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Problem 1. (20 Points)

a. (5 points) Consider a pore of average diameter d, through which O diffuses through Ar.
The total pressure is 1 atm, and T = 300 K. Explain what dictates the kind of diffusion that
will occur in the pore. Under what circumstances will the diffusion coefficient depend on

the total gas pressure?

b. (5 points) Consider two tanks having different concentrations of species A, with Ca1 > Cao.
The tanks are connected by a tube with a valve, as shown in the images below. At t=0, the

valve is opened such that mass can flow in between the two tanks.
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ii.

Show the direction of diffusive and convective mass transport in each case.
Define and explain the dimensionless number that determines the relative
importance of diffusion versus convection.

CAl
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c. (5 points) Explain why a flow of a gas or liquid parallel to a solid surface can enhance
mass transfer from a surface. How will the mass transfer flux increase with increasing
velocity of the flowing gas or liquid?

d. (5 points) Substance A transfers from one liquid (1) to a second liquid (2) that is immiscible
(does not mix) with the first liquid. At equilibrium, the distribution of A between the two
liquids is given by Ca1 = KaCa2, where Ca1 and Ca; are the equilibrium concentrations of
A in liquid 1 and liquid 2, respectively, and Ka is the equilibrium constant. The mass
transfer coefficients in liquids 1 and 2 are k¢1 and keo, respectively. How does the value of

Ka influence the fraction of the overall mass transfer coefficient, Ky 1, associated with mass
transfer in each liquid phase?
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Problem 2. (30 points)

Consider the artificial pond that you have seen in your homework, for which you examined the O,
availability for fish in the pond by looking at the rate of O, mass transfer from air. However, now
you are worried about CO; released by the fish, since excess dissolved CO; can impact the health
of the fish. You would like to maintain the concentration of dissolved CO, in water at 2x107
mol/m>. A fish produces CO; at the rate of 2.1x10°® mol/s. Assume the CO2 concentration in the
surrounding air far above the pond is zero. The kinematic viscosity of air is 1.55x10” m?/s, and
the mass diffusivity of COzin air is 2x10° m?%/s at T = 300K and P = 1 atm. The Henry’s constant
for CO» in water is H = 0.029 m?® atm/mol, where Pco2 = H Ccoo.

wind 75m

«——— 50m ————*

a. (20 points) Consider no transport resistance within the pond. Air flows over the surface of
the pond at a velocity of 1 m/s. Determine the number of fish that can survive in the pond.
Be sure to clearly state any assumptions you make.
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b. (10 points) Draw the CO, concentration profiles for (1) the case of no liquid phase mass
transfer resistance as described in part a., and for (2) the case where liquid phase mass
transfer becomes significant. In which case would the number of fish that can survive in
the pond be higher?



SSID

Problem 3. (30 points)

Cd?* cations are present in the wastewater from a zinc smelting plant. Since Cd>" cations are highly
toxic, it is very important to dispose of this impurity responsibly. As a recently hired engineer, you
discover your company has been continuously disposing the Cd?>"-contaminated wastewater by
dumping it in an abandoned field, and you need to figure out how much of the underlying soil is
contaminated. Their process has operated for 1 year, and the soil at the surface of the field contains
4.5 ppm Cd*" (1 ppm means that the mole fraction of Cd** is 1x10®). The Cd*" cations have a
diffusion coefficient in soil of 1.5x10® m?%s. One meter below the field surface is rock that is
impermeable to the diffusion of Cd**. Cd*" is toxic above 4 ppm in soil. Assume that mass transport
only occurs in the direction perpendicular to the field surface.

a. (10 points) Derive an equation for the Cd** concentration in the soil as a function of
depth and time. Justify any simplifying assumptions clearly.

b. (10 Points) Draw a sketch of the Cd*>" concentration profile and use it to define the
boundary conditions for the equation that you developed in response to part (a) of this
problem.
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c. (10 Points) Determine how much soil must be removed (that is, at what depth is the
soil no longer toxic?).



SSID

Problem 4. (20 points)

Microorganisms are often used to bioremediate toxic chemical spills. Your chemical company just
spilled trichloroethylene (TCE), a carcinogen, into a nearby pond, forming a TCE concentration
of 0.01 mol m>. To get rid of the TCE, you disperse microorganisms into the pond so that they
can break down the TCE. TCE diffuses into the microorganism cell, where it is then decomposed
by enzymes in the cell following Michaelis-Menten reaction kinetics:

—RrcEmax CTCE

R =
TCE Km+CrcE

where Rrcgmax (3.7x10”° mol m=s™) is the maximum possible degradation of TCE, Ky (2.4 mol
m>) is the half-saturation constant for the degradation of TCE, and Crck is the concentration of
TCE. Assume there are no resistances to convective mass transfer across the fluid boundary layer
between the bulk fluid and the microorganism surface. The diffusion coefficient for TCE in water
is 8.2x1071° m?/s.

a. (10 points) What is the differential equation for mass transfer in the microorganism in
terms of Crcg? Assume the microorganism is spherical with a radius of R =5 um. State
at least three other reasonable assumptions you made, and state what boundary
conditions you would use to solve the differential equation.
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b. (10 points) Draw the concentration profiles of TCE in the cell for the following three
cases: (1) Da is very small, (2) Da = 1, and (3) Da is very large, where Da is the
Damkohler number in the cell (Da = kR/Drcg, where k is the apparent first-order rate
coefficient for the enzymatic consumption of TCE, R is the radius of the
microorganism, and Drck is the diffusion coefficient for TCE).
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Useful graphs
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Useful Correlations

For a flat plate
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