒊 × (𝑻𝒊 − 𝑻𝒔)  

 

𝟗𝟓 = 𝟖. 𝟐𝟔 × (𝟐𝟑 − 𝑻𝒔)  

𝑻𝒔 = 𝟏𝟏. 𝟓 oC 

The dew point temperature at the inside conditions (23 oC and 55% RH.) 

is  𝑻𝒅𝒑 = 𝟏𝟑. 𝟓 oC. 

 

Since the inside surface temperature less than the dew point 

temperature of the inside air, condensation will occur on the inside 

surface. 

 

 

Example12.2: 

40 students' capacity classroom size (10 × 6 × 4)m  lies in the south of 

Iraq. The outside conditions are 5oC DBT and 80% RH. The inside design 

conditions are 24 oC (DBT) and 50% RH. The classroom has two 

windows of (3 × 2)m and a door of (2 × 2.5)m. Neglect heat loss from 
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the door, calculate the heating load of the classroom in January. The 

thermal conductivity of the structure's components is listed in the table 

below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material Thickness mm Thermal conductivity W/m.K 

Concrete  200 0.9 

Brick 240 0.7 

Sand 100 2 

Cement slabs 35 0.71 

Plaster 5 0.75 

Glass 6 1.5 
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Solution: 

1-Walls 

𝑅𝑡 =
1

𝑓𝑖
+

𝑥1

𝑘1
+

𝑥2

𝑘2
+

𝑥3

𝑘3
+

1

𝑓𝑜
=

1

9.37
+

0.005

0.75
+

0.24

0.7
+

0.005

0.75
+

1

22.7
   

𝑅𝑡 = 0.506 m2. oC/W 

𝑈 =
1

𝑅𝑡
=

1

0.506
= 1.976 W/m2 oC 

𝑄 = 𝑈 × 𝐴 × (𝑇𝑖 − 𝑇𝑜)  

The total area of the walls 𝐴 = 2(6 × 4) + (10 × 4) − (2.5 × 2) +

(10 × 4) − 2(3 × 2) = 111 m2 

 

𝑄 = 𝑈 × 𝐴 × (𝑇𝑖 − 𝑇𝑜) = 1.976 × 111 × (24 − 5) = 𝟒𝟏𝟔𝟕. 𝟑𝟖𝟒 𝑾  

 

2-Roof 

 

𝑅𝑡 =
1

𝑓𝑖
+

𝑥1

𝑘1
+

𝑥2

𝑘2
+

𝑥3

𝑘3
+

 𝑥4

𝑘4
+

1

𝑓𝑜
  

𝑅𝑡 =
1

9.37
+

0.005

0.75
+

0.2

0.9
+

0.1

2
+

0.035

0.71
+

1

22.7
= 0.478 m2. oC/W 

𝑈 =
1

𝑅𝑡
=

1

0.478
= 2.092 W/m2 oC 

 

𝑄 = 𝑈 × 𝐴 × (𝑇𝑖 − 𝑇𝑜) = 2.092 × (10 × 6) × (24 − 5) = 𝟐𝟑𝟖𝟒. 𝟖𝟖𝑾  
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3-Windows 

 

𝑅𝑡 =
1

𝑓𝑖
+

𝑥

𝑘
+

1

𝑓𝑜
=

1

9.27
+

0.006

1.5
+

1

22.7
= 0.154 m2. oC/W 

𝑈 =
1

𝑅𝑡
=

1

0.154
= 6.494 W/m2 oC 

𝑄 = 𝑈 × 𝐴 × (𝑇𝑖 − 𝑇𝑜) = 6.494 × 2(3 × 2) × (24 − 5) =

𝟏𝟒𝟖𝟎. 𝟔𝟑𝟐𝑾  

 

4.Infiltration 

 𝐴𝐶𝐻 = 1.5 , Table 27 

𝑉̇𝑖𝑛𝑓 = 𝑠𝑝𝑎𝑐𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 ×
𝐴𝐶𝐻

3600
= 10 × 6 × 4

1.5

3600
= 0.1 m3/s 

𝑄𝑖𝑛𝑓 = 1.2 × 𝑉̇𝑖𝑛𝑓 × (ℎ𝑖 − ℎ𝑜)  

ℎ𝑜 = 15.85 𝑘𝐽/𝑘𝑔 ;  [5 oC(DBT), 80% RH] 

ℎ𝑖 = 47.79 𝑘𝐽/𝑘𝑔 ;  [24 oC(DBT), 50% RH] 

𝑄𝑖𝑛𝑓 = 1.2 × 0.1 × (47.79 − 15.85) = 𝟑. 𝟖𝟑𝟑 𝒌𝑾  

 

5.floor 

The floor temperature is considered here as 14 oC 

𝑄 = 𝑓𝑖 × 𝐴 × (𝑇𝑖 − 𝑇𝑜) = 9.37 × (10 × 6) × (24 − 14) = 𝟓𝟔𝟐𝟐𝑾 

 

The total space heating load is: 
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𝑸𝒕 = 𝟒𝟏𝟔𝟕. 𝟑𝟖𝟒 + 𝟐𝟑𝟖𝟒. 𝟖𝟖 + 𝟏𝟒𝟖𝟎. 𝟔𝟑𝟐 +  𝟑𝟖𝟑𝟑+𝟓𝟔𝟐𝟐 =

𝟏𝟕𝟒𝟖𝟕. 𝟖𝟗𝟔 = 𝟏𝟕. 𝟒𝟖𝟖 𝒌𝑾 = 𝟒. 𝟗𝟕𝟐 𝑻𝑯 

 

5.Ventilation 

Ventilation requirements according to the activity in the space is 5 

(L/s)/person.  

