
University of Anbar 

College of Engineering  

Mechanical Engineering Department 

 

  

 

 

 

Subject: Air Conditioning 

Class: Fourth Year 

Course Tutor: Assist.Prof.Dr.Obaid T.Fadhil   



Air Conditioning Engineering 

Air Conditioning Engineering          Prepared by/  Dr.Obaid T. Fadhil 1 

 

ME 4302-Air Conditioning (3-2-1-2) 

Course Definition: 

Air conditioning part of the curriculum of  Mechanical Engineering 
Program. This course covers the key aspects of air conditioning, 
including the calculation of the moist air properties, the use of the 
psychrometric chart, the estimation of the heating and cooling loads, as 
well as the design of air ducts. 

Course Topics:                                                                                        

1. Introduction to air conditioning.       2. Moist air properties.            
3. Psychrometric chart and psychrometry processes.                             
4. Thermal comfort. 5. Indoor and outdoor design conditions.             
6. Heating load calculation.   7. Cooling load calculation.     8. Air 
conditioning systems.     9. Air distribution systems and duct design.    

                                       

Course Description: 

History of air conditioning, units and dimensions, review of basic 
principles, vapour pressure, moisture content, relative humidity, dry 
and wet bulb temperatures, specific volume, dew point, enthalpy,  
psychrometric chart, mixtures, sensible heating and cooling, 
dehumidification, humidification, cooling & dehumidification with 
reheat, heat balance equation, comfort charts, prediction of thermal 
comfort, indoor & outdoor design conditions, overall heat transfer 
coefficient, heat loss in building, ventilation heat loss, infiltration heat 
loss, air required for heating space, heat gain from external & internal 
sources, space cooling load, cooling coil load, cooling load 
calculation, functions of air conditioning systems, unitary systems, 
central-station systems, system selection & applications, economic 
evaluation, basic principles of air flow in ducts, duct sizing, duct 
design methods, supply air outlets and air distribution patterns.            
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                 Introduction 

1.1  Brief History of Air Conditioning  

The need for air-conditioning was first realized when it was found that certain 
products could be produced better in the right environment. With air-conditioning, there 
was no dependence of the product quality on the uncertainties of the weather and the 
factory sites were not limited to areas with a suitable climate. First to realize the 
importance of treatment of air was the textile industry. Industrial air conditioning later 
spread to various other areas such as manufacture of rayon and plastics, colour printing, 
pharmaceuticals, tobacco industry, manufacture, development, reproduction of 
photographic materials, electrical equipment, and many hygroscopic products.  

Although sporadic attempts have been recorded for improving the ventilation and 
thermal conditions of indoor spaces, the first use of air-conditioning by mechanical means 
for human comfort was introduced in the United States of America at the turn of the 
twentieth century. There were few comfort cooling installations before 1920, but in the 
mid-twenties theatres all across the country were air conditioned to draw more customers. 
This was followed by the use of air conditioning in other commercial premises such as 
restaurants, night clubs, office blocks, etc.  

In the 1930s, air conditioning was introduced in transportation systems such as trains, 
airplanes, buses and trolleys. After the Second World War, with the rising family income 
there was a boom in domestic air conditioning. This trend of use in the United States was 
subsequently repeated in the developing countries as more and more countries achieved 
higher standards of living.  

1.2 System International Unites (SI Units)    

 SI or the International System of Units is the purest form and an extension and 
refinement of the traditional metric system. There are six basic SI units as given in Table 
1.1. The units of other thermodynamic quantities may be derived from these basic units.     
The unit of temperature is kelvin which measures the absolute temperature given by  

  T = t + 273.15 

where t is the Celsius temperature in oC.   
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Table 1.1 Basic SI units  

Quantity                                                  Unit                                                          Symbol 
Length                                                    meter                                                              m 
Mass                                                    kilogram                                                           kg 
Time                                                     second                                                               s 
Temperature                                          kelvin                                                               K 
Electrical current                                   ampere                                                             A 
Luminous intensity                                candle                                                              cd         

    

1.2.1 Unit of Force 

 Force F is proportional to mass m and acceleration a, so that 

  F = C(m)(a) 

 Where C is a proportionality constant, and it's value is taken as equal to the standard 
gravitational acceleration as (9.80665 m/s2).   The SI unit of force is Newton denoted by the 
symbol N.           

 1 N = 1 kg.m/s2 

1.2.2  Units of Pressure 

 The SI unit of pressure P can also be derived from its definition as force per unit area                  
  P = F / A   (N/m2) 

 The unit is also called Pascal and is denoted by the symbol Pa.  

 Another common SI unit of pressure is bar which is equivalent to a pressure of          
105 N/m2 or 0.1 MN/m2 or 100 kN/m2. 

 One standard atmosphere is given by 

 1 atm = 1.01325 bar = 760 mm Hg = 760 torr 

 1 torr = 1 mm Hg = 1/760 atm = 133 N/m2   

1.2.3   Unit of Energy (Work and Heat) 

 The SI unit of work is Newton meter (Nm) or Joule (J). Thus 

  1 Nm = 1 J = 1 kg m2/s2 

 Since both heat and work are energy, the SI unit of heat is the same as the unite of 
work (J). 
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1.2.4 Units of Power 

 The SI unit of power is Watt (W). It is defined as the rate of doing 1 Nm of work per 
second. Thus      1 W = 1 J/s = 1 Nm/s 

 It may also be noted that Watt also represents the electrical unit of work defined by 

 1 W = 1(Volt) x 1(ampere) = 1 J/s 

 Further, the units of energy can be derived from those of power. Thus  

 1 J = 1 W.s 

 1 kWh = 3600000 J = 3600 kJ = 860 kcal = 3410 Btu 

1.2.5   Units of Enthalpy 

 The SI unit of specific enthalpy is J/kg or kJ/kg 

 1 kJ/kg = 0.239 kcal/kg = 0.42 Btu/lb 

1.2.6 Units of Entropy and Specific Heat 

 These are expressed as 

 1 kJ/kg.K = 0.239 kcal/kg oC = 0.239 Btu/lb oF 

1.2.7  Units of Refrigerating Capacity 

 The standard unit of refrigeration in vogue is ton refrigeration or simply (TR). It is 
equivalent to the production of cold at the rate at which heat is to be removed from one US 
tone of water at 32oF to freeze it to ice at 32oF in one day or 24 hours. Thus 

 1 TR = (1 x 2000 lb x 144 Btu/lb)/24 hr = 12000 Btu/hr =  200 Btu/min 

 Also, 1 Btu = 1.055 kJ 

 1 TR = 12000 x 1.055 = 12660 kJ/hr = 211 kJ/min = 3.5167 kW               
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     Moist Air Properties                         

 In 1911 Willis H. Carrier made a significant contribution to the air-conditioning filed 
when he published relations for moist air properties together with psychrometric chart. These 
formulas became fundamental to the industry. 

 In about 1945 Goff and Gratch published thermodynamic properties for moist air that 
were for many year the most accurate available. New formulations have recently been 
developed at the National Bureau of Standards. The properties based on these formulations 
are the basis for the thermodynamic properties of moist air given in the ASHRAE Handbook, 
Fundamentals. 

Moist Air and The Standard Atmosphere     

     Atmospheric air is a mixture of many gases plus water vapor and countless pollutants. A 
side from the pollutants, which may vary considerably from place to place, the composition 
of the dry air alone, is relatively constant, varying slightly with time, location, and altitude. 
The ASHRAE Handbook, Fundamentals gives the following approximate composition of 
dry air by volume  

Nitrogen 0.78084 
Oxygen 0.20948 
Argon 0.00934 
Carbon dioxide 0.00031 
Neon, helium, sulfur dioxide, hydrogen, and other minor gases 0.00003 
 

 Based on the composition of air in Table 2.1, the molecular weight (Ma) of dry air is: 

  Ma = Mo2 x Fo2 + MN x FN + MA x FA + MCo x FCo ………….(2.1) 

         = 32 x 0.209 + 28.016 x 0.7809 + 39.94 x 0.0093 + 44.014 x 0.0003 

         = 28.965 

Table 2.1  

      Constituent      Molecular Weight      Volume Fraction 
     Oxygen            32.000          0.2095 
      Nitrogen            28.016          0.7809 
      Argon            39.944          0.0093 
      Carbon dioxide            44.014          0.0003 
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And the gas constant of the air (Ra) can be calculate from equation (2.2) 

 𝑅𝑎 =
R

𝑀𝑎  
 = 

8314

28.965
 = 287 J/kg.K ………………… (2.2) 

Where: 

           R: Universal gas constant 

 Ra: gas (air) constant 

The molecular weight of water is 18.015 and the gas constant for water vapor is: 

 𝑅𝑣 =
8314

18.015
  = 461 J/kg.K 

The universal gas low ( perfect gas ) is: 

 𝑃𝑉 = 𝑚 𝑅 𝑇  ………………………………….. (2.3) 

  𝑃 =  𝜌 𝑅 𝑇 

Standard sea level density compute using Eq. (2.3) with the standard temperature and 
pressure is 1.225 kg/m3 of dry air. 

Atmospheric pressure may be computed as a function of elevation by the following 
relation: 

P = a + b H ………………………………………….(2.4)  

Where the constant a and b are: 

a = 101.325  , b = - 0.01153  when  H ≤ 1220 m 

a = 29.42  , b = - 0.0009  when  H > 1200 m 

H : elevation above sea level in meter. 
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                                      Fundamental Parameters 

      The Gibbs Dalton law for a mixture of perfect gases states that the mixture pressure is 
equal to the sum of the partial pressure of the constituents 

                        P = p1 + p2 + p3+ …………………………. (2.5) 

          For moist air 

                         P = pN2 + pO2 + pCo2 + pA + pv ………………. (2.6)   

    Because the various constituents of the dry air may be considered to be one gas, 

                            PB = pa + pv ………………………………… (2.7) 

         Where:  

                       PB :  Barometric pressure (Atmospheric pressure) 

                       Pa : dry air pressure 

                        Pv : water vapor pressure 

Example: 

                Saturated air at 26oC and atmospheric pressure 101325 N/m2 . Find the partial 
pressure for each of the dry air and the water vapor? 

Solution:   

                From table A-2 at temperature 26oC, the saturated pressure of the water vapor is 

                 Pv = 3363 Pa  (N/m2)  , and from Eqn. (2.7) 

                 PB = pa + pv    or   pa = PB - pv 

                                                   = 101325 – 3363 = 97962 Pa = 97.962 kPa 

      Vapor partial pressure in unsaturated air 

           These cases are the most common in nature, the vapor pressure can be calculated from 
empirical formula: 

            Pv = Pwss – PB A ( td – tw ) ……………………….. (2.8) 

      Where: 

 Pv: partial pressure of water vapor 
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Pwss: saturated pressure of vapor at wet bulb temperature (tw) 

PB: barometric pressure 

td: dry bulb temperature 

tw: wet bulb temperature 

A: constant     

    A = 6.66 x 10-4    if   tw≥ 0oC 

    A = 5.94 x 10-4    if   tw< 0oC 

Example: 

   Calculate the water vapor pressure in wet air under 20oC dry bulb and 15oC wet bulb 
temperature and PB = 950 mbar? 

