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Description


2. DIFFUSION 2.1



Introduction Separation of components in a mixture is achieved by contacting it with another insoluble phase. When transfer of the component from one phase to the other occurs due to concentration gradient, the phenomenon is called diffusion.



The



diffusion stops once equilibrium is attained. There are two types of diffusion. 1. Molecular diffusion and 2. Eddy diffusion (or) Turbulent diffusion. 2.2



Molecular diffusion and Eddy diffusion Molecular diffusion can be defined as the movement of individual molecules in a highly zigzag manner through another fluid. The movement of molecules is imagined to be in a straight line at uniform velocity. However, the velocity changes in direction when they are bombarded with other molecules. Molecular diffusion can also be called as Random-Walk process since the molecular movement is in a random path. The phenomenon of molecular diffusion can be explained by a simple illustration, (i.e.) if a coloured solution is introduced in a pool of water, it begins slowly to diffuse into the entire liquid which is termed as molecular diffusion. To enhance its rate of mixing, a mechanical agitation is provided and this will cause a turbulent motion. This method of mass transfer is known as eddy or turbulent or convective diffusion.



2.3



Diffusivity or Diffusion co-efficient Diffusion mainly depends upon the concentration gradient. In other words, the driving force for diffusion to occur is concentration gradient. This mass transfer phenomenon is defined by Fick’s first law of diffusion, which states that molar flux is directly proportional to the concentration gradient. (i.e.)



JA = − DAB (∂CA/∂Z) = − C DAB (∂xA/∂Z)



(2.1)



where JA is molar flux in moles/(area)(time), DAB is diffusion co-efficient or diffusivity in area/(time), ∂CA/∂Z is concentration gradient. C is molar concentration of constituents A and B in ( moles/vol.) and x A is mole fraction of A in the mixture. The – ve sign indicates the drop in concentration with respect to distance (the movement from high concentration to low concentration). Consider two gases A and B of equal volume placed in two boxes connected by a tube and maintained at a constant total pressure. Now molecular diffusion of 3



both gases occurs. Since the total pressure ‘P’ remains constant throughout the process, the net moles of A diffused in one direction must be equal to the net moles of B diffused in opposite direction. So, JA = −JB



(2.2)



Since the pressure is constant, and



P = pA + pB = constant



(2.3)



C = CA + CB = constant



(2.4)



Differentiating eq. (2.4) on both the sides, dCA = −dCB



(2.5)



Writing Fick’s law for component B, JB = - DBA ∂CB/ ∂Z



(2.6)



Substituting for flux in Eq. (2.2) gives -DAB = (∂CA/ ∂Z )= - (-) DBA ∂CB /∂Z



(2.7)



Substituting eq. (2.5) in eq. (2.7) and on simplification DAB = DBA



(2.8)



This shows that the diffusivity is same for diffusion of A in B or B in A. 2.4



Steady State molecular diffusion in Fluids In the above discussion, we considered Fick’s law for diffusion in a stationary fluid, i.e. there is no convective flow or bulk flow of the mixture.



A general



expression for flux NA will consider the whole fluid moving in bulk with its average molar velocity and its diffusional flux. Hence, the molar flux NA can be expressed as the sum of molar average velocity and diffusional flux (JA) NA = (NA + NB) xA – DAB (∂CA/∂Z)



(2.9)



For steady state molecular diffusion between two gases A and B, the net flux is given by N = NA + NB



(2.10)



Applying Eq. (2.9) to the case of diffusion in Z direction between the diffusional path Z1 and Z2, where the concentrations are CA1 and CA2 respectively. Eq. (2.9) can be also written as NA = (NA + NB) (CA/C) – DAB ∂CA /∂Z, since xA = (CA/C)



(2.11)



Rearranging the above Eq. (2.11) and integrating we get CA 2



∫



CA1



Z2 ∫ dZ − dCA/ [NAC – CA (NA + NB)] = 1/ CDAB Z1



(2.12)



4



[C DAB/ (NA + NB)] ln {CA2 − C [NA/ (NA + NB)]/ CA1 − C [NA/ (NA + NB)]} = Z2 − Z1 = Z



(2.13)



or NA = [NA/ (NA + NB)] (C DAB/Z) ln {[NA/ (NA + NB)] – CA2/C/ [NA/ (NA + NB)] – CA1/C}



(2.14)



2.4.1 Molecular diffusion in gases It is more convenient to use ideal gas law for gaseous mixtures. Hence, CA/ C = pA/Pt = yA



(2.15)



Where pA is the partial pressure of component A, Pt is the total pressure and yA is mole fraction of component A. Further, C = n /V = Pt/RT



(2.16)



Now substituting Eq. (2.16) in eq. (2.14) gives NA = NA/ (NA + NB)] [DAB Pt/ RTZ] ln {[NA/ (NA + NB)] (Pt – pA2)/ [NA/ (NA + NB)] (Pt – pA1)}



(2.17)



or NA = NA/ (NA + NB)] [DAB Pt/ RTZ] ln {[NA/ (NA + NB)] – yA2/ [NA/ (NA + NB)] – yA1}



(2.18)



2.4.1.1 Case 1− Steady State Diffusion of gas A through a stagnant gas B In this case, NA = constant and NB = 0, Hence, NA/ (NA + NB) = 1



(2.19)



Substituting Eq. (2.19) in Eq. (2.17) gives NA = (DAB Pt / RTZ) ln (Pt – pA2)/ (Pt – pA1)



(2.20)



Since Pt – pA2 = pB2, Pt – pA1 = pB1, pB2 – pB1 = pA1 – pA2 Eq. (2.20) becomes NA = (DAB Pt/ RTZ) [(pA1 – pA2)/ (pB2 – pB1)] ln (pB2/pB1) Let,



(2.21)



pBM = (pB2 – pB1)/ ln (pB2 / pB1)



(2.22)



Then NA = [(DAB Pt)/ RTZ pB,m] (pA1 – pA2)



(2.23)



or



(2.24)



NA = [(DAB Pt)/ RTZ] ln [(1 – yA2)/ (1 – yA1)]



2.4.1.2 Case 2 −Equimolar counter diffusion In this case, NA = - NB then Eq. (2.17) becomes indeterminate. Hence we can consider the general expression for flux as given in Eq. (2.9) NA = (NA + NB) xA – DAB ∂ CA/∂Z or



NA = – DAB ∂ CA/∂Z



(2.25)



Integrating Eq. (2.25) between the respective limits 5



Z2 dZ NA Z∫1



= - DAB



CA2 ∫ dCA CA1



NA = (-DAB /Z) (CA2 - CA1)



(2.26) where Z = Z2 – Z1



(2.27)



Or NA = (DAB Pt/ RTZ) (pA1 - pA2)



(2.28)



2.4.1.3 Case 3−S.S. Diffusion in multicomponent mixtures For Multicomponent mixtures, effective diffusivity (DA, m)can be determined by using n NA – yA ∑



Ni



i=A DA, m = --------------------------------n ∑



(2.29)



1 ----- (yi NA − yA Ni)



i=A



DAi



where DAi are the binary diffusivities. Here DA, m may vary considerably from one end of the diffusion path to the other, but a linear variation with distance can be assumed. For this situation, assume all but one component is stagnant, then Eq. (2.29) becomes, 1 – yA



1



DA, m = --------------- = -------------------n



(2.30)



n



∑ yi / DAi



∑ yi  ا/DAi



i=B



i=B



where yi  اis the mole fraction of component i on an A-free basis. Substituting DA, M instead of DA, B in Eqs. (2.23) and (2.28), the mass transfer rate for multicomponent mixtures can be determined. 2.4.2



Diffusivity prediction in Gases Diffusion co-efficient is a significant parameter which depends upon temperature, pressure and composition of the components.