𝑉̇𝑣𝑒𝑛𝑡 = 40 × 5 = 200 𝐿/𝑠 = 0.2 m3/s, Table 28 

𝑄𝑣𝑒𝑛𝑡 = 1.2 × 𝑉̇𝑣𝑒𝑛𝑡 × (ℎ𝑖 − ℎ𝑜)  

The infiltration rate is 0.1 m3/s and it covers 50% of the fresh air required 

for ventilation. Therefore only 0.1 m3/s of fresh air needs and the total 

heat gain due to the ventilation air becomes: 

𝑄𝑣𝑒𝑛𝑡 = 1.2 × 0.1 × (47.79 − 15.85) = 𝟑. 𝟖𝟑𝟑 𝒌𝑾   

The heating coil capacity required is: 

 𝑸𝒄 = 𝑸𝒕 + 𝑸𝒗𝒆𝒏𝒕 = 𝟏𝟕. 𝟒𝟖𝟖 + 𝟑. 𝟖𝟑𝟑 𝒌𝑾 = 𝟐𝟏. 𝟑𝟐𝟏𝒌𝑾 ≈ 𝟔𝑻𝑯  
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13.1 Duct design 

In the absence of viscosity or shear stress, Bernoulli’s Equation applies to 

an ideal fluid as follows: 

 

𝑷𝒔 + 𝑷𝒅 + 𝝆 𝒈 𝒛 = 𝑷𝑻 = 𝒄𝒐𝒏𝒔𝒕𝒂𝒏𝒕  

 

𝑷𝒔= Static pressure 

𝑷𝒅=Velocity or dynamic pressure  

𝝆 𝒈 𝒛 =Pressure due to datum level 

 

The dynamic pressure 𝑷𝒅 equal to: 

 

𝑷𝒅 =
𝟏

𝟐
𝝆 𝑽𝟐 ,  𝑽 is the air velocity. 

 

The total pressure between two points can be written in the following 

form: 

 
𝑷𝟏

𝝆 𝒈
+

𝑽𝟏
𝟐

𝟐𝒈
+ 𝒛𝟏 =

𝑷𝟐

𝝆 𝒈
+

𝑽𝟐
𝟐

𝟐𝒈
+ 𝒛𝟐  

 

 

If there is a fan in the duct, which adds energy Hf, and if Hl is the loss in 

energy to overcome frictional effects, then: 

 

 
𝑷𝟏

𝝆 𝒈
+

𝑽𝟏
𝟐

𝟐𝒈
+ 𝒛𝟏 + 𝑯𝒇 =

𝑷𝟐

𝝆 𝒈
+

𝑽𝟐
𝟐

𝟐𝒈
+ 𝒛𝟐 + 𝑯𝒍  
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Example 13.1: 
For the duct shown in the figure below, A1 = 0.4 m2 and A2 = 1.6 m2. The 

volumetric flow rate is 200 m3/min. The static pressure at inlet P1 = 30 

mm gauge of water and the pressure drop in the duct due to friction is 10 

mm of water. Find the static pressure P2. 

 

 

 

 

 

 

 

 

 

 

Solution: 

 

𝑷𝟐

𝝆 𝒈
=

𝑷𝟏

𝝆 𝒈
+

𝑽𝟏
𝟐−𝑽𝟐

𝟐

𝟐𝒈
+ 𝒛𝟏 − 𝒛𝟐 + 𝑯𝒇 − 𝑯𝒍  

 

Hf = 0.0, P1 = 0.03 m of water gauge, Hl = 0.01 m of water,𝑸̇ =

𝟐𝟎𝟎 m3/min, we find V1 and V2 from the volumetric flowrate 𝑸̇ the 

equation as follows: 

 

𝑸̇ = 𝑨𝟏𝑽𝟏 = 𝑨𝟐𝑽𝟐  

𝑽𝟏 =
𝑸̇

𝑨𝟏
=

𝟐𝟎𝟎

𝟎.𝟒
= 𝟓𝟎𝟎𝒎/𝒎𝒊𝒏. = 𝟖. 𝟑𝟑 𝒎/𝒔  
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𝑽𝟐 =
𝑸̇

𝑨𝟐
=

𝟐𝟎𝟎

𝟏.𝟔
= 𝟏𝟐𝟓𝒎/𝒎𝒊𝒏. = 𝟐. 𝟎𝟖𝟑 𝒎/𝒔  

 
𝑷𝟐

𝝆 𝒈
=

𝑷𝟏

𝝆 𝒈
+

𝑽𝟏
𝟐−𝑽𝟐

𝟐

𝟐𝒈
+ 𝒛𝟏 − 𝒛𝟐 + 𝑯𝒇 − 𝑯𝒍  

 
𝑷𝟐

𝝆 𝒈
= 𝟎. 𝟎𝟑 +

𝟖.𝟑𝟑𝟐−𝟐.𝟎𝟖𝟑𝟐

𝟐×𝟗.𝟖𝟏
+ 𝟎 − 𝟎 + 𝟎 − 𝟎. 𝟎𝟏 = 𝟎. 𝟎𝟐𝟒𝒎 𝒐𝒇 𝒘𝒂𝒕𝒆𝒓  

 

