Problem 1/01:








25 points in total

Calculation of oxygen mass transfer in an activated sludge system

The activated sludge system of an industrial waste water treatment is fed by air at the bottom of the basin of 2m depth. The bubbles are nearly spherical with a diameter of 5mm, they have a rising velocity of 28cm/s and the volume fraction of the gas hold up is 7%. From bottom to surface the oxygen concentration in the air bubbles decreases from 20,9 vol% to 18,8 vol%. Carbondioxide increases in an equivalent manner! By biodegradation of organic compounds the oxygen concentration is relatively constant at 2mg/l. The equilibrium concentration for 2mg/l in water is 4,0Vol% in air.

Your task is to calculate the estimated effluent concentration of oxygen in the bubbles at the surface and the mass transfer of oxygen per squaremeter of basin surface, when the depth of a new basin is 10m (no change in other parameters)! Assume that the liquid phase is a continuously stirred tank reactor! Temperature is 10°C all over, pressure is 1bar (no change in bubble diameter) and the molar mass of oxygen is 32g/mol!

Solution guide line:

a)
Sketch the problem roughly (Concentration of oxygen in water ,bubble and boundary layers, activated sludge system with rising bubbles and concentration curve between bottom and surface)!

4 points

b)
Calculate the volume and the surface of one bubble, the number of bubbles in a cubicmeter and the mass transfer area per squaremeter of the basin surface (2m basin depth)!

4 points 

c)
Calculate the mass transfer coefficient ( by use of the given oxygen concentrations for 2m depth! 

8 points 

d)
Calculate now the effluent concentration and the mass transfer (in kg/s) of oxygen for 10m basin depth! (iterative or differential equation). Transfer resistance is assumed here to the gaseous phase only, is this really true? If not, what are the consequences for the calculation method?

9 points 

Problem 2/01:








25 points in total 

Energy balance of an autothermic catalytic oxidation

Waste air with a volume flow of 36 000 m³i.N./h  is contaminated with hydrocarbons. For catalytic combustion it is led through a counter current flow pipe heat exchanger and heated up from 150°C to 285°C. Then the air passes an oven which is used only for starting procedures. In the following catalytic fixed bed reactor the air is heated up due to the heat of combustion and the concentration of the converted hydrocarbons. Finally the purified waste air is used for heat recovery in the same heat exchanger and then released to the chimney.

For concentrations between 2g/m³i.N. and 10g/m³i.N. this kind of catalytic oxidation is offered by different engineering companies as an autothermic process. Your task is to calculate the heat exchanger area required dependent on the concentration of the hydrocarbons.

solution guide line:

a)
Sketch



the block type flow scheme of the plant,



a counter current flow pipe heat exchanger and



the estimated temperature curve for the purified and the non purified waste air!

6 points

b)
Determine the heat flow in the exchanger for concentrations of 2g/m³i.N., 5g/m³i.N. and 10g/m³i.N..



SYMBOL 68 \f "Symbol"hc = 32 250kJ/kg! (average heat of combustion for hydrocarbons)

5 points

c)
Calculate the required area for these values! Assume useful properties for the densities, the heat capacities, the wall thickness of the pipes and the inner and outer heat transfer coefficients! (Rough estimation for flat walls)!

6 points

d)
Depict a diagram with the heat exchanger area in dependence of the concentrations of hydrocarbons!

3 points

e)
What happens, when waste air with 10g/m³i.N. passes a plant which is designed for 2g/m³i.N. . Give two simple solutions for this problem!

5 points

Problem 3/01:








25 points in total 

Sedimentation

In a sedimentation basin with a surface of 10m * 2,5m and a height of 1m the particles (SYMBOL 114 \f "Symbol" = 3600kg/m³) are separated from waste water (V = 108m³/h, SYMBOL 114 \f "Symbol"H2O = 1000kg/m³, SYMBOL 110 \f "Symbol"H2O = 1E-6 m²/s). By creating a new product in a metallurgical plant the particle size decreases to an average diameter of 4SYMBOL 109 \f "Symbol"m. For further use of the old sedimentation process and the described basin it is necessary to enhance flocculation by adding polyelectrolytes. Your task is to calculate the minimum diameter of the flocs for effective separation. Assume that a floc is formed by 45vol% particles with the density mentioned above, 10vol% polyelectrolytes (SYMBOL 114 \f "Symbol" = 950kg/m³) and 45vol% water between the particles!

The concentration of the nearly spherical particles is low and the influence to each other is to be neglected.

Solution guide line:

a)
Draw a sedimentation basin and the path of the critical particle (smallest separated particle) !

4 points

b) Calculate the residence time of the waste water in the sedimentation basin and from this the sinking velocity of the particles. Prove if the flow in the basin is really laminar. (What is your conclusion?)

7 points

c) Determine the size (diameter) of the critical particle! Give a reason, why the separation is less effective in practice!

6 points

d)
Calculate the average density of the flocs and from this the size of the flocs required for separation, please! Give an assessment of the whole determination (a to d)!

8 points

Problem 4/01:








25 points in total 

Steady state distillation in a column
From waste water flow of 180kg/h (mixture of 8,5 mass% Ethanol and 91,5 mass% water) the hydrocarbon is to be recovered by continuous distillation in a column at 1 atm. The product is spirit with 75 mass% Ethanol. The loss of alcohol is limited to 10% of the input!

Estimate the number of theoretical plates in the column!

Solution path :

a)
Draw the distillation process and add all known flows of feed, product and waste water!

2 points

b) Calculate the molar fraction of Ethanol and water in feed (8,5 mass% Ethanol) and product (75 mass% Ethanol) and the molar flow of the feed!

3 points

c)
Determine the molar fraction of Ethanol and water in the waste water output of the column by an adequate balance!

5 points

d)
Construct a x-y-diagram with the help of the given p=const-diagram and estimate the minimum reflux ratio ! The feed is liquid at boiling temperature!

8 points

e)
Estimate the theoretical number of plates (stages) in the column by detailed construction of the two operating lines! The real reflux ratio is higher by a factor of 2 than the minimum reflux ratio.

7 points

Problem 5/01:








25 points in total

Prediction of the conversion in an activated sludge system

The basin volume of an activated sludge system (industrial waste water treatment of a multi substrate) is 2400m³. The concentration of biomass (dry sludge [A]) is measured to 4kg/m³ and the cell death rate is 6% per day (kd = 0,06d-1). The substrate utilisation is 60% ((A = 0,6). Before a change in production the input stream of 10m³/min with a BOD of 135mg/l was converted to an effluent containing 15mg/l. After the change the BOD of the input increased to 200mg/l and the BOD of the output to 20mg/l. The volume flow did not change!

By installation of a new separation technology the biomass concentration in the basin could be increased to 6kg/m³ without a breakthrough of sludge in the purified water. Is it possible to reach again an effluent BOD of 15mg/l by this investment?

Solution guide line:

a)
Sketch a typical activated sludge system with reactor, separator and recycle flow of biomass!

3 points

b)
Calculate the two coefficients of the conversion equation of a well mixed multi substrate activated sludge reactor (the rate constant k and the equilibrium concentration of BOD [BODeq]) with the help of the two input and output concentrations! Determine the mean cell residence time (A before and after the change in production!

9 points 

c)
Calculate the required biomass concentration to convert a BOD of 200mg/l to 15mg/l! Determine (A!

6 points 

d)
Divide the basin in two well mixed reactors of 1200m³ each without a change in the biomass concentration (assume 4kg/m³ in both reactors)! Compare this result with the result of c)!

7 points 

Problem 6/01:








25 points in total 

Heat recovery for a catalytic waste air treatment

Waste air from a paint shop with a volume flow of 36 000 m³i.N./h  is contaminated with hydrocarbons. For catalytic combustion it is led through a counter current flow pipe heat exchanger and heated up from 20°C to 270°C. Then the air passes a burner where the temperature is raised to 320°C and in the following catalytic fixed bed reactor to 330°C because of the heat of combustion of the converted hydrocarbons. Finally the purified waste air is used for heat recovery in the same heat exchanger and then released to the chimney. The price for heating up the air in the burner is 0,025DM/kWh.

Is it useful to invest in a new production line with a reduced volume flow of 25 200 m³i.N./h , when the price of the plant is 1 000 000DM? The waste air treatment is not changed (heat exchanger and catalyst remain in place), the total amount of hydrocarbons is constant (therefore the concentration increases in the new system). The inlet temperature of the catalyst must be 320°C.

solution guide line:

a)
Sketch



the block type flow scheme of the plant,



a counter current flow pipe heat exchanger and



the estimated temperature curve for the purified and the non purified waste air!

6 points

b)
Determine the heat flow in the exchanger, the total heat of combustion in the burner and the total heat of combustion in the catalyst. Calculate the price per hour for the fuel in the burner! (cpair = 1,2kJ/(m³i.N.*K))

5 points

c)
Calculate the product of the overall heat transfer coefficient and the required area (k * A) for these values! Estimate a useful value for (k * A) for the reduced volume flow! Assume that the heat transfer coefficient ( has a dependency of Re0,5 and assume that the heat transfer resistance in the wall of the pipes is negligible related to the outer heat transfer!

6 points

d)
Determine now the new temperatures of the waste air before and after the burner and the temperatures of the purified air before and after the heat exchanger! Calculate the new required heat flow in the burner and the price for fuel!

3 points

e)
Depict a diagram with the integral fuel costs over time with and without the investment! Calculate the time, when the break even point is reached! Is this investment useful?

5 points

Problem 7/01:








25 points in total 

Waste air cleaning by adsorption on charcoal

Waste air with a volume fraction of 1% ammonia and a volume flow of 1800m³/h at a pressure of 1bar and a temperature of 20°C is to be purified. Calculate the dimension of an adsorption system (2 adsorbers), when charcoal is preferred as an adsorbent and the adsorption cycle between two regenerations is about 10minutes.

The adsorption of air on charcoal is low related to ammonia and is to be neglected.

Solution guide line:

a)
Sketch an adsorption system with two adsorber and the required valves!

2 points

d) Calculate the molar flow of ammonia and the total amount of ammonia (mols) in ten minutes!

3 points

e) Take values (0°C and 30°C) from the diagram from Hauffe and Morrison (in mm) and transfer these to common dimensions (N/m² for pressure and mol/kg for the load)! Draw a diagram to get the coefficients of the Langmuir-isotherm (Qmax should be the same value for both temperatures)!

[image: image1.png]Adsorbiertes Volumen [NPT] [cm3/g]

P [Torr]

Abb. 1.5 Adsorptions-Isotherme fiir Ammoniak an Holzkohle (das adsorbierte Volumen
ist unter Normalbedingungen gegen den Druck P aufgetragen, T = Temperatur
als Parameter).




10 points

d)
Determine the coefficient KL for 20°C with the help of an Arrhenius plot! Calculate now the load of ammonia on charcoal at this temperature and a partial pressure of 0,01bar! Estimate the amount of required charcoal in an adsorber, when the efficiency of the total process is 60% related to the theoretical load.

10 points

Problem 8/01:








25 points in total 

Steady state distillation in a column
Waste water with a flow of 2700kg/h (0,5 mass% Ethanol, rest water) must be treated in a continuous distillation at 1 atm to reduce the COD to 1000mg/l prior to further treatment in a biological plant. Because of a larger amount of waste heat in the production and a lack of cooling water, the distillation is carried out by heating only! The head product is led to the burner of a power station, therefore no further requirements are needed.