Diffusivity can be



determined experimentally. For some of the systems it is given in table 2.1. (more data is available in literature). In some cases, it is very difficult to determine



6



Table: 2.1 Diffusivities of gases at standard atmospheric pressure, 101.3 k N/m2 Temperature, °C Diffusivity, m2/s × 105 0 6.25+ 0 1.81 0 1.85 0 1.39 0 1.98 25.9 2.58 59.0 3.05 Air – ethanol 0 1.02 Air – n – Butanol 25.9 0.87 59.0 1.04 Air – ethyl acetate 25.9 0.87 59.0 1.06 Air – aniline 25.9 0.74 59.0 0.90 Air - chlorobenzene 25.9 0.74 59.0 0.90 Air – toluene 25.9 0.86 59.0 0.92 System H2 – CH4 O2 – N2 CO – O2 CO2 – O2 Air – NH3 Air – H2O



experimentally.



Hirschfelder-Bird-Spotz developed an empirical relation to



determine diffusivity for mixtures of non polar or a polar with non-polar gas. DAB = [10-4 (1.084 – 0.249 √1/MA + 1/MB) T3/2 √1/MA + 1/MB]/ [Pt (rAB)2 f (KT/εAB)]



(2.31)



where DAB − diffusivity in m2/s T − absolute temperature, °K MA, MB – Molecular weight of A and B respectively, Kg/K mol. Pt – Absolute pressure, N/m2 rAB – Molecular separation at collision, nm = (rA+ rB)/2 εAB – Energy of molecular attraction = √εA εB K – Boltzmann’s Constant f (KT/εAB) – Collision function given by Figure 2.1 The values of r and ε such as those listed in Table 2.2 can be calculated from other properties of gases such as viscosity. They can also be estimated empirically by r = 1.18 v 1/3 ε/K = 1.21 Tb



7



8



where v is the molal volume of liquid at normal boiling point, m 3/k mol and Tb is the normal boiling point, K.



Table: 2.2 Force constants of gases as determined from viscosity data. Gas Air CCl4 CH3OH CH4 CO CO2 CS2 C2H6 C3H8 C6H6 Cl2 HCl He H2 H2O H2S NH3 NO N2 N2O O2 SO2



2.4.3



ε /k, K 78.6 322.7 481.8 148.6 91.7 195.2 467 215.7 237.1 412.3 316 344.7 10.22 59.7 809.1 301.1 558.3 116.7 71.6 232.4 106.7 335.4



r, nm 0.3711 0.5947 0.3626 0.3758 0.3690 0.3941 0.4483 0.4443 0.5118 0.5349 0.4217 0.3339 0.2551 0.2827 0.2641 0.3623 0.2900 0.3492 0.3798 0.3828 0.3467 0.4112



Molecular diffusion in Liquids In the case of diffusion in liquids, C and DAB may vary considerably with respect to process conditions. Hence, the Eq. (2.14) can be modified to: NA =[ NA / (NA + NB)] (DAB/Z) (ρ/M) av ln{[NA/ (NA + NB) – xA2] / [NA/ (NA + NB) – xA1] }



(2.34)



where ρ is solution density and M is solution molecular weight. 2.4.3.1 Case 1 − Diffusion of liquid A through a stagnant liquid B In this case, NB = 0 and NA = constant. Hence, NA = (DA, B / Z xB.M) (ρ/M) av (xA1 – xA2)



(2.35)



where xB, M = [(xB2 – xB1) /ln (xB2/xB1)]



(2.36) 9



or NA = (DAB/Z) (ρ/M) av ln [(1 – xA2)/ (1 – xA1)]



(2.37)



2.4.3.2 Case 2 −Equimolar counter diffusion In this case, NA = -NB . So, NA = (DAB/Z) (CA1 – CA2) = (DAB/Z) (ρ/ M) av (xA1 – xA2) 2.4.4



(2.38)



Diffusivity prediction in liquids Diffusivity has the dimension of area/time similar to that of gases. A few typical data is listed in Table 2.3 and more is available in literature. For some cases such as dilute solution of non-electrolytes, the diffusivity can be estimated by using Wilke and Chang empirical correlation. DAB = (117.3 x 10-18) (ϕ MB)0..5 T / (µvA0.6)



(2.39)



where DAB – diffusivity of A in very dilute solution in solvent B, m2/s MB – Molecular weight of solvent, kg/k mol. T – Absolute temperature, K µ - Solution viscosity, kg/m-s vA - Solute molal volume at normal boiling point, m3/k mol. = 0.0756 for water as solute. ϕ - Association factor for solvent. = 2.26 for water as solvent = 1.90 for methanol as solvent = 1.50 for ethanol as solvent = 1.00 for unassociated solvents, eg. benzene and ethyl ether. The value of vA can be estimated from the data of atomic volumes added together. Typical data on atomic and molecular volume is available in Table 2.4
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Table: 2.3 Liquid diffusivities Solute



Solvent



Cl2 HCl



Water Water



Temperature, K



Solute concentration, kmol/m3



Diffusivity, m2/s × 109



289 273



0.12 9 2 9 2.5 0.5 3.5 1.0 0 0 0.05 0.2 1.0 3.0 5.4 0 1.0 0.01 1.0 3.75 0.05 2.0 0 0 2.0



1.26 2.7 1.8 3.3 2.5 2.44 1.24 1.77 1.46 1.77 1.26 1.21 1.24 1.36 1.54 1.28 0.82 0.91 0.96 0.50 0.83 0.90 0.77 3.2 1.25



283 NH3



Water



CO2



Water



NaCl



Water



289 278 288 283 293 291



Methanol Acetic acid



Water Water



288 285.5



Water



291 283



Ethanol



n – Butanol Water CO2 Ethanol Chloroform Ethanol



289 288 290 293
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Gas Carbon Hydrogen Chlorine Bromine Iodine Sulfur Nitrogen In primary amines In secondary amines Oxygen In methyl esters In higher esters In acids In methyl ethers In higher ethers Benzene ring: subtract Naphthalene ring: subtract



Atomic volume, m3/1000 atoms ×103 14.8 3.7 24.6 27.0 37.0 25.6 15.6 10.5 12.0 7.4 9.1 11.0 12.0 9.9 11.0 15



Gas H2 O2 N2 Air CO CO2 SO2 NO N2O NH3 H2O H2S COS Cl2 Br2 I2



Molecular volume, m3/1000 kmol ×103 14.3 25.6 31.2 29.9 30.7 34.0 44.8 23.6 36.4 25.8 18.9 32.9 51.5 48.4 53.2 71.5



30



Table: 2.4 Atomic and molecular volumes:



12
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2.4.5



Pseudo – Steady State Diffusion In many mass transfer operations, one of the boundaries between the liquids may move with time. If the length of the diffusion path changes over a period of time, a pseudo steady state develops. Here the molar flux is related to the amount of A leaving the liquid by Flux = rate of change of liquid level × molar density of A in liquid phase (2.40) NAZ = (dZ/dt) × CA, L NAZ



= (C DAB/ZxB, M) (xB2–xB1) = (dZ/dt) CA, L



(2.41)



Integrating Eq. (2.41) between t = 0, Z = Zto and t = t, Z = Zt t



Zt



∫ ZdZ = C D



Zt0



AB



(xB2 – xB1)/ xB, M CA, L = ∫ dt 0



(2.42)



We get after integration and simplification, t/ (Zt – Zto) = xB, M CA, L (Zt + Zto)/[2 C DAB (xA1 – xA2)]



(2.43)



i.e. t/ (Zt – Zto) = xB, M CA, L (Zt + Zto+Zto - Zto)/[2 C DAB (xA1 – xA2)] (2.44) i.e. t/ (Zt – Zto) = [xB, M CA, L (Zt - Zto)/ [2 C DAB (xA1 – xA2)] + 2 Zto xB, M CA, L/[2 C DAB (xA1 – xA2)]



(2.45)



Eq. (2.45) is of the form, “Y



=



m x + C”



(2.46)



where y = t/ (Zt - Zto) and x = (Zt - Zto) Slope, m = xB, M CA, L/ [2 C DAB (xA1 – xA2)] and Constant ‘C’ = Zto xB, M CA, L/ C DAB (xA1 – xA2) Since Eq. (2.45) is linear, by plotting t/ (Zt - Zto) against (Zt - Zto), from the slope of line DAB can be calculated, as the other parameters of Eq. (2.45) are all known. This equation is called as Winkle Mann’s relation. 2.5