𝑷𝟐 = 𝝆 ×  𝒈 × 𝟎. 𝟎𝟐𝟒 = 𝟏𝟎𝟎𝟎 × 𝟗. 𝟖𝟏 × 𝟎. 𝟎𝟐𝟒 = 𝟐𝟑𝟓. 𝟒𝟒 𝑷𝒂  

 

 

13.2 Pressure loss in ducts  
 

The drops in the air duct are due to:  

1. Fluid friction  

2. Momentum change due to change of direction and/or velocity  

 

The frictional pressure drop (or loss) is denoted as ∆𝑷𝒇. and the pressure 

drop due to momentum change is known as dynamic pressure drop (or 

loss), ∆𝑷𝒅. the total pressure drop ∆𝑷𝒕 can be given as: 

  

∆𝑷𝒕 = ∆𝑷𝒇 + ∆𝑷𝒅  

 

The pressure drop due to friction in the duct may be obtained by using the 

Darcy formula or Fanning equation as follows: 

 

∆𝑷𝒇 =
𝟏

𝟐
𝝆 𝒇 

𝑳 𝑽

𝑫

𝟐
  

  

Where; 

 ∆𝑷𝒇 = pressure loss due to friction in Pa. 

Air Conditioning 2022-2023



  

 

Bsarah University   

Engineering College                                                                  4 th year 

Department of Mechanical Engineering                                     Prof. Dr. Salman H. Hammadi 
 

103 
 

𝒇 = friction factor depending on the surface of the duct(dimensionless). 

𝑽 = mean air velocity in the duct in m/s. 

𝑳 = length of the duct in m. 

𝑫 = diameter of a circular duct and hydraulic diameter of a non-circular 

duct in m. 

𝝆 = air density in kg/m3. 

 

The friction factor  𝒇 for smooth duct may be obtained by using the 

following relations: 

 

1-for laminar flow:  

 

  𝒇 =
𝟔𝟒

𝑹𝒆𝑫
 

 

2-for turbulent flow: 

 

𝒇 =
𝟎.𝟑𝟏𝟔𝟒

𝑹𝒆𝑫
𝟎.𝟐𝟓  

 

In the case of rough duct surface and turbulent flow, the friction 

factor can be estimated from the empirical relation as follows: 

 

 
𝟏

√𝒇
= −𝟐 𝒍𝒐𝒈 [

𝑲𝒔

𝟑.𝟕 𝑫
+

𝟐.𝟓𝟏

√𝒇 𝑹𝒆𝑫
]  

 

 

 𝑲𝒔 = roughness of the inner surface of the duct. 
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the last equation can be solved by using the trial-and-error method or any 

recent software like MATLAB. The roughness of galvanized Iron (GI) 

sheet that widely used in air duct fabrication is equal to 0.00015 m  

 

The frictional pressure drop in a circular duct may be obtained by using 

the following expression: 

 

 

 

 ∆𝑷𝒇 =
𝟎.𝟎𝟐𝟐𝟐𝟒𝟑 𝑸̇𝟏.𝟖𝟓𝟐 ×𝑳

𝑫𝟒.𝟗𝟕𝟑   

 

 

 𝑸̇ = volumetric flow rate of air, m3/s 

 𝑫 = duct diameter, m 

 𝑳 =  duct length, m 

 

 

The frictional pressure drop can be also estimated from the chart for 

circular ducts made of GI sheets at standard air conditions (1 atm, 20 oC).  

 

The dynamic pressure loss in the duct is caused due to the change in 

direction or magnitude of air velocity in the duct. It is given by: 

 

 

∆𝑷𝒅 = 𝑲
𝝆 𝑽𝟐

𝟐
  

 

𝑲 = dynamic pressure loss coefficient.  
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 Friction chart for circular ducts 
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13.3 CONVERSION FROM CIRCULAR TO RECTANGULAR 

DIMENSIONS 
 

The circular cross-section has the minimum value of perimeter to the area 

of cross-section, i.e., P/A. Hence, the frictional resistance offered by walls 

is minimum for ducts with a circular cross-section. Circular ducts are not 

convenient since they occupy large areas. Hence, ducts with rectangular 

cross-sections are used in air conditioning. 

 

 

A rectangular duct is equivalent to a circular duct, if the volumetric flow 

rate 𝑸̇ and frictional pressure drop per unit length (∆𝑷𝒇/𝑳) are same for 

the both. The equivalent diameter is given by: 

 

𝑫 = 𝟏. 𝟑
(𝒂×𝒃)𝟎.𝟔𝟐𝟓

(𝒂+𝒃)𝟎.𝟐𝟓   

 

Where; 𝒂  and  𝒃 are the rectangular sides.  

 
The above equation is found to be valid for an aspect ratio less than or 

equal to 8:1. 

 

The two rectangular sides of the duct can be easily estimated by using the 

table on the next page. 