Solution: 

     Pv = Pwss – PB A (td – tw ) 

  From steam table A-2 at  tw= 15oC 

       Pwss = 1.705 kPa  

       Pv = 1.705 – 95 x 6.66x 10-4 ( 20 – 15 ) = 1.388 kPa 

    Moisture content (W) 

         Sometimes called the specific humidity or humidity ratio, it is the ratio of the mass of 
water vapor (mv) to the mass of the dry air (ma) in the mixture: 

                                  W =mv / ma …… ………………………… (2.8) 

 To find the values of (mv) and (ma) using equation (2.3) 

                              mv = Pv Vv/ Rv Tv  ,     ma = Pa Va/ Ra Ta 

    but                         W =mv / ma 

      and                    Vv = Va     ,  Tv = Ta   

           W = (Pv/Rv)/ (Pa/Ra) = (Pv/Pa). (Ra/Rv) = 0.622 Pv/ Pa = 0.622 Pv/ (PB – Pv) …… (2.9) 
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Example: 

               Air at 20oC dry bulb and 15oC wet bulb and the barometric pressure is 95 kPa. 
Calculate the moisture content of the air and the density of the vapor. 

Solution: 

From steam table A-2 at  tw= 15oC 

       Pwss = 1.705 kPa  

      Pv = Pwss – PB. A. (td – tw) 

          = 1.705 – 95 x 6.66 x10-4( 20 – 15 )  = 1.389 kPa 

       W = 0.622 (Pv)/( PB – Pv )   = 0.622 (1.389)/ (95 – 1.389)  = 0.00923 kg/kg dry air 

 Density of the vapor,   Pv = ρv.Rv.TV   →  ρv = (1389)/(461)(20+273) = 0.01028 kg/m3 

    Relative humidity (ϕ ) 

      Is the ratio of the mole fraction of the water vapor (Xv) in a mixture to the mole fraction 
of the water vapor in a saturated mixture (Xs) at the same temperature and pressure. 

           Φ =[Xv/Xs]t, p ………………………………… (2.10) 

For a mixture of perfect gases, the mole fraction is equal to the partial pressure ratio of each 
constituent. The mole fraction of water vapor is: 

             Xv = Pv /P  

Then;    Φ =( Pv /P)/( Pss /P) = Pv/Pss ……………………………… (2.11) 

    Since the temperature of the dry air and the water vapor are assumed to be the same in the 
mixture; 

     Φ =( Pv /Rv.T)/( Pss /Rv.T) =[ ρv /ρss]t, p ……………………….. (2.12) 

   By using the perfect gas law we can derive a relation between the relative humidity (Φ) 
and the moisture content (W). Combining Eqns. (2.9) and (2.11) 

      Φ = (W. PB) / (0.622 +W) Pss  ……………………………. (2.13) 

Example: 

         Air at 24oC and 40% RH, and PB= 92 kPa. Find the vapor density (ρv) and vapor 
pressure (Pv). 
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Solution:  

            From Table A-2 at td=24oC,   υ = 45.883 m3/kg 

           ρss= 1/ υ  = 1/45.883 = 0.02179 kg/m3 

            Φ =[ ρv /ρss]t, p → ρv= Φ. ρss  = 0.4 x 0.02179 = 0.008716 kg/m3 

             Pv= ρv Rv T = 0.008716 x 461x (24+273) = 1193.4 Pa 

   Or by other way; 

              Φ =[ ρv /ρss]t, p  ,  from Table A-2 at  t=24oC → Pss= 2985 Pa 

              Pv= 0.4 x 2985 = 1194 Pa 

     Degree of saturation (μ) 

         Is the ratio of the moisture content (W) to the moisture content of a saturated mixture 
(Wss) at the same temperature and pressure.  

           μ =[ W/Wss]t, p ……………………………….. (2.14)  

          W= ms/ma = (Ps/(PB – Ps)) .(Ra/Rs) 

         Wss= (Pss/(PB – Pss)) .(Ra/Rs) 

         μ =  (Ps/(PB – Ps)) .(( PB – Pss)/ Pss) .(Ra/Rs)(Rs/Ra) = (Ps/Pss).(PB – Pss)/(PB –Ps) 

            = (Ps/Pss). (1-Pss/PB)/(1- Ps/PB)  = Φ[ (1- Pss/PB)/(1- Φ. Pss/PB)]  ………….. (2.15) 

Example: 

              Moist air at 40oC DBT, 30oC WBT and 101 kPa barometric pressure, calculate for 
the air: 

a) Relative humidity (Φ) 

b) Moisture content (W) 

c ) Degree of saturation (μ)  

Solution: 

                 Pv = Pwss – PB. A. (td – tw)  ,  from Table A-2    

                Pwss= 4.246 kPa  at 30oC,  Pdss= 7.384 kPa  at 40oC 
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          Pv = 4.246 – 101 x 6.66x10-4 (40 – 30) = 3.57 kPa 

a)  Φ = Pv/Pdss x100% = (3.57)/(7.384) x 100% = 48.4% 

b)  W = 0.622 Pv/ (PB – Pv) = 0.622( 3.57)/(101 – 3.57) = 0.0228 kg/kgd.a 

c )  μ =[ W/Wss]t, p  

      Wss= 0.622(7.384)/(101 – 7.384) = 0.049 kg/kgd.a 

         μ = 0.0228/0.049 = 0.465 = 46.5% 

Or: 

         μ = Φ[ (1- Pss/PB)/(1- Φ. Pss/PB)]   = (0.484)[1 – (7.384/101 )]/[1 – 0.484(7.384/101)] 

            = 46.5%    

    Dew point temperature (tdp) 

            This is defined as the temperature of saturated air which has the same vapor pressure 
as the moist air under consideration. It may also be stated as a mixture is cooled at constant 
pressure, the temperature at which condensation first begins is the dew point. 

Example: 

                Find the dew point temperature for air at 20oC DBT and 15oC WBT and 
atmospheric pressure is 95 kPa. 

Solution: 

            From Table A-2  at  tw = 15oC,    Pwss= 1.705 kPa 

            Pv = Pwss – PB. A. (td – tw)   

                = 1.705 – 95 x 6.66 x10-4 (20 – 15)  = 1.388 kPa 

           From Table A-2, we find the saturation temperature that corresponds to Pv 

         tsat = tdp = 11.84oC 

 

     Specific volume (υ) 

                      This is defined as the volume of one kg of moist air, it can calculated by three 
ways: 
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1. Used of dry air mass and partial pressure 

2. Used of vapor mass and partial pressure 

3. Used of mass of mixture and its total pressure. 

  Example: 

             Calculate the specific volume (υ) of air at 35oC DBT and 25oC WBT at a barometric 
pressure of 95 kPa. 

  Solution: 

                Pa Va = ma Ra Ta   →  υa = Ra Ta/ Pa 

        But;    Pa = PB - Pv 

         Pwss = 3.169 kPa   at   t = 25oC 

         Pv= 3.169 – 95 x 6.66 x10-4 (35 – 25)  = 2.5363 kPa 

Then  Pa = 95 – 2.5363 = 92.46 kPa 

          υa = (0.287)(35 +273)/(92.46) = 0.956 m3/kg 

Or by other way; 

        W = 0.622 (Pv)/(PB – Pv) = 0.622(2.5363)/(95 – 2.5363) = 0.01706 kg/kgd.a 

 So for 1 kg of dry air there is 0.01706 kg of steam ;       ms = 0.01706 kg 

        υv = (0.01706)(0.461)(35 + 273)/(2.5363) = 0.956 m3/kg 

   Enthalpy (h) 

                   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 a definition of enthalpy, H: 

            H = U + pV 

        The equation is strictly true for a pure gas of mass m, pressure p, and volume V. 
However it may be applied without appreciable error to the mixtures of gases associated with 
air conditioning. 
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        The enthalpy, h, used in psychrometry is the specific enthalpy of moist air, expressed in 
kJ/kg dry air, defined by the equation: 

          h = ha + W hv  …………………………….. (2.16) 

  where ; ha is the enthalpy of dry air, hv is the enthalpy of water vapor, both expressed in kJ 
kg-1, and W is the moisture content. 

     An approximate equation for the enthalpy of dry air over the range 0oC to 60oC is, 
however           ha = 1.007 td – 0.026   ……………………… (2.17)  

and for lower temperatures, down to – 10oC, the approximate equation is 

                         ha = 1.005 td   …………………………….. (2.18) 

     For purposes of approximate calculation, we may assume that, in the range 0oC to 60oC, 
the vapor is generated from liquid water at 0oC and that the specific heat of superheated 
steam is a constant. The following equation can then be used for the enthalpy of water vapor: 

                         hv = 2501 + 1.84 td ………………………… (2.19) 

    Equations (2.17) and (2.19) can now be combined, as typified by equation (2.16), to give 
an approximate expression for the enthalpy of humid air at a barometric pressure of 101.325 
kPa: 

         h = (1.007 td – 0.026) + W(2501 + 1.84 td) ………………… (2.20) 

  Example: 

                Compute the enthalpy of saturated air at 15oC and standard atmospheric pressure. 

Solution:  

                Because the air is saturated,  W = Ws 

                 Ws = 0.622(Pvs)/(PB - Pvs)         from Table A-2  at t=15oC,   Pvs = 1705 Pa 

                 Ws = 0.622(1705)/(101325 – 1705) = 0.01065 kg/kgd.a  

                  h = (1.007 td – 0.026) + W(2501 + 1.84 td) 

                     = (1.007x 15 – 0.026) + 0.01065( 2501 + 1.84x 15) = 42 kJ/kg 

 

 



Chapter Two 

Air Conditioning Engineering          Prepared by/  Dr.Obaid T. Fadhil  

 

Example: 

                Compute the enthalpy of moist air at 20oC DBT and 15oC WBT and standard 
atmospheric pressure. 

Solution:  

                 Pv = Pwss – PB. A. (td – tw)   

                     = 1.705 – 101.325x6.66x10-4(20 – 15) = 1.3676 kPa 

                Ws = 0.622(Pvs)/(PB - Pvs) 

                      = 0.622(1.3676)/(101.325 – 1.3676) = 0.00843 kg/kgd.a 

               h = (1.007x20 – 0.026) +0.00843(2501 + 1.84x20) = 41.508 kJ/kg 

Example: 

                 Moist air at 42oC DBT,  26oC WBT and 100 kPa barometric pressure. Calculate: 

a) vapor pressure      b) relative humidity     c) moisture content     d) specific enthalpy 

e) specific volume    f) dew point temperature    g) degree of saturation     

Solution:  

                  From Table A-2  

                   Pwss= 3.363 kPa    at  tw= 26oC 

                   Pdss= 8.268 kPa     at   td= 42oC  

a)      Pv= 3.363 – 100 x6.66 x10-4 (42 – 26) = 2.2974 kPa 

b)      Φ = Pv/Pdss = 2.2974/8.268 = 0.2779 = 27.79% 

c)       W= 0.622 (2.2974)/(100 – 2.2974) = 0.0146 kg/kgd.a 

d)       h = (1.007 td – 0.026) + W(2501 + 1.84 td) 

              = (1.007x42 – 0.026) + 0.0146( 2501 + 1.84x42) = 79.91 kJ/kg 

e)        υa = Ra Ta/ Pa = (0.287)(42+273)/(100 – 2.2974) = 0.9253 m3/kg 

f)      the dew point temperature is the temperature corresponds to Pv 

        tdp = 19.7oC 
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g)    μ = Φ[ (1- Pss/PB)/(1- Φ. Pss/PB)]    = 0.2779 [(1- 8.268/100)/( 1 – 0.2779 x 8.268/100)] 

          = 0.26092 

 Example: 

                  In a check on an air-conditioning system, a room was maintained at 22oC DBT 
and 53% RH, by air supply at 1.6 m3/s with 10oC DBT and 9oC WBT. The barometric 
pressure was 920 mbar. Find: 

a) sensible heat gain      b) latent heat gain      c) total heat gain 

Solution: 