Diffusion in Solids Fick’s Law of diffusion can be applied to the system which is under steady state condition, diffusivity is independent of concentration and when there is no bulk flow. So the rate of diffusion of substance ‘A’ per unit cross section of solid is proportional to the concentration gradient in the direction of diffusion. NA = - DA (dCA/ dZ)



(2.47)



where DA is the diffusivity of A through the solid. When the diffusion is taking place through a flat slab of thickness “Z”, then eq. (2.47) becomes 14



NA = DA (CA1 – CA2)/ Z



(2.48)



Here CA1 and CA2 are concentrations at opposite sides of the slab. For solids of varying transfer area, the diffusional rate is given by W = NA Sav = [DA Sav (CA1 – CA2)]/ Z



(2.49)



Sav is average mass transfer area of respective solid surfaces. Hence, for radial diffusion through a solid cylinder of inner and outer radii r1 and r2 respectively and its length l, Sav = 2πrl



(2.50)



W = -DA 2πrl (dC/dr)



(2.51)



On integrating, r2



CA 2



r1



CA1



W ∫ dr / r = - DA 2πl or



∫ dC



W ln (r2/r1) = - DA 2πl (CA2 – CA1)



or W = [DA 2πl (CA1 – CA2)]/ [ln (r2 / r1)] [(r2 – r1)/ (r2 – r1)] or



(2.52)



W = DA Sav (CA1 – CA2)/ Z



(2.53) (2.54) (2.55)



Where Sav = 2πl (r2 – r1)/ ln (r2 / r1) and Z = (r2 – r1) Similarly for radial diffusion through a spherical shell of inner and outer radii r 1 and r2 the surface is Sav = 4π r1 r2 and Z = (r2 – r1) 2.5.1



(2.56)



Types of solid Diffusion The nature of solids and its interaction with the diffusing substance influence the



rate of mass transfer. They are : 2.5.1.1 Diffusion through Polymers Diffusion through polymeric membranes for e.g. gaseous separation through a membrane, mainly depends on the pressure gradient as the driving force. Diffusion takes place from high pressure region to low pressure region. A particular activation energy is needed for diffusion to take place and the temperature dependency of diffusivity is given by Arrhenius type relation, DA = Do e-HD/RT



(2.57)



Where HD is the energy of activation and Do is a constant. For simple gases, DA is independent of concentration but for permanent gases, diffusivity is strongly dependent on solute concentration in the solid. The diffusional flux is given by VA = DA SA (pA1 – pA2)/ Z



(2.58) 15



where VA is the diffusional flux, cm3 gas (STP)/cm2.s DA is the diffusivity of A, cm2/s pA is the partial pressure of diffusing gas, cm Hg SA is the solubility coefficient, cm3 gas (STP)/cm3 solid cm Hg. Z is the thickness of polymeric membrane, cm Permeability can be defined as P = DA SA



(2.59)



P – Permeability, cm3 gas (STP)/cm2.s. (cm Hg/cm) The solubility is related to concentration in SI units as, cA (k mole/m3 solid) = S pA



(2.60)



22.414 and in CGS system as cA(g mole/cm3 solid) = S pA



(2.61)



22414 2.5.1.2 Diffusion through crystalline solids Solute nature and crystalline structure are the important parameters in this type of diffusion. Some of the mechanisms have been followed for diffusion through crystal geometry. 1.



Interstitial mechanism – Solute atoms diffuse from one interstitial site to the next in the crystal lattice.



2.



Vacancy mechanism – If lattice sites are vacant, an atom in an adjacent site may jump into the vacant site.



3.



Interstitialcy mechanism – A large atom occupying in an interstitial site pushes the neighboring lattice into an interstitial position and moves into the vacancy produced.



4.



Crowded-ion mechanism – An extra atom in a chain of close-packed atoms can displace several atoms in the line from their equilibrium position.



5.



Diffusion along grain boundaries – Diffusion takes place in crystal interfaces and dislocations.



2.5.1.3 Diffusion in Porous Solids The solid may be porous in nature such as adsorbents or membrane and the diffusion takes place either by virtue of concentration gradient or by hydrodynamic flow behavior because of pressure difference. In steady state diffusion of gases, there are two types of diffusive movement, depending on the ratio of pore diameter d, to the mean free path of the gas molecules,λ. If the ratio d/λ > 20, molecular diffusion predominates 16



NA = [NA/ (NA + NB)] [DAB, eff Pt/ RTZ] ln {[NA/ (NA + NB)] – yA2 / [NA/ (NA + NB)] – yA1}



(2.62)



If d/λ < 0.2, the rate of diffusion is governed by the collisions of the gas molecules within the pore walls and follows Knudsen’s Law. NA = DK, A (pA1 – pA2)/ RTl



(2.63)



where DK, A is the Knudsen diffusivity, cm2/s l is the length of the pore, cm pA is the partial pressure of diffusing substance, cm Hg DK, A



Knudsen diffusivity can be determined by using an empirical relation, DK, A



= (d/3) (8 gc RT/π MA)1/2



(2.64)



The mean free path λ can be estimated by λ = (3.2 µ/ Pt) (RT/2πgcMA)1/2



(2.65)



If 0.2 < d/λ < 20, both molecular and Knudsen diffusion take place NA =NA/ (NA + NB) [(DAB, eff Pt)/ Z RT] ln [(NA/ NA + NB) (1 + (DA, B, eff/ DK.A eff)) − yA2]/ [(NA/ NA + NB) (1 + (DA, B, eff/ DK.A eff)) - yA1] 2.5.2



(2.66)



Unsteady state diffusion Since solids are not readily transported, as fluids, unsteady state diffusional conditions arise more frequently in solids than in fluids. For unsteady state diffusion, Fick’s Second Law is applied ∂C/∂t = DAB [(∂ 2CA/∂x2) + (∂ 2CA/∂y2) + (∂ 2CA/∂z2)]



(2.67)



17



Worked examples: 1)



Estimate the diffusivities of the following gas mixtures:



a)



Nitrogen – carbon dioxide, 1 Standard atm, 25ºC.



b)



Hydrogen chloride – air, 200 kN/m2, 25ºC. a)



System : N2 and CO2 at 1 Standard atm 25°C Let A denote Nitrogen and B denote Carbondioxide rA = 0.3798 m,



rB = 0.3941 nm



rAB= (0.3798 + 0.3941)/2 = 0.38695 nm {ε/K} A = 71.4,



{ ε/K} B = 195.2



{ ε/K} AB = √[71.4 × 195.2] =118.056 KT/ ε AB 298/118.056 = 2.52 f (KT/ ε AB) = 0.5 (from Chart) √ [(1/MA) + (1/MB)] = √ [(1/28) + (1/44)] = 0.242 DAB = 10- 4 {1.084 – 0.249√ [(1/MA) + (1/MB)]}T3/2 √ [(1/MA) + (1/MB)] Pt (rAB)2 f (KT/ ε AB) DAB = 10- 4 {1.084 – 0.249√ [(1/28) + (1/44)]}(298)3/2 √ [(1/28) + (1/44)] 1.013×105 × (0.38695)2 × 0.5 = 10- 4 {1.084 – (0.249×0.242)×(298)3/2 ×(0.242)] 1.013×105 × (0.38695)2 × 0.5 DAB = 1.6805×10-5 m2/s. b)



System : Hcl (A) and Air (B) at 200 kN/m2, 25°C rA = 0.3339 nm,



rB = 0.3711



rAB = (0.3339 + 0.3711)/2 = 0.3525 nm {ε/K} A = 344.7,



{ε/K} B = 78.6



{ε/K} AB = √ [344.7 × 78.6] =164.6 (KT/ ε AB ) = 298/164.6 = 1.81 f (KT/ ε AB) = 0.62 (from Chart) √ [(1/MA) + (1/MB)] = √ [(1/36.5) + (1/29)] = 0.249 DAB = 10- 4 {1.084 – 0.249√ [(1/MA) + (1/MB)]}T3/2 √ [(1/MA) + (1/MB)] Pt (rAB)2 f (kT/ ε AB) DAB = 10- 4 {1.084 – (0.249×0.249)}×(298)3/2 ×(0.249)] 200×103 × (0.3525)2 × 0.62 18