Estimate the number of theoretical plates in the column!

Solution path :

a)
Draw the distillation process and add all known flows of feed, head product and waste water! Calculate the mass fraction of Ethanol which is equivalent to a COD of 1000mg/l to get the quality of the bottom effluent.

4 points

c) Calculate the molar fraction of Ethanol and water in feed (0,5 mass% Ethanol) and product (without cooling the head product is 100% vapour in equilibrium with the feed stream, take this value from the diagram) and the molar flow of the feed!

5 points

c)
Determine the molar flow of Ethanol and water in the head product and waste water output of the column by an adequate balance!

5 points

d)
Construct a x-y-diagram with the help of the given p=const-diagram and estimate the reflux ratio for the lower operation line! Assume, that the feed is liquid at boiling temperature!

6 points

e)
Estimate the theoretical number of plates (stages) in the column by detailed construction! Assume that the slope of the operating line is 95% of the operating line of d)! Are there any changes necessary in molar flows?

5 points

Problem 9/01:








25 points in total

Prediction of the conversion in an activated sludge system

The basin volume of an activated sludge system in an industrial waste water treatment (unknown substrate) is 1600m³. The concentration of biomass (dry sludge [A]) is measured to 4kg/m³ and the cell death rate is 6% per day (kd = 0,06d-1). The substrate utilisation is 60% ((A = 0,6). During summer the input stream of 10m³/min with a BOD of 200mg/l is converted to an effluent containing 30mg/l. During winter the input stream increases to 12m³/min and the reduction of the BOD is from 160mg/l to 25mg/l. The temperature in the basin is helt constant all over the year!

By extention of the basin volume the effluent concentration is to be reduced to 20mg/l. Your task is to determine the total basin volume for a guarented reduduction to this level in any case(summer/winter-mono or multi substrate)! Is it useful to investigate the character of the substrate?

Solution guide line:

a)
Sketch a typical activated sludge system with reactor, separator and recycle flow of biomass!

3 points

b)
Assume a multi substrate! Calculate the two coefficients of the conversion equation of a well mixed activated sludge reactor (the rate constant k and the equilibrium concentration of BOD [BODeq]) with the help of the two known conversion in summer and winter! Determine the mean cell residence time (A in summer and winter!

9 points 

c)
Assume a mono substrate! Calculate again the two coefficients of the conversion equation of a well mixed activated sludge reactor (the rate constant k and the substrate concentration of BOD at half groth [BOD]1/2) with the help of the two known conversion in summer and winter! Determine the mean cell residence time (A in summer and winter!

6 points 

d) Determine the required basin volume for a guarented reduduction to a level of 20mg/l in any case (summer/winter-mono or multi substrate)! Is it useful to investigate the character of the substrate for a better prediction?

7 points 

Problem 10/01:







25 points in total 

Heat recovery for a catalytic waste air treatment

Waste air from a paint shop with a volume flow of 36 000 m³i.N./h  is contaminated with hydrocarbons. For catalytic combustion it is led through a counter current flow pipe heat exchanger and heated up from 20°C to 270°C. Then the air passes a burner where the temperature is raised to 320°C and in the following catalytic fixed bed reactor to 330°C because of the heat of combustion of the converted hydrocarbons. Finally the purified waste air is used for heat recovery in the same heat exchanger and then released to the chimney. The price for heating up the air in the burner is 0,025DM/kWh.

Is it useful to invest in a new production line with a reduced volume flow of 25 200 m³i.N./h , when the price of the plant is 1 000 000DM? The waste air treatment is not changed (heat exchanger and catalyst remain in place), the total amount of hydrocarbons is constant (therefore the concentration increases in the new system). The inlet temperature of the catalyst must be 320°C.

solution guide line:

a)
Sketch



the block type flow scheme of the plant,



a counter current flow pipe heat exchanger and



the estimated temperature curve for the purified and the non purified waste air!

6 points

b)
Determine the heat flow in the exchanger, the total heat of combustion in the burner and the total heat of combustion in the catalyst. Calculate the price per hour for the fuel in the burner! (cpair = 1,2kJ/(m³i.N.*K))

5 points

c)
Calculate the product of the overall heat transfer coefficient and the required area (k * A) for these values! Estimate a useful value for (k * A) for the reduced volume flow! Assume that the heat transfer coefficient ( has a dependency of Re0,5 and assume that the heat transfer resistance in the wall of the pipes is negligible related to the outer heat transfer!

6 points

d)
Determine now the new temperatures of the waste air before and after the burner and the temperatures of the purified air before and after the heat exchanger! Calculate the new required heat flow in the burner and the price for fuel!

3 points

e)
Depict a diagram with the integral fuel costs over time with and without the investment! Calculate the time, when the break even point is reached! Is this investment useful?

5 points

Problem 11/01:







25 points in total 

Waste water cleaning by adsorption on activated carbon

 A tank with a volume of 20m³ is filled with water contaminated with methylchloride. The concentration of 1,1g/m³ must be reduced to 10mg/m³ before giving the waste water to an outfall. The treatment should be done by adsorption on activated carbon in a batch process (mixing the activated carbon with the waste water in the tank) or by passing the water through a fixed bed reactor (filled with activated carbon). Your task is the estimation of the required amount of activated carbon in both processes.

For the adsorption of methylchloride on activated carbon from an aqueous solution Wohlleber and Manes (The Journal of Physical Chemistry, Vol. 75 No.1, 1971) reported the following values for the equilibrium:

Load (g/kgAC)


0,91

4,39

8,81

42,1

82,1

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

Concentration (mg/kg water)
0,237

1,38

2,75

45,1

173

Solution guide line :

a)
Sketch both processes and the typical from of an adsorption isotherm!

4 points

b)
The adsorption equilibrium of organic components from aqueous solutions can be described in most cases with the help of a Freundlich-isotherm:



     Q 
=    KF * (Methylchloride(n

After linearisation



ln(Q)
=    ln(KF)  +  n * ln((Methylchloride()


the coefficients can KF and n taken from the diagram ln(Q) over ln((Methylchlorid()!

10 points

c)
Calculate the equilibrium value for 10mg/m3 and the required amount of activated carbon for the batch process!

5 points

d) Calculate the equilibrium value for 1,1g/m3 and the required amount of activated carbon for the process with the fixed bed adsorption!

4 points

e)
Evaluate your results! Are there some good reasons for the batch process?

2 points

Problem 12/01:







25 points in total 

Steady state distillation in a column
Waste water with a flow of 2700kg/h (0,5 mass% Ethanol, rest water) must be treated in a continuous distillation at 1 atm to reduce the COD to 1000mg/l prior to further treatment in a biological plant. Because of a larger amount of waste heat in the production and a lack of cooling water, the distillation is carried out by heating only! The head product is led to the burner of a power station, therefore no further requirements are needed.

Estimate the number of theoretical plates in the column!

Solution path :

a)
Draw the distillation process and add all known flows of feed, head product and waste water! Calculate the mass fraction of Ethanol which is equivalent to a COD of 1000mg/l to get the quality of the bottom effluent.

4 points

d) Calculate the molar fraction of Ethanol and water in feed (0,5 mass% Ethanol) and product (without cooling the head product is 100% vapour in equilibrium with the feed stream, take this value from the diagram) and the molar flow of the feed!

5 points

c)
Determine the molar flow of Ethanol and water in the head product and waste water output of the column by an adequate balance!

5 points

d)
Construct a x-y-diagram with the help of the given p=const-diagram and estimate the reflux ratio for the lower operation line! Assume, that the feed is liquid at boiling temperature!

6 points

e)
Estimate the theoretical number of plates (stages) in the column by detailed construction! Assume that the slope of the operating line is 95% of the operating line of d)! Are there any changes necessary in molar flows?

5 points

Problem 1/02:








25 points in total

Layout of an activated sludge system

Predict the basin volume of an activated sludge system in an industrial wastewater treatment (multi-component substrate, CSTR), the volume flow of air necessary and the mass of sludge for disposal. The concentration of biomass (dry sludge [A]) in the basin is estimated to 4kg/m³ and a normal cell death rate of 2,5% per day (kd = 0,025d-1) should be assumed. The substrate utilisation is 60% ((A = 0,6). The input stream of 15,6m³/min with a BOD of 500mg/l is to be converted to an effluent containing 25mg/l. The temperature in the basin is constant!

For getting some information about the reaction kinetics laboratory experiments are carried out in a batch reactor at the same process conditions (same initial concentration, same temperature) but with a dry sludge concentration ([A]) of 10 000mg/l. After 30 minutes a BOD of 135mg/l is obtained, after one hour a BOD of 40mg/l and after two hours of 12mg/l. The next day the BOD has decreased to 10mg/l and does not change any longer.

Solution guideline:

a)
Sketch a typical activated sludge system with reactor, separator and recycle flow of biomass!

3 points

b)
Take the equilibrium concentration of BOD [BODeq] from the experiment data! Draw a diagram to determine the rate constant k from the experimental data in the laboratory batch reactor!

7 points 

c)
Calculate with the help of the two coefficients from b) the mean cell residence time (A and the residence time (B! Determine the basin volume and the annual amount of sludge for disposal, if the sludge is dried to 30mass% dry mass.

7 points 

d) Determine the volume flow of air required, when the reduction of oxygen concentration in the air bubbles is from 20,9vol% to 19vol% at a pressure of 1bar and a temperature of 15°C!

8 points 

Problem 2/02:








25 points in total 

Steady state distillation in a column
From wastewater with a mass flow of 1800kg/h contaminated with hydrocarbons (mixture of 3,5 mass% Ethanol and 96,5 mass% water) 90% of the ethanol is to be recycled. The separation is carried out by a continuous distillation in a column and the product should have a mass fraction of 40%.

Estimate the number of theoretical stages in the column!

Solution path :

a)
Draw the distillation process and add all known flows of feed, head product and waste water!

2 points

e) Calculate the molar fraction of Ethanol and Water in feed (3,5 mass% Ethanol) and product (40 mass% Ethanol) and the total molar flow of the feed!

3 points

c)
Determine the molar flow of Ethanol and Water in the head product and wastewater output of the column by an adequate balance!

5 points

d)
Construct a x-y-diagram with the help of the given p=const-diagram and estimate the minimum reflux ratio for the upper operation line! Assume, that the feed is liquid at boiling temperature! (Draw the relevant part of the x-y-diagram only; with a normal 10cm x 10cm scale you have no chance to get a proper construction)

8 points

e)
Estimate the theoretical number of stages in the column by detailed construction! Assume that the reflux ratio is twice the minimum reflux ratio!

7 points

Problem 3/02:








25 points in total 

Waste air cleaning by adsorption on charcoal

Waste air with a volume flow of 5400m³/h and a temperature of 20°C is purified from 200vpm ammonia by a zeolith in an adsorption process. The volume of each adsorber (2 adsorbers in total) is 5,5m³. How long is the cycle between two regenerations, when the zeolith is substituted by charcoal.

The adsorption of air on charcoal is low related to ammonia and is to be neglected.

Solution guideline:

a)
Sketch an adsorption system with two adsorbers and the required valves! Explain the differences between charcoal and zeolith!

3 points

f) Calculate the molar flow of ammonia and its partial pressure!

3 points

g) Draw a diagram to determine the coefficients of the Langmuir-isotherm at 0°C and at 30°C Prove your result by linear regression! Calculate the regression coefficient!