             From Table A-2   at  tw= 9oC,  Pwss= 1.15 kPa        

                 Pv=  1.15 – 92 x6.66 x10-4(10 – 9) = 1.0887 kPa 

                 Pa= 92 – 1.0887 = 90.91 kPa 

                m.
a= (PaVa)/(RaTa) = (90.91 x 1.6)/(0.287 x 295) = 1.718 kg/s    

               ha1 =  1.007 x22 – 0.026 = 22.128 kJ/kg 

               ha2 =  1.007 x10 – 0.026 =  10.044 kJ/kg   

              Qs= m.
a( ha1 – ha2 ) = 1.718( 22.128 – 10.044) = 20.7 kW 

           Also, from Table A-2   at  t=22oC   Pdss= 2.645 kPa   

               Φ = Pv/Pdss   → Pv= 0.53 x 2.645 = 1.4 kPa 

              W1= 0.622(1.4)/(92 – 1.4) = 0.00961 kg/kgd.a 

               W2= 0.622(1.0887)/(92 – 1.0887) = 0.00745 kg/kgd.a 

                hv1 = 2501 + 1.84 x 22 = 2541.48 kJ/kg 

               hv2 =  2501 + 1.84 x 10 = 2519.4 kJ/kg       

 QL= m.
a(W1. hv1 – W2. hv2 ) = 1.718( 0.00961 x  2541.48  - 0.00745 x 2519.4 ) = 9.714 kW 

 QTot = Qs + QL = 20.7 + 9.714 = 30.414 kW   
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 Adiabatic saturation and thermodynamic wet bulb temperature 

             As shown in Fig.2.1  

                  ……………………………. (2.21) 

 

          ……………………………. (2.22) 
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                            Fig.2.1 The process of adiabatic saturation of air 

 

Example:  

                 Moist air at 26oC dry bulb and 16oC wet bulb enters to adiabatic device. The air 
leaving the device completely saturated at standard atmospheric pressure (Patm=101.325 kPa) 

Water flow at 16oC, Calculate:  

a) moisture content at the entry and exit    W1 & W2 

b) degree of saturation at the entry  μ1 

c) specific volume at the entry and exit  υ1 & υ2 

d) enthalpy at the entry and exit   h1 & h2 
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Solution: 

a)              From Table A-2   at  tw= 16oC,  Pwss= 1.818 kPa        

                 Pv=  1.818 – 101.325 x6.66 x10-4(26 – 16) = 1.1432 kPa 

               W1= 0.622(1.1432)/(101.325 – 1.1432) = 0.00709 kg/kg dry air 

               W2= Wsw = 0.622(1.818)/(101.325 – 1.818) = 0.01136 kg/kg dry air 

b)             μ =[ W/Wss1]t, p 

             where (Wss) is the moisture content for saturated air at entry state 

              From Table A-2   at  t= 26oC,  Pss= 3.360 kPa  

             Wss1= 0.622(3.360)/(101.325 – 3.360) = 0.0213 kg/kg dry air 

  Then;  μ = (0.00709)/(0.0213) = 0.333 = 33.3% 

c)          Pa1 = PB – P1 = 101.325 – 1.1432 = 100.182 kPa 

             Pa2 = PB – P2 = 101.325 – 1.818 = 99.507 kPa 

              υa1 = Ra Ta1/ Pa1 = 0.287 (273+26)/(100.183) = 0.857 m3/kg dry air 

             υa2 = Ra Ta2/ Pa2 = 0.287(273 +16)/(99.507) = 0.833 m3/kg dry air 

d)            h = (1.007 td – 0.026) + W(2501 + 1.84 td) 

              h1 = (1.007 x 26 – 0.026) + 0.00709( 2501 + 1.84 x 26) = 44.23 kJ/kg dry air 

              h2 = (1.007 x 16 – 0.026) + 0.01136( 2501 + 1.84 x 16) = 44.83 kJ/kg dry air 

Also, can be calculate (h2) from Eqn.(2.21) 

              h2 = h1 + (W2 – W1) hf  

            From Table A-2   at  t = 16oC   hf = 67.19 kJ/kg 

             h2 = 44.23 + (0.01136 – 0.00709) x 67.19 = 44.517 kJ/kg dry air 

• Note here the enthalpy of the dry air decreases about 10 kJ/kg (from 26.208 to 
16.138) while the enthalpy of water vapor is increases within the same amount 10 
kJ/kg (from 18.071 to 28.745). This is an important fact in adiabatic saturation 
process.  
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Exercises 

1. The atmospheric condition of air are 25oC dry bulb temperature and moisture content of 
0.01 kg/kg dry air. Find: 

(a) partial pressure of vapor   (b) relative humidity    (c ) dew point temperature. 

[Ans. 0.016 bar, 50.6%, 14.1oC] 

2. A sling psychrometer reads 40oC dry bulb temperature and 28oC wet bulb temperature. 
Calculate the following: 

(a) moisture content     (b) relative humidity     (c ) vapor density in air 

(d) dew point temperature     (e ) enthalpy of mixture per kg of dry air. 

 [Ans. 0.019 kg/kg of dry air, 40.7%, 0.0208 kg/m3, 24oC, 88.38 kJ/kg dry air] 

3. A sample of moist air has a dry bulb temperature of 25oC and a relative humidity of 50%. 
The barometric pressure is 740 mm of Hg. Calculate: 

(a) partial pressure of water vapor and dry air  (b) dew point temperature 

(c ) specific humidity (moisture content)           (d) enthalpy of air 

[Ans. 0.01583 bar, 14oC, 0.0101 kg/kg dry air, 50.81 kJ/kg dry air] 

4. The moist air exists at a total pressure of 1.01325 bar and 25oC dry bulb temperature. If 
the degree of saturation is 50%, determine the following using steam tables: 

(a) moisture content     (b) dew point temperature    (c ) specific volume of moist air. 

[Ans. 10.03 g/kg dry air, 14oC, 0.857 m3/kg] 

5. The atmospheric conditions of air are 35oC dry bulb temperature, 60% relative humidity 
and 1.01325 bar pressure. If 0.005 kg of moisture per kg of dry air is removed, the 
temperature becomes 25oC. Determine the final relative humidity and dew point temperature. 

[Ans. 88.6%, 23oC] 

6. An atmospheric air enters the adiabatic saturator at 33oC dry bulb temperature and23oC 
wet bulb temperature. The barometric pressure is 740 mm Hg. Determine the moisture 
content and vapor pressure at 33oC. 

[Ans. 0.012 kg/kg dry air, 13 mm Hg] 
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7. Air at 40oC DBT and 15% RH is passed through the adiabatic humidifier at the rate of  
200 m3/min. The outlet conditions of air are 25oC DBT and 20oC WBT. Find: 

(a) dew point temperature    (b) relative humidity of exit air 

(c ) amount of water vapor added to the air per minute.  

[Ans. 17.8oC, 65%, 1.26 kg/min] 

8. The atmospheric air has 35oC DBT and 50% RH and standard atmospheric pressure. Find:  

 (a) wet bulb temperature    (b) moisture content    (c ) dew point temperature  (d) enthalpy 

[Ans. 26.20oC, 0.0178 kg/kgd.a , 23oC, 81 kJ/kg] 

9. An atmospheric air at 15oC DBT and 80% RH is supplied to the heating chamber at the 
rate of 100 m3/min.. The leaving air has a temperature of 22oC without change in its moisture 
content. Determine the heat added to the air per min. and final relative humidity of the air. 

[Ans. 865.3 kJ/min, 53%] 

10. Moist air at 20oC DBT and the barometric pressure is 82.5 kPa. Calculate the enthalpy 
and the degree of saturation, if the air was: 

(a) saturated      (b) at a relative humidity of 50% 

[Ans. 66.124 kJ/kg, 1.0 and 42.792 kJ/kg,  0.493] 
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          The Psychrometry of Air Conditioning Processes   

3.1  The Psychrometric Chart 
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2. Air at 40oC dry bulb temperature and 30% relative humidity is passed through an 
adiabatic air washer at the rate of 28 m3/min. If the effectiveness of the air washer is 80%,  
find the conditions of the air leaving the air washer, and the amount of water vapor added 
to the air per minute.  

Answer 

W2= 0.019 kg/kgd.a , td2= 28oC, ϕ2= 80%, m.
s= 0.154 kg/min 

3. An air conditioning system controls the indoor conditions of a room at 20oC dry bulb 
temperature and 50% relative humidity, when the outdoor conditions are at 5oC dry bulb 
temperature and 70% relative humidity. 2 m3/s of recycled air from the room is mixing 
with 1 m3/s of the fresh air, the mixture then flows across a heater and come out of it at 
27oC, and supply to the room. Sketch the process on the psychrometric chart and 
determine: 

(a) the amount of heat that gives the heater to the air in kW. 

(b) the heating load of the room in kW. 

Answer 

45.13 kW, 14.56 kW 

4. Air at 28oC dry bulb temperature and 50% relative humidity passes through a cooling 
coil at a rate of 1 m3/s, the air leaves the coil at 10oC dry bulb temperature and 0.007 
kg/kgd.a moisture content. Calculate the following by using the psychrometric chart. 

(a) mass flow rate of the air  (b) total heat removed from the air 

(c ) contact factor of the coil  (d) rate of condensing of water vapor 

Answer: 1.150 kg/s, 34.5 kW, 0.81, 20.286 kg/h. 
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5.  0.95 m3/s of outside air passes over a cooling coil. The outdoor air is at 35oC dry bulb 
and 25oC wet bulb temperature, and the conditioned space is being maintained at 26oC 
dry bulb temperature and 45% relative humidity. the sensible heat ratio is calculated as 
0.72. the air leaving the coil is 90% saturated. 

(a) find the apparatus dew point, and the temperature of the air leaving the coil 

(b) how much cooling in kW is the unit doing 

(c )  how much moisture in kg/kgd.a is condensed out of the incoming air per hour. 

Answer 

(a) 8oC, 10.4oC     (b) 51.39 kW     (c ) 34.47 kg/h 

6. The sensible heat gain of a room is 4.8 kW and its latent heat gain is 1.4 kW. A 
conditioned air supply of 0.5 m3/s is to be delivered to the room. If the room is to be 
maintained at 25oC DBT, find the relative humidity that will result in the conditioned 
room if the air supply is 17oC and 90% RH. 

Answer 

60% 

7. Air enters a chamber at 10oC DBT and 5oC WBT at a rate of 100 m3/min. The 
barometer reads a pressure of 1.01325 bar. While passing through the chamber, the air 
absorbs sensible heat at the rate of 40 kW and picks up 45 kg/h of saturated steam at 
105oC. Determine the dry and wet bulb temperatures of the air leaving the chamber. 

Answer 

26.5oC, 18.1oC  
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                               Thermal Comfort  

One of the main purposes of an air-conditioning system is to provide conditions for 
human thermal comfort. Comfort is related to levels of optimum acceptability which has 
been established by response tests for all types of subjects under varying environmental 
conditions of temperature and humidity. It is a subjective quality, personal to individuals 
depending on sex, age, state of health, clothing, environmental conditions, and very often 
depending on individual preferences. In general, comfort occurs when body temperatures 
are held within narrow ranges, and skin moisture is low. The level of noise in the 
controlled environment also affects the feeling of comfort. 

 4.1 Heat Balance Equation  

The physical basis of comfort lies in the thermal balance of the body, i.e. the heat 
produced by the body's metabolism must be dissipated to the environment, otherwise the 
body would overheat. 

 The total energy production rate of the body is the sum of the production rates of heat 
Q. and work W. and can be written in the form 

   Q. + W. = MAskin ……………………….. (4.1) 

Where 

          M is the rate of metabolic energy production per unit surface area 

          Askin is the total surface area of skin. 