DAB = 8.496 ×10-5 m2/s. 2)



Estimate the diffusivity of isoamyl alcohol (C5H12O) at infinite dilution in water at 288 K. Viscosity of water = 1.145 cp, VA (by Kopp’s law = 5 × 0.0148 +12 × 0.0037 + 1 × 0.0074 = 0.1258 m3/k mol Ψ (Association parameter for solvent-water)= 2.26 DAB = (117.3 × 10-18) (ΨMB)0.5 T μ VA 0.6 = (117.3 × 10-18) (2.26 × 18)0.5 × 288 (0.001145) × (0.1258)



0.6



= 0.653 × 10-9 m2/s 3)



The diffusivity of carbon tetrachloride, CCl4 through oxygen, O2 was determined in a steady state Arnold evaporating cell. The cell, having a cross sectional area of 0.82 cm2, was operated at 273 K and 755 mmHg pressure. The average length of the diffusion path was 17.1 cm. If 0.0208 cc of CCl4 was evaporated in 10 hours of steady state operation, what should be the value of the diffusivity of CCl4 through oxygen? Vapour pressure of CCl4 at 273 K = 33 mm Hg Density of liquid CCl4 = 1.59 g/cm3. Considering O2 to be non diffusing and with T = 273 K, Pt =755 mm Hg, Z = 17.1 cm 0.0208 cc of CCl4 is evaporating in 10 hours. (i.e.) 0.0208 × 1.59 = 2.147 × 10-5 gm mol /hr 154 × 10 Flux = NA = 2.147 ×10-5 ×10-3 = 7.27 × 10-8 kg mol /m2 s 3600 × 0.82 × 10-4 NA = DAB Pt ln [(Pt – pA2)/ (Pt – pA1)] ZRT DAB = ______NA × Z ×RT______ Pt ln [(Pt – pA2)/ (Pt – pA1)]



19



7.27 ×10-8 ×10- 2 × 8314 ×273 == -----------------------------------------------------------------------------------------------[(755/760)×1.013 ×105] ln{[(755/760×1.013 ×105) – 0]/ [(755/760×1.013 ×105)– (33/760 ×1.013 ×105)]}



DAB = 6.355 ×10- 6 m2/s 4)



A crystal of copper sulfate CuSO4.5H2O falls through a large tank of pure water at 20ºC. Estimate the rate at which the crystal dissolves by calculating the flux of CuSO 4 from the crystal surface to the bulk solution. Molecular diffusion occurs through a film of water uniformly 0.0305 mm thick surrounding the crystal. At the inner side of the film, adjacent to the crystal surface, the concentration of CuSO4 is 0.0229-mole fraction CuSO4 (solution density = 1193 kg/m3). The outer surface of the film is pure water. The diffusivity of CuSO4 is 7.29 x 10- 10 m2/s. Temperature = 293 K Molecular weight of CuSO4= 160 Z = 0.0305 ×10- 3 m Mavg = 0.0229 × 160 + 0.9771 × 18



=21.2518



1 (ρ/M) 1 =1193/21.2518 = 58.136 For pure water, (ρ/M) 2 = 1000/18 = 55.56 (ρ/M) avg = (58.136 + 55.56)/2 = 56.848 DAB = 7.29 ×10-10 m2/s Assuming water to be non-diffusing NA = DAB (ρ/M) avg ln [(1 – xA2)/ (1 – xA1)] Z = [7.29 ×10-10/ (0.0305 ×10- 3) ]× 56.848 × ln [(1- 0)/ (1- 0.229)] NA = 3.15 × 10- 5 k mol/m2s. 5) Alcohol vapour is diffusing through a layer of water vapour under Equimolar counter diffusion at 35ºC and 1 atm pressure. The molal concentration of alcohol on the two sides of the gas film (water vapour) 0.3 mm thick are 80% and 10% respectively. Assuming the diffusivity of alcohol – water vapour to be 0.18 cm2/sec, i) Calculate the rate of diffusion of alcohol and water vapour in kg/hr through an area of 100 cm 2 ii) If the water vapour layer is stagnant, estimate the rate of diffusion of alcohol vapour. 20



(i) Equimolar counter diffusion T = (273+35) = 308 K,



Pt =1 atm



Z = 0.3 mm, DAB = 0.18 ×10- 4 m2/s Position 1)



moles



mol fraction



Air



80



0.8



Water



20



0.2



Position 2)



moles



mol fraction



Air



10



0.1



Water



90



0.9



NA = DAB × [ pA1 – pA2] ZRT NA = DAB ×Pt [yA1 – yA2] ZRT NA = [(0.18 × 10 - 4 × 1.013 × 10 5)/ (0.3×10 - 3 × 8314 ×308)] × [0.8 – 0.1] NA = 1.66 × 10 – 3 k mol/m2 s Rate = NA × 100 × 10 – 4 ×3600 × 46 kg/hr = 1.66 × 10 – 3 × 100 × 10 – 4 ×3600 × 46 = 2.749 kg/hr. (ii) Diffusion through a stagnant film NA = DAB ×Pt ln [(1 - YA2) / (1 - YA1)] ZRT NA =[(0.18 × 10 - 4×1.013 × 10 5)/(0.3×10 - 3 × 8314 ×304) ]ln [(1 -0.1)/(1- 0.8)] NA = 3.5706 × 10 – 3 kg mol/m2 s Rate = NA × 100 × 10 – 4 ×3600 × 46 kg/hr = 3.5706 × 10 – 3 × 100 × 10 – 4 ×3600 × 46 = 5.9129 kg/hr = 1.6425 × 10 – 3 kg/s. 6) Hydrogen gas at 1 std. atm. and 25ºC flows through a pipe made of unvulcanised neoprene rubber with ID and OD of 25 and 50 mm respectively. If the concentration of Hydrogen at the inner surface of the pipe is 2.37x10 -3 k mole Hydrogen / m3 and the diffusivity of hydrogen gas through the rubber is 1.8 x 10- 6 cm2/s, estimate the rate 21



of loss of hydrogen by diffusion through a pipe of 2 m length. The outside air may be assumed to be free from hydrogen. Given : T = 298 K, Pt =1 atm, I.D = 25 mm, O.D = 50 mm, C1 = 2.37 × 10 – 3 k mole/m3, DAB = 1.8 × 10 – 6 cm2/s, L = 2 m This is the case of diffusion through polymers, so VA = DASA[pA1 – pA2] Z Z = (50 – 25)/2 = 12.5 mm As per Eq.(2.60), we have VA = DA (CA1 – CA2)/ Z = 1.8 ×10-10 (2.37 ×10-3 – 0)/ 12.5 ×10-3 = 0.3413 × 10-10 kg mole/m2 s Sav = 2 π L (OD –ID) 2 ln (OD/ID) = 2 π ×200 × 25 = 0.2266 m2 2 ln (50/25) Rate = VA × Sav = 0.3413 × 10 –10 ×0. 2266 = 7.734× 10 – 12 k mole/s 7) Ammonia diffuses through nitrogen gas under equimolal counter diffusion at a total pressure of 1.013 x 105 Pa and at a temperature of 298 K. The diffusion path is 0.15 m. The partial pressure of ammonia at one point is 1.5 x10 4 Pa and at the other point is 5 x 103 Pa. Diffusivity under the given condition is 2.3 x 10- 5 m2/s. Calculate the flux of ammonia. Equimolal counter diffusion Pt = 1.013 × 10 5 Pa, T = 298 K, Z = 0.15 m, PA1 = 1.5 ×10 4 Pa, PA2 = 5 ×10 3 Pa, DAB = 2.3 × 10 – 5 m2/s NA = DAB × [pA1 – pA2] ZRT NA = 2.3 × 10 – 5 ×[ (1.5 – 0.5) × 10 4] 0.15 ×8314 × 298 NA = 6.19 × 10 – 7 k mole/m2 s.
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8) A thin film 0.4 cm thick of an ethanol – water solution is in contact at 20ºC at one surface with an organic liquid in which water is insoluble. The concentration of ethanol at the interface is 6.8 wt% and at the other side of film it is 10.8 wt%. The densities are 0.9881 g/cc and 0.9728 g/cc respectively for 6.8 wt% and 10.8 wt% ethanol solutions. Diffusivity of ethanol is 74 x 10- 5 cm2/s. Calculate the steady state flux in k mole /m2 s. Position 1)



weight



moles



mol fraction



Ethanol



6.80



0.1478



0.02775



Water



93.20



5.18



0.9722



weight



moles



mol fraction



Ethanol



10.8



0.235



0.0453



Water



89.20



4.96



0.9547



Position 2)