 

Example 13.2: 

 Airflow in a circular duct of 506mm at a volumetric flow rate of 

1500 m3/hr. calculate the friction pressure loss and converse the 

circular duct into a rectangular duct at an aspect ratio not less than 

2:1.   
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Solution: 

 
∆𝑷𝒇

𝑳
=

𝟎.𝟎𝟐𝟐𝟐𝟒𝟑 𝑸̇𝟏.𝟖𝟓𝟐 

𝑫𝟒.𝟗𝟕𝟑 =
𝟎.𝟎𝟐𝟐𝟐𝟒𝟑× (𝟏𝟓𝟎𝟎/𝟑𝟔𝟎𝟎)𝟏.𝟖𝟓𝟐 

(𝟎.𝟓𝟎𝟔)𝟒.𝟗𝟕𝟑 = 𝟎. 𝟏𝟑 𝑷𝒂/𝒎  

 

From the table of circular equivalent duct, select a side of the rectangular 

as 300mm, thus the b side is 750mm, then the aspect ratio is 750/300=2.5. 
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13.4 Methods for determination of duct size 
 

The following three methods for determination of duct size: 

1-Velocity reduction method 

2-Equal pressure drop(Equal friction method EFM) 

3-Static regain method 

 

 

1-Velocity reduction method 
In this method, the velocity in the ducts is assumed such that they 

progressively decrease as the flow proceeds. The pressure drop is 

calculated for these velocities for respective branches and mean duct. The 

duct size is determined for assumed velocities and known air flow rate 

through the respective ducts. This method is used for very simple duct 

systems.  

 

 

2-Equal pressure drop(Equal friction method EFM) 
In this method, the size of the duct is decided to give equal pressure 

drop(or friction loss) per meter length in all ducts, i.e., 

 

(
∆𝑷𝒇

𝑳
)𝒂 = (

∆𝑷𝒇

𝑳
)𝒃 = (

∆𝑷𝒇

𝑳
)𝒄 = ⋯  

 

the velocities are automatically reduced in the branch ducts as the flow is 

decreased. 

 

The procedure of duct sizing by using equal friction methods as follows: 

 

1-Select air velocity in the main ducts(directly after air the handling unit) 

according to the recommended air supply velocities by ASHRAE 

standard. 
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2-from the given volumetric flow rate in the main duct and the selected 

velocity, calculate the duct diameter as follows:  

 

𝑸̇ = 𝑨 × 𝑽 =
𝝅

𝟒
 𝑫𝟐 × 𝑽  

 

3- The pressure drop can be calculated from the chart or the following 

expression: 

 
∆𝑷𝒇

𝑳
=

𝟎.𝟎𝟐𝟐𝟐𝟒𝟑 𝑸̇𝟏.𝟖𝟓𝟐  

𝑫𝟒.𝟗𝟕𝟑   

 

 

4-Duct size for any branch now is determined using the pressure drop 

calculated in step3 and volumetric flow rate 𝑸̇ in each branch. 

 

5-Converse the circular duct into a rectangular or square duct by using the 

table or the relation: 

 

  

𝑫 = 𝟏. 𝟑
(𝒂×𝒃)𝟎.𝟔𝟐𝟓

(𝒂+𝒃)𝟎.𝟐𝟓   

 

 

3-Static regain method 
The Static Regain method of duct sizing is based on Bernoulli's equation, 

which states that when a reduction of velocities takes place, a conversion 

of dynamic pressure into static pressure occurs. 
In this method, the size of the duct is decided to give equal pressure at all 

outlets. This may be done by equalizing the pressure losses in various 

branches. In this method, the length of all ducts and pressure losses in 

elbows, air diffusers, grilles, and any other obstacles should be known. 
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14.1 Duct Design(continue) 

 

 

 

Example 14.1 

Determine the dimensions of all the ducts in the system shown in the 

figure by using the equal friction method. Take the velocity at the inlet 

of the main duct as 8 m/s.  

 

 

 

 

 

  

 

 

 

 

 

Application  Main ducts Branch ducts 

Supply Return Supply Return 

Residences 

Apartments 

Hotel bed rooms 

5 4 3 3 

Hospital bed rooms 7.5 6.5 6 5 

Office, Libraries 10 7.5 8 6 

Theaters 6.5 5.5 5 4 

Stores, Banks 6.5 5.5 5 4 

Restaurants 10 7.5 8 6 

Cafeterias 10 7.5 6 6 

   Table: Recommended maximum air velocity in low -velocity duct system(m/s) 
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Solution: 

The total volumetric flow rate =1.5+1+2=4.5 cms(m3/s) 

The diameter is calculated as follows: 

𝑸̇ = 𝑨𝑨×𝑽𝑨  

4.5 =
𝝅

𝟒
 𝑫𝑨

𝟐 × 𝟖  

𝑫𝑨 = 𝟎. 𝟖𝟓 𝒎 ≡ 𝟏𝟑𝟎𝟎 × 𝟓𝟎𝟎𝒎𝒎  

The friction pressure drop can be calculated by using the following 

relation: 

∆𝑷𝒇

𝑳
=

𝟎.𝟎𝟐𝟐𝟐𝟒𝟑 𝑸̇𝟏.𝟖𝟓𝟐 

𝑫𝟒.𝟗𝟕𝟑
=

𝟎.𝟎𝟐𝟐𝟐𝟒𝟑 ×𝟒.𝟓𝟏.𝟖𝟓𝟐 

𝟎.𝟖𝟓 𝟒.𝟗𝟕𝟑
= 𝟎. 𝟖𝟎𝟗 𝑷𝒂/𝒎  

 

Duct B 

  
∆𝑷𝒇

𝑳
=

𝟎.𝟎𝟐𝟐𝟐𝟒𝟑 𝑸̇𝟏.𝟖𝟓𝟐 

𝑫𝟒.𝟗𝟕𝟑  

𝟎. 𝟖𝟎𝟗 =
𝟎.𝟎𝟐𝟐𝟐𝟒𝟑× 𝟏.𝟓𝟏.𝟖𝟓𝟐 

𝑫𝟒.𝟗𝟕𝟑   

𝑫 = 𝟎. 𝟓𝟔𝟓𝒎 ≡ 𝟓𝟐𝟓 × 𝟓𝟎𝟎𝒎𝒎  

 