The thermal balance of the body can be expressed by the equation, 

   S = (M – W) – E ± R ± C ……………….. (4.2) 

Where 

     (M – W) is the net surplus heat to be liberated or stored (metabolic rate minus the 
useful rate of working) 

      E is the heat loss by evaporation 

R is the heat gain or loss by radiation 

C  is the heat gain or loss by convection 

S is the rate at which heat is stored within the body.                     
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  Under steady state conditions, the body remains comfortable and healthy because S is 
zero. In an oppressively hot environment, the load imposed upon E, R and C may be so 
great that S is positive and the body temperature will rise, eventually resulting in heat 
stroke. 

 Heat dissipation from the body (Table 4.1) to immediate surroundings occurs by 
several modes of heat exchange: 

• Sensible heat flow from the skin 
• Latent heat flow from evaporation of sweat and from evaporation of moisture diffused 

through the skin 

• Sensible heat flow during respiration 
• Latent heat flow due to evaporation of moisture during respiration. 

       Table 4.1 Heat output of the body in various activities 

       Activity                                                                                Watts                         
Sleeping           min. 70 

Sitting, moderate movement, e.g. typing on computer   160 – 190  

Sitting, heavy arm and leg movements     190 – 230  

Standing, moderate work, some walking     220 – 290 

Walking, moderate lifting or pushing      290 – 410 

Intermittent heavy lifting, digging      440 – 580 

Hard, sustained work        580 – 700 

 Sensible and latent heat losses from the skin are typically expressed in terms of 
environmental factors, skin temperature, and skin wettedness. The main independent 
environmental variables can be summarized as air temperature, mean radiant temperature 
and relative air velocity and ambient water vapor pressure. 

4.2 Thermal Interchange with Environment 

The human body is continually gaining and producing heat as well as losing heat to its 
surroundings to maintain temperature equilibrium. Body heat gains come from two 
source:  

• Heat produced within the body itself as a result of metabolic processes. 
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• Heat gained by body from external sources, by radiation from the sun or other hot 
objects or surfaces, and by convection from the surrounding air. 

Heat is lost from the body by: 

(a) Conduction: Heat loss by conduction depends on the temperature difference between 
the body surface and the object with which the body is in direct contact. Heat lost by 
conduction from the body can be neglected as the amount of body surface in contact with 
an external surface is usually too small and the period of contact is short too. 

(b) Convection  (about 30%): Heat loss due to convection takes place from the body to 
the air in contact with the skin or clothing. The rate of convection heat loss is increased 
by a faster rate of air movement, by a lower air temperature and a higher skin 
temperature.  

(c ) Radiation (about 45%): Radiant heat loss depends on the temperature of the body 
surface and the temperature of the opposing surfaces. Thus the human body will radiate 
heat to walls, ceilings, floors, windows, and to the out of doors if these surfaces are at a 
lower temperature than the body surface. Conversely, the body gains by radiation from 
the sun or from any surface warmer than the skin surface. Body skin temperature ranges 
between 30oC and 34oC with an average of 32.2oC for a healthy person engaged in light 
activity. 

(d) Evaporation (about 25%): Heat loss by evaporation fan is governed by the rate of 
evaporation, which in turn depends on the humidity of air (the dryer the air, the faster the 
evaporation) and on the amount of moisture available for evaporation. 

Metabolic heat generation    

In choosing optimal conditions for comfort and health, knowledge of the energy 
expended during the course of routine physical activities is necessary, since heat 
production increases in proportion to exercise intensity. The unit used to measure the 
metabolic rate is met. One met represents the average heat produced by a sedentary 
average person at normal mean radiant temperature, i.e. 1 met = 58.2 W/m2. Table 4.2 
lists the typical metabolic heat generation for various activities. 
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Table 4.2 Typical metabolic heat generation for various activities  

   Activities      W/m2     met 

Resting 

   Sleeping        40      0.7 

   Reclining        45      0.8 

   Seated, quiet        60      1.0 

   Standing, relaxed       70      1.2 

Walking 

   3.2 km/h (0.9 m/s)       115       2.0 

   4.3 km/h (1.2 m/s)       150       2.6 

   6.4 km/h (1.8 m/s)       220       3.8 

Office activities 

Reading, seated        55      1.0 

Writing         60      1.0 

Typing         65      1.1 

Filing, seated        70      1.2 

Filing, standing        80      1.4 

Walking about        100      1.7 

Lifting/packing        120      2.1 

Clothing affects comfort, since it acts as an insulation. The unit measuring the insulating 
effect of clothing on a human subject is clo, where, 1 clo = 0.155 km2/W.  
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4.3 Environmental Parameters and Indices 

Environmental parameters 

Environmental parameters that affect human comfort can be categorized into (a) directly 
measured parameters and (b) calculated parameters. 

The following are the frequently used directly measured psychrometric parameters: 

• Dry bulb temperature 
• Wet bulb temperature 
• Dew point temperature 

• Water vapor pressure 
• Total atmospheric pressure 
• Relative humidity 
• Humidity ratio 
• Air velocity 

The mean radiant temperature is derivable and, hence, a calculated parameter. It is the 
temperature of a uniform black enclosure in which a solid body or occupant would 
exchange the same amount of radiant heat as in the existing non-uniform environment. 
Fanger identified two additional calculated parameters, which are activity level and 
clothing. In addition to the above, the other secondary factors such as day-to-day 
temperature variation, age, adaptability, sex, etc. also influence comfort.  

Environmental indices 

An environmental index combines two or more parameters, such as air temperature, mean   

radiant temperature, humidity or air velocity into a single variable. The effective 
temperature (ET*) is probably the most common environmental index and has the widest 
range of applications. 

 The effective temperature (ET*) is defined as the dry bulb temperature of a uniform 
enclosure at 50% RH in which humans would have the same net heat exchange by 
radiation, convection, and evaporation as they would in the varying humidities of the test 
environment.  
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 Another approach used to evaluate the combined effect of temperature and humidity is 
the Heat Stress Index. This index is the ratio of the total evaporative heat loss required for 
thermal equilibrium to the maximum evaporative heat loss possible for the environment, 
multiplied by 100 for steady-state conditions (skin temperature is held constant at 35oC in 
order to limit the rise in body temperature, the sweat rate should not exceed one liter per 
hour to limit the loss of body fluid). The heat stress index is therefore defined as 

  Heat Stress Index = Q.
E/ Q.

E,max …………………….. (4.3) 

Where 

         Q.
E is the actual evaporative loss 

  Q.
E,max is the maximum evaporative heat loss with the skin temperature at 35oC.  

4.4 Comfort Charts 

 In identical environments, different people perceive comfort in different ways. In the 
same built environment, some may feel chilly while others may feel warm. Dry bulb 
temperature is not a reliable indication of how warm or cold an occupant will feel in a 
room. The effects of both relative humidity and air velocity need also to be considered. 

 In the same context, ASHRAE and other researchers have conducted extensive 
research over the years to relate the above factors to human comfort. From the results of 
these tests emerged the concept of an effective temperature. This index is a measure of 
comfort which involves the combined effect of dry bulb, wet bulb, and air movement as 
judged by the subjects in the research studies. There were a number of different 
combinations of dry bulb and relative humidity which would give the same feeling of 
comfort to a high percentage of the subjects for a given air velocity. 

 A typical comfort chart shown in Figure 4.1 could then be constructed by drawing 
lines through the points at which the majority of people equally clothed and equally active 
reported the same feeling of comfort. These lines are called the effective temperature (ET) 
lines.  

 The range of the summer effective temperatures from around 19 to 24oC, while the 
range of the effective temperatures are from 17oC to 22oC. 

 Over the years a number of similar charts have been developed by ASHRAE  and 
other researchers including Fanger who developed General Comfort Charts based on 
clothing, activities, air temperatures, etc.   
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                                        (a) Comfort chart for still air      
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                                  (b) ASHRAE comfort zones for summer and winter                         

 Figure 4.1 (a) Comfort chart for still air  (b) ASHRAE comfort zones for summer and winter. 

4.5 Prediction of Thermal Comfort 

Human thermal is influenced by physiological factors, it is difficult to specify a single 
quantity for evaluating human comfort. The usual comfort parameters are ambient air 
temperature, humidity, air motion, body activity level, and clothing. However, it has been 
observed that if the surrounding surfaces are below the air dry bulb temperature, comfort 
would occur at a higher effective temperature than that indicated by Fig. 4.1. This implies 
that radiant cooling affects comfort parameters/sensation appreciably. Studies have also 
indicated that women of all ages prefer an effective temperature about one degree higher 
than that preferred by men, while both men and women over 40 years age prefer an 
effective temperature about one degree higher than that desired by younger people. People 
of all climatic regions have identical preferred temperatures. The activity level of the 
occupants and the duration of occupancy also affect human thermal comfort sensation. 

 Thermal comfort and thermal sensation can be predicted by (a) a comfort chart and (b) 
numerically by the predicted mean vote (PMV)  and the predicted percentage of dissatisfied 
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(PPD). The predicted mean vote predicts the mean response of a large group of people. 
This comfort sensation scale as developed by Rohles and Nevins is shown in Table 4.3. 

  Table 4.3 ASHRAE thermal sensation scale  

                 +3  Hot  

     +2  Warm 

     +1  Slightly warm 

       0  Neutral 

     -1  Slightly cool 

     -2  Cool 

     -3  Cold 

 The test results have been correlated with the dry bulb temperature, humidity level, sex, 
and duration of exposure. The basic equation used to compute the PMV is  

                 PMV = a*t + b*pv + c* ……………………. (4.4) 

Where, t is the dry bulb temperature (oC) and pv is the corresponding saturation pressure 
(kPa).  a*, b* and c*are the coefficients used for calculating PMV. The values of a*, b* and 
c*, can be obtained from Table 4.4. 

Table 4.4 Coefficient a*, b* and c* used to calculate the predicted mean vote (PMV) 

Exposure period (hr)  Sex     a*    b*     c* 

 1.0    Male   0.220  0.233  -5.673 

 1.0    Female  0.272  0.248  -7.245 

 1.0    Combined  0.245  0.248  -6.475 

 3.0    Male   0.212  0.293  -5.949 

 3.0    Female  0.275   0.255  -8.622 

 3.0    Combined  0.243  0.278  -6.802 

 For young adult subjects with sedentary activity and wearing clothing with a  thermal 
resistance of approximately 0.5 clo, air velocity (0.2 m/s). 
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 After calculating the PMV, the PPD is estimated for the same condition (Fig. 4.2). The 
dissatisfied occupants are defined as those who do not vote either +1, 0 or -1 on the PMV 
scale. The PMV- PPD model is widely used and accepted for design and field assessment 
of comfort conditions.  

 

           Figure 4.2 PPD as a function of PMV  

Example 4.1: 

A number of male and female subjects took part in a climate chamber test. Determine the 
difference between the PMV of male and that of female occupants with the dry bulb 
temperature being 24oC and the dew point temperature being 20oC, one hour after entry into 
the space. 

Solution: 

  PMV = a*t + b*pv + c* 

PMV for men:   

           PMV= 0.22(24) + 0.233(2.339) – 5.673 = 0.051      

     Similarly, PMV for women: 
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PMV = 0.272(24) + 0.248(2.339) – 7.245 = - 0.136  

From the above, both males and females are predicted to be thermally neutral. 

The Pv values can be obtained from the table of thermodynamic properties of water at 
saturation. 

 

 

4.6 Indoor Design Conditions 

 The most commonly recommended design conditions for comfort are: 

  ET*= 24oC 

  Dry bulb temperature = mean radiant temperature 

  Relative humidity = 50%  (30 – 70)% 

  Air velocity less than 0.2 m/s 

 The indoor conditions to be maintained within a building are the dry bulb temperature 
and relative humidity of the air at the breathing line, 1 to 1.5 m above the floor, in an area 
that would indicate average condition at that level and which would not be affected by 
abnormal or unusual heat gains or losses from the interior or exterior. 