Mavg (position 1) = 0.02775 × 46 + 0.9722 × 18



= 18.776



1 Mavg (position 2) = 0.0453 × 46 + 0.9547 × 18



= 19.268



1 (ρ/M) 1 =0.9881 × 10 3/ 18.776 = 52.626 (ρ/M) 2 = 972.8/19.268 = 50.488 (ρ/M) avg = (52.626 + 50.488)/2 = 51.557 Assuming one of the liquid in stagnant condition, i.e. water to be non-diffusing because water is insoluble in the organic liquid. NA = DAB (ρ/M) avg ln [(1 – xA2)/ (1 – xA1)] Z = 74 ×10-5 × 10 – 4× 51.557 × ln [(1- 0.02775)/ (1- 0.0453)] 0.4 ×10- 2 NA = 1.737 × 10- 5 k mol/m2s.
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9) Calculate the rate of diffusion of acetic acid (A) across a film of non – diffusing water (B) solution 2 mm thick at 17ºC, when the concentrations (by weight) on opposite sides of the film are 10% and 4% acid ? The diffusivity of acetic acid in the solution is 0.000095 m2/s. Density of 10 % and 4 % acid (by weight) are 1013 kg/m 3 and 1004 kg/m3 respectively. Z = 2 mm,



T = 290 K, Basis : 100 kg of mixture



Position 1)



weight, kg CH3COOH H2O



Position 2)



k moles



mol fraction



10



0.167



0.0323



90



5



0.9677



weight,kg



k moles



mol fraction



4



0.067



0.0124



96



5.33



0.9876



CH3COOH H2O



Mavg,1 = (0.0323 × 60) +(0.9677 × 18) = 19.3566 1 Mavg,2 = (0.0124 × 60) + (0.9876 × 18)



= 18.5208



1 (ρ/M) 1 =1013/19.3566 = 52.3335 (ρ/M) 2 = 1004/18.5208 = 54.209 (ρ/M) avg = (52.3335 + 54.209)/2 = 53.2714 Assuming water to be non-diffusing NA = DAB (ρ/M) avg ln [(1 – xA2)/ (1 – xA1)] Z = 0.000095 × 53.2714 × ln [(1- 0.0124)/ (1- 0.0323)] 2 ×10- 3 NA = 0.0515 kg mol/m2s.



10) Carbon dioxide and oxygen experience equimolal counter diffusion in a circular tube whose length and diameter are 1m and 50 mm respectively. The system is at a total pressure of 10 atm and a temperature of 25ºC. The ends of the tube are connected to large chambers in which the species concentrations are maintained at fixed values. The partial pressure of CO2 at one end is 190 mm Hg while at the other end is 95 mm
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Hg. (i) Estimate the rate of mass transfer (ii) Find the partial pressure of CO2 at 0.75 m from the end where the partial pressure is 190 mm Hg. Diffusivity of CO2 - O2 = 2.1 x 10-5 m2/s. L = 1m, dia = 50 mm, Pt = 10 atm, T = 298 K, pA1 = 190 mm Hg, pA2 = 95 mm Hg, DAB = 2.1 ×10- 5 m2/s (i) NA = DAB ×1 [pA1 – pA2] ZRT R = PoVo/To =(760×22.414/273)=62.4 (mm)(m3)/(K)(k mole) NA = 2.1 × 10 – 5 × 7600____ [(190/7600) – (95/7600)] 1 ×62.4 × 298 NA = 1.073 × 10 – 7 Kg moles/m2 s. Rate of mass transfer = 1.073 × 10 – 7 × π r2 = 1.073 × 10 – 7 × π [(50× 10 – 3)/2]2 = 2.107 × 10-10 kg mole/s. (ii) yA – yA1 = Z – Z1 yA2 – yA1



;



y = PA/pt



Z2 – Z1



PA – pA1 = Z – Z1 PA2 – pA1



Z2 – Z1



PA – 190 = 0.75 – 0 = pA = 118.75 mm Hg 95 – 190



1–0



11) In an oxygen- nitrogen gas mixture at 1 atm 25ºC, the concentrations of oxygen at two planes 0.2 cm apart are 10 and 20% (by volume) respectively. Calculate the flux of oxygen when (i) Nitrogen is non-diffusing and (ii) there is equimolal counter diffusion. Diffusivity of oxygen in Nitrogen is 0.215 cm2/s. Pt = 1 atm, T = 298 K, Z = 0.2 cm, yA1 = 0.2, yA2 = 0.1, DAB = 0.215 cm2/s (i) When N2 is non- diffusing, NA = DAB ×Pt ln [(1 – yA2)/ (1 – yA1)] ZRT NA = 0.215 × 10 - 4 × 1.013 × 10 5



ln



[(1 - 0.1)/ (1 – 0.2)]



0.2×10 - 2 × 8314 ×298 NA = 5.18 × 10 – 5 kg mol/m2 s (ii) For equimolal counter diffusion. NA = DAB ×Pt [yA1 – yA2] ZRT 25



NA = 0.215 × 10 - 4 ×1.013 × 10 5____ [0.2 – 0.1] 0.2×10 - 2 × 8314 ×298 NA = 4.395 × 10 – 5 kg mol/m2 s. 12)



Ammonia is diffusing through an inert air film 2 mm thick at a temperature of 20ºC and a pressure of 1 atm. The concentration of ammonia is 10% by volume on one side of the film and zero on the other side. Determine the mass flux. Estimate the effect on the rate of diffusion if the pressure is increased to 10 atmospheres. The diffusivity of NH3 in air at 20°C and 1 atm. is 0.185 cm2/s. Pt = 1 atm, T = 293 K, Z = 2 mm, yA1 = 0.1, yA2 = 0, DAB = 0.185 cm2/s Assuming air to be stagnant and non – diffusing, NA = DAB ×Pt ln [(1 – yA2)/ (1 – yA1)] ZRT NA = (0.185 × 10 - 4 ×1.013 × 10 5)/ (2×10 - 3 × 8314 ×293) ln [(1 - 0)/ (1 – 0.1)] NA = 4.05 × 10 – 5 kg mol/m2 s. Mass flux = NA × Mol.wt = 4.05 × 10 – 5 × 17 = 6.89× 10 – 4 kg/m2 s When pressure is increased to 10 atm For gases DAB α 1/Pt (DAB) 1/ (DAB) 2 = (pt) 2 / (pt) 1 0.185/ (DAB) 2 = (10/1)



(DAB) 2 = 0.0185 cm2/s



NA = DAB ×Pt ln [(1 – yA2)/ (1 – yA1)] ZRT NA = 0.0185 × 10 - 4 × 10 5 × 10 × 1.013



ln [(1 - 0)/(1 – 0.1)]



2×10 - 3 × 8314 ×293 NA = 4.05 × 10 – 5 kg mol/m2 s. So rate of diffusion remains same on increasing the pressure 13)



