Chapter 1

1. Air at 25oC flows over a heated plate maintained at 200oC. If the plate is 1m long and 0.3 m wide, calculate the rate of heat transfer from the plate to the air. Assume heat transfer coefficient of the air as 50 W/m2K. 
											
Solution: 


Using the equation (1.59), heat transfer due convection will be




							
2. A disc shaped domestic radiator 300 mm diameter is placed in a large room so that it fully face the room surfaces. Let the room walls, including the roof and floor, are at a mean temperature of 15oC and behave as black body (that they absorb all the radiation). If the surface of the radiator having emissivity as 0.95 is at 80oC, determine
(i)  Radiant heat emitted by the radiator						
(ii) Radiation heat exchange between the radiator and the room walls.          		

Solution:


Shape factor F1-2=1.0, A=πr2 (r=150mm)
















Chapter 2

1. A room is constructed of a multilayered wall, the material of which from inside are masonary brick (k=0.66 W/mK), mortar (k=0.75 W/mK), limestone (k=0.66 W/mK) and plaster (k=0.7 W/mK) at the outside, having thicknesses 0.25m 0.025m, 0.1m and 0.013m, respectively. The room is to be maintained at 25oC when the outside air is at a temperature of -7oC. Assuming that the heat transfer coefficient of the air layer on the inside and outside of the composite are 6 W/m2K and 12 W/m2K respectively, find the overall heat transfer coefficient from the air on the interior to the air at the exterior of the wall, the overall thermal resistance per m2, the rate of heat transfer per m2 and temperature at the junction between the mortar and the limestone. 


Solution:
   




Overall heat transfer coefficient 
U=1.2016 W/m2K

Overall resistance R=0.832207 m2K/W
Temperature between mortar and lime stone is T3

Now considering the multilayered wall shown in the figure the heat transfer rate through it will be,
							
Also, 
Similarly we have 
And hence, 




2. A 1.0 m thick wall has its surfaces maintained constant at temperatures of 100oC and 60oC, respectively. If the thermal conductivity of this wall varies as: k=0.2(1+0.05 T) where k is in W/mK and T is in oC, find the location in the wall 
3. where the temperature is 80oC. If the variation of thermal conductivity is ignored and taken as k = 0.2 W/m K., calculate the new location in the wall where the temperature will be 80oC.

Solutio:
 we have: 






;  

Putting T1=100, T2=60, α= 0.05 and L=1.0m we get C1= - 200 and C2= 350. Thus, at T= 80 oC the following equation 
 gives x=0.55m 
Now for constant value of the thermal conductivity, k=0.2 W/mK means that α= 0. On putting T1=100, T2=60, x1=0, L=1 m and α= 0 we get  C1= - 40 and C2= 100, which correspondingly lead to x=0.5m at T= 80 oC. Figure shows locations in the wall where T= 80 oC.










4. A 50 mm thick refractory brick (k=2 W/mK) is placed between two 5 mm thick metallic (k= 50W/mK) plates. The both faces of brick adjacent to the plates have rough solid to solid contact over 20% of the area, where the average height of asperities filled with air (k=0.02 W/mK) are 1mm. If the outer surface temperatures of plates are 300oC and 100oC respectively, find the rate of heat flow per unit area. If the brick surfaces are made smooth to have solid to solid contact over the entire area of the steel plates, then what will be the rate of heat flow? 
Solution:







Effective thickness of the concrete slab, excluding that of the air gap=50mm-(1x2)=48 mm =0.048m.
  
Since the air in the cavities and the concrete asperities offer thermal resistance in parallel, the equivalent resistance then will be, 

The total resistance in the wall under consideration will be, 	 
However, with no air gap, total thickness of the concrete slab will be 50mm.
 
Hence,    and the rate of heat transfer,  
Thus, percentage increase in the heat transfer rate = [(7936.5-6896.55)/7936.5]x100=13.1%.



5. Air flows at 120oC in a metallic tube (k= 20 W/moC) having inner diameter as 25 mm and wall thickness as 0.5 mm. If the tube is exposed to the ambient air at 15oC, calculate the overall heat transfer coefficient and the heat loss per meter length of the tube. Assume, heat transfer coefficient of the inside air as 65 W/m2 oC and that of the ambient air as 6.5 W/m2 oC. Estimate how much will be the reduction in heat loss if an insulation of 10mm thickness is added on outer surface of the tube.