 Table 4.5 shows the guideline room air temperatures for different applications.  
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                                Table 4.5 

                         

 

4.7 Quality and Quantity of Air     

 The air in an occupied space should, at all times, be free from toxic, unhealthful or 
disagreeable fumes such as carbon dioxide. It should also be free from dust and odors. In 
order to obtain these conditions, enough clean outside air must always be supplied to an 
occupied space to counteract or adequately dilute the source of contamination. The 
concentration of odor in a room depends upon many factors such as dietary and hygienic 
habits of occupants, type and amount of outdoor air supplied, room volume and type of 
odor sources. In general, when there is no smoking in a room, 1 m3/min per person of 
outside air will take care of all the conditions. But when smoking takes place in a room, 1.5 
m3/min per person of outside air is necessary. For general application, a minimum of 0.3 
m3/min of outside air per person, mixed with 0.6 m3/min of recirculate air is good.  

 Table 4.6 lists the ventilation standards while Table 4.7 gives the recommended 
volume of ventilation air for various buildings. 
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                              Table 4.7 Ventilation Standards  

Application Smoking        m3/min per person m3 per m2 of 
floor area 

  recommended minimum minimum 
Apartment Some 0.57 0.43 ---- 

Banking space Occasional 0.29 0.21 ---- 
Barber shops Considerable 0.43 0.28 ---- 

Broker's board rooms Very heavy 1.42 0.85 ---- 
Corridors ---- ---- ---- 0.007 

Departmental stores None 0.21 0.14 0.001 
Director's rooms Extreme 1.42 0.84 ---- 

Drug stores Considerable 0.29 0.21 ---- 
Factories None 0.29 0.21 0.003 
Garage ---- ---- ---- 0.028 

Hospital operation None ---- ---- 0.056 
Room None 0.85 0.71 0.009 

Hospital private 
room 

None 0.57 0.43 ---- 

Hospital wards Heavy 0.85 0.71 0.009 
Hotel rooms ---- ---- ---- 0.112 

Kitchen restaurant ---- ---- ---- 0.056 
Kitchen residence Heavy 1.42 ---- 0.056 

Meeting rooms None ---- ---- ---- 
School room Some 0.43 0.28 ---- 

Office general None 0.71 0.43 0.007 
Office private ---- ---- ---- ---- 
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Table 4.8 Recommended volume of ventilation air for various buildings 

Type of building  No. of changes per 
hour 

m³/h   per   
occupant  

m³/m² floor area 
per hour 

 min Mix min Mix min mix 
Commercial       

Garages 6 12 ---- ---- ---- ---- 
Offices 1.5 12 ---- ---- ---- ---- 

Waiting rooms 4 6 ---- ---- ---- ---- 
Restaurant ( dining ) 4 20 ---- ---- ---- ---- 
Restaurant (kitchen ) 4 60 ---- ---- 80 80 

Stores 6 12 ---- ---- ---- ---- 
Farm Building        

Cow ---- ---- 100 100 ---- ---- 
Horse ---- ---- 120 140 ---- ---- 
Sheeps ---- ---- 200 300 ---- ---- 

Hospitals       
Dining rooms 6 12 ---- ---- 30 30 

Kitchens 20 60 ---- ---- 80 80 
Operating room ---- ---- 100 100 ---- ---- 

Toilets 75 30 ---- ---- 40 40 
Wards ---- ---- 70 150 20 20 
Hostels       
Cafes 7.5 7.5 ---- ---- ---- ---- 

Dining rooms 4 20 ---- ---- 30 30 
Guest rooms 3 5 ---- ---- ---- ---- 

Kitchens 4 60 ---- ---- 80 80 
Lobbies 3 4 ---- ---- ---- ---- 
Toilets 10 12 ---- ---- ---- ---- 

Residences       
Bathrooms 1 5 ---- ---- ---- ---- 

Halls 1 3 ---- ---- ---- ---- 
Kitchen 1 40 ---- ---- ---- ---- 

Sleeping room ---- 1 ---- ---- ---- ---- 
Various public spaces       

Auditorium  ̧church  ̧dance  4 30 20 140 30 40 
Hall ---- ---- 60 80 40 40 

Classrooms 12 12 ---- ---- 30 30 
Gymnasium 6 20 ---- ---- ---- ---- 
Laboratories 2 10 ---- ---- 40 40 

Locker rooms 30 30 ---- ---- 40 40 
Projection booths 3 5 ---- ---- ---- ---- 
Reading rooms 3 12 ---- ---- ---- ---- 

Engine and boiler room ---- ---- ---- ---- ---- ---- 
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4.8 Outside Design Conditions  

It is observed that there is a kind of sinusoidal relationship between the air dry bulb 
temperature and the sun time. For example, in the month of June in a certain locality where 
the sunrise is at about 5 a.m. and sunset at about 7 p.m. the time  minimum temperature falls 
at about 4 a.m. and that of maximum temperature at about 4 p.m. i.e., with a lapse of about 
12 hours. As regards relative humidity, it is seen that it reaches a minimum value in the 
afternoon. Since the mean daily maximum dry bulb temperature occurs between 1 p.m. and 4 
p.m., it is reasonable to assume that the minimum relative humidity would occur during the 
same period. 

    The air conditioning load is estimated to become a base for selecting the conditioning 
equipment. It must take into account the entering into the space from outdoors on a design 
day, as well as the heat being generated within the space. The outside design data is available 
in a tabular form. Many guide and data books like ASHRAE give outside design conditions 
for different places this can be observed in Table 4.9.       
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                               Heating Load Calculation 

 Heating loads are the thermal energy that must be supplied to the interior of a building 
in order to maintain the desired comfort conditions. There are two kinds of heat losses;     
(1) the heat transmitted through the walls, ceiling, floor, glass, or other surfaces, and (2) 
the heat required to warm outdoor air entering the space. 

 The actual heat loss problem is transient because the outdoor temperature, wind 
velocity, and sunlight are constantly changing, but during the coldest months, however 
sustained periods of very cold, cloudy, and stormy weather with relatively small variation 
in outdoor temperature may occur. In this situation heat loss from the space will be 
relatively constant and maximum. Therefor for design purposes the heat loss is usually 
estimated for steady- state heat transfer for some reasonable design temperature.     

 Heat loss (gain) calculations by the (BTU) or (kW) method is an accurate process of 
determining the heat transmission through building materials. The established (U) factors 
of combinations of building materials gives a simple corrected method of determining the 
loss of heat from a building. 

 With the cost of material continually rising, accurate heat loss is a must. Systems can 
be designed to do the job efficiently without the long used safety factor. The safety factor 
is only a "cost more" factor. 

Conductivity for Plan Wall and Steady State 

Fourier equation; 

 q = - KA dT/dx →  q = - dT/(dx/KA) …………………. (5.1) 

Where: 

 q: heat flow      (kW) 

 dT: thermal potential difference (oC) 

 dx: wall thickness   (m) 

 K: thermal conductivity    (W/m.oC) 

 A: perpendicular area    (m2) 

We can say that;    Rth = dx/KA  
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Figure 5.1 One-dimensional heat transfer through a composite wall and electrical 
analogy. 

  The temperature gradients in the three materials are shown in the Fig.5.1, and the heat 
flow may be written 

 q = - KAA (T2 – T1)/ ΔxA = - KBA (T3 – T2)/ ΔxB = - KC A (T4 – T3)/ΔxC …….. (5.2) 

     q = (T1 – T4)/( ΔxA/ KAA + ΔxB/ KBA + ΔxC/ KC A) 

       = ΔToverall / ΣRth …………………………………………………………. (5.3) 

  Convection heat transfer 

                                                           

                                                                Figure 5.2 Convection heat transfer. 

              q = hA(TW - T͚ ) ………………………………….. (5.4) 

               where; A is the surface area 

            q = ΔT/(1/h A),  where (1/h A) is the convection thermal resistance.   
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       Overall heat transfer coefficient  

                                                      

 

Figure 5.3 Equivalent thermal circuit for series composite wall.    

 

   q = ΔToverall / ΣRth  

   ΔToverall = Ti – To    

   ΣRth = Ri + RA + RB + RC + RO 

   Equation of heat transfer can be written as; 

    q = U A ΔToverall …………………………………….. (5.5) 

 Where  

  U is the overall heat transfer coefficient = 1/ ΣRth  

     To determine how much heat is lost through the walls, we have "U" factors for different 
types of construction. A "U" factor tells us how many (kW's) are transmitted to the colder 
(hotter) outside for one square meter of area with a difference of one degree between the 
outside surface and inside surface of the walls, windows, roofs or ceilings. 
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  Definitions  

1. "U" – Coefficient of heat transmission (overall): The amount of heat transmitted from air 
to air per square meter of the wall, roof, or ceiling for a difference in temperature of one 
degree centigrade between the air on the inside and outside (winter) of the wall, floor, roof or 
ceiling.  

2. "K" – Conductivity: The amount of heat (W) transmitted through one square meter of a 
homogeneous material one meter thick for a difference in temperature of one degree 
centigrade between two surfaces of the material. 

3. "C" – Conductance: The amount of heat (W) transmitted from surface to surface through 
one square meter of material or construction for a difference in temperature of one degree 
centigrade between the two surfaces. This is not per meter or centimeter of thickness, but for 
thickness shown. 

4. "fo" – Outside film coefficient: The outside combined surface loss due to radiation and 
convection, with a 5 or 10 km/h (or more) wind velocity. The amount of heat (W) for one 
square meter of surface for a temperature difference of one degree centigrade(W/m2.oC). 

5. "fi" – Inside film coefficient: The combined inside surface loss due to radiation and 
convection, with still air (W/m2.oC).  

6. "a"– Thermal conductance of an air space: The amount of heat (W) transmitted through 
one square meter of surface for a difference in temperature of one degree centigrade 
(W/m2.oC).  

7. "R" – This is the reciprocal of conductivity and conductance, or the overall heat transfer 
coefficient "U". 

The total resistance "R" to heat flow through a wall is equal numerically to the sum of the 
resistance in series. 

            UTot = 1/RTot 

            R = 1/C ,    R = 1/a ,     R = 1/f  ,   R = X/K 

             UTot = 1/ ΣR  = 1/ (1/fi + 1/a + X1/K1 + X2/K2 + ----------- + 1/fo) 

Example:  

           A wall consist of 10 cm face brick with 15 cm concrete and 1.3 cm cement plaster. 
The outdoor temperature is -7oC, and the wind velocity is 24 km/h, while the indoor space 
temperature is 25oC. Calculate: 
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(a) Thermal resistance of the wall    (b) Overall heat transfer coefficient  

(c ) Rate of heat transfer through the wall   (d) Rate of heat transfer when neglect the thermal 
resistance of the air layers.   