Duct C 

𝟎. 𝟖𝟎𝟗 =
𝟎.𝟎𝟐𝟐𝟐𝟒𝟑× 𝟑𝟏.𝟖𝟓𝟐 

𝑫𝟒.𝟗𝟕𝟑
  

𝑫 = 𝟎. 𝟕𝟑𝟏𝒎 = 𝟗𝟎𝟎 × 𝟓𝟎𝟎𝒎𝒎  

Duct D 

𝟎. 𝟖𝟎𝟗 =
𝟎.𝟎𝟐𝟐𝟐𝟒𝟑× 𝟏𝟏.𝟖𝟓𝟐 

𝑫𝟒.𝟗𝟕𝟑   

𝑫 = 𝟎. 𝟒𝟖𝟓𝒎 ≡ 𝟕𝟎𝟎 × 𝟑𝟎𝟎𝒎𝒎  
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Duct E 

𝟎. 𝟖𝟎𝟗 =
𝟎.𝟎𝟐𝟐𝟐𝟒𝟑× 𝟐𝟏.𝟖𝟓𝟐 

𝑫𝟒.𝟗𝟕𝟑   

𝑫 = 𝟎. 𝟔𝟐𝟖𝒎 ≡ 𝟔𝟓𝟎 × 𝟓𝟎𝟎𝒎𝒎  

 

Duct Design by equal friction method can be improved by using 

balancing pressure loss. This method assuming that the pressure loss 

in any duct pathway from AHU to the supplied air to the space is equal. 

For example: let the pressure loss in the duct elbow is 5Pa and the 

pressure loss in each air diffuser is 20Pa. Branch B and D are re-

designed as follows: 

First of all, we should select the duct path of the highest pressure loss 

in the system which is called index run. 

In the figure, the index run is ACEF. The total pressure loss along this 

path is:(see the figure on the next page) 

∆𝑷𝒕 = ∆𝑷𝒇 × (𝑨𝑪𝑬𝑭 𝒍𝒆𝒏𝒈𝒕𝒉) + ∆𝑷𝒆𝒍𝒃𝒐𝒘 + ∆𝑷𝒅𝒊𝒇𝒇𝒖𝒔𝒆𝒓  

∆𝑷𝒕 = 𝟎. 𝟖𝟎𝟗 × (𝟑 + 𝟓 + 𝟑 + 𝟒) + 𝟓 + 𝟐𝟎 = 𝟑𝟕. 𝟏𝟑𝟓𝑷𝒂  

 

Duct B 

The pressure loss from duct  A is: 

∆𝑷𝑨 =  𝟎. 𝟖𝟎𝟗 × 𝟑 = 𝟐. 𝟒𝟐𝟕 𝑷𝒂  

Thus, the available pressure in the branching point of duct B is: 

∆𝑷 = 𝟑𝟕. 𝟏𝟑𝟓 − 𝟐. 𝟒𝟐𝟕 = 𝟑𝟒. 𝟕𝟎𝟖𝑷𝒂  

The pressure loss in the branch B is: 

∆𝑷𝑩 = 𝟑𝟒. 𝟕𝟎𝟖 − 𝟓 − 𝟐𝟎 = 𝟗. 𝟕𝟎𝟖 𝑷𝒂  

the new pressure drop per meter in branch B is calculated as: 
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∆𝑷𝑩

𝑳𝑩
=

𝟗.𝟕𝟎𝟖

𝟒
= 𝟐. 𝟒𝟐𝟕𝑷𝒂/𝒎  

Recalculate the diameter of duct B with the new pressure drop 

𝟐. 𝟒𝟐𝟕 =
𝟎.𝟎𝟐𝟐𝟐𝟒𝟑× 𝟏.𝟓𝟏.𝟖𝟓𝟐 

𝑫𝟒.𝟗𝟕𝟑   

𝑫 = 𝟎. 𝟒𝟓𝟑𝒎  

 

 

 

 

 

 

 

 

 

 

 

 

Duct D 

The pressure loss from the duct  A and C is: 

∆𝑷𝑨 =  𝟎. 𝟖𝟎𝟗 × (𝟑 + 𝟓) = 𝟔. 𝟒𝟕𝟐𝑷𝒂  

 

Thus, the available pressure in the take-off point of the B branch is: 

∆𝑷 = 𝟑𝟕. 𝟏𝟑𝟓 − 𝟔. 𝟒𝟕𝟐 = 𝟑𝟎. 𝟔𝟔𝟑𝑷𝒂  
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The pressure loss in the branch D is: 

∆𝑷𝑫 = 𝟑𝟎. 𝟔𝟔𝟑 − 𝟓 − 𝟐𝟎 = 𝟓. 𝟔𝟔𝟑 𝑷𝒂  

the new pressure drop per meter in branch D is: 

 

∆𝑷𝑫

𝑳𝑫
=

𝟓.𝟔𝟔𝟑

𝟒
= 𝟏. 𝟒𝟏𝟔𝑷𝒂/𝒎  

 