Solutions:
Thus, the overall heat transfer coefficients based on the inside and outside areas can be written as: 


Without Insulation:   
or 
	


      



After adding an insulation of 10 mm thickness, rins=23mm.

Assuming thermal conductivity of the insulating material =0.04 W/mK
    




Percentage reduction in heat transfer =41.1%





6. The energy released during ripening process of oranges is estimated to be 600 W/m3. Assuming that the orange behaves like a homogenous sphere of diameter 80 mm with k=0.15 W/mK, find temperature at the center of the orange and the heat flow from its outer surface,
(i) If the external surface temperature is 3oC.  
(ii) If instead of the external surface temperature, the ambient (h=10 W/m2K) temperature is 3oC. 

Solution:
Considering the Steady 1 D heat conduction equation for a spherical body with heat generation: 

 , which give:  
 and  
Applying the boundary conditions:








   Thus,   and hence 













7. A centrifugal pump, driven by an electric motor is employed to pump a hot liquid metal at 450oC. The motor is coupled to the pump- impeller by a horizontal steel shaft (k=40W/mK) having 20mm diameter. Calculate length of the shaft between the motor and the pump if temperature of the motor is limited to a maximum value of 65oC when the ambient air is at 25oC with h=15 W/m2K. 

Solution:  

Assuming that the shaft at the motor is behaving as insulated 


[image: ]










8. The temperature of hot gas flowing through a pipe is measured by a mercury thermometer inserted in an oil well made of steel (k= 43 W/mK) which is100 mm long and 2mm thick. The thermometer reads 150oC temperature at the end of the well while temperature of the pipe wall is 80oC. Due to conduction of heat along the well, this may not be the actual temperature of the gas.  Assuming h=40 W/m2K , calculate actual temperature of the gas. 

Solution:




      and 



				
9. A thermocouple probe is made of a 250mm long tube (k=145 W/mK) having perimeter 50mm and cross-sectional area 25mm2 is meant to measure temperature of a gas stream flowing in a duct. This pipe is mounted normal to the duct wall and has two thermocouples fixed at the locations, 125mm and 250mm from the duct wall. If the thermocouples indicate the tube-wall temperatures as 350˚C and 390˚C respectively, calculate the gas and the duct temperatures assuming the heat transfer coefficient (h) between tube wall and the gas stream as 10 W/m2.K.
Solution:









  
  













10. A long square rod of 10mm side made of low carbon steel (52 W/mK ) protrudes into air at 40oC from a furnace wall at 180oC. If the convective heat transfer coefficient is 20 W/m2K, find the location from the furnace wall at which the temperature will be 80oC. Also calculate the temperature at 80mm from base.
If the ends of the same rod, 150mm long, are held at 200oC and 100oC, determine the temperature at mid location. Also find the minimum temperature and its location. 

Solution:
Perimeter, P=4x10=40mm, Area A=100 mm2
Since this is a long rod, it is treated as an extended surface of infinite length.




  
       







           
        











Chapter 3

1. A 200 mm long aluminium tube having inner and outer diameters as 100 mm and 120 mm, respectively is quenched from 600˚C to 50˚C in a large reservoir of water at 20˚C. Neglecting the internal thermal resistance, calculate the quenching time if the heat transfer coefficient of the surrounding water is 500 W/m2K when the tube is above 100˚C and 1500 W/m2K when it is below 100˚C. The thermo physical properties of aluminium are  = 2700kg/m3 , k = 210 W/mK.,  C = 900 J/kgK.  

Solution:

Neglecting the internal resistance, the lumped heat capacity can be applied as:



















2. A cylindrical stainless steel ingot, 20 cm in diameter and 0.5 m long passes through a 6m long furnace. The temperature of the furnace gas is 1200oC corresponding to which the combined radiant and convection heat transfer coefficient is 100 W/m2K.  If the initial temperature of the ingot is 100oC, calculate the maximum speed with which the ingot should pass through the furnace so that it attains 800oC temperature. Assume thermal conductivity of the stainless steel as 45 W/mK and thermal diffusivity, α=0.46 x 10-5 m2/s.