Solution: 

   Use the table of thermal conductivity of building materials to find the following: 

        For face brick             Kb = 1.30 W/m.oC 

        For concrete                KC = 1.73 W/m.oC 

        For cement plaster      Kp = 0.721 W/m.oC 

                                              fi = 8.29 W/m2.oC,       fo = 34.1 W/m2.oC  

 (a) The total thermal resistance (ΣRth)  

     ΣRth = 1/fo + Xb/Kb + Xc/Kc + Xp/Kp + 1/fi 

             = 1/34.1 + 0.1/1.30 + 0.15/1.73 + 0.013/0.721 + 1/8.29 

             = 0.332 m2.oC/W 

 (b) The overall heat transfer coefficient (U) 

        U = 1/ ΣRth = 1/0.332 = 3.012 W/m2.oC 

 (c ) The rate of heat transfer through the wall (q/A) 

      q/A = U (Ti – To)  = (3.012) (25 – (-7)) = 96.384 W/m2 

          ΣRth = Xb/Kb + Xc/Kc + Xp/Kp  

                  = 0.1/1.30 + 0.15/1.73 + 0.013/0.721 = 0.182 m2.oC/W 

     q/A = (1/0.182) (25 + 7) = 175.82 W/m2 

Example:  

          Door made of wood sheet and contains a glass in the middle, which represent 80% of 
the door area. The thickness of the door is 40 mm and the room temperature is 22oC, while 
the outdoor temperature is 5oC. Determine the rate of heat loss from the room, if the 
dimensions of the door are 2 m x 1 m.    
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 Solution: 

           Door area = 2 x 1 = 2 m2 

           Wood area = 0.2 x 2 = 0.4 m2 

           Glass area = 0.8 x 2 = 1.6 m2 

              KW = 0.159 W/m.oC ,   C*g = 6.25 W/m2.oC 

            Rate of heat transfer through the wood of the door: 

             ΣRth = 1/fo + XW/KW + 1/fi 

                     = 0.121 + (0.04/0.159) + 0.029 = 0.402 m2oC/W 

                qw = (1/0.402) x 0.4 x (22 – 5)  = 16.9 W 

           Rate of heat transfer through the glass: 

               qg = U.A.(ti – to)  = 6.25 x 1.6 x (22 – 5)  = 170 W 

           Then the total heat loss through the door: 

         qd = qw + qg = 16.9 + 170 = 186.9 W. 

   

  The Temperature of the Surface of the Wall  

       It is important to know that the inside and outside air temperature is not equal to wall 
surface temperature. So in case when the temperature of inside wall surface reaches or below  
the dew point of indoor space temperature, it will causes to condensate the water vapor and 
may be defect this wall (especially in the winter). It is important to make a chick about this 
point.  

 

 

Example: 

    An external wall consist of three layers, layer A (X= 5 cm, K= 0.4 W/m.K),  layer B     
(X= 24 cm, K= 0.6 W/m.K), layer C (X= 5 cm, K= 0.8 W/m.K). If the indoor space 
condition is 20oC DBT and 14oC WBT, and the outdoor temperature is -15oC. Chick is the 
vapor condensate on the inner surface of the wall or not?   
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Solution:   

       We must find the temperature of the inner surface (Tw) and compare it with the dew 
point of the air space, which is 10.5oC 

       U = 1/ ΣRth = 1/(1/fi + XA/KA + XB/KB + XC/KC + 1/fo) 

           = 1/(1/8.29 + 0.05/0.4 + 0.24/0.6 + 0.05/0.8 + 1/34.1) = 1.36 W/m2.oC  

      q = U.A.(Ti – To)  = 1.36 x 1 x (20 +15)  = 47.6 W/m2 

 Also 

     q = fi (Ti – Ts)    where; Ts is the inner surface temperature 

47.6 =  8.29 x (20 – Ts)  →  Ts = 14.26oC 

  The inner surface temperature is greater than the dew point, so the vapor will not 
condenses. 

 

Example: 

        A wall was constructed of hollow concrete blocks (C = 5.11 W/m2.oC). The indoor 
condition is 20oC DBT and 14oC WBT, when the outdoor air temperature is -15oC and the 
wind velocity is 24 km/h in winter. Determine the inner surface temperature, and show if the 
vapor condenses on it or no. 

 

Solution: 

The dew point for the indoor air from the psychromertic chart is = 9.3oC   

     ΣRth = 1/fi + 1/C + 1/fo  = (1/8.29) + (1/5.11) + (1/34.1) = 0.346 m2oC/W 

    Rf/ Rt = ΔTf/ ΔTt  

   0.121/0.346 = (20 – Ts)/(20 + 15) 

   Ts = 7.8oC 

    The inner surface temperature is lower than the dew point, so the vapor will condenses. 
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 Infiltration  

           All structures have some air leakage or infiltration. This means a heat loss because the 
cold dry outdoor air must be heated to the inside design temperature and moisture must be 
added to increase the humidity to the design value. The heat required to increase the 
temperature is given by  

      qs = m. Cp (Ti – To)  ………………………………… (5.6) 

Where  

        qs: sensible heat loss 

        m.: mass flow rate of the infiltration air 

       Cp: specific heat of moist air 

     Infiltration is usually estimated on the basis of volume flow rate at outdoor conditions. 

     Then equation 5.6 become: 

          qs = (V./v)  Cp (Ti – To)  = 1.22 V. (Ti – To) ………………………… (5.7) 

Where 

        V.: infiltration volume flow rate (m3/s) 

        v : specific volume (m3/kg) 

           The latent heat required to humidify the air is given by  

             qL = m. (Wi – Wo) hfg ……………………………………………. (5.8) 

                 = (V./v) (Wi – Wo) hfg  = 3010 V. (Wi – Wo) …………………. (5.9) 

Where   

            (Wi – Wo): the difference in design moisture ratio (kg/kgd.a) 

                        hfg:  the latent heat of vaporization at indoor condition (J/kg) or (kJ/kg) 

     More than one method is used in estimating air infiltration in building structures.  

1. Air Change Method 

           Experience and judgment are required to obtain satisfactory results with this method. 
Experienced engineers will often simple make an assumption of the number of air changes 
per hour (ACH) that a building will experience based on their appraisal of the building type, 
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construction, and use. The range will usually be from 0.5 ACH (very low) to 2.0 ACH (very 
high). This approach is usually satisfactory for design load calculation but not recommended 
for the beginner. 

       In practice, the following values of air changes per hour can be used with reasonable 
precision for rooms with the extent of windows and external doors given. 

                No windows or exterior doors                                       0.5 

                Exterior doors or windows on one side                         1 

                Exterior doors or windows on two sides                         1.5 

                Exterior doors or windows on three sides                         2 

                Entrance halls                   2   

2. Crack Method 

           The flow (leak) through an opening is proportional to the area of the cracks, the type 
of the cracks, and the pressure difference across the crack. 

        V. = A.C.ΔPn …………………………………………. (5.10) 

Where 

        A: effective leak area of the cracks 

        C: flow coefficient, which depends on the type of crack and the nature of the flow in the       
crack. 

      ΔP: outside – inside pressure difference (Po – Pi) 

       N: Exponent that depends on the nature of the flow in the crack 0.4< n <1.0. 

    The following table gives the leakage rates through cracks in doors on the windward side 
for different wind velocities and different door constructions. 
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Type of    door                                m3 per linear meter of crack 
                             Wind velocity, km/h 
     8 16     24     32 40 48 

Glass door, good installation 
        3.2 mm crack                         0.3         0.6            0.9             1.21         1.49          1.77     
Average installation 
   4.76 mm crack                            0.45       0.93          1.3             1.86         2.23          2.7 
Poor installation 
    6.4 mm crack                              0.6         1.21          1.77           2.42        2.42          3.53 
Ordinary wood or metal door 
         well fitted  W-stripped         0.04        0.06          0.08           0.12        0.16         0.2  
well fitted now W-stripped           0.08        0.11          0.17           0.24        0.31         0.39  
Poorly fitted 
Now W-stripped                             0.08        0.21          0.34          0.48         0.61         0.78   
Factory door 3.2 mm crack            0.3          0.6            0.9            1.21         1.49         1.77   
 
  

Example:  

            Find the sensible heat loss due to infiltration outdoor air at -6oC into a heated house 
through an aluminum window (2 m x 1.2 m), which has double swinging parts the width of 
each is 0.5 m, and a fixed glass in the middle.  The temperature of the air inside the house is 
22oC. 

Solution: 

Crack length = 2[(1.2 + 0.5) x2]  = 6.8 m 

ASHRAE Handbook, 1981 gives value of 0.77 (l/s. m) infiltration air through aluminum 
windows when the air velocity is 40 km/h. 

           V. = (0.77/1000) x 6.8 = 0.00524 m3/s 

And from equation 5.7  

  qs = 1.22 V. (Ti – To)  = 1.22 (0.00524)(22 + 6) = 0.179 kW. 
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Ventilation 

        The introduction of outdoor air for ventilation of conditional spaces is necessary to 
dilute the odors given off by people, smoking and other internal air contaminates.  

     The amount of ventilation required varies primarily with the total number of people, the 
ceiling height and the number of people smoking. People give off body odors which required 
a minimum of 5 cfm (2.36 l/s) per person. When people smoke, the additional odors given 
off by cigarettes or cigars requires a minimum of 15 to 25 cfm (7 – 12 l/s) per person. In 
special gathering rooms with heavy smoking, 30 to 50 cfm  (15 – 24 l/s) per person is 
recommended.    

     Tables 4.7 and 4.8 are used to determine the minimum and recommended ventilation air 
quantity for several applications.  

     The sensible and latent heating loads from ventilation air can be estimated by the 
following equations 

           qs = (V./v)  Cp (Ti – To)  = 1.22 V. (Ti – To) ………………………………….. (5.10) 

            qL  = (V./v) (Wi – Wo) hfg  = 3010 V. (Wi – Wo) ……………………………. (5.11) 

    V.: ventilation volume flow rate (m3/s) 

Example: 

      An auditorium seats 1000 people. The space design conditions are 21oC and 40% RH, 
and outdoor design conditions 5oC DBT and 60% RH. What is the heating load due to 
ventilation.  

Solution: 

         From table 4.8 the minimum ventilation air per person to be 5.5 l/s 

        Total ventilation air = 5.5 x 1000 = 5500 l/s = 5.5 m3/s 

                qs = (V./v)  Cp (Ti – To)  = 1.22 V. (Ti – To) = 1.22 (5.5)(21 – 5) 

 

   Wi = 0.0061 kg/kg dry air ,  Wo= 0.0034 kg/kg dry air [ from the psychrometric chart at the 
inner and outer design conditions] 
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                qL  = (V./v) (Wi – Wo) hfg  = 3010 V. (Wi – Wo)  

                     = 3010 (5.5)(0.0061 – 0.0034) = 44.7 kW 

Then the total heating load due to ventilation 

            Qv = 107.36 + 44.7 = 152.06 kW 

   Heat Losses from Air Ducts 

          The losses of a duct system can be considerable when the ducts are not in the 
conditioned space. Proper insulation will reduce these losses but cannot completely eliminate 
them. The losses may be estimated using the following relation 

       qD = U.As.ΔTm …………………………………………… (5.12) 

where  

      U: overall heat transfer coefficient   (W/m2oC) 

     As: outside duct surface area               (m2)  

    ΔTm: mean temperature difference between the air in the duct and the environment. 

Example: 

          Estimate the heat losses from 0.5 m3/s of air at 50oC round duct 8 m in length. The 
duct has 25 mm (1 in) of fibrous glass insulation and the overall heat transfer coefficient is 
1.1357 W/m2.oC. The environment temperature is -10oC and the duct diameter is 400 mm. 

Solution: 

        Equation 5.12 will be used to estimate the heat losses 

    ΔTm = Ts – To = 50 – (-10) = 60oC 

    The surface area of the duct is 

    As = π.D.L = π (0.4 + 0.05)(8) = 11.3 m2 

  Then,     qD = 1.1357 (11.3)(60) = 770 W = 0.77 kW 

the temperature of air leaving the duct may be computed from 

   q = m. Cp (T2 – T1) = V. ρ Cp (T2 – T1)  

  T2 = T1 + q/( V. ρ Cp) = 50 + (- 0.77/0.5 x 1.2 x 1.017) = 48.7oC 
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   Minimum insulation of supply and return duct is presently specified by ASHRAE 
standards as follows: 

        All duct system shall be insulated to provide a thermal resistance, excluding film 
resistance, of 

     R = ΔT/47.3  (m2oC/W) 

Where, ΔT = Tduct - Tsurrounding   

    Heat losses from the supply ducts become part of the space heating load and should be 
summed with transmission and infiltration heat losses. 