10 points

d)
Determine the coefficient KL for 20°C with the help of an Arrhenius plot and the Qmax by linear interpolation! Calculate now the load of ammonia on charcoal at this temperature and at the calculated partial pressure! Estimate the capacity for ammonia in an adsorber of 5,5m³ when the efficiency of the total process is 60%, related to the theoretical load! Estimate the cycle time!

10 points


[image: image2.wmf]Tab.: Adsorption of ammonia on charcoal
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Problem 4/02:








25 points in total 

Absorption of ethanol in water
When molasses is fermented to produce a liquor containing ethyl alcohol, a CO2-rich vapour containing a small amount of ethyl alcohol is evolved. The alcohol can be recovered by absorption with water in a sieve tray tower. This reduces the environmental impact and increases the process efficiency.

Determine the number of theoretical equilibrium stages in a counter current flow absorber when the entering gas flow of 180m³/h at 30°C and 1atm total pressure contains 98mass% CO2 and 2mass% ethanol. The entering liquid flow (pure water, ( = 1000kg/m³) has the same temperature and the same pressure and is 1,5 times higher than the minimum liquid flow. The recovery of ethanol should be 97%!

Solution guideline:

a)
Sketch a counter current flow absorption process with all influents and effluents!

2 points

b) Transfer the equilibrium data for water/ethanol from the p = const diagram at 1atm and infinite dilution to calculate the Henry coefficient. Assume no temperature dependence of the activity coefficient. Draw a X-Y-diagram with the equilibrium line. The vapour pressure of pure alcohol at 30°C is 10500 N/m² and at 100°C is  225 800 N/m².

8 points

c)
Determine the molar input and output load of the waste gas. Calculate the total mass flow of carbon dioxide and molar flow of ethyl alcohol in the liquid stream!

7 points

d)
Draw the operating line for the minimum flow of water! Determine the minimum flow!

4 points

e)
Assume, that the real flow of water is 50% higher than the minimum flow and estimate the theoretical number of stages in the column (detailed construction)!

4 points

Problem 5/02:








25 points in total

Determination of the mass transfer coefficient in a biological reactor

In an industrial waste water treatment the efficiency of the air feed system in the biological reactor (2000m³) is tested by a non steady state method. The oxygen content of purified water is eliminated by stripping with pure nitrogen. Then air is pressed into the system and the oxygen concentration in the water is measured versus time (see diagram next page)!

What is the upper limit of BOD, when the flow of waste water is 500m³/h and the BOD in the outlet must be less than 50mg/l? Assume, that the activity of the activated sludge is always high enough, when the concentration of oxygen in the reactor is 2mg/l!

Solution guideline:

a)
Sketch a non steady state facility for testing the mass transfer in air feed systems! Give the equation for calculating the mass transfer from the gaseous phase to the liquid phase, if the resistance is in the liquid phase only!

4 points

b) Draw a diagram to determine the volumetric mass transfer coefficient k*a (kLa in American literature) from the experimental data (minimum 4 points!)! Take the equilibrium concentration of oxygen [O2]eq from the experimental data and assume, that the biological reactor is a CSTR!

9 points 

c) Calculate k*a with the help of linear regression!

5 points 

e) Determine now the maximum concentration of BOD in the inlet flow! Assume constant pressure and temperature!

5 points 

Problem 6/02:








25 points in total 

Layout of a chemical reactor for waste water treatment
In a metallurgical industry production cyanid (CN-) containing waste water is treated by oxydation with hypochlorite to cyanate (CNO-). The chemical background could be described as follows:



   CN-  +  OCl-  +  H2O  (  ClCN  +  2  OH-



ClCN  +  2  OH-  (  CNO-  +  Cl-  +  H2O

These fast reactions are followed by hydrolysis in an acidic environment as the limiting factor:



CNO-  +  2  H2O  +  H+  (  NH4+  +  HCO3-
For a constant pH-value this reaction is only dependent on the concentration of cyanate. In a 10m³ batch reactor different residence times are necessary to reach the permitted level of 5mg/l cyanate for different initial concentrations of cyanid:

Initial concentration cyanid

46mg/l

29mg/l

19mg/l

12mg/l

residence time


1,5h


1,25h


60min


45min

The treatment should be changed into a continuous process. What is the maximum volume flow, if the maximum initial concentration is 60mg/l and the same 10m³ reactor is used?

Solution path :

a)
Sketch the treatment system and the change in concentration in a batch reactor for a first order reaction! Compare this with a continuously stirred tank reactor! Give the equations for calculating the concentration in both cases!

5 points

f) Calculate the initial concentrations of cyanate (for all five cases)!

3 points

c)
Prove with an useful diagram if the reaction is really a first order reaction!

8 points

d)
Determine the rate coefficient k!

4 points

e)
Calculate the volume flow of 60mg/l cyanid containing waste water, if the concentration of cyanate in the CSTR of 10m³ is 5mg/l!

5 points

Problem 7/02:








25 points in total 

Waste air cleaning by adsorption on activated carbon

Waste air with a volume flow of 5400m³/h and a temperature of 25°C and a total pressure of 1atm is to be purified from 20vpm toluene by adsorption on activated carbon. Your task is the evaluation of measuring data from Germerdonk, R. and Wu, D.; Chem.-Ing.-Tech. 58 (1986) No.7, p 583-585 to get basic engineering information for the layout of the purification process. Estimate the mass of activated carbon required for a cycle time of ten minutes in a process with two adsorbers! The adsorption of air on activated carbon is low related to toluene and is to be neglected.

Solution guideline:

a)
Sketch an adsorption system with two adsorbers and the required valves!

2 points

h) Calculate the molar flow of toluene and its partial pressure!

3 points

i) Draw a diagram to determine the coefficients of the Dubinin-isotherm V° and E at 25°C:
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Prove your result by linear regression! Calculate the regression coefficient!

Assume condensation in the pores of the activated carbon! The density of liquid toluene at 25°C is 862kg/m³. For calculation of the potential ( take the vapour pressure pv of the pure substance as reference pressure pref. The coefficients of the Antoine equation for toluene are:

A: 20,9065 ln(N/m²)


B: 3096,52 K


C: -53,67 K

14 points

d)
Determine now the capacity (load) of the activated carbon for toluene at a concentration of 20vpm and the mass of activated carbon required for a cycle time of ten minutes in a process with two adsorbers!

6 points


[image: image5.wmf]Tab.: Adsorption of toluene on activated carbon
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Problem 8/02:








25 points in total 

Selective catalytic reduction (SCR) of nitrogen oxide in a power plant
In a pilot plant the concentration of NO in the flue gas of a burner is reduced by SCR on a honey comb structured catalyst of 15cm to 15cm and 60cm length. In a constant flow of 216 m³/h at 350°C the nitrogen oxide decreases from 500vpm to 200vpm when 450vpm of ammonia is added to the flue gas before the catalyst. At the same inlet conditions the nitrogen oxide outlet is 300vpm when 250vpm NH3 is added and 150vpm when 620vpm NH3 is added.

Your task is to estimate the required amount of catalyst in a power plant, when at the same temperature of 350°C and a volume flow of 1 080 000 m³/h NO must be reduced from 800vpm to 100vpm and when an outlet of 5vpm NH3 is allowed.

Solution guideline:

a)
Sketch the typical design of a SCR-catalyst for NO-reduction and give the equation for the chemical reaction with ammonia!

2 points

c) Calculate the three different outlet concentrations of ammonia in the pilot plant! (Assume a stoichiometric factor of one and ideal gas conditions!) What is the residence time or space time of the flue gas in the catalyst?

4 points

d) Determine all values for linearization:
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6 points

d)
Draw a diagram to get the coefficients KL and KER by regression!

7 points

e)
Calculate now the required concentration of ammonia in the inlet flue gas of the power plant! Determine the residence time with the help of the coefficients KL and KER from d) and then the required amount of catalyst!

6 points

Problem 1/03:








25 points in total

Layout of an activated sludge system

In an industrial activated sludge system of 4000m³ (CSTR – basin) the volume flow of 250m³/h waste water was reduced from inlet 600mg/l to 35mg/l BOD. After the installation of an additional basin of 2000m³, which is passed in parallel the outlet BOD concentration was improved to 27mg/l. Your task is to predict the outlet concentration, when the two basins will be passed in series.

Assume a multi-component substrate and ideal CSTR conditions in both basins. The concentration of biomass (dry sludge [A]) in the basins is to be estimated to 4kg/m³ and the normal cell death rate to 2,5% per day (kd = 0,025d-1). The substrate utilisation is 60% ((A = 0,6). The temperature in the system is constant!

Solution guideline:

a)
Sketch a typical activated sludge system with reactor, separator and recycle flow of biomass! Sketch the special problem mentioned above!

4 points

b)
Calculate the equilibrium concentration of BOD [BODeq] and the rate constant k from the given data!

6 points 

c)
Calculate for 4000m³ and 6000m³ basin volume - using the two coefficients from b) - the mean cell residence time (A and the residence time (B!

5 points 

f) Now determine the outlet BOD-concentration if the basins are passed in series! Is there a difference if the stream passes the small basin first? Give both residence times (A and (B for both cases! Give a comment regarding the residence time in the second basin!

10 points 

Problem 2/03:








25 points in total 

Layout of a chemical reactor for waste water treatment
In a metallurgical industry production cyanid (CN-) containing waste water with a volume flow of 1m³/h and an inlet concentration of 50mg/l cyanid is to be treated by oxydation with hypochlorite to cyanate (CNO-). The chemical background could be described as follows:



   CN-  +  OCl-  +  H2O  (  ClCN  +  2  OH-



ClCN  +  2  OH-  (  CNO-  +  Cl-  +  H2O

These fast reactions are followed by hydrolysis in an acidic environment as the limiting factor:



CNO-  +  2  H2O  +  H+  (  NH4+  +  HCO3-
For a constant pH-value this reaction is only dependent on the concentration of cyanate. In a laboratory batch reactor the level of cyanate was measured at different times for an initial concentration of 60mg/l cyanid:

residence time

0,75h


1h


1,25h


1,5h

concentration cyanate
25mg/l


16mg/l


10mg/l

           6,5mg/l

Your task is the layout of the CSTR (volume of the reactor)!

Solution guideline:

a)
Sketch the treatment system and the change in concentration in a batch reactor for a first order reaction! Compare this with a continuously stirred tank reactor! Give the equations for calculating the concentration in both cases!

5 points

g) Calculate the initial concentrations of cyanate in the laboratory reactor and in the industrial CSTR system!

3 points

c)
Prove with an useful diagram if the reaction is really a first order reaction!

8 points

d)
Determine the rate coefficient k!

4 points

e)
Calculate the volume of the CSTR if 50mg/l cyanid containing waste water is to be treated to a limiting outlet concentration of 5mg/l cyanate!

5 points

Problem 3/03:








25 points in total 

Energy balance of an non-autothermic catalytic oxidation

Waste air with a volume flow of 36 000 m³i.N./h  and a temperature of 150°C is contaminated with hydrocarbons. For catalytic combustion it is led through a counter current flow pipe heat exchanger and a burner to increase the temperature to 300°C. In the following catalytic fixed bed reactor the air is purified, but the concentration of the converted hydrocarbons is very low and therefore the heat of combustion is to neglect. Finally the purified waste air is used for heat recovery in the same heat exchanger and then released to the chimney.

Your task is to optimise the heat exchanger area. The price for a square meter of heat exchanger area is 300€ and the price of 1kWh in the burner is 0,02€. The management expects an break-even-point for the heat exchanger after three years. The facility is used 5500h/year.