𝟏. 𝟒𝟏𝟔 =
𝟎.𝟎𝟐𝟐𝟐𝟒𝟑× 𝟏𝟏.𝟖𝟓𝟐 

𝑫𝟒.𝟗𝟕𝟑   

 

𝑫 = 𝟎. 𝟒𝟑𝟑𝒎  

 

14.2 Pressure loss in bends 

The pressure loss in the elbow, fitting,…etc. are expressed  in 

terms of an equivalent length Le by the following formula: 

 

 ∆𝑷𝒅 = 𝑪𝒐 𝑷𝒅 =
𝟏

𝟐
𝑪𝒐 𝝆 𝑽𝟐 =

𝟒 𝒇 𝑳𝒆 𝑷𝒅

𝑫
  

  𝑷𝒅 =
𝟏

𝟐
 𝝆 𝑽𝟐  ,(dynamic pressure) 

𝑓 = friction factor 

𝐷 = duct diameter 

The relationship between the dynamic loss coefficient 𝑪𝒐  and the 

equivalent length 𝑳𝒆 is: 

𝑪𝒐  =
𝟒 𝒇 𝑳𝒆 

𝑫
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Table: dynamic loss coefficient 𝑪𝒐   
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14.3 Fans 

The movement of the air through ductwork is done by a fan. The fan 

induces air motion in the room. The selection of a fan is very crucial 

for the efficiency of the air distribution system, control of noise level, 

indoor air quality, and comfort to the occupants. 

If 1 and 2 denote the states at the inlet and outlet of the fan, then the 

total pressure rise across the fan denoted by FTP is given in pascals as 

follows: 
 

 

 

 

 

 

 

𝑭𝑻𝑷 = ∆𝑷𝒕 = 𝑭𝑺𝑷 + 𝑭𝒅𝑷  

𝑭𝑻𝑷 = ∆𝑷𝒕 = 𝑷𝟐 − 𝑷𝟏 +
𝟏

𝟐
𝝆(𝑽𝟐

𝟐 − 𝑽𝟏
𝟐)   

𝐹𝑆𝑃 = fan static pressure 

𝐹𝑑𝑃 = fan dynamic pressure 

 

The fan efficiency is given as: 

𝜼 =
𝑸̇×𝑭𝑻𝑷

𝑾
  

Or the fan power is: 

𝑾 =
𝑸̇×𝑭𝑻𝑷

𝜼
   

 

Fan 

𝑃1  

𝑉1 

𝑃2  

𝑉2 
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Example 14.2: 

Axial fan supplying air with a volumetric flow rate of 10000 m3/hr. to 

the duct system shown in the figure below. Find the power of the fan. 

Assume that the fan efficiency is 80%.  

 

 

 

 

 

 

 

 

 

Solution: 

The hydraulic diameter of the duct is: 

𝑫 = 𝟏. 𝟑
(𝒂×𝒃)𝟎.𝟔𝟐𝟓

(𝒂+𝒃)𝟎.𝟐𝟓 = 𝟏. 𝟑
(𝟎.𝟔𝟐×𝟎.𝟓𝟑)𝟎.𝟔𝟐𝟓

(𝟎.𝟔𝟐+𝟎.𝟓𝟑)𝟎.𝟐𝟓 = 0.626𝑚  

∆𝑷𝒇

𝑳
=

𝟎.𝟎𝟐𝟐𝟐𝟒𝟑 𝑸̇𝟏.𝟖𝟓𝟐 

𝑫𝟒.𝟗𝟕𝟑 =
𝟎.𝟎𝟐𝟐𝟐𝟒𝟑 (

𝟏𝟎𝟎𝟎𝟎

𝟑𝟔𝟎𝟎
)𝟏.𝟖𝟓𝟐 

𝟎.𝟔𝟐𝟔 𝟒.𝟗𝟕𝟑 = 𝟏. 𝟓𝟐𝑷𝒂/𝒎  

 

The average bend radius is: 

𝑅 =
𝑅𝑜+𝑅𝑖

2
=

1.24+0.68

2
= 0.96𝑚  

The total length of the duct is: 

 𝑳𝒕 = 𝟒. 𝟓 +
𝝅

𝟐
 × 𝟎. 𝟗𝟔 + 𝟏. 𝟓𝟏 = 𝟕. 𝟓𝟏𝟖 𝒎 

Air Conditioning 2022-2023



  

 

Bsarah University    

Engineering College                                                                  4 th year 

Department of Mechanical Engineering                                     Prof. Dr. Salman H. Hammadi 
 

118 
 

The friction pressure loss is: 

∆𝑷𝒇 = 𝟏. 𝟓𝟐 × 𝟕. 𝟓𝟏𝟖 = 𝟏𝟏. 𝟒𝟑 𝑷𝒂  

the dynamic pressure loss in the bend is calculated as follows: 

∆𝑷𝒅 = 𝑪𝒐 𝑷𝒅 =
𝟏

𝟐
𝑪𝒐 𝝆 𝑽𝟐  

The dynamic loss coefficient 𝑪𝒐 as follows: 

The ratios  
𝑹

𝒘
=

𝟎.𝟗𝟔

𝟎.𝟔𝟐
= 𝟏. 𝟓𝟓, and 

𝑯

𝒘
=

𝟎.𝟓𝟑

𝟎.𝟔𝟐
= 𝟎. 𝟖𝟓𝟓 

From bends table 𝑪𝒐 ≈0.18 

The velocity in the duct is: 