      Heat losses from the return ducts are not a part of the space heat loss, but should added to 
the heating equipment load. 

    Air Required for Space Heating   

     The air quantity is computed from 

      qs = m. Cp (Ts – Tr) = 1.22 V. (Ts – Tr) …………………………. (5.13) 

      V. = qs/[1.22(Ts – Tr)] 

Where 

     V.: volume flow rate of supplied air,  m3/s 

     v: specific volume of supplied air,  m3/kg 

    Ts: temperature of supplied air,   oC 

    Tr: temperature of room (conditioned space),  oC 

The temperature difference (Ts – Tr) is normally less than 10oC. It can be considered as a 
temperature difference about 6oC is suitable for most of the comfort air conditioning 
applications in Arab region.   

      After the total air flow rate required for the complete structure has been determine. The 
next step is to allocate the correct portion of the air to each room or space. Air quantity for 
each room should be apportioned according to the heating load for the space; therefore 

        V.
rn = V.(qrn/qt) ………………………………………. (5.14) 

Where;    qrn: total heat loss of room(n),  W 

                 V.
rn: volume flow rate of air supply to room(n),  m3/s 
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Exercises: 

1. The dimensions of the outer wall of a room are 6 m x 3 m, and it contains a glass window 
of dimensions 2 m x 1.5 m. The wall is made up of 24 cm brick with 10 cm face brick and 2 
cm of a gypsum layer from the inside. The indoor air temperature is 20oC, while the outdoor 
air temperature and wind velocity are 5oC and 24 km/h respectively. Calculate: 

(a) The total heat loss from the wall and the window together. 

(b) The temperature of the inner surface of the wall. 

2. An external wall is made of 100 mm common brick, with 40 mm gypsum plaster. What is 
the thickness of rock wool insulation (K= 0.04 W/m.oC) to reduce the rate of heat loss by 
80%. 

3. The room conditions in winter are 22oC DBT and 40% RH. Infiltration air at 1oC DBT and 
50% RH enters the room at a rate of 0.006 m3/s. 

(a) Calculate the rate of water that must be evaporating to maintain the room conditions. 

(b) Calculate the amount of heat required to vaporize the water at the above rate. 

4. A building wall consists of 25 cm concrete (K= 1.75 W/m.K) and 1.9 cm plaster (K= 87 
W/m.K) on the inside surface. The outside and inside surface heat-transfer coefficients can 
be taken as 34 and 9.4 W/m2K respectively. The outside temperature is -18oC , while the 
room is held at 23.5oC DBT and 16.8oC WBT. 

(a) What is the temperature on the inside wall surface. 

(b) Will the moisture condense on the wall. 

(c ) How many layers of 1.25 cm thick fiber-board insulation (K= 0.048 W/m.K) should be 
applied on the inside wall surface to prevent moisture to condense on it. 

5. A residential house contains a reception room and a family room and two-bedroom. The 
heating load of the listed rooms are; 5.5 kW, 3.5 kW and 4.2 kW for each bedroom 
respectively. The inside required temperature is 21oC. Find the rates of hot air which 
required for every room.      
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                               Cooling Load Calculation 

 A large number of variables are considered in making cooling load  calculations than 
heating load calculations. In both situations the actual heat loss or gain is a transient one. 
In design for cooling, however, transient analysis must be used if satisfactory results are 
to be obtained. This is because the instantaneous heat gain into a conditioned space is 
quite variable with time, primarily because of the strong transient effect created by the 
hourly variation in solar radiation.  

6.1 Heating Gain and Cooling Load 

 It is important to differentiating between heat gains and cooling load. Heat gain is the 
rate at which energy is transferred to or generated within a space. Heat gains usually 
occur in the following forms: 

a. Solar radiation through openings. 

b. Heat conduction through boundaries with convection and radiation from the inner 
surface into the space. 

c. Sensible heat convection and radiation from internal objects. 

d. Ventilation (outside) and infiltration air. 

e. Latent heat gain generated within the space. 

Figure 6.1 shows the heat gain sources in summer.  

                                                   

  

                                           Fig. 6.1 Sources of heat gain.    
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 The space cooling load is the rate at which heat must remove from a space to maintain 
the temperature and humidity at the design values. The space cooling load will generally 
differ from the space heat gain at any instant of time.   

 The heat storage characteristics of the structure and interior objects determine the 
thermal lag and therefor the relationship between heat gain and cooling load.  

 Figure 6.2 shows the relation between the heat gain and cooling load and the effect of 
the mass of the structure. The attenuation and delay of the peak load gain is very evident 
especially for heavy construction.      

  

                                      

 

              Figure 6.2 Relation between heat gain and cooling load. 

     6.2 Solar Air Temperature 

    

----------------------------------- (6.1) 
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…………………………………. (6.2) 

 

   Equations (6.1) and (6.2) can be combined to yield an expression for teo in useful form: 

…………………………………………… (6.3) 

 

……………………………………………..  (6.4) 

 

   6.3 Cooling Load Calculation Methods 
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The CLTD Method  

         The CLTD method accounts for the thermal response in the heat transfer through the 
wall or roof, as well as the response due to radiation of part of the energy from the interior 
surface of the wall to objects and surfaces within the space. The CLTD method makes use 
of (a) the temperature difference in the case of walls and roofs and (b) the cooling load 
factors (CLF) in the case of solar heat gain through windows and internal heat sources, 
that is, 

              Q = U x A x CLTDc ……………………………………….. (6.5) 

Where 

          Q: is the net room conduction heat gain through roof, wall or glass (W) 

          A: is the area of roof, wall or glass (m2) 

          U: is the overall heat transfer coefficient (W/m2.K) 

       CLTDc: is the cooling load temperature difference (oC) 

                      CLTD/CLF calculation  

- Walls and roofs 

To account for the temperature and the solar variations, the concept of cooling load 
temperature difference (CLTD) is introduced. The CLTD is a steady-state representation 
of the complex heat transfer involving actual temperature difference between indoors and 
outdoors, mass and solar radiation by the building materials, and of time of day.  Table 6.1 
lists the types of the walls according to installation structural, while Table 6.2 gives the 
values of CLTDs for different groups of sunlit walls. Table 6.3 lists the CLTDs values for 
thirteen type of roofs for the typical cooling design day.  The following relation makes 
corrections in the CLTDs listed in the Tables 6.2 and 6.3 for walls and roofs respectively 
for deviations in design and solar conditions as follows: 

             CLTDc = [(CLTD +LM)k + (25.5 – Tr) + (To.m – 29.4)]f ……………… (6.6) 

Where 

       CLTDc: is the corrected value of CLTD 

           LM: is latitude-month correction from Table (6.4) 
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              K: is a color adjustment for light-coloured roof  ( 1.0 for dark coloured roof; 0.5        

                    if permanently light coloured) 

              Tr: is the design room temperature 

  To.m: is the average outdoor temperature, computed as the design temperature less half 
the daily range.   

   f: is attic fan factor ( 1.0 for no attic fans; 0.75 for positive attic ventilation).    

Example 6.1:   

       Calculate the CLTDc for a wall of group D facing to the south and located at the 
latitude of 32oN, at 2:00 P.M. in the month of October. Assume that the wall is dark color, 
and the indoor design temperature is 25.5oC. The maximum outdoor temperature is 35oC 
with the daily range of 11.2oC. 

Solution: 

From Table 6.2, and for wall of group D, at solar time 14 and south direction; 

The value of CLTD = 9oC 

 The value of corrected CLTD can be calculate from equation 6.6 

        CLTDc = (CLTD +LM)k + (25.5 – Tr) + (To.m – 29.4) 

                    = (9 + 6.1) x 1.0 + (25.5 – 25.5) + (29.4 – 29.4) = 15.1oC 

 Example 6.2: 

         Roof of one of the buildings consists of 102 mm high weight concrete with 50.8 mm 
insulation, and a suspended ceiling. The overall heat transfer coefficient of the roof is 
0.511 W/m2.oC. The building is located at latitude of 40oN. The outdoor design conditions 
are 36oC DBT and 26oC WBT, with daily range of 12oC, and the indoor design conditions 
are 24oC DBT and 50% relative humidity. Compute the cooling load per square meter of 
the roof at 4:00 P.M. in the month of August. 

Solution: 

          Roof No. 9,    U= 0.511 W/m2.oC,   40oN 

           CLTD = 19oC,   LM = 1.6,     To.m = 36 – (12/2) = 30oC 

            CLTDc = [(19 +1.6)x 1 + (25.5 – 24) + (30 – 29.4)]x 1 = 22.7oC 
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           Q/A = U.CLTDc = 0.511 x 22.7 = 11.6 W/m2  

- Windows and glass 

 

 

Figure 6.3 Absorption, reflection and transmission of solar radiation in glass. 

 

      When solar radiation strikes an unshaded window (Fig.6.3), about 8% of the radiant 
energy is typically reflected back outdoors, from 5-50% is absorbed within the glass, and 
the remainder is transmitted directly indoors, to become part of the cooling load. 

     The solar gain is the sum of the transmitted radiation and the portion of the absorbed 
radiation the flows inward. Because heat is also conducted through the glass wherever 
there is an outdoor- indoor temperature difference, the total of heat admission is 

Total heat admission through glass = Radiation transmitted through glass + Inward flow of 
absorbed solar radiation + Conduction heat gain 

      We can rewrite the above equation 

Total heat gain = Solar heat gain + Conduction heat gain ………………. (6.7) 

Conduction heat gain = Ug.Ag.CLTDc …………………………………….. (6.8)  

where  

       Ug: overall heat transfer coefficient of the glass 

       Ag: Area of the glass 

  CLTDc: Correct cooling load temperature difference for glass. Table 6.5 gives CLTD.   

                The correction of the CLTD is as follow; 
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CLTDc = CLTD + (25.5 – Tr) + (To.m – 29.4) ………………………….. (6.9) 

Solar heat gain = Ag. [SHGmax x SC x CLF]……………………… (6.10) 

Where 

      SHGmax: Maximum solar heat gain in W/m2 from Table 6.6 

      SC: Shading coefficient from Table 6.7, 6.8, 6.9, and 6.10 

     CLF: Cooling load factor for glass from Table 6.11 and 6.12 

Shading coefficient (SC); is the ratio between the solar heat gain through any given type 
of fenestration system and the solar heat gain through unshaded clear glass (reference 
glass) 

  SC = (Solar heat gain of fenestration)/ (Solar heat gain of double-strength glass)… (6.11) 

Example 6.3: 

         The wall of Example 6.1 has a 1.2 m x 1.5 m single glass window (U = 4.6 
W/m2.oC). The window has light-colored venetian blinds. Compute the cooling load due to 
the window at 5:00 P.M. solar time for August, using the design condition given in 
Example 6.1. 

Solution: 

The total cooling load for the window can be determined as following; 

Qg = Ag[ U x CLTDc + SC x SHGmax x CLF ] 

  

CLTDc = CLTD + (25.5 – Tr) + (To.m – 29.4) = 7 + (25.5 - 25.5) + (29.4 – 29.4) = 7oC 

SC = 0.55                            from Table 6.8 

SHGmax = 350 W/m2           from Table 6.6 

CLF = 0.27                          from Table 6.12 

Qg = 1.8[4.6 x 7 + 0.55 x 350 x 0.27] 

     = 151.5 W 
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- Space cooling load through partitions  

              Whenever a conditioned space in adjacent to a space with a difference temperature, 
transfer of heat through the separating physical section must be considered 

          qp = U x A x (Ta – Tr) ……………………………….. (6.11) 

Where 

         U: overall heat transfer coefficient of the partition (W/m2.oC) 

         A: area of partition (m2) 

         Ta: temperature of the adjacent space (oC) 

         Tr: temperature of the conditioned space (oC) 

 

- Infiltration heat gain 

        The infiltration load should be considered in the space heat gain calculations. Sensible 
and latent heat from infiltration gains can be calculated in the same way that already 
explained in Chapter Five with some simple difference.  