Solution guide line:

a)
Sketch



the block type flow scheme of the plant,



a counter current flow pipe heat exchanger and



the estimated temperature curve for the purified and the non purified waste air!

6 points

b)
Assume an outlet temperature of the non purified air at the heat exchanger of 250°C! Determine the heat flow in the exchanger and in the burner for a heat capacity of 1,3kJ/(m³*K). Calculate the price for the heat flow in the burner in three years!

5 points

c)
Calculate the required area and the price of the heat exchanger for this outlet temperature of 250°C! Assume useful properties for the densities, the heat capacities, the wall thickness of the pipes and the inner and outer heat transfer coefficients! (Rough estimation for flat walls)!

5 points

d)
Repeat the calculation for two other outlet temperatures! Determine the total price after three years for all cases!

6 points

e)
Depict a diagram with the total price after three years dependent on the outlet temperature of the heat exchanger!

3 points

Problem 4/03:








25 points in total 

Design of a cyclone for waste air treatment

The dust ((dust = 800kg/m³, load 5g/kg air) from the waste air ((waste air = 1,2kg/m³, (air = 15*10-6m²/s) of a saw mill is separated in a cyclone of a type C (defined by Zogg, external diameter 60cm). Unfortunately the volume flow is not constant. This leads to some problems with the efficiency of the cyclone.

Your task is to calculate the minimum and maximum volume flow in the cyclone with the method of Zogg, when the effective separation size must be lower than 15m and the pressure drop is limited to 15mbar.

Solution guide line:

a)
Sketch a typical cyclone for waste air treatment and mark the dimensions z, zi, Rin, Rout, Ain, Aout and b!

2 points

b)
Calculate by the definition of type C the dimensions of Rout, Rin, Aout, z, zi and b!

5 points

c)
Determine the inlet velocity and the volume flow, if the effective separating size is just 15m!

5 points

d)
Calculate the pressure drop for this volume flow!

6 points

e)
Assume two higher velocities and repeat the calculations for these values. Estimate the maximum volume flow by interpolation or extrapolation!

7 points

Problem 5/03:








25 points in total

Calculation of oxygen mass transfer in an activated sludge system

The activated sludge system of an industrial wastewater treatment is fed by 10 800 m³air/h at the bottom of the basin of 2m depth, 10m width and 15m length. The bubbles are nearly spherical with a diameter of 4mm, they have a rising velocity of 26cm/s. From bottom to surface the oxygen concentration in the air bubbles decreases from 20,9 vol% to 18,8 vol%. Carbondioxide increases in an equivalent manner! By biodegradation of organic compounds the oxygen concentration is relatively constant at 2mg/l. The equilibrium concentration for 2mg/l in water is 4,0Vol% in air.

Now a new feeding system for air is offered. Your task is to calculate the estimated reduction in the volume flow of air, when the bubble diameter decreases to 2mm (rising velocity 19cm/s)! Assume that the liquid phase is a continuously stirred tank reactor! Temperature is 5°C all over, pressure is 1bar (no change in bubble diameter)!

Solution guideline:

a)
Sketch the problem roughly (Concentration of oxygen in water, bubble and boundary layers, activated sludge system with rising bubbles and concentration curve between bottom and surface)! Is it helpful to reduce the mass transfer resistance to the gaseous phase?

4 points

b)
Calculate the volume of the basin, the gas-hold-up and the mass transfer area for the 4mm-bubbles!

4 points 

c)
Calculate the mass transfer coefficient ( (or k() by use of values from b)! 

7 points 

d)
Calculate now the required volume flow of air, if the diameter of the bubbles is reduced to 2mm!  Assume an effluent concentration and prove it by repeating the calculations!

10 points 

Problem 6/03:








25 points in total 

Steady state distillation in a column
Wastewater with a flow of 2700kg/h (1,5 mass% Methanol, rest water) must be treated in a continuous distillation at 1 atm to reduce the COD to 1000mg/l prior to further treatment in a biological plant. The separated methanol should have a mass fraction of at least 50%, because it is possible to use this hydrocarbon as a carbon source in the de-nitrification step of the biological treatment system.

Estimate the number of theoretical plates in the column!

Solution path :

a)
Draw the distillation process and add all known flows of feed, head product and waste water! Calculate the mass fraction of methanol that is equivalent to a COD of 1000mg/l to get the quality of the bottom effluent!

4 points

h) Calculate all molar fractions and flows of methanol and water in feed (1,5 mass% Methanol) and both products!

7 points

c)
Construct an x-y-diagram with the help of the given p=const-diagram and estimate the minimum reflux ratio for the upper operation line! Assume, that the feed is liquid at boiling temperature!

5 points

d)
Assume, that the reflux ratio for the upper operation line is twice the minimum ratio! Estimate the theoretical number of plates (stages) in the column by detailed construction! Repeat the construction for the lower operation line in a separated diagram with an extended scale to increase the accuracy!

7 points

e)
Give an example, how to reduce the energy cost of the process! What does it mean for the investment?

2 points

Problem 7/03:








25 points in total 

Absorption of methanol in water
In a chemical production line, methanol is used as a solvent. The by-product of the process is carbon dioxide that contains 2vol% of methanol. Before release into the environment the content of methanol should be reduced to 0,05vol% by adsorption in water.

Determine the number of theoretical equilibrium stages in a counter current flow absorber for the purification of a gas flow of 216m³/h at 20°C and 1atm total pressure. The entering liquid flow (pure water, ( = 1000kg/m³) has the same temperature and the same pressure and is 1,25 times higher than the minimum liquid flow.

Solution guideline:

a)
Sketch a counter current flow absorption process with all influents and effluents!

2 points

e) Transfer the equilibrium data for water/methanol from the p = const diagram at 1atm and infinite dilution to calculate the Henry coefficient! Assume no temperature dependence of the activity coefficient. Draw a X-Y-diagram with the equilibrium line. The vapour pressure of pure alcohol is 13000N/m² at 20°C and 353 500N/m² at 100°C.

8 points

c)
Determine the molar input and output load of the waste gas! Calculate the total mass flow of carbon dioxide and molar flow of methyl alcohol in the liquid stream!

7 points

d)
Draw the operating line for the minimum flow of water! Determine the minimum flow!

4 points

e)
Assume, that the real flow of water is 25% higher than the minimum flow and estimate the theoretical number of stages in the column (detailed construction)!

4 points

Problem 8/03:








25 points in total 

Selective catalytic reduction (SCR) of nitrogen oxide in a power plant
In a pit coal power plant the concentration of NO in the flue gas is reduced by SCR on a honeycomb structured catalyst. The catalyst is placed in a reactor of 15m to 15m cross sectional area in three layers of 61cm length each. In normal load the flow of 1 080 000 m³/h at 350°C is to be purified from the nitrogen oxide concentration of 800vpm to 100vpm in the out let. Due to some problems with the activity of the catalyst the outlet concentration of ammonia is 6vpm, which is 1vpm higher than the general limit of 5vpm. If the flow of ammonia is reduced to a level, that the outlet condition is 5vpm, then the outlet concentration of NO is 105vpm. Only in the case of underload (60% volume flow) the reduction from 600vpm to 100vpm leads to a very low outlet concentration of ammonia ( 0,5vpm). By adding a fourth layer to the catalyst these problems should be reduced and further more the capacity of the extended catalyst should reduce the NO even at overload (110% volume flow, 900vpm NO).

Your task is to estimate the required amount of catalyst (length of the fourth layer), when a general outlet concentration of 5vpm NH3 is allowed.

Solution guideline:

a)
Sketch the typical design of an SCR-catalyst for NO-reduction and give the equation for the chemical reaction with ammonia!

2 points

b)
Calculate the three different inlet concentrations of ammonia in the power plant! (Assume a stoichiometric factor of one and ideal gas conditions!) What are the residence times or space times of the flue gas in the catalyst?

4 points

c)
Determine all values for linearization:
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6 points

d)
Draw a diagram to get the coefficients KL and KER by regression!

7 points

e)
Calculate now the required concentration of ammonia in the inlet flue gas for overload of the power plant! Determine the residence time with the help of the coefficients KL and KER from d) and then the required amount of catalyst!

6 points

Problem 1/04:








25 points in total

Absorption of ethanol in water
Molasses is fermented to produce a liquor containing ethyl alcohol. To reduce the environmental impact and to increase the process efficiency the small amount of ethyl alcohol in the CO2-rich vapour is recovered by absorption with water in a packed bed column.

The entering gas flow (180m³/h at 30°C and 1atm total pressure) in the absorber contains 98Vol% CO2 and 2Vol% ethanol. The entering liquid flow (pure water) has the same temperature and the same pressure and is 1,3 times higher than the minimum liquid flow. The recovery of ethanol is 95% and the height of the packed bed is 1,5m!Estimate the required height of the packed bed (under same conditions) for a recovery of 98%!

Solution guideline:

a)
Sketch a counter current flow absorption process with all influents and effluents!

2 points

b)
Draw an X/Y-diagram for ethanol in gaseous stage and in water with the equilibrium line! The vapour pressure of pure alcohol at 30°C is 10500 N/m² and the activity coefficient at infinite dilution is 5,3.

7 points

c)
Determine the molar input and output load of the waste gas. Draw or determine the operating line for the minimum flow of water and the real operation line! Estimate the number of transfer units (resistance in gaseous phase only) in the column by an adequate integration method!

8 points

d)
Repeat all calculations for a recovery of 98% and determine the required height of the bed!!

8 points

Problem 2/04:








25 points in total 

Catalytic oxidation of carbonmonoxide
In a laboratory the activity of a new noble metal catalyst is measured at 300°C and 400°C with an artificial waste gas flow of 2ml i.N./s. At the lower temperature a small monolith of 2mm * 2mm and 10mm length reduces the inlet concentration of 1000mg/m³i.N. to an outlet concentration of 375mg/m³i.N and an inlet concentration of 800mg/m³i.N. to an outlet concentration of 300mg/m³i.N. At the elevated temperature the reduction increases to values of 300 mg/m³i.N. and 240 mg/m³i.N. respectively.

The first client is willing to test the new catalyst in his block type power plant, where a reduction from 230mg/m³i.N to the limit of 20 mg/m³i.N at 330°C in a volume flow of 1440 m³i.N/h is expected. Estimate the required volume of the catalyst!

Solution path :

a)
Draw the process in laboratory and in the block type power plant! Give the basic chemical equation for the oxidation of carbonmonoxide and the stoichiometric coefficients! Draw typical diagrams used to evaluate the order of a reaction!

4 points

b)
Show, that the catalytic reduction could be seen as a quasi-homogeneous first order reaction! Calculate residence times and the reaction rate constants at 300°C and 400°C!

7 points

c)
Construct an Arrhenius-diagram and give the temperature dependence of the reaction rate constants!

5 points

d)
Calculate the required volume of the catalyst! Prove, if at half load of the power plant (840 m³i.N/h, 290°C, 200mg/m³i.N) the reduction is also satisfying!

7 points

e)
You can use a long catalyst with a small cross sectional area or a short one with large width and height! What are the advantages and the disadvantages of the two cases?