𝑽 =
𝑸̇

𝑨
=

𝟏𝟎𝟎𝟎𝟎/𝟑𝟔𝟎𝟎

𝟎.𝟔𝟐×𝟎.𝟓𝟑
= 𝟖. 𝟒𝟓𝟑 𝒎/𝒔  

The pressure loss in the bend is: 

∆𝑷𝒅 =
𝟏

𝟐
𝑪𝒐 𝝆 𝑽𝟐 =

𝟏

𝟐
× 𝟎. 𝟏𝟖 ×  𝟏. 𝟐 × 𝟖. 𝟒𝟓𝟑 𝟐 = 𝟕. 𝟕𝟐𝑷𝒂  

The change in the dynamic pressure across the fan is: 

∆𝑷𝒅𝒇 =
𝟏

𝟐
𝝆(𝑽𝟐 − 𝑽𝒐

𝟐)  

𝑽𝒐 is initial air velocity in the fan inlet which equals zero, thus ∆𝑷𝒅𝒇 

is: 

∆𝑷𝒅𝒇 =
𝟏

𝟐
𝝆 𝑽𝟐 =

𝟏

𝟐
× 𝟏. 𝟐 ×  𝟖. 𝟒𝟓𝟑𝟐 = 𝟒𝟐. 𝟖𝟕𝟐 𝑷𝒂  

𝑭𝑻𝑷 = 𝟏𝟏. 𝟒𝟑 + 𝟕. 𝟕𝟐 + 𝟒𝟐. 𝟖𝟕𝟐 = 𝟔𝟐. 𝟎𝟐 𝑷𝒂  

The power of the fan is: 

𝑾 =
𝑸̇×𝑭𝑻𝑷

𝜼
=

𝟏𝟎𝟎𝟎𝟎

𝟑𝟔𝟎𝟎
×𝟔𝟐.𝟎𝟐

𝟎.𝟖
= 𝟐𝟏𝟓. 𝟑𝟓 𝑾  
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All return air system 

1.Systems of Air Conditioning 

Cooled or heated air is supplied to the air-conditioned spaces through a 

three-air distribution system: 

1-All return air system 

2-Mixed air system 

3-All fresh-air system 

Selection of any one of the above systems depends on the special 

requirements of the spaces and the fund of the project. 

 

1.1All return air system 

In this system, all supplied air to the conditioned space is returned to the 

air conditioning unit or air handling unit (AHU) without any fresh air. The 

fresh air required is taken from the infiltration process through windows, 

door…., etc. A good example of this system is split units which are well 

known in the residential air conditioning. 

 

  

Air Conditioning  2022-2023



  

 

Bsarah University   

Engineering College                                                                  4 th year 

Department of Mechanical Engineering                                     Prof. Dr. Salman H. Hammadi 
 

120 
 

Example1.1 

Air-conditioned space has a sensible and latent cooling load of 50 kW and 

15 kW respectively. The inside conditions of the space are 26 oC and 50% 

RH. The air conditioning system uses all return-air methods. Find the 

conditions, the volumetric flow rate of the supplied air, and the cooling 

capacity of the coil.  

Solution 

The sensible heat ratio can be calculated as follows: 

𝑆𝐻𝑅 =
50

50 + 15
= 0.77 

If no information on the bypass factor that specified exactly the supplied 

air conditions, the relative humidity of the supplying air can be taken as 

90%.  
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Now sketch a line started from point r parallel to the sensible heat ratio 

line (SHR=0.77) and extending it to touch 100% RH line. The point s 

shown in the figure represents the air supplied conditions to the room. 

From the psychrometric chart: 

𝑻𝒔 = 𝟏𝟒. 𝟓 oC  

𝒉𝒔 = 𝟑𝟖. 𝟐 𝒌𝑱/𝒌𝒈  

𝒘𝒔 = 𝟎. 𝟎𝟎𝟗𝟑 𝒌𝒈/𝒌𝒈 𝒐𝒇 𝒅𝒓𝒚 𝒂𝒊𝒓  

 

𝑸𝒔 = 𝟏. 𝟐𝟐 𝑽̇(𝑻𝒓 − 𝑻𝒔)  

𝟓𝟎 = 𝟏. 𝟐𝟐𝑽̇(𝟐𝟔 − 𝟏𝟒. 𝟓)  

𝑽̇ = 𝟑. 𝟓𝟔𝟒  m3/s 

 

In this case the space cooling load 𝑄𝑇  is equal to the coil cooling 

capacity 𝑄𝑐: 

𝑸𝒄 = 𝑸𝑻 = 𝑸𝒔 + 𝑸𝑳 = 𝟓𝟎 + 𝟏𝟓 = 𝟔𝟓𝒌𝑾  

  

1.2 Mixed air system 

This system is the conventional way that widely uses for air supplying to 

the conditioned spaces. It is included a quantity of fresh air mixed with a 

percentage of return air from the space. The mixture passing through a 

cooling or heating coil before it suppling to space. The coil capacity is 

higher than the space load because of the additional cooling or heating 

load required for ventilation. 
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Example1.2  

The room sensible and latent heat loads of an air-conditioned space are 84 

MJ/hr. and 21MJ/hr., respectively. The room condition is 25 oC DBT and 

50% RH. The outdoor condition is 43 oC DBT and 27 oC WBT. The 

ventilation requirement is such that on a mass flow rate basis 20% of fresh 

air is introduced and 80% of supply air is circulated. The bypass factor of 

the cooling coil is 0.2. Determine: 

a) Coil ADP 

b) Condition of air entering and leaving the coil. 