Calculate the rate of diffusion of acetic acid (A) across a film of non – diffusing water (B) solution 2 mm thick at 17ºC, when the concentrations on the opposite sides of the film are 9% and 3% acid (by weight)? The diffusivity of acetic acid in the solution is 0.95 x 10- 9 m2/s. Density of 9% and 3% by weight acid are 1012 Kg/m3 and 1003 Kg/m3 respectively. Z = 2 mm,



T = 290°C,



DAB = 0.95 × 10 – 9 m2/s 26



Position 1)



weight



moles



mol fraction



CH3COOH



9



0.15



0.0288



H2O



91



5.056



0.9712



weight



moles



mol fraction



CH3COOH



3



0.05



0.0092



H2O



97



5.389



0.9908



Position 2)



Mavg = (0.0288 × 60) +(0.9712 × 18) = 19.2096 1 Mavg = (0.0092 × 60) + (0.9908 × 18) = 18.3864 1 (ρ/M) 1 =1012/19.2096 = 52.682 (ρ/M) 2 = 1003/18.3364 = 54.699 (ρ/M) avg = (52.682 + 54.699)/2 = 53.691 Assuming water to be stagnant NA = DAB (ρ/M) avg ln [(1 – xA2)/ (1 – xA1)] Z = 0. 95× 10 – 9 × 53.691 × ln [(1- 0.0092)/ (1- 0.0288)] 2 ×10- 3 NA = 5.0956 × 10 – 7 kg mol/m2s.



14) In an oxygen- nitrogen gas mixture at 1 atm, 25°C, the concentrations of oxygen at two planes 0.2 cm apart are 10 and 20-volume % respectively. Calculate the rate of diffusion of oxygen expressed as gm mole /(sq cm) (sec) for the case where a) The nitrogen is non- diffusion b) There is equimolar counter diffusion of the two gases. Diffusivity of oxygen in nitrogen at 25°C and 1 atmosphere is 0.206 cm2/sec. The value of gas constant is 82.06 (cc) (atm) / (gm mole) (K). Pt = 1 atm, T = 293 K, Z = 2 cm, yA1 = 0.2, yA2 = 0.1, DAB = 0.206 cm2/s (For ideal gases, volume fraction = mole fraction) (i) N2 is non - diffusing NA = DAB ×Pt ln [(1 – yA2)/ (1 – yA1)] ZRT 27



NA = 0.206 × 10 - 4 ×1.013 × 10 5



ln [(1 – 0.1)/ (1 – 0.2)]



0.2×10 - 2 × 8314 ×293 NA = 4.96 × 10 – 5 kg mol/m2 s. (ii) In equimolal diffusion, NA = DAB ×Pt [yA1– yA2] ZRT NA = 0.206 × 10 - 4 × 1.013 × 10 5



[0.2 – 0.1]



0.2×10 - 2 × 8314 ×293 NA = 4.283 × 10 – 5 kg mol/m2 s. 15)



Benzene is stored in a tank of diameter 10 m and open at the top. A stagnant air film 10 mm thick is covering the surface liquid beyond which benzene is absent. If the atmospheric temperature is 25°C and the corresponding vapour pressure is 150 mm Hg, estimate the rate of loss of benzene. Diffusivity of benzene is 0.02 m 2/hr. Total pressure is 1.0 atm. Pt = 1atm, T = 298 K, , pA1 = 150 mm Hg = 0.2 × 10 5 N/m2 pA2 = 0, DAB = 0.02 m2/hr Assuming air layer to be stagnant NA = DAB Pt ln [(Pt – pA2)/ (Pt – pA1)] ZRT = 0.02 ×1.013 ×10 5______ ln [(1.013 ×10 5– 0)/ {1.013 ×10 5-0.2 × 10 5)}] 3600 × 10 – 3 × 10 × 8314 × 298 = 4.996 × 10 – 6 kg mole/m2 s. Rate = 4.996 × 10 – 6 × π (5/2)2 = 9.81 × 10-5 kg mole/s.



16)



Alcohol vapour is being absorbed from a mixture of alcohol- vapour and water vapour by means of a nonvolatile solvent in which alcohol is soluble but water is not. The temperature is 97°C and the total pressure is 760 mm Hg. The alcohol vapour can be considered to be diffusing through a film of alcohol- water – vapour mixture 0.1 mm thick. The mole % of alcohol in the vapour at the outside of the film is 80%, and that on the inside, next to the solvent is10%. The diffusivity of alcohol- water vapour mixtures at 25°C and 1 atm is 0.15 cm2/s. Calculate the rate of diffusion of alcohol vapour in kg per hour if the area of the film is 10 m2. Pt = 760 mm Hg, T = 370 K, Z = 0.1 mm, yA1 = 0.8, yA2 = 0.1, DAB = 0.15 × 10 – 2 m2/s at 25°C & 1 atm, area of film = 10 m2 28



For gases, DAB α T 3/2 (DAB1 /DAB2) = (T1 /T2) 3/2 [0.15 × 10 – 2/DAB2] = (298/370) 3/2 DAB2 (at 97 °C) = 2.075 × 10 – 3 m2/s Water is insoluble in solvent & thus non-diffusing NA = DAB ×Pt ln [(1 – yA2)/ (1 – yA1)] ZRT NA = 2.075 × 10 - 3 × 1.013 × 10 5



ln [(1 – 0.1)/ (1 – 0.8)]



0.1×10 - 3 × 8314 ×370 NA = 1.0278 kg mol/m2 s. Rate = 1.0278 × 10 × 3600 × 46 = 1.70 × 10 6 kg/hr. 17)



Ammonia is diffusing through an inert air film 2 mm thick at a temperature of 20ºC and a pressure of 1 atm. The concentration of ammonia is 10% by volume on one side of the film and zero on the other side. DAB at 0ºC and 1 atm 0.198 cm2/s. Estimate rate of diffusion if the temperature is 20ºC and pressure is raised to 5 atm. Pt = 1 atm, T = 293 K, Z = 2 mm, yA1 = 0.1, yA2 = 0, DAB = 0.198 cm2/s at 0°C and 1 atm (Volume % = mole %, for ideal gases) (DAB1 /DAB2) = (T1 /T2) 3/2 [0.198 × 10 – 4/DAB2] = (273/293) 3/2 DAB2 = 2.2015 × 10 – 5 m2/s Assuming air film to be stagnant. NA = DAB ×Pt ln [(1 – yA2)/ (1 – yA1)] ZRT NA = 2.2015 × 10 - 5 × 1.013 × 10 5



[(1 – 0)/ (1 – 0.1)]



2×10 - 3 × 8314 ×293 NA = 4.823 × 10 – 5 kg mole/m2s. Now pressure is increased to 5 atm DAB α (T 3/2/Pt) (DAB1 /DAB2) = (T1 /T2) 3/2(P2/P1) [0.198 × 10 – 4/DAB2] = (273/293) 3/2 × (1/5) DAB2 = 0.198 ×10 – 4 × (293/273)3/2 × (1/5) 29



DAB2 = 4.403 × 10 – 6 m2/s NA = DAB ×Pt ln [(1 – yA2)/ (1 – yA1)] ZRT NA = 4.403 × 10 - 6 ×5 × 1.013 × 10 5



[(1 – 0)/ (1 – 0.1)]



2×10 - 3 × 8314 ×293 NA = 4.823 × 10 – 5 kg mole/m2s. So there is no change in flux when pressure is changed (DAB) new=(DAB) initial where ‘P’ gets cancelled with the Pt term in the equation in Numerator. 18) An open bowl 0.2 m in diameter contains water at 350 K evaporating into the atm. If the currents are sufficiently strong to remove the water vapour as it is formed and if the resistances to its mass transfer in air is equivalent to that of a 2 mm layer for condition of molecular diffusion, what will be the rate of evaporation? Diffusivity is 0.2cm2/s, vapour pressure is 41.8 kN/m2. Pt = 1 atm, T = 350 K, Z = 2 mm, PA1 = 0.1,PA2 = 0 (pure air),DAB = 0.2 cm2/s Assuming air to be non-diffusing & a stagnant layer of air of 2 mm NA = DAB Pt ln [(Pt – pA2)/ (Pt – pA1)] ZRT = 0.2×10 – 4 ×1.013 × 10 5_______ln [(101.3 – 0)/{101.3 – 41.8}] 2 × 10 – 3 × 8314 × 350 = 1.852 × 10 – 4 kg mole/m2 s. Rate of evaporation = NA × area = 1.852 × 10 – 4 × π × (0.2/2)2 = 5.82× 10 – 6 kg mole/s = 5.82 × 10 – 6 × 18 = 1.048× 10 – 4 kg/s.