2 points

Problem 3/04:








25 points in total 

Heat recovery of a catalytic oxidation process
The flue gas of a small spraying chamber (mass flow 3600kg/h, heat capacity 1kJ/(kg*K)) with a temperature of 20°C is to be cleaned by a catalytic oxidation treatment. Initially the flue gas is heated up to 420°C in a pipe bundle heat exchanger. Then, in an injection chamber fed with natural gas the concentration of hydrocarbons is brought to a level, that meats the heat recovery requirements. Inside the following catalytic reactor the temperature increases dependent on that concentration and finally the treated gas is led back to the heat exchanger in counter current flow and to the chimney.

The flue gas contains 30 to 70 mg toluene/kg with a heat of combustion of 40 530kJ/kg. The price of the natural gas (33 000kJ/m³) is 0,02€/kWh, the heat exchanger area is to be calculated with 500€/m² and the management requires a break-even point after three years (15 000 hours in operation)!

Optimise the size of the heat exchanger!

Solution guideline:

a)
Sketch



a block type flow scheme of the plant

a counter current flow pipe bundle heat exchanger and

the estimated temperature profiles in the heat exchanger!

6 points

b)
Calculate the heat flow through the heat exchanger area! To simplify the following calculations please assume a constant mass flow of flue gas through all parts of the facility. (cpair/flue gas = 1000J/(kg*K) = constant)! Assume all heat transfer coefficients between fluid and solid as (fluid/solid) = 60 W/(m²*K)! Give also logical values for the thickness of the tube wall and its thermal conductivity (tube wall)! (Calculation analogous to a flat wall!)

4 points

c)
Calculate the increase in temperature related to the amount of natural gas fed to the flue gas before the heat exchanger! Determine afterwards the size of the heat exchanger (area) dependent on that temperature (maximum temperature difference around 400K) and the price!

8 points

d)
Draw a diagram: “total price in three years versus heat exchanger area” and estimate the minimum!

7 points

Problem 4/04:








25 points in total 

Improvement of a biological waste air treatment

Waste air from a slaughterhouse (14 400 m³i.N./h) is treated by a biofilter to reduce the odorous components to an acceptable limit. But at certain conditions the fixed bed () falls dry and a break through of odour is obtained, when the cold air of the slaughterhouse (14°C) is heated up in the filter by exothermal reaction and is loaded with additional moisture in accordance to the relative humidity.

To avoid this problem a pre-treatment in scrubber is proposed. There the waste air should be separated from fatty aerosols (to reduce the exothermal heat of reaction in the filter), heated up from 14°C to 20°C and brought to 100% relative humidity. The scrubber should be fed by warm water (32°C) from a cooling system, which must be forced to a lower temperature before the outfall in any case.

Calculate the required flow of warm water and the flow of water evaporated!

Solution guideline:

a)
Draw the proposed plant with scrubber and biofilter and show all given properties and data!

2 points

b)
Fill in the given data into the h1+x-diagram! Assume an in going stream of cold air with a relative humidity of 50% at 14°C and calculate the required heat flow and the mass flow of evaporated water! Assume a temperature difference of 1,5K above the obtained temperature of the air in the outlet (here 21,5°C)!

6 points

c)
Calculate all data taken in b) from the diagram with the equations for relative and absolute humidity and enthalpy calculation. Improve the accuracy using the following properties:

Antoine-coefficients for partial pressure of steam:

A = 23,4934 ln(N/m²)

B = 3992,53K


C = -39,45K

heat capacity:


steam = 1,86kJ/(kg*K)

air = 1,004kJ/(kg*K)





water = 4,18kJ/(kg*K)

molar mass:


water = 0,0180152kg/mol 

air = 0,028963kg/mol

heat of evaporation

water = 2500kJ/kg

7 points

d)
In operation the maximum flow of warm water is 1kg/s. How far could the temperature of the waste air be elevated and brought to 100% relative humidity in the same process?

9 points

Problem 5/04:








25 points in total

Absorption of SO2 in water
In the 1970´s, when a lot of new flue gas purification processes were developed, one of the ideas to separate sulphur dioxide from waste gases was the simple absorption in water. In a pilot plant absorption column (packed bed, 2m high) pure water is used as a washing agent to reduce 90% of the inlet concentration of SO2 (624 mg/m³ i.N..) from an oxygen free inlet gas at 25°C and 1atm total pressure. Your task is the estimation of the required height of the column to reduce 95% under the same conditions (25% more than minimum liquid flow)!

Mwaste gas = 0,028kg/mol


MSO2 = 0,064kg/mol


Mwater = 0,018kg/mol

mol SO2/lH2Oaqueous 
6*10-4
     8*10-4
      1*10-3
     2*10-3
     3*10-3
 4*10-3
—————————————————————————————————————————————

vpm SO2gaseous 

  20
       33

        50

       180

       355

 550

Solution guideline:

a)
Sketch the counter current flow absorption process with all influents and effluents and a regeneration!

3 points

b) Draw a X-Y-(load) diagram with the equilibrium line and the operating line for the minimum flow of water and 90% reduction! (the density of the aqueous solution is 1000kg/m³)

8 points

c)
Assume, that the real flow of water is 25% higher than the minimum flow and calculate the number of transfer units by a numerical integration method (resistance in gaseous phase only)!

7 points

d)
Repeat all calculations for a reduction process with 95% efficiency! Determine the required height!

7 points

Problem 6/04:








25 points in total 

Improvement of an activated sludge system

Into an industrial activated sludge system of 4000m³ (CSTR – basin) the volume flow of wastewater has increased, while the outlet concentration has decreased (long duration average values): 



volume flow


inlet concentration

outlet concentration

———————————————————————————————

1996

  162m³/h



680mg/l


26mg/l

1999

  168m³/h



608mg/l


25mg/l

2000

  228m³/h



612mg/l


31mg/l

2001

  267m³/h



604mg/l


34mg/l

Your task is to predict the maximum volume flow related to the permitted limit of 40mg/l in the outlet

a) without any change in the process and

b) when the basins will be divided in two parts of 2000m³ each and passed in series.

Assume a multi-component substrate and ideal CSTR conditions in all basins. The concentration of biomass (dry sludge [A]) in the basins is to be estimated to 4kg/m³ and the normal cell death rate to 2,5% per day (kd = 0,025d-1). The substrate utilisation is 60% ((A = 0,6). The temperature in the system is constant!

Solution guideline:

a)
Sketch a typical activated sludge system with reactor, separator and recycle flow of biomass! Sketch the special problem mentioned above!

4 points

b)
Calculate the equilibrium concentration of BOD [BOD] eq and the rate constant k from the given data by linear regression (graphical solution possible)! The linearized form of the equation for residence time is
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   Draw an adequate diagram!

11 points 

c)
Calculate for the 4000m³ basin the maximum volume flow for an estimated inlet concentration of 600mg/l and an outlet limit of 40mg/l using the two coefficients from b) or take the value from the diagram!

4 points 

d)
Calculate (iteration) for the two 2000m³ basins in series the maximum volume flow for an estimated inlet concentration of 600mg/l and an outlet limit of 40mg/l using the two coefficients from b)!

6 points

Problem 7/04:








25 points in total 

Replacement of a cyclone for waste air treatment

The concentration of dust ((dust = 300kg/m³, load 3g/kg air) in the waste air (4680m³/h, (waste air = 1,2kg/m³, (air = 15*10-6m²/s) of a sawmill is reduced in a cyclone of a type B (defined by Zogg, external diameter 1,1m). Due to some corrosion problems the old cyclone must be replaced by a new one - or by two smaller cyclones of type C.

Your task is to estimate the allowed difference in invest cost, if the price for electrical energy is 0,09€/kWh and a return of invest is expected after 15000h in operation!

Solution guideline:

a)
Sketch a typical cyclone for waste air treatment and mark the dimensions z, zi, Rin, Rout, Ain, Aout, b and h = (z – 0,5 zi)!

2 points

b)
Calculate the dimensions Ain, and b of the old cyclone and the inlet velocity by the definition of type B!

4 points

c)
Determine the dimensions of the new cyclones type C using half of the volume flow per unit and an inlet velocity reduced by 20%!

5 points

d)
Compare the pressure drop of both cyclones and estimate the difference in operation cost during 15000h!

10 points

e)
Prove the effective separation size in both cases! Do the two smaller cyclones have the same separation efficiency?

4 points

Problem 8/04:








25 points in total 

Layout of a biological waste air treatment

Waste gas from an industrial bakery production line (mixture of air and oven releases of 7 200 m³i.N./h) is to be treated by a biofilter to reduce the odorous components to an acceptable limit. The relatively high temperatures (68°C) and low humidity 12g/kg requires a conditioning of the gas before the biological treatment.

A temperature of 28°C and 100% relative humidity is to be reached by mixing the waste gas with waste air from another location (18°C, 70% relative humidity) and by spraying in cold water. 

Calculate the required flows of cold water and waste air!

Solution guideline:

a)
Sketch the proposed plant with spraying chamber, static mixer and biofilter and show all given properties and data!

2 points

To simplify the following calculations assume the enthalpy of the cold water as 0kJ/kg!

b)
Draw in the given data into the h1+x-diagram! Construct a process of mixing the waste gas and the waste air first and adding the cold water afterwards to reach the required inlet condition into the biofilter! Calculate the required flows of cold water and waste air!

8 points

c)
Construct in addition (with a different colour) a process of adding the cold water first and mixing the waste gas and the waste air afterwards to reach the required inlet condition into the biofilter! Which of the two possibilities do you prefer? Give advantages and disadvantages!

6 points

d)
Calculate all data taken in b) and c) from the diagram with the equations for relative and absolute humidity and enthalpy calculation. Improve the accuracy using the following properties:

Antoine-coefficients for partial pressure of steam:

A = 23,4934 ln(N/m²)

B = 3992,53K


C = -39,45K

heat capacity:


steam = 1,86kJ/(kg*K)

air = 1,004kJ/(kg*K)






water = 4,18kJ/(kg*K)

molar mass:


water = 0,0180152kg/mol 

air = 0,028963kg/mol

heat of evaporation

water = 2500kJ/kg

9 points

Problem 1/05:

( cancelled





         25 points in total

Modelling Sedimentation
A volume flow of 36m³ wastewater per hour passes a sedimentation basin of 1,44m height, 15m length and 5m width. Flocs of pigments with a density of 1450kg/m³ are separated with an overall-efficiency of 80%. The size distribution in the inlet is 30% for flocs of 100m, 60% for flocs of 33m and 10% for flocs of 10m. In the outlet the distribution is respectively 1%, 56% and 43%.

Due to a change in production the size of the flocs in the wastewater will be reduced and a size distribution of 35% for flocs of 33m and 65% for flocs of 10m is being expected. Estimate the overall efficiency of the sedimentation in future. The concentration of flocs is always small (no interaction in between)!

Solution guideline:

a)
Sketch the sedimentation process with the critical path and explain the difference between the residence time V and the collecting time c and the two different Reynolds-numbers!

3 points

c) Calculate the theoretical efficiency for each class of particles (flocs) with the effective separation size model and compare the result with the given efficiency in the basin. The density of water is 1000kg/m³ and its viscosity is 1*10-6m²/s.

8 points

c)
Repeat the comparison with results from a plug-flow-mixing-model! Which of the two models do you prefer?

7 points

d)
Take the model of choice and estimate the new overall-efficiency for the reduced floc-size!