Solution:









3. A thermocouple is to be used to measure the temperature of gas stream for which h=400W/m2K. If the thermocouple is made of a material whose k= 20W/mK, C=400 J/kg K and ρ=8500kg/m3 and is spherical in shape then calculate the junction diameter so that the thermocouple has a thermal time constant of 1 second and time required for the junction to reach 195oC if the junction is at 25oC and is placed in a gas stream which is at 200oC.

Solution:

                              




4. Calculate temperature at the center of a 2-D plate of size 0.3mx0.3m. The temperature on the x = 0, x =W and  y = 0 faces is maintained at 100oC while that on the remaining face is 500oC.   

Solution:



Thus, the eq. (3.75) for temperature distribution turns out to be,





   










Chapter 4

1. A plate maintained at a temperature of 80oC is placed in an air stream flowing at a velocity of 6m/s, while its pressure and temperature are respectively, 10 kN/m2 and 250oC.  Determine the rate of heat that must be removed from the plate if it is 0.3 m wide and 1 m long.

Solution:
Properties of air at film temperature, Tf = (250+80)/2 = 165oC are,
  and            

For laminar flow 
Heat flow from two surfaces of the plate,   



2. Water at 40oC enters a 3 m long tube having 16 mm diameter at a velocity of 2 m/s. If the tube wall is maintained at a constant temperature of 90oC, calculate the heat transfer coefficient and the total amount of heat transferred if the exit water temperature is 60oC.

Solution:

Properties of water at the bulk temperature of Tb=(40+60)/2= 50oC: 
		
Using Dittus Boelter equation:
 or  
Heat flow   
3. Atmospheric air at 20oC and a velocity of 3 m/s is flowing over a heated flat plate maintained at 130oC. If the plate is 2 m long and 1 m wide, calculate hydrodynamic and thermal boundary layer thicknesses and the skin friction coefficient at 0.3 m from the leading edge of the plate. The kinematic viscosity of air at 20oC may be taken as 15.06 x 10-6 m2/s. Also determine the local heat transfer coefficient at x = 0.3 m and the heat transferred from the first 0.3 m of the plate. If the critical Reynolds number is 5x105 find the location at which turbulent flow starts.

Solution:

Properties of air at 20oC are,   



and 
Local value, ;        
Heat flow,	



















4. In a certain process, oil at 25oC flows past a flat plate at a velocity of 0.1 m/s. If the plate, 5m long and1m wide, is heated uniformly and maintained at 95oC, calculate the following:
(i) Hydrodynamic and thermal boundary layer thicknesses at the trailing edge of the plate.
(ii) Total drag force on one side of the plate.
(iii) Local heat transfer coefficient at the trailing edge.
(iv) Heat transfer rate. 
	At the mean film temperature Tf = (95+25)/2 = 60oC, thermo-physical properties are:
	

Solution:

(i) Hydrodynamic and thermal boundary layer thicknesses at the trailing edge of the plate.



 (ii) Total drag force on one side of the plate.




(iii) Local heat transfer coefficient at the trailing edge.

Or ;        

(iv) Heat transfer rate from both sides of the plate. 










Chapter 5

1. Air flow through a long air conditioning duct, rectangular shape (0.3 m height x 0.6 m width) runs horizontally through a room in which the air temperature is at 15oC. If the duct is un-insulated and its outer surface temperature is maintained at 105oC, calculate the heat gained by the duct per meter length. Following relations may be used.




Solution:

The properties of air at (105+15)/2 = 60oC =333K are given below:
ρ  =  1.06 kg/m3,    μ   =  2.05x10-6 kg/m-s,      υ =  18.97x10-6 m2/s,    Cp =  1.007 kJ/KgoC,       
k = 2.894x10-2 W/moC,  β=1/Tf =3.003x10-3 (1/K), Pr=0.7






, 





Total heat transfer from the duct surface to the air inside it =584.47+402.057+128.44=1114.97 W
2. Liquid metal while flowing at a rate of 2.0 kg/s through an electrically heated tube of 25mm diameter gets heated from 120oC to 150oC. If a constant heat flux is maintained on its wall surface calculate the minimum length of the tube if its wall temperature is not to exceed 180oC. Properties of sodium at 135oC  are: 
           The relation for Nusselt number that can be used is, 

Solution:

		

  
Heat flow,  


3. Water flowing at an average velocity of 2m/s through a long tube with its wall maintained at a constant temperature of 95oC gets heated from 15oC to 60oC. If the tube is of 20 mm diameter find the average heat transfer coefficient and length of the tube.  The well known equations which can be used are: 
Dittus-Boelter equation:   and 
Sieder and Tate equation:

Solution:
Properties of water at the bulk temperature of Tb=(15+60)/2= 37.5oC: 
		
 or  
Heat flow 
 


4. A tube placed at the focal line of parabolic solar collector heats water from 20˚C to 90˚C when it flows at the rate of 0.01 kg/s. Assuming a uniform heat flux of 1500 W/m2 on the tube wall surface,  determine length of the tube if its diameter is 50mm. Also estimate the surface temperature at outlet of the tube. Properties of water at the mean bulk temperature of 55oC are:


Solution: 
Now the heat transfer rate, 

Now 
Hence, Tube wall temperature at the exit, 


5. Water flowing at a velocity of 1.2 m/s through a 15 mm x 30 mm rectangular cross section tube gets heated from 30oC to 70oC. If the tube walls are maintained at 85oC, determine length of the tube. The properties of water at 50oC are,

Solution:


     



Chapter 6

1. A polished copper pan of 30 cm diameter is used to boil water at atmospheric pressure. If the pan surface attains a temperature of 120oC, find the rate of heat transfer and rate of evaporation of the water. Also, specify the power of the heater required to accomplish this if 10% of the heat is lost to the environment. The constant for polished copper-water combination, Csf=0.013. Assume nucleate boiling.

Solution:
Heat flux during boiling:
   						
 





2. Water boils at the rate of 1kg/minute in a polished copper pan of 25 cm diameter at one atmospheric pressure. Assuming nucleate boiling, find surface temperature at the bottom of the pan. Take the constant for polished copper-water combination, Csf=0.013.

Solution:
Properties of saturated water at atmospheric pressure:
 
Substituting the respective values in the following equation:
   						





3. A vertical plate 0.5m height and 0.2m width, maintained at 50oC, is exposed to the saturated steam at 100oC. Calculate the average heat transfer coefficient and mass of steam condensed per hour.

Solution:
Properties of saturated steam at one atmosphere: Ts=100 oC, ρv=0.596 kg/m3, hfg=2257 kJ/kg
Properties of saturated water at film temperature Tf=[( Ts + Tw )/2]=[( 100 + 50 )/2]=75 oC, ρ=975 kg/m3, k=0.668 W/mK, μ=3.75x 10-4 kg/ms.
Let us assume that there is laminar film condensation. For the vertical plate, 
. Substituting the respective values, we have
Or 		
Heat transfer rate, 
Rate of condensate formation, 

4. [bookmark: _GoBack]A horizontal tube 2m long and 20 mm outer diameter is exposed to the saturated steam at one atmospheric pressure. If water flows through the tube such that its out wall surface temperature attains 80oC, find the average heat transfer coefficient, rate of heat transfer and rate of condensate formation.
Solution:
For film condensation over horizontal tubes, .
Properties of saturated steam at one atmosphere: Ts=100 oC, ρv=0.596 kg/m3, hfg=2257 kJ/kg
Properties of saturated water at film temperature Tf=[( Ts + Tw )/2]= =[( 100 + 80 )/2]=90 oC, ρ=963 kg/m3, k=0.678 W/mK, μ=3.06x 10-4 kg/ms.

Heat transfer rate
Rate of condensate formation, 
Chapter 7

1. A glow plug is centrally fitted in a cylinder cover of an engine of 8 cm bore and 10 cm stroke to facilitate starting of an engine. The plug is a piece of nichrome wire 2 mm in diameter and 5 mm in length having ε  = 0.9 when heated electrically to 1000oC. If temperature of the cylinder and piston is 30oC, emissivity of the surface of bore 0.3 and that of the aluminum piston 0.2, determine the radiation from the glow plug which is lost to the cylinder and piston crown, assuming vacuum in the cylinder during the radiation heat transfer. [Hint: Plug area=]
Solution:

Considering vacuum inside the cylinder, Heat lost by the plug (body 1) = Heat received by the piston crown (body 2) + Heat received by the cylinder (body 3), q = q12 + q13 
Glow plug: d= 2mm, ε1 =0.9, T1 =1273.15K, 

Piston Crown:  D=8cm, ε 2= 0.15, T2 =303.15K, 
Cylindrical surface of the bore: D= 8 cm, L=10cm; ε3=0.3, T3=303.15K,

where, 
and  
q = q12 + q13 = 5.148 W

2. Two square plates, each of 5m2 area are separated by a gap of 6mm. One plate, whose surface emissivity is 0.7 is at a temperature of 900K. The other plate has surface emissivity of 0.95 and a temperature of 300K. Assuming the plates to be much larger than the gap, calculate the net radiation exchange between the plates. If a thin polished metal sheet of surface emissivity 0.15 on both sides is interposed between two plates, calculate the steady state temperature and the new net radiation exchange through the system. Calculate how many times the heat loss by radiation will be reduced.