19)



In an experimental determination of diffusivity of toluene in air, Stefan’s method is being used. A vertical glass tube 3 mm in diameter is filled with liquid toluene to a depth of 20 mm from the top open end. After 275 hrs at 39.4ºC and a total pressure of 1 atm, the level has dropped to 80 mm from the top. Neglecting counter diffusion of air to replace the liquid, estimate the diffusivity.
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Data: Density of liquid toluene



= 850 kg/m3



Vapour pressure of toluene at 39.4ºC



= 7.64 kN/m2



Gas law constant R



= 8314 Nm/k mol. K



T = 312.4°K, t = 275 hrs,



Pt = 1 atm, Zto = 20 × 10 – 3m, Zt = 80 × 10 – 3m



Air is assumed to be stagnant or non- diffusing ρL = 850 kg/m3,



pA = 7.64 kN/m2



CA, L = ρA, L/ML = 850/92 =9.24 kg mole/m3 CA = Pt/RT = [1.013 ×10 5/ (8314 × 312.4)] = 0.039 kg mole/m3 xA1 = pA/Pt = 7.64/101.3 = 0.0754 xB1 = 1 – 0.0754 = 0.9246 xA2 = 0,



XB2 = 1



xB, M = xB2 – xB1 ln (xB2/xB1) t



= (1 – 0.9246)



= 0.9618



ln (1/0.9246)



= XB, M. CA, L (Zt + Zto)



(Zt – Zto)



2 × C × DAB (xA1 - xA2)



DAB = xB, M. CA, L (Zt2 - Zto2) 2 × C × (xA1 - xA2) × t DAB = 0.9613 × 11.81 × [(80 × 10 – 3)2 – (20 × 10 – 3)2] 275 × 3600 × 2 × 0.039 × (0.0754 – 0) DAB = 0.916× 10 – 5 m2/s. 20) A mixture of Benzene and toluene is distilled in distillation unit. At one plane in the vertical tube where both Benzene and toluene are condensing the vapour contains 85.3 mole% Benzene and the adjacent liquid film contains 70 mole% Benzene. The temperature is 360 K. The gas layer assumed to be stagnant is 0.254 cm thick. The molal Latent heat of vaporization of both Benzene and toluene are very close to each other. Vapour pressure of toluene is 368 mm Hg at 360 K. Calculate the rate of interchange of Benzene and toluene between vapour and liquid at atmospheric pressure. The diffusion coefficient is 0.0506 × 10–4 m2/s. This is a case of equimolal counter diffusion as the Latent heat of vaporization are very close to each other.
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(2) 0.853 B 0.147 T Vapour



(1) 0.7 B 0.3 T Liquid



0.254 cm NA = DAB × [pA1 – pA2] ZRT The partial pressure, p Tol,1 = x Tol × Vapor pressure Tol = 0.3 × 368 /760 = 0.145 atm The partial pressure of Toluene in vapour phase, pTol,2 = Mole fraction of Toluene × Total perssure = 0.147 atm NA = DAB × [pA1 – pA2] ZRT = 0.0506 × 10–4 × (0.145 – 0.147) / (0.254 × 82.06 × 360) = - 1.331 g mol/cm2 s The negative sign indicates that the toluene is getting transferred from gas phase to liquid phase (Hence, the transfer of Benzene is from Liquid to gas phase)



21)



A vertical glass tube 3 mm in diameter is filled with toluene to a depth of 2 cm from the top open end. After 275 hours of operation at 303 K and at a total pressure of 1 atm., the level dropped to 7.75 cm from the top. The density of the liquid is 820 kg/m 3 and its vapour pressure is at 57 mm Hg under the given operating conditions. Neglecting the counter diffusion of air to replace the liquid, calculate the diffusivity of toluene in air. This is case of Pseudo steady state diffusion as there is significant change in the length of diffusion path.



Zto = 0.02 m Zt = 0.0775 m t = 275 hrs. vapour pressure is = 57 mm Hg Molal density of liquid, CAl = 820/92 = 8.913 kmol/m3 32



xA1 = 57/760 = 0.075,



xB1 = 1-0.075 =0.925



xA2 = 0.0; xB2 = 1.0 (xB)lm = [xB2 - xB1] / ln(xB2/ xB1) = [1-0.925]/ln(1/0.9250 = 0.962 C= P/RT = [1.0132 ×10 5]/[8314 × 303] = 0.04022 kmol/m3 DAB = CAl (xB)lm (Zt 2 - Zto2)



C (xA1 - xA2 ) 2t =



8.913 × 0.962 × (0.0775 2 - 0.022) 0.04022×(0.075-0.0) ×2 ×(275 × 3600)



= 0.805 × 10-5 m2/s 22) The diffusivity of the vapour of CCl4 is determined by Winklemann method in which the level of liquid contained in a narrow tube maintained at a constant temperature of 321 K is continuously measured. At the top of the tube air is flowing and the partial pressure of the vapour at the top of the tube may be taken as zero at any instant. Assuming molecular mass transport, estimate the diffusivity of CCl4 in air. Vapor pressure of CCl4 : 282 mm Hg and Density of CCl4 is 1540 kg/m3. The variation in liquid level with respect to time is given below: Time t,



0 26



185



456



1336



1958



2810



3829



4822



6385



min Liquid



0 0.25



1.29



2.32



4.39



5.47



6.70



7.38



9.03



10.48



level, Zt-Zto, cm Compute t/( Zt-Zto) and plot it against time ‘t’ Time t,



0 26



185



456



1336



1958



2810



3829



4822



6385



min Liquid



0 0.25



1.29



2.32



4.39



5.47



6.70



7.38



9.03



10.48



-



143.



190.



304



357.



418.



514



533.



610



5



5



5



5



level, Zt-Zto, cm t/( Zt-Zto)



104



5
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8 0 0 .0 0



t / ( Z t - Z t o ] , m in / c m



6 0 0 .0 0



4 0 0 .0 0



2 0 0 .0 0



0 .0 0 0 .0 0



4 .0 0



8 .0 0



1 2 .0 0



(Z t - Z to ), cm



Slope = 51.4385 × 60 = 3086 sec.-1/cm2 = CA,L(x B)lm / 2 DAB C (xA1-xA2) CA,L = 1540/154= 10 k mole/m3 C = P/RT = 1/(82.06 × 321) = 3.8 x 10 – 5 g mole /cm3 (x B)lm = [xB2-xB1] / ln (xB2/xB1) = [1- 0.629]/ln(1/0.629) = 0.8 DAB = 10 × 0.8 / 3086× 104 × 2 × 3.8 × 10-2 × (0.371-0) = 9.2 × 10-6 m2/s 23)



There are two bulbs connected by a straight tube 0.001 m in diameter and 0.15m in length.