Sensible infiltration heat gain, qs.i = 1.22 x V.
i x (To – Tr) ……………………. (6.12) 

Latent infiltration heat gain, ql.i = 3010 x V.
i x (Wo – Wi)……………………. (6.13) 

Where 

      V.
i: is the infiltration volume flow rate (m3/s) or (l/s) 

 

               Heat Gain from Internal Sources        

     Internal heat comprises sensible and latent heat gains from occupants, lights, 
appliances and equipment and piping, etc. 

- Occupancy 

                The people who occupy the building give off thermal energy continuously, the rate 
of which depends on the level of activity (Table 6.13). For the sensible portion of the heat 
released, a cooling load factor (Table 6.14) has been developed to account for the lag in time  
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between occupancy and the observed cooling load. The sensible cooling load due to people 
is therefore, 

           qs = N x Gs x CLFs ………………………………….. (6.14) 

Where 

       qs = sensible cooling load due to occupants (W) 

        N = number of occupants 

       Gs = sensible heat gain depending on activity and time from entry (W) 

   CLFs = cooling load factor (dimensionless) for people. 

The latent heat gain from occupants is found by 

          qL = N x GL ………………………………………… (6.15) 

Where 

        qL: latent heat gain from occupants (W) 

         N: number of occupants 

        GL: latent heat gain from occupants depending on a activity and time from entry (W)   

  Example 6.4: 

         An office suite is designed with 15 people. Estimate the cooling load from the 
occupants after 7 hours of their entering the office. Also, assumed that the occupants stay in 
the space are 9 hours. 

Solution:    

      We will assume moderately active, office work, and use data from Table 6.13 and 6.14 

      qL = 55 W/person,           qs = 75 W/person,   CLFs = 0.825 

     qL = 15 x 55 = 825 W 

     qs = 15 x 75 x 0.825 = 928 W 

    QP = qL + qs  = 825 + 928 = 1753 W = 1.753 kW 
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- Lighting 

            Lighting is often the major space cooling load component. The rate of heat gain at 
any instant, however, is not the same as the heat equivalent of power supplied 
instantaneously to these lights. Only part of the energy from lights is transferred to the room 
air by convection, and thus becomes the cooling load. The remaining portion is the radiant  
heat that affects the conditioned space only after having been absorbed by walls, floors 
furniture, etc. and released after a time lag. The instantaneous heat gain for lights may be 
expressed as 

                      qL = W x Fu x Fs ……………………………………… (6. 16) 

Where 

        qL: instantaneous heat gain for lights 

        W: summation of all installed light wattage 

        Fu: use factor- ratio of wattage in use to that installed 

        Fs: special allowance factor for lights, for fluorescent lamp Fs= 1.2 

  The cooling load is then given by 

        QL = qL x (CLF)L ……………………………………………………. (6.17) 

     The cooling load factor is a function of the building mass, air-circulation rate, type of 
fixture and time. Table 6.15 give the cooling load as a function of time for lights that are on 
for 8, 10, 12 and 14 hour. The "a" classification depends on the nature of light fixture, the 
return-air system, and the type of furnishings, where the "b" classification depends on the 
construction of the building and the type of supply and return air system. Design values of 
coefficients "a" and "b" are given in Tables 6.16 and 6.17 respectively.  

Example 6.5: 

          The office suite of example 6.4 has total installed light wattage of 8400 W. The 
fluorescent light fixtures are recessed with 40 W lamps. Supply air is through the ceiling 
with air returning through the ceiling plenum. The lights are turned on at 8:00 A.M. and 
turned off at 6:00 P.M. Estimate the cooling load at 4:00 P.M. The floor is 75 mm concrete. 

Solution: 

       Assuming that about 15% of the lights are off, the use factor; Fu = 85%, Fs = 1.2 

The instantaneous heat gain for lights is 
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          qL = W x Fu x Fs = 8400 x 0.85 x 1.2 = 8568 W 

   The cooling load is then  

        QL = qL x (CLF)L  

    The (CLF)L from Table 6.15 for 10 hours on and a = 0.55 (Table 6.16), b = B (Table 6.17)  

        (CLF)L= 0.82 

           QL = 8568 x 0.82 = 7026 W 

- Miscellaneous Equipment 

          Most appliances contribute both sensible and latent heats. The latent heat produced 
depends on the function the appliances perform, such as drying, cooking, etc. Gas appliances 
produce additional moisture as product of combustion.  

     The heat gain from Equipment QM is 

    QM.S = qM.S x CLFM  ………………………………………. (6.18) 

Where 

qM.S: sensible heat gain from appliances Table 6.18 

CLFM: cooling load factor for appliances Table 6.19 

   QM.L =  qM.L x No. of appliances …………………………… (6.19) 

Where 

          qM.L: latent heat gain from appliances Table 6.18 

- Heat Gain from Ventilation Air 

                    Provision of ventilation air is mandated by local codes and ordinances. The 
ASHRAE standard 62 recommends minimum ventilation rates for most common 
applications. For general applications, such as offices, 10 l/s per person is recommended. 
Ventilation air is generally introduced at the air handling unit (AHU) rather than directly into 
the conditioned space. It thus becomes a cooling coil load component instead of a space load 
component. 

       Heat gain corresponding to a flow rate of V. through an enthalpy difference of Δh (for an 

air density of 1.20 kg/m3) is shown below: 
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         Sensible heat gain corresponding to the change in dry bulb temperature ΔT for a given 

air flow V. is 

         qs = 1.22 x V. x ΔT ………………………………..…… (6.20) 

where 

         qs: is the sensible heat gain (kW)  

          V.: is the ventilation flow rate (m3/s)  

        ΔT = (To – Tr)     

        Latent heat gain corresponding to the change in moisture content (ΔW) for a given air 

flow V. is  

         qL = 3010 x V. x ΔW …………………………………………. (6.21) 

where 

      qL: is the latent heat gain 

     ΔW = (Wo – Wr) 

 

- Required Air Quantity 

          The air quantity required to offset simultaneously the room sensible and latent loads 
may be calculated using the following equation 

      Air flow required V.
R = room (zone) sensible heat/ 1.22 (Tr – Ts) …………… (6.22) 

where 

         Tr: is the room temperature (oC) 

         Ts: is the supply air temperature (oC)  

         The problem is how we can calculate or determine the supply air temperature Ts. One 
of the two unknown (V.

R, Ts) is chosen according to "good practice" (such as costs and job 
conditions), and the remaining unknown is then calculated from the equation. 
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Example 6.6: 

         A hair salon shop has a sensible cooling load of 16 kW and latent cooling load of      
6.5 kW. The room conditions are to be maintained at 25oC DBT and 50% RH. If 56 m3/min 
of supply air is furnished, determine the required supply air DBT and WBT. 

Solution: 

        qs = 1.22 x V. x (Tr – Ts) 

       16 = 1.22 x (56/60) x (25 – Ts) 

    Ts = 11oC  (DBT of the supply air) 

     qL = 3010 x V. x (Wr – Ws) 

     6.5 = 3010 x (56/60) x (0.01 – Ws) 

   Ws = 0.00232 kg/kg dry air (moisture content of the supply air) 

Now from the psychrometric chart at DBT=11 oC and W= 0.00232 kg/kg, we find 
WBT=9oC. 

- General Design Guidelines  

    The general procedure required to calculate the space cooling load is as follows: 

      (a) Building configuration and characteristics: Determine the building location, 
orientation and external shading, building materials, external surface color and shape. These 
details are usually obtained from building plans and specifications. 

      (b) Outdoor design conditions: Obtain the outdoor weather data for the building location 
and select the outdoor design conditions. 

      ( c) Indoor design conditions: Specify temperature, humidity, air velocity, etc. 

      (d) Operating schedules: Obtain a schedule of lighting, occupancy, internal equipment, 
appliances and processes generating heat load.  

      ( e) Date and time: Select the time of the day and month to estimate the cooling load. 

         Several different times of the day and several different months need to be analysed to 
determine the peak load time. The particular day and month are often dictated by peak solar 
conditions. A calculation form [Table 6.20] is given blow, wherein the calculated values of 
the components of cooling load may be entered. 
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Exercises 

1. A window in a south wall in a building which has a light construction. The dimensions of 
the window are (1.5 m x 1.5 m) and the glass is of heat absorbing type (U= 5.91 W/m2.oC) 
and thickness of 6 mm. The building is located at latitude of 32oN. Outdoor design condition 
is 42oC, with daily range of 14oC, and the indoor design temperature is 25oC. Calculate the 
cooling load from the window at 3:00 P.M. in the month of July. 

2.  Roof of one of the building consists of 152.4 mm high weight concert with 50.8 mm 
insulation, and without suspended ceiling. The overall heat transfer coefficient of the roof is 
0.664 W/m2.oC, and the building is located at latitude of 48oN. The outdoor design condition 
is 38oC DBT with daily range of 11oC, and the indoor design condition is 25oC DBT and 
50% relative humidity. Calculate the cooling load per square meter of the roof at 2:00 P.M. 
in the month of July.  

3. Hall meetings can accommodate for 100 person located in Mosul city 

    (a) Choose the appropriate outdoor and indoor design conditions for the summer. 

    (b) The sensible heat and the latent heat gains from the occupants of the hall. 

    (c ) The amount of air ventilation required to this hall, and the cooling load of this amount. 

4. The west wall in a building in Baghdad (32oN) has a window of the dimensions (1.0 m x 
2.0 m). The glass is of heat absorbing type (U= 4.6 W/m2.oC) and thickness of 6 mm. 
Curtains type (IIID) was used. Outdoor design condition is 34oC DBT, with daily range of 
11oC, and indoor design temperature is 24oC. Calculate the cooling load from the window at 
4:00 P.M. in the month of August.   

5. A window in a southern west wall in a building which has a medium construction. The 
dimensions of the window are (2.0 m x 1.5 m), and the glass is of the clear type (U= 5.91 
W/m2.oC) and thickness of 6 mm. The glass was shaded from the outside. The building is 
located at latitude of 36oN. Outdoor design conditions are 35oC DBT and 50% RH, with the 
daily range of 11.5oC, and the indoor design conditions are 26oC DBT and 18oC WBT. 
Compute the cooling load from the window at 5:00 P.M. in the month of September. 
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6. An air-conditioning system is to be design for a restaurant with the following data: 

Outside design conditions: 40oC DBT, 28oC WBT 

 Inside design conditions: 25oC DBT, 50% RH 

Solar heat gain through walls, roofs and floor: 5.87 kW 

Solar heat gain through glass: 5.52 kW 

Occupant: 25  

Sensible heat gain per person: 58 W,     Latent heat gain per person: 58 W 

Internal lighting load: 15 lamps of 100 W, 10 fluorescent of 80 W 

Sensible heat gain from other sources: 11.63 kW 

Rate of Infiltration air: 15 m3/min 

If 25% fresh air and 75% recirculate air is mixed and passed through the conditioner coil, 
find: 

(a) The amount of total air required in m3/min. 

(b) The apparatus dew point temperature of the coil. 

(c ) The condition of the supply air to the room. 

(d) The capacity of the conditioning plant. 

Assume the by –pass factor equal to 0.2. Draw the schematic diagram of the system and 
show the system on psychrometric chart and insert the temperature and enthalpy values at 
salient points.  
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