Solution:










3. Three hollow thin walled cylinders having diameters 10 cm, 20 cm and 30cm are arranged concentrically. The temperatures of the innermost and outermost cylindrical surfaces are 100 K and 300 K respectively. Assuming vacuum between the annular spaces, find the steady state temperature attained by the cylindrical surface having diameter of 20 cm. Take 1= 2 = 3  = 0.05

Solution:









4. A thermocouple used to measure the temperature of gas flowing through a duct, records 280˚C. If the duct wall temperature is 140˚C, emissivity of the junction is 0.4 and convection coefficient is 150 W/m2K, find the true gas temperature. What should be emissivity of the junction in order to reduce the error by 30%?  

Solution:


Let T=553K be temperature read by the thermocouple, Tw =413K be the duct temperature and T∞ be the gas temperature.
Under steady state, heat received by the thermocouple due to convected by the gas will be equal to the radiant heat exchange between the thermocouple and the duct wall. 




Comment: Reduction in the emissivity will reduce the radiation loss and hence decrease the error.


Chapter 8

1. A heat exchanger has 18 m2 area available for heat transfer. It is used for cooling oil at 200oC by using water available at 20oC. The mass flow and specific heat of oil are 3 kg/s and 1.9 kJ/kgK and the mass flow and specific heat of water are 0.9 kg/s and 4.187 kJ/kgK. If the overall heat transfer coefficient is 300 W/m2K, estimate the outlet temperature of oil and water for parallel flow and counter flow arrangements (a) by using LMTD method and (b) NTU method. 

Solution:
For a parallel flow heat exchanger
For simplicity we will first solve the problem by NTU method.




Heat exchanger effectiveness:  

          
 
and 





LMTD method
	

   or  
 

  




For a counter flow heat exchanger
NTU method.




Heat exchanger effectiveness:  


          
 
and 


LMTD method
	

   or  
 

  











2. Water at the rate of 4 kg/s is heated from 38oC to 55oC in a shell-and-tube type heat exchanger. The water is to flow inside tubes of 20 mm diameter with an average velocity of 0.35 m/s. Hot water available at 95oC  and at the rate of 2.0 kg/s is used as the heating medium on the shell side. If the length of tubes must not be more than 2 m, calculate the number of tube passes, the number of tubes per pass and the length of the tubes for one pass shell, assuming Uo = 1500 W/m2.K. 	

Solution:


,  and 
 or 


For counter flow heat exchanger, 

Mass flow rate of the water in the tube,



Let us then consider two tube passes in the shell. This needs correction factor.


			
and	
Correction factor from Fig. B1.1, corresponding to R=2 and θ=0.2982, is F=0.89



3. It is desired to condense 10kg/s of dry and saturated steam at a pressure of 0.05 bar (saturation temperature= 32.76oC in a single pass steam condenser. The cooling water enters the tube at 20oC and leaves at 26oC. The tubes are 25mm I.D. and 28 mm O.D. and thermal conductivity of the tube material is 110 W/mK. The film heat transfer coefficient of water and steam side is 7000 and 5900 W/m2K respectively. Neglecting the scale resistance, calculate the surface area of the tubes required and the heat transfer rate. If the length of tube is 3m, find the number of tubes. 

Solution:
       
 where,	  and 

  















4. In a double pipe heat exchanger, water is cooled from 35oC to 20oC using brine that enters at -10oC and leaves at 8oC. If the water flows at 0.15 kg/s and the overall heat transfer coefficient is 500 W/m2K, find area of the heat exchanger for parallel and counter flow conditions.