Initially the bulb at end ‘1’ contains Nitrogen and the bulb at end ‘2’



contains Hydrogen. The pressure and temperature are maintained constant at 25 C and 1 std. atm. AT a certain time after allowing the diffusion to occur between the two bulbs, the nitrogen content of the gas at end ‘1’ of the tube is 80 mole% and at the other end is 25 mole%. If the diffusion coefficient is 0.784 cm 2/s, determine the rates and direction of transfer of Hydrogen and Nitrogen.
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It is a case of Equimolal counter diffusion as the tube is perfectly sealed to two bulbs at the end and the pressure throughout is constant. Cross sectional are of tube = π D2/4 = 22 × (0.001)2/(7 × 4) = 7.85 × 10-7 m2 C = P/RT = 1.013 × 105/(8314)(298) = 0.0409 kmol/m3 xA1 = 0.8 and xA2 = 0.25 Rate of transfer =Area × NA = Area × DAB × C × [xA1 – xA2] Z = 7.85 ×10-7×0.784×10-4 ×0.0409× (0.8-0.25) 0.15 = 0.923 × 10-11 k mol/s 24)



Estimate the diffusivity of Methanol in Carbon tetrachloride at 15° C (117.3 × 10-18)(φ MB)0.5 T DAB =



---------------------------------μ vA0.6



MB: Molecular weight of methanol: 32 φ = 1.9 vA = solute volume at Normal BP, m3/kmol vA for CCl4 = [14.8 +(4×24.6)] ×10-3 = 0.1132 m3/kmol μ = 0.6 cP = 0.006 P= 0.0006 kg/m s (117.3 × 10-18)(1.9 × 32)0.5 (288) DAB



=



----------------------------------------(0.0006) (0.1132)0.6



= 1.623 × 10-9 m2/s 25)



Estimate the diffusivity of Methanol in water at 15° C MB = 18, φ = 2.26, T = 288, μ = 0.001 kg/m.s vA for C2H5OH = [(2 × 14.8) + (6 × 3.7) + 7.4] × 10-3 = 0.0592 (117.3 × 10-18)(2.26 × 18)0.5 (288) DAB =



----------------------------------------(0.001) (0.0592)0.6



= 1.175 × 10-9 m2/s
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Exercise: Note: Any missing data may be taken from literature 1) Estimate the diffusivities of the following gas mixtures: (i) Acetone –air at STP (ii) Toluene – air, 1 Standard atm, 30ºC. (iii) Aniline – air, STP. 2) Estimate the diffusivity of Ethanol in water at 10 ºC. 3) Ethanol is diffusing through a layer of water of thickness 3 mm at 20 °C. Diffusivity of alcohol in water is 0.52 × 10-9 m2 /s. The concentrations on opposite sides of water film are 4% and 10% (by weight) of alcohol respectively are 0.99 and 0.98 g/cm3. Assuming that water film is stagnant estimate (i) the flux of alcohol and (ii) concentration of alcohol in the middle of water film. 4) Through the accidental opening of a valve, water has been spilled on the floor of an industrial plant in a remote, difficult to reach area. It is desired to estimate the time required to evaporate the water into the surrounding quiescent air. The water layer is 1 mm thick and may be assumed to remain at a constant temperature of 24°C. The air is also at 24°C and 1 atm. pressure with an absolute humidity of 0.002 kg of water/kg of dry air. The evaporation is assumed to take place by molecular diffusion through a gas film 0.5 cm thick. Diffusion coefficient for water vapour in air is 0.259 cm2/s. 5) Calculate the rate of diffusion of Nacl at 18°C through a stagnant film of Nacl- water mixture 1mm thick when the concentrations are 20% and 10%(by weight) respectively or either side of the film. Diffusivity of Nacl in water is1.26× 10-9 m2 /s. The densities of 20% and 10% Nacl solutions are 1149 and 1067 kg/m3 respectively. (Ans : 2.78 x 10-3 k mol/m2 s) 6) In an O2 –N2 gas mixture at 1.01325 bar and 20°C, the concentration of O2 at two planes 0.002 m apart are 20% and 10% volume respectively. (i) Calculate the rate of diffusion of O2 expressed as kg moles of Oxygen/m2 s for the case where N2 is non diffusing DO2-N2 =0.181× 10- 4m2/s. (ii) Calculate the rate of diffusion of oxygen in kg
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moles/m2s assuming equimolal counter diffusion. (Ans : (i) 4.55x 10-5 k mol/m2 s (ii) 3.86 x 10-5 k mol/m2 s) 7) A vertical glass tube of diameter 0.3 cm is filled with benzene at 30°C to a depth of 2 cm from top end. After 24 hours, the liquid level in the tube had fallen to 2.5 cm from the top end. Estimate the diffusivity of benzene into air if the air above the liquid surface in the tube is stagnant. The vapour pressure and density of benzene at 30°C are 60 mm Hg and 800 kg/m3 respectively. (Ans : DAB = 0.395 x 10-5 m2 /s )



8)



A vertical glass tube 1 cm in diameter is filled with liquid acetone to a depth of 5 cm from the top open end. After 4 hours of operation at 303 K and at a total pressure of 1 atm., the level dropped by 2 mm. The density of the liquid is 790 kg/m3 and its vapour pressure is at 288 mm Hg under the given operating conditions. Neglecting the counter diffusion of air to replace the liquid, calculate the diffusivity of acetone in air. (Ans : 0.51× 10-5 m2/sec)



9) A gas mixture containing 1/5 hydrogen and 4/5 methane by volume is prepared through which oxygen is allowed to diffuse. The total pressure is 1× 105 N/m2 and temperature is 2°C . Estimate the rate of diffusion of O2 through the gas film of thickness 3 mm when concentration change across the film is 12 to 7% by volume. Diffusively data at 1 atm., 0°C is i. DO2-H2 = 7.1× 10-5 m2/sec. ii. DO2-CH4 = 1.88× 10-5 m2/sec. 10) A volatile organic compound costing Rs. 6.50 per kg is stirred in a tank 8 m in diameter and open to the atmosphere. A stagnant air film of thickness 10 mm is covering the surface of the compound beyond, which the compound is absent. If the atmospheric temperature is 27°C, vapor pressure of the compound is 160 mm Hg and its diffusivity is 0.02 m2/hr, calculate the loss in Rs. per day. Molecular weight of the organic compound is 78. 11) Estimate the rate of diffusion of chloropicrin (CCl3 NO2 ) into air, which is Stagnant at 25°C and 1 atm. Pressure. Diffusivity= 0.088cm2/s, vapour pressure at 25°C of CCl3 37



NO2 is 23.81 mm Hg, Density of chloropicrin= 1.65 g/cm 3. Surface area of liquid exposed for evaporation = 2.29 cm2. Distance from liquid level to top of tube = 11.14 cm. 12) A mixture of alcohol and water vapour is rectified by contact with alcohol water liquid solution. Alcohol is transferred from gas phase to liquid phase and water from liquid to gas phase .The model flow rates are maintained equal but in



opposite



directions. The temperature 80°C and pressure 1 atmosphere are maintained constant. Both components diffuse through a gas film of 0.15 mm concentration of alcohol on outer and inner sides of the film is



thick. The molal 85% and 10%



respectively calculate (a) the rate of diffusion of alcohol, (b) rate of Diffusion of water in kgs per hour through a film area of one square meter. The diffusivity is 0.184 cm2/sec. 13) Ammonia is diffusing through an inert air film 2 mm thick at a temperature of 20°C and a pressure of 1 atmosphere. The concentration of NH3 is 10 % by volume on one side of the film and zero on the other side. Estimate the effect on the rate of diffusion of raising the total pressure to 5 atmospheres. The diffusivity of NH3 in air at 0°C and 1 atm. is 0.198 cm2/s. (Ans : ( i ) 48.18 X 10-6 k mol/m2 s)



14)



Alcohol is diffusing from gas to liquid and water from liquid to gas under conditions of equimolal counter diffusion at 35°C and 1 atmosphere pressure. The molal concentrations of alcohol on the two sides of a gas film 0.3 mm thick are 80% and 10% respectively. Assuming the diffusivity of alcohol-water vapour to be 0.18 cm2 /sec., Calculate the rate of diffusion of alcohol and water in kilograms per hour through an area of 100 cm2. Molecular weight of alcohol= 74.1 ; R = 82.06 c.c. atm /g mole K



15) Oxygen is diffusing through a stagnant layer of methane 5 mm thick. The temperature is 0°C and the pressure 1 atmosphere. Calculate the rate of diffusion of oxygen in kilograms per hour through 1 m2 of methane film when the concentration change across the film is 15% to 5% oxygen by volume. The value of diffusivity may be taken as 0.184 cm2 /sec. R = 82.06 cm.3 atm/g mole K. 38
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