7 points

Problem 2/05:

( cancelled





         25 points in total 

Heat recovery of a catalytic oxidation process
The flue gas of a small spraying chamber (mass flow 3600kg/h, heat capacity 1kJ/(kg*K)) with a temperature of 20°C is to be cleaned by a catalytic oxidation treatment. Initially the flue gas is heated up to reaction temperature in a pipe bundle heat exchanger. Then, inside the following catalytic reactor the temperature increases dependent on the concentration of hydrocarbons and finally the treated gas is led back to the heat exchanger in counter current flow and to the chimney, where the temperature must be at least 80°C.

Due to the fact, that the flue-gas is to be heated up by a temperature-difference of 60K in any case, natural gas is injected before the catalyst in a sufficient amount. The size of the catalyst is depending on the reaction temperature and therefore depending on the size of the heat exchanger. While the catalyst volume decreases with increasing temperature the required area of the heat exchanger grows. Your task is the optimisation of the reaction temperature!

Solution guideline:

a)
Sketch



a block type flow scheme of the plant

a counter current flow pipe bundle heat exchanger and

the estimated temperature profiles in the heat exchanger!

6 points

b)
Calculate the area and the price of the heat exchanger for different reaction temperatures between 250° and 550°C (at the catalyst inlet)! To simplify the calculations please assume a constant mass flow of flue gas through all parts of the facility! Assume all heat transfer coefficients between fluid and solid as (fluid/solid) = 50 W/(m²*K)! Give also logical values for the thickness of the tube wall and its thermal conductivity (tube wall) (Calculation analogous to a flat wall!)! The price for the heat-exchanger area is 400€/m².

7 points

c)
Calculate the volume and the price of the catalyst depending on the reaction temperature and a required conversion of 98% (for natural gas and the harmful substances)! The Arrhenius coefficients of the catalyst are k° = 3,2*104 1/s and the activation energy E = 41600J/mol. The price for the catalyst is 40000€/m³!

6 points

d)
Draw a diagram: “total price versus heat exchanger area” and estimate the minimum!

6 points

Problem 3/05:

( cancelled





         25 points in total 

Selective catalytic reduction (SCR) of nitrogen oxide in a power plant
In a pit coal power plant the concentration of NO in the flue gas is to be reduced by SCR on a honeycomb structured catalyst. For the layout conversion data from other power plants operating at the same reaction temperature of 380°C can be used. 

	Location
	Volume flow / (m³i.N./h)
	Volume catalyst / m³
	[NO]° / vpm
	[NH3]-slip / vpm

	Aderio
	1080000
	480
	  900
	4,0

	Beburg
	  720000
	370
	  850
	1,8

	Cetown
	  864000
	405
	1050
	3,5


All data in the table are reported for the same outlet concentration limit of 100vpm NO. Your task is to estimate the required amount of catalyst for treatment of 684000m³i.N./h containing 700vpm NO at the same temperature of 380°C, when a general outlet concentration of 5vpm NH3 is allowed.

Solution guideline:

a)
Sketch the typical design of an SCR-catalyst for NOx-reduction and give the equation for the chemical reaction of NO and NO2 with ammonia!

2 points

f) Calculate the three different inlet concentrations of ammonia in the given list! (Assume the ratio of stoichiometric factors NO/NH3 = 1 and ideal gas conditions!) What are the residence times or space times of the flue gas in the catalyst?

4 points

g) Determine all values for linearization:
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5 points

d)
Draw a diagram to get the coefficients KL and KER by linear regression! Calculate the required concentration of ammonia in the inlet flue gas of the power plant and the residence time with help of the coefficients KL and KER ! Finally determine the required amount of catalyst!

7 points

e)
In general the new catalyst in the power plant is oversized due to ageing (reduction of activity by time)! Assume a volume of 20% more than the value from your layout! Calculate the estimated slip of ammonia for this case (solver recommended)!

7 points

Problem 4/05:

( cancelled





         25 points in total 

Waste air cleaning by adsorption on activated carbon

Waste air with a volume flow of 6300m³/h and a temperature of 25°C and a total pressure of 1atm is to be purified from 25vpm butanol by adsorption on activated carbon. Your task is the evaluation of measuring data from Germerdonk, R. and Wu, D.; Chem.-Ing.-Tech. 58 (1986) No.7, p 583-585 to get basic engineering information for the layout of the purification process. Estimate the cycle time in a process of two adsorbers with 800kg activated carbon! The adsorption of air on activated carbon is low related to butanol and is to be neglected.

Solution guideline:

a)
Sketch an adsorption system with two adsorbers and the required valves!

2 points

j) Calculate the molar flow of butanol and its partial pressure!

3 points

k) Draw a diagram to determine the coefficients of the Dubinin-isotherm V° and E at 25°C:
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Prove your result by linear regression! Calculate the regression coefficient!

Assume condensation in the pores of the activated carbon! The density of liquid butanol at 25°C is 806kg/m³. For calculation of the potential ( take the vapour pressure pv of the pure substance as reference pressure pref. The coefficients of the Antoine equation for butanol are:

A: 22,9394 ln(N/m²)


B: 3587,84 K


C: -76,27 K

13 points

d)
Determine now the capacity (load) of the activated carbon for a butanol concentration of 25vpm and the cycle time in a process with two adsorbers of 800kg activated carbon!

7 points

Problem 5/05:

( cancelled





         25 points in total

Evaluation of Oxygen Mass Transfer in a Biological Reactor

In an industrial wastewater treatment the efficiency of the air feed system in the biological reactor (4000m³) is evaluated by a non steady state method. Stripping with pure nitrogen eliminates the oxygen content of purified water. Then air is pressed into the system and the oxygen concentration in the water is measured versus time (see diagram next page)!

In the same system a volume flow of 250m³/h wastewater must be reduced from inlet 600mg/l to 35mg/l BOD. The concentration of biomass (dry sludge [A]) in the basins is to be estimated to 4kg/m³ and the normal cell death rate to 2,5% per day (kd = 0,025d-1). The substrate utilisation is 60% ((A = 0,6). The activity of the activated sludge is always high enough, when the concentration of oxygen in the reactor is 2mg/l! Which concentration can be expected?

Solution guideline:

a)
Sketch a non steady state facility for testing the mass transfer in air feed systems! Give the equation for calculating the mass transfer from the gaseous phase to the liquid phase, if the resistance is in the liquid phase only!

4 points

d) Draw a diagram to determine the volumetric mass transfer coefficient k*a (kLa in American literature) from the experimental data (minimum 4 points!) with linear regression! Take the equilibrium concentration of oxygen [O2]eq from the experimental data and assume, that the biological reactor is a CSTR!

12 points

e) Calculate the oxygen demand in the system and set the required mass flow of oxygen equal to the mass flow determined in the efficiency evaluation! Is the expected level of oxygen in the basin high enough?

9 points
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         25 points in total 

Layout of a Biogas-Reactor

In a laboratory scaled batch-reactor 1kg of biomass hydrated and dissolved in 10kg of water was converted to biogas under anaerobic conditions at 30°C. Assuming most of the biomass was carbohydrates the following equation could be seen as general:

–(HCOH)n-    (    0,5n CO2    +    0,5n CH4
220L of biogas were already produced after 3days, 320L after 6days and 380L after 9days. After 9days the production of gas decreases rapidly and not more than 430L of gas were produced in total.

Your task is the layout of a small power plant with a gas-motor and a continuously stirred tank reactor (CSTR) for the production of 100m³/d biogas from 300kg/d of the same kind of biomass at the same temperature of 30°C!

Solution guideline:

a)
Sketch a batch reactor and a CSTR and give the equations to calculate the concentration of a reactant as a function of time for a first order equilibrium reaction!

4 points

b)
Calculate the rate constant k in 1/s from the given data by linear regression (graphical solution possible)! Determine the molar mass of the biogas first and convert the produced volumes to values for conversion!

11 points 

c)
Calculate the required conversion for the CSTR and determine the volume of the reactor!

5 points 

g) The biogas can be used for production of electricity in a block-type-power-plant! Estimate the power generation (in kW) in case of 35% efficiency el and heat of combustion for methane of 50000kJ/kg!

5 points

Problem 7/05:

( cancelled





         25 points in total 

Soot-Filter for a Block-Type-Motor-Power-Plant

The exhaust fumes (4680m³i.N./h, (fumes,0°C = 1,3kg/m³, (fumes,330°C = 54*10-6m²/s) of a stationary Diesel-motor-power-plant with a temperature of 330°C contain an unknown amount of soot. To gain information about the design of a soot-filter a part of the gas is led through a ceramic filter of 1m² surface area (cylindrical form). At a constant pressure drop of 10mbar, the volume flow in the beginning was 240 m³i.N./h, after 5min 100m³i.N./h and after 10minutes 80m³i.N./h. After 10minutes the amount of soot on the filter is measured to 0,5g. 

Your task is the layout of a soot-filter for the whole volume flow of 4680m³i.N./h at the same temperature. The time between two regenerations should not be shorter than two hours and the pressure drop less than 26mbar!

Solution guideline:

a)
Sketch a waste air treatment system for stationary Diesel-motor-power-plants!

2 points

b)
Calculate the coefficient fm of the filter-material from the volume flow at the beginning!

3 points

c)
Determine by an adequate mathematical method the volume, that passes the filter in the reported 10 minutes and from this the load of soot in the exhaust fumes!

5 points

d)
Calculate the product *L (filter coefficient times height of the layer) from the volume flow after 5 and 10 minutes! Estimate the height of the layer assuming a bed-porosity in the layer of 50% and a diameter of the soot particles of 1,5m!

7 points

e)
Determine now the required area for a soot-filter treating the whole volume flow of 4680m³i.N./h for two hours with a pressure drop lower than 26mbar!

8 points

Problem 8/05:

( cancelled





         25 points in total 

Improvement of a Biological Waste-Air-Treatment

Waste air from a slaughterhouse (14 400 m³i.N./h) is treated by a biofilter to reduce the odorous components to an acceptable limit. Problems are archived, when the filter bed falls dry. This happens when the relatively cold air from the slaughterhouse is heated up in the filter and finally dries the biofilm in it.

Your competitive offers a solution in form of a steam injection to increase the relative humidity in the waste air to 100% and to heat it up from 12°C to 20°C. This is a simple but energy-intensive solution! Your task is to develop a solution where waste-heat is used to heat up water from 8°C to 50°C and where this water is sprayed into the waste air in a scrubber. Non-evaporated water is taken from the bottom of the scrubber (22°C) and driven in a cycle (heated up and spayed in again)!

How much water is to be heated up and how much is evaporated? Calculate the reduction in operation cost, if the price for steam is 0,02€/kWh and waste heat is for free. 

Solution guideline:

a)
Sketch the proposed plant with scrubber and biofilter and show all given properties and data!

3 points

b)
Draw in the given data into the h1+x-diagram! Assume the waste gas in the inlet has a relative humidity of 40% and a temperature of 12°C. Calculate the total heat demand and the required flows of water evaporated! How much water with temperature of 50°C must be sprayed into the scrubber to enough energy into the system?

7 points

c)
Calculate all data taken in b) from the diagram with the equations for relative and absolute humidity and enthalpy calculation. Improve the accuracy using the following properties:

Antoine-coefficients:
A = 23,4934 ln(N/m²)
B = 3992,53K
       C = -39,45K

heat capacities:

water = 4,18kJ/(kg*K)
air = 1,004kJ/(kg*K)       steam = 1,86kJ/(kg*K)

molar mass:

water = 0,01802kg/mol
air = 0,028963kg/mol

heat of evaporation
water = 2500kJ/kg

8 points

d)
Calculate the price for steam for 20000h of operation and estimate the chances of your proposal. Which temperature should the waste heat have and which kind of waste heat should it be (price of heat-exchanger)? Are there further disadvantages of your concept?