Solution:
         






5. A counter flow heat exchanger is used to cool liquid-1 (Cp=2 kJ/kgK) from 150oC to 80oC flowing at the rate of 0.5 kg/s. The cold liquid-2 (Cp=1.5 kJ/kgK) flowing at the rate of 0.1 kg/s leaves the exchanger at 110oC. What should be the area of the heat exchanger to handle this load if U=600 W/m2K.
Solution:	 
 
,



6. A double pipe parallel flow heat exchanger uses oil (Cp=1.8 kJ/kgK) initially at 200oC to heat water at 0.06 kg/s from 15oC to 45oC. If the oil flows at 0.075 kg/s, what is the area of the heat exchanger required for an overall heat transfer coefficient of 200 W/m2K. Also determine the NTU and heat exchanger effectiveness.

Solution:
,


Heat exchanger effectiveness: 
 




















Chapter 9

1. Estimate the diffusion rate of water from the bottom of a test tube 10mm in diameter and 15cm long into dry atmospheric air at 25oC.  


Solution:

Given: p=101.325kPa  and pw2=0.     From the steam table at T=25oC, pw1=3.19kPa
pa1=(p- pw1)= 101.325-3.19=98.135 kPa   and pa2=(p- pw2) =101.325kPa 


Let diffusion coefficient of water into the air, D=0.256x10-4 m2/s, using

	   
2. In an industrial plant, water has been spilled out of a pipe line on the floor, the layer which is 1mm. and at 25oC. If the atmospheric air and the water both are at 25oC, determine the time required to evaporate the complete water if the evaporation takes place by molecular diffusion through an air film of 5mm thickness.  Assume that the absolute humidity of air is 2g per kg of dry air. 

Solution:

From the steam table at T=25oC, pw1=3.19kPa, Given: p=101.325kPa 

pa1=(p- pw1)= 101.325-3.19=98.135 kPa   and pa2=(p- pw2) =101.325-0.32476= 101kPa 

Total mass of water to be evaporated per m2 area, 
M=density x thickness of the film layer=1000x0.001=1 kg/ m2
Time taken to evaporate the water, t=1/(1.122x10-4)=8907.92 second=2.47 hour.
3. Air at 25oC and 50% relative humidity (ф) flows over water surface measuring 10m x 5m at a velocity of 2m/s. Determine the water loss per day considering flow direction along the 10m side.  	
Solution:







4. Benzene (M =78) is stored in an open tank of 5m diameter forms a 1mm deep layer at its bottom. There is diffusion of benzene through a stagnant air film of 5 mm thickness. If the operating pressure and temperature of the system are 1 atmosphere and 25oC and the vapour pressure of benzene in the tank is 0.15 bar, calculate the time taken for the entire benzene to evaporate. For benzene take the density as 880kg/m3 and diffusivity as 8 x 10-6 m2/s.  

Solution: 

 Given: pw2 =0 and pw1=0.15 bar =15kPa, 
 therefore,  pa1=(p- pw1)= 101.325-15=86.325 kPa   and pa2=(p- pw2) =101.325-0= 101.325kPa 

 Time taken to evaporate the benzene, t=17.2785/0.01605=1076.27 second=17.938 minutes.




5. Air at 20oC (= 1.205 kg/m3,  = 15.06 x 10-6 m2/s, D = 4.166 x 10-5 m2/s) flows over a tray (length = 0.3m, width = 0.4m) full of water with a velocity of 2.5 m/s. The total pressure of moving air is 1 atmosphere and the partial pressure of water present in the air is 0.007 bar. If the temperature on the water surface is 15oC, calculate the evaporation rate of water.

Solution:
            Given: = 1.205 kg/m3,  = 15.06 x 10-6 m2/s, D = 4.166 x 10-5 m2/s, U=2.5m/s, L=0.3m



            
         

6. Air is contained in a tyre tube of surface area 0.5 m2 and wall thickness 10 mm. 	The pressure of air drops from 2.2 bar to 2.18 bar in a period of 5 days. The solubility of air in the rubber is 0.07 m3 of air per m3 of rubber at 1 bar. Determine diffusivity of air in the rubber at the operating temperature of 300 K, if the volume of air in the tube is 0.03 m3.

Solution:



Given that the solubility of air in the rubber at 1 bar is 0.07 m3 per m3 of rubber, therefore the solubility of air in the rubber at a mean pressure of (2.2+2.18/2=2.19 bar can be estimated as =2.19x0.07= 0.1533 m3 per m3 of rubber. The corresponding mass concentration will therefore be,

and 
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