c) Fresh air. 

d) The capacity of the coil in TR.    
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 Solution: 

Sensible cooling load of the room 𝐐𝐬 =
𝟖𝟒×𝟏𝟎𝟔

𝟑𝟔𝟎𝟎×𝟏𝟎𝟎𝟎
= 𝟐𝟑. 𝟐𝟑𝐤𝐖 

Latent cooling load of the room     𝐐𝐋 =
𝟐𝟏×𝟏𝟎𝟔

𝟑𝟔𝟎𝟎×𝟏𝟎𝟎𝟎
= 𝟓. 𝟖𝟑𝐤𝐖 

Room sensible heat ratio                𝐑𝐒𝐇𝐑 =
𝟖𝟒

𝟖𝟒+𝟐𝟏
= 𝟎. 𝟖 

 

Mark outside condition O and room condition R on the psychrometric 

chart. Draw the line RSHR through R. Point 3 indicates the mixture 

condition, at this condition the air enters the cooling coil. The temperature 

of the air at point 3 is calculated as follows: 

 

𝑻𝟑 = 𝟎. 𝟐 × 𝟒𝟑 + 𝟎. 𝟖 × 𝟐𝟓 = 𝟐𝟖. 𝟔 oC 

Condition of air entering the coil: 28.6 oC DBT, 19.8 oC WBT. Draw a 

line 3-ADP, so that its point of intersection 4 with the RSHR line is such 

that  

 

𝐁𝐅 =
𝐥𝐞𝐧𝐠𝐭𝐡 𝐨𝐟 𝐥𝐢𝐧𝐞 𝟒−𝐀𝐃𝐏

𝐥𝐞𝐧𝐠𝐭𝐡 𝐨𝐟 𝐥𝐢𝐧𝐞 𝟑−𝐀𝐃𝐏
= 𝟎. 𝟐  

 

a) Coil ADP=10.6 oC, 𝑇4 = 14.2 oC 

b) Point 4 indicates the condition of air leaving the cooling coil 14.2 

oC DBT, 12.7 oC WBT. 

Supply air absorbs room sensible heat while changing condition from 

4 to R: 
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 𝐯̇ =
𝐐𝐬

𝟏.𝟐𝟐 (𝐓𝐑−𝐓𝟒)
=

𝟐𝟑.𝟑𝟑

𝟏.𝟐𝟐 (𝟐𝟓−𝟏𝟒.𝟐)
= 𝟏. 𝟕𝟕 m3/s=106.24 m3/min. 

c) Fresh air quantity= 𝟎. 𝟐 × 𝟏. 𝟕𝟕 = 𝟎. 𝟑𝟓𝟒 m3/s =21.24 m3/min. 

d) capacity of the coil 𝑄𝑐 is: 

𝐐𝐜 = 𝟏. 𝟐 × 𝐯̇ × (𝐡𝟑 − 𝐡𝟒) = 𝟏. 𝟐 × 𝟏. 𝟕𝟕 × (𝟓𝟕 − 𝟑𝟔)

= 𝟒𝟒. 𝟔𝟎𝟒 𝐤𝐖  = 𝟏𝟐. 𝟕 𝐓𝐑 

1.3 All fresh air system  

The air distribution system in some special buildings required 100% fresh 

air like operations rooms in the hospital and the places of cooking. No 

returned air circulated and all fresh air supplied to spaces is exhausted to 

the outdoor. This system is of high cost since the coil capacity is much 

more than the space cooling load. To reduce the cooling and heating 

demands in buildings, a heat recovery system may be used. The heat 

recovery system draws the heat from the exhausted air and passes it to the 

fresh air supplied to space. 

 

 

All fresh air system 
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Example 1.3 

Space has a sensible and latent heat of 24 kW and 6 kW respectively. The 

inside condition is 24 oC and 50% RH. the special required full fresh air 

supplying of  38 oC DBT and 27 oC WBT. Determine: 

a) Quantity of air supplied. 

b) The capacity of the coil. 

Solution: 

a) Draw a line through r and parallel to RSHR to intersect the 90% RH 

line at point s, then connected the points o and s with a straight line. 

 𝐑𝐒𝐇𝐑 =
𝟐𝟒

𝟐𝟒+𝟔
= 𝟎. 𝟖 
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From the psychrometric chart, the temperature of air supplied to the 

room at point s is equal to 12.2 oC . The quantity of air supplied is : 

𝐯̇ =
𝐐𝐬

𝟏.𝟐𝟐 (𝐓𝐫−𝐓𝐬)
=

𝟐𝟒

𝟏.𝟐𝟐 (𝟐𝟒−𝟏𝟐.𝟐)
= 𝟏. 𝟔𝟔𝟕 m3/s  

b) The coil capacity is: 

 

𝐐𝐜 = 𝟏. 𝟐 × 𝐯̇ × (𝐡𝐨 − 𝐡𝐬)  

      = 𝟏. 𝟐 × 𝟏. 𝟔𝟔𝟕 × (𝟖𝟒. 𝟓 − 𝟑𝟐. 𝟔) = 𝟏𝟎𝟑. 𝟖𝟐 𝐤𝐖   

It is noted that the capacity of the cooling coil (𝟏𝟎𝟑. 𝟖𝟐 𝒌𝑾) is much 

more than the room cooling load(30 kW) so a full fresh air system is 

very costly as well as of high energy consumption. 
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