7 points

Problem 1/06:

( cancelled





         25 points in total

Development of a New Regenerator System for Biofilters

Biofilters are state of the art for treatment of waste air containing low concentrations of harmful substances or odours! While the biofilter itself is relatively cheap related to thermal treatment facilities, the operation cost increases rapidly, when cold air is to be heated up or its moisture is to be increased. To reduce the energy cost a regenerator system is proposed in which the outlet stream of the biofilter passes a fixed bed. Heat and water are stored inside the bed. After ten minutes this fixed bed is used to heat up and moisten the inlet stream into the biofilter, while a second bed is used for storage. Your task is to look for a material, that stores heat and water in a perfect ratio!

Solution guideline:

a)
Sketch the proposed regeneration system! Assume a waste air flow with 15°C and a temperature in the biofilter of 27°C. The relative humidity is to be increase from 50% to 100% !

4 points

b)
Draw the given data into the h1+x-diagram! How much enthalpy and water is to be stored for 1kg of dry air?

4 points

c)
Calculate all data taken in b) from the diagram with the equations for relative and absolute humidity and enthalpy calculation. Improve the accuracy using the following properties:

Antoine-coefficients:
A = 23,4934 ln(N/m²)
B = 3992,53K
       C = -39,45K

heat capacities:

water = 4,18kJ/(kg*K)
air = 1,004kJ/(kg*K)       steam = 1,86kJ/(kg*K)

molar mass:

water = 0,01802kg/mol
air = 0,028963kg/mol

heat of evaporation
water = 2500kJ/kg

8 points

d)
Which diameter must a sphere particle of ceramic material (2800kg/m³) have, when water is stored on the surface in a layer of 50m and the heat capacity is 800J/(kg*K)? Is all the water stored?

9 points

Problem 2/06:

( cancelled





         25 points in total 

Heat recovery in a selective catalytic reduction (SCR) process
The improvement of a pit coal power plant in China with a flue gas of 1080t/h mass flow (heat capacity 1kJ/(kg*K)) requires the reduction of SO2 and NOx - first by absorption with Ca(OH)2 at 60°C and then by selective catalytic reduction (SCR) with ammonia at 320°C. After the absorption the flue gas is heated up in a pipe bundle heat exchanger and a burner to SCR-reaction temperature. Inside the following catalytic reactor the temperature does not change. Finally the purified flue gas passes the heat exchanger again for recovering the energy before it is lead to the chimney.

Your task is the optimisation of the heat exchanger area, if the price for PTFE-heat exchangers is 500€/m²area and the price for natural gas in the burner is 0,015€/kWh (increasing price to be estimated)!

Solution guideline:

a)
Sketch



a block type flow scheme of the plant

a counter current flow pipe bundle heat exchanger and

the estimated temperature profiles in the heat exchanger!

6 points

b)
Calculate the area and the price of the heat exchanger for different outlet temperatures between 180° and 280°C! To simplify the calculations please assume a constant mass flow of flue gas through all parts of the facility! Assume all heat transfer coefficients between fluid and solid as (fluid/solid) = 60 W/(m²*K)! The thermal conductivity of PTFE-pipes (10x1) is (PTFE) = 0,25 W/(m*K) (Calculation analogous to a flat wall!)!

6 points

c)
Calculate the price of the gas for different inlet temperatures into the burner between 180°C and 280°C assuming a return of invest after 2,5 years (20000h of operation)! Depict a diagram total cost (invest and operation) versus heat exchanger area and give the optimum size and the price of the heat exchanger!

7 points

d)
Repeat the calculations for an increase in operation cost of 15% per year and an assumed return of invest after four years!

6 points

Problem 3/06:

( cancelled





         25 points in total 

Improvement of an activated sludge system

The volume flow into an industrial wastewater treatment has increased continuously, while the volume of the activated sludge (CSTR – )basin could not be changed (4000m³)! This must lead to an increase in outlet concentrations (long duration average values): 



volume flow


inlet concentration

outlet concentration

———————————————————————————————

1996

  162m³/h



680mg/l


26mg/l

2001

  267m³/h



604mg/l


34mg/l

Your task is to predict the maximum volume flow related to the permitted limit of 40mg/l in the outlet

c) without any change in the process and

d) when the basins are divided into three parts of 1330m³ each and passed in series.

Assume a multi-component substrate and ideal CSTR conditions in all basins. The concentration of biomass (dry sludge [A]) in the basins is to be estimated at 4kg/m³ and the normal cell death rate at 2,5% per day (kd = 0,025d-1). The substrate utilisation is 60% ((A = 0,6). The temperature in the system is constant!

Solution guideline:

a)
Sketch a typical activated sludge system with reactor, separator and recycle flow of biomass! Sketch the special problem mentioned above!

4 points

b)
Calculate the equilibrium concentration of BOD [BOD]eq and the rate constant k from the given data (two unknown – two equations)! 

5 points 

c)
Calculate for the 4000m³ basin the maximum volume flow for estimated inlet concentration of 580mg/l, 600mg/l, 620mg/l, 640mg/l, and an outlet limit of 40mg/l using the two coefficients from b)! Sketch a diagram for the maximum volume flow versus inlet concentration!

7 points 

h) Calculate for three 1330m³ basins in series the inlet concentration for estimated maximum volume flows of 800m³/h, 1000m³/h and 1200m³/h and an outlet limit of 40mg/l using the two coefficients from b)! Start calculation in the last basin! Draw an adequate diagram!

9 points

Problem 4/06:

( cancelled





         25 points in total 

Waste air cleaning by adsorption on activated carbon

	 
	 
	 
	 

	 
	 
	 
	 

	 
	20°C - isotherm
	 

	 
	partial pressure
	load
	 

	 
	mbar
	g/100gMK
	 

	 
	 
	 
	 

	 
	
	
	 

	 
	1,0
	2,1
	 

	 
	7,5
	6,4
	 

	 
	15,8
	10,5
	 

	 
	57
	15,8
	 

	 
	127
	18,4
	 

	 
	215
	19,9
	 

	 
	344
	21,0
	 

	 
	476
	22,0
	 

	 
	754
	23,1
	 

	 
	987
	23,9
	 

	 
	655
	22,6
	 

	 
	372
	21,3
	 

	 
	177
	19,1
	 

	 
	 
	 
	 

	 
	 
	 
	 


Solution guideline:

a)
Sketch the whole adsorption system (two adsorbers for PSA and the pre-adsorption of H2S) with all required valves!

2 points

l) Calculate the molar flow of H2S and its partial pressure (molar mass H2S = 0,03408kg/mol)!

3 points

m) Draw a diagram for at least four values of the isotherm to determine the coefficients of the Dubinin-isotherm V° and E at 20°C:
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Prove your result by linear regression! Calculate the regression coefficient!

Assume condensation in the pores of the activated carbon! The density of liquid H2S at 20°C is 840kg/m³. For calculation of the potential ( take the vapour pressure pv of the pure substance as reference pressure pref. The coefficients of the Antoine equation for H2S are:

A: 18,4581 ln(N/m²)


B: 1028,68 K


C: -78,09 K

13 points

d)
Now determine the capacity (load) of the activated carbon for a H2S concentration of 250vpm and the required mass of activated carbon for 24hours!

7 points

Problem 5/06:

( cancelled





         25 points in total

Evaluation of Oxygen Mass Transfer in a Biological Reactor

The efficiency of the air feed system in a biological batch reactor (90 litre) is to be optimised by a steady state method. To determine the overall mass transfer coefficient ß*a four different flows of oxygen-free but substrate containing water were led through the system (now assumed as CSTR without micro-organisms) and for each flow the oxygen-concentration in the water was measured at 20°C:

volume flow / (l/min)


  60

 30

 15

  9

_____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

measured O2-concentration / (mg/l)
4,05

5,4

6,3

6,9

The flow of air through the air feed system is constant. The equilibrium value of oxygen in the substrate containing water [O2]eq is unknown and is to be determined together with ß*a by linear regression

Solution guideline:

a)
Sketch the problem and the facility to determine the mass transfer coefficient of the air feed system. Give the equation to determine ß*a in case of a well-mixed fluid!

3 points

b)
For linear regression the equation is to be transformed to: 
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Calculate all residence time  and draw a diagram of the measured oxygen concentration [O2] versus the quotient [O2]/ ! Which values can you receive from slope and intercept?

7 points

c)
Determine ß*a and [O2]eq by linear regression! Show the quality of the regression with help of the regressions coefficient r² and the sum of least squares!

7 points

d)
How many sludge from wastewater treatment [A] can be fed with air in the batch process in case of a multi-component-substrate? The initial concentration of BOD5 in the reactor is 500mg/l and the equilibrium concentration [BOD5]eq is 10mg/l. The reaction constant k is estimated to 1*10-4 m³/(kg*s), the substrate utilisation is 60% ((A = 0,6), the normal cell death rate 2,5% per day (kd = 0,025d-1) and the minimum concentration of oxygen must be 2,5mg/l!

8 points

Problem 6/06:

( cancelled





         25 points in total 

Catalytic oxidation of carbonmonoxide/hydrocarbons
A shipping company likes to know the reduction of carbonmonoxide/hydrocarbons emissions from one of their ferries, if a new noble metal catalyst replaces the silencer of the motor. 

Data of carbonmonoxide/hydrocarbons-reduction from Diesel type engines is rare and data from non-soot-containing motor emissions like gas-type-motor-power-plants are not suitable for the layout. In a laboratory the activity of the new noble metal catalyst was measured at 400°C with a waste gas flow of 2ml i.N./s, taken as a partial flow from a Diesel-type car engine. At this temperature a small monolith of 2mm * 2mm and 10mm length reduces the inlet concentration of 300mg/m³i.N. to an outlet concentration of 75mg/m³i.N . Furthermore the only technical application is reported for a stationary Diesel-type-motor-power-plants with an exhaust gas volume flow of 576m³i.N/h at a temperature of 330°C and an inlet concentration of 170mg/m³i.N. , which is reduced to an outlet concentration of 30mg/m³i.N. with a catalyst volume of 8 litres.

Estimate the reduction of carbonmonoxide/hydrocarbons emissions from the ferry (in percent), if a new noble metal catalyst replaces the silencer of the motor and the available volume for the catalyst is 0,1m³! The percentage of load and emissions of the ferry is reported as follows:


load motor
percentage of time
volume flow
temperature

emission







     m³i.N/h
°C


mg/m³i.N.
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

minimum load

  5%

     5 400
     315


    70


medium load

15%

     7 200
     335


  125


norm load

70%

     9 000
     360


  200


peak load

10%

     9 540
     380


  230

Solution guideline :

a)
Draw the process in the laboratory and in the block type power plant! Give the basic chemical equation for the oxidation of carbonmonoxide and the stoichiometric coefficients! Draw typical diagrams used to evaluate the order of a reaction!

4 points

i) Assume a quasi-homogeneous first order reaction! Calculate residence times and the reaction rate constants from the processes in the laboratory and in the block type power plant!

7 points

c)
Construct an Arrhenius-diagram and give the temperature dependence of the reaction rate constants!

5 points

d)
Calculate the outlet concentrations of the motor on the ferry for the given catalyst! Multiply the percentage of reduction with percentage of time in operation to get the overall reduction in the system!

7 points

e)
Give two reasons, why the reduction on the ferry could be smaller than calculated! Which specific conditions on ships lead to lower efficiency?

2 points

Problem 7/06:

( cancelled





         25 points in total 

Design of a cyclone for waste air treatment

The dust ((dust = 300kg/m³, load 3g/kg air) in the waste air (5 760 m³i.N./h, (waste air = 1,2kg/m³, (air = 15*10-6m²/s) of a saw mill is separated in a cyclone of a type B (defined by Zogg, external diameter 1,3m). Because of corrosion, the separation system is to be rebuilt. A company offers four cyclones with an external diameter of 0,4m for a price 5000€ above the price of the single type-B-cyclone.

Your task is to calculate the hours of operation required to reach the break-even point.

Solution guideline:

a)
Sketch a typical cyclone for waste air treatment and mark the dimensions z, zi, Rin, Rout, Ain, Aout and b!

2 points

b)
Calculate Rin, Ain, Aout, z, zi and b for a cyclone type B with 1,3m external diameter and for a cyclone type C with 0,4m external diameter!

5 points

c)
Compare the effective separating size in both systems and compare the efficiency for an assumed plug flow model in both systems!

7 points

d)
Compare the pressure drop in both systems!

6 points

e)
Calculate the hours of operation required to reach the break-even point (blower efficiency: 75%, price for electricity: 0,09€/kWh)!

5 points

Problem 8/06:

( cancelled





         25 points in total 

Steady state distillation in a column
Water from the filter press of a wastewater treatment with a mass flow of 1800kg/h is highly contaminated with Ammonia (mixture of 0,5 mass% Ammonia and 99,5 mass% water). The water is led to the activated sludge system where the Ammonia increases the nitrogen content and the requirement of nitrification. To separate 95% of the Ammonia a continuous distillation in a column is planned. The Ammonia can be sold, if the product has a mass fraction of 25%. To avoid heating of the wastewater (no heat-exchanger!), the distillation should be carried out at 20°C and the heat of evaporation is fed by steam directly.

You task is the layout of the lower operation part of the column only!

Solution guideline :

a)
Draw the distillation process and add all known flows of feed, head product and waste water!

2 points

j) Calculate the molar fraction of Ammonia and water in feed (0,5 mass% Ammonia) and the molar fraction of Ammonia in the wastewater and the total molar flow of the feed!

3 points

c)
Determine the molar flow of Ammonia and water in the head product and the molar fraction of water in the wastewater by an adequate balance!

5 points

d)
Construct a x-y-diagram for the lower operation line only! Estimate the minimum reflux ratio for the lower operation line! Assume, that the feed is liquid at boiling temperature and the equilibrium line in the McCabe-Thiele-diagram is a straight line with a slope of 11! (Draw the relevant part of the x-y-diagram only; with a normal 10cm x 10cm scale you have no chance to get a proper construction)

8 points

e)
Estimate the theoretical number of stages in the column by detailed construction! Assume that the reflux ratio is 1,025 times the minimum reflux ratio! Why is the layout of the upper operation line in a McCabe-Thiele-diagram not useful?

7 points

Problem 1/07:

( cancelled





         25 points in total 

Design of a cyclone for waste air treatment

The waste air ((dust = 300kg/m³, load 3g/kg air) in the (5 760 m³i.N./h, (waste air = 1,2kg/m³, (air = 15*10-6m²/s) of a saw mill is separated in a cyclone of a type C (defined by Zogg, external diameter 80cm) with an efficiency of 85%. By installation of a new saw the volume flow is reduced to 5 040 m³i.N./h, all the other properties are kept constant. Due to stronger environmental limitations the requirement in efficiency is increased to 90%.

Your task is the lay-out of the new cyclone and the calculation of the increase in pressure drop.

Solution guideline:

a)
Sketch a typical cyclone for waste air treatment and mark the dimensions z, zi, Rin, Rout, Ain, Aout and b!

2 points

b)
Calculate Rin, Ain, Aout, z, zi and b for a cyclone type C with 80cm external diameter!

3 points

c)
Calculate the residence time of the waste air in the old cyclone and the theoretical diameter of the particles with the effective-separation-size-model!

5 points

d)
Repeat the calculation of the theoretical diameter of the particles with an assumed plug flow model!

4 points

e)
Make a choice regarding the model and calculate Rout, Rin, Ain, Aout, z, zi and b for the new cyclone type C!

5 points

e)
Compare the pressure drop in both systems!

6 points

Problem 2/07:

( cancelled





         25 points in total 

Improvement of a Catalytic Oxidation Process

The flue gas of thermal regeneration process 18 000 m³i.N./h (200°C, cp = 1,2kJ/(m³i.N.*K) is treated by catalytic oxidation. The flue gas is heated up to 350°C in a burner and then led through a honeycomb-structured noble metal catalyst with a volume of 0,25m³. Inside the catalyst the content of 50mg VOC/m³i.N. is reduced to 10mg/m³i.N.. Environmental protection requires in future a reduction of 90% of VOC (volatile organic compounds).

A reduction of the temperature in the catalyst from 350°C to 300°C increases the outlet concentration from 10mg/m³i.N. to 25mg/m³i.N.. To fulfil the new requirements three optional processes are discussed:

1. extension of the catalyst (50 000€/m³)

2. increase in burner heat flow (0,02€/kWh)

3. heat exchanger before the burner (500€/m²)

Your task is the evaluation of the most economical process!

Solution guideline:

a)
Sketch the process and the three optional improvements with all given data!

3 points

b)
Assume a quasi-homogeneous reaction of first order and calculate the rate constant k in 1/s from the given data at 300°C and 350°C!

4 points 

c)
Calculate the required volume extension of the catalyst to fulfil 90% reduction at 350°C and the price! (case1)

4 points 

i) Estimate the elevated temperature for 90% reduction (no increase in volume of the catalyst) by Arrhenius law (graphical solution possible)! (preparation of case2 and case3)

6 points

j) Determine the additional heat flow in the burner and the price for 20 000h of operation! (case2)

4 points

k) Estimate the heat exchanger area for k = 20W/(m²*K) and the price (case3)!

4 points

Problem 3/07:

( cancelled





         25 points in total 

Waste air cleaning by adsorption on activated carbon

Waste air with a volume flow of 5400m³/h and a temperature of 50°C and a total pressure of 1atm is to be purified from 10vpm toluene by adsorption on activated carbon. Your task is the evaluation of measuring data from Germerdonk, R. and Wu, D.; Chem.-Ing.-Tech. 58 (1986) No.7, p 583-585 to get basic engineering information for the layout of the purification process. Estimate the mass of activated carbon required for a cycle time of ten minutes in a process with two adsorbers! The adsorption of air on activated carbon is low related to toluene and is to be neglected.

Solution guideline:

a)
Sketch an adsorption system with two adsorbers and the required valves! Calculate the molar flow of toluene and its partial pressure!

5 points

n) Draw into the given diagram all values for 40°C and 55°C to determine the coefficients of the Dubinin-isotherm V° and E:
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Prove your result by linear regression or take the coefficients from a graphical solution!

Assume condensation in the pores of the activated carbon! The density of liquid toluene at 40°C is 848kg/m³ and at 55°C is 834kg/m³. Take the vapour pressure pv of pure toluene as reference pressure pref. The coefficients of the Antoine equation for toluene are:

A: 20,9065 ln(N/m²)


B: 3096,52 K


C: -53,67 K

14 points

c)
Determine now the capacity (load) of the activated carbon for toluene at a concentration of 10vpm and the mass of activated carbon required for a cycle time of ten minutes in a process with two adsorbers!

6 points

	Adsorption of Toluene on Activated Carbon
	
	
	

	
	
	
	
	
	
	

	temperature
	concentration
	load
	
	temperature
	concentration
	load

	°C
	mg/m³
	mg/100mgAK
	
	°C
	mg/m³
	mg/100mgAK

	
	
	
	
	
	
	

	25
	907
	24,5
	
	40
	1025
	22,2

	25
	231
	18,5
	
	40
	35
	10,1

	25
	68,5
	13,97
	
	40
	1,5
	4,2

	25
	21
	9,96
	
	
	
	

	25
	6
	8,48
	
	55
	1025
	19,5

	25
	2
	5,65
	
	55
	35
	8,3

	25
	0,9
	4,53
	
	55
	1,5
	3,1


Problem 4/07:
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         25 points in total 

Heat recovery from Waste Air of Drying Processes

Waste air from drying processes contains a lot of thermal energy at low temperatures. In case of increasing energy prices this enthalpy must be seen as a source for heat recovery. Your task is to evaluate the optimum area of a heat exchanger for preheating the air of the drying process.

The relative humidity in the waste air is 70% and the temperature is 35°C. The temperature in the environment is 10°C and the humidity 50%! Calculate the reduction in operation cost, if the price for the heat exchanger area is 500€/m² and the price for heat is 0,02€/kWh, 0,03€/kWh and 0,04€/kWh!

Solution guideline:

a)
Sketch the proposed heat exchanger with all given properties and data!

2 points

b)
Assume three different outlet temperatures of the waste air from the heat exchanger (25°C, 20°C and 15°C) and take the enthalpies from the h1+x-diagram! Calculate the corresponding outlet temperatures of the fresh air (same mass flow of dry air) and the heat exchanger area per kg/s (k = 25W/(m²*K))!

8 points

c)
Calculate all data taken in b) from the diagram with the equations for relative and absolute humidity and enthalpy calculation. Improve the accuracy using the following properties:

Antoine-coefficients:
A = 23,4934 ln(N/m²)
B = 3992,53K
       C = -39,45K

heat capacities:

water = 4,18kJ/(kg*K)
air = 1,004kJ/(kg*K)       steam = 1,86kJ/(kg*K)

molar mass:

water = 0,01802kg/mol
air = 0,028963kg/mol

heat of evaporation
water = 2500kJ/kg

8 points

d)
Calculate the total cost for 20000h of operation and draw a diagram total cost versus heat exchanger area to find the optimum (nine generated points, three lines related to 0,02€/kWh, 0,03€/kWh and 0,04€/kWh). Make proposals regarding an improvement of this concept!

7 points







Biogas with a volume flow of 72m³i.N./h, a temperature of 20°C and a total pressure of 1atm is to be purified from 250vpm H2S by adsorption on activated carbon before the enrichment of methane by a pressure swing adsorption process.





Your task is the evaluation of measuring data from M. Busch, Diplomarbeit am Engler-Bunte-Institut Karlsruhe (1979) to get basic engineering information for the layout of the purification process.





Estimate the amount of activated carbon required, when the time of exposure for the adsorber is 24 hours! The adsorption of biogas on activated carbon is low related to H2S and is to be neglected.














_1077893950.xls
Tabelle1

		Tab.: Adsorption of toluene on activated carbon

		25°C

		concentration		load

		mg/m³		mg/100mgAK

		907		24.5

		231		18.5

		68.5		13.97

		21		9.96

		6		8.48

		2		5.65

		0.9		4.53
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_1074008336.xls
Tabelle1

		Tab.: Adsorption of ammonia on charcoal

		0°C						30°C

		pressure		load				pressure		load

		N/m²		mol/kg				N/m²		mol/kg

		4390		1.43				3180		0.38

		11300		3.07				8980		0.99

		22000		4.58				20500		2.02

		43000		5.91				36300		3.07

		65700		6.46				55400		3.90

		85500		6.79				91100		4.95

		100100		6.93				105100		5.28






