Problem 1/01:








25 points in total

Real gas behaviour

A tank with a volume of one litre containing 50g Butane is heated up to 110°C. Prove with the help of the Redlich Kwong Equation if a rest of liquid is still in the tank or if all butane is evaporated!

The critical data of butane are:


(cr = 152,05°C



pcr = 38,00bar

Solution guide line:

a)
Calculate the coefficients a and b of the Redlich Kwong Equation!

3 points

b) Calculate the pressure in the tank with the help of the Redlich Kwong Equation!

3 points 

c) Draw a pressure-volume-diagram for butane at 110°C! Evaluate the pressure for given molar volume at 0,00015m³/mol, 0,00017m³/mol, 0,00020m³/mol, 0,00025m³/mol, 0,0003m³/mol, 0,0005m³/mol, 0,0008m³/mol and 0,0015m³/mol!

12 points 

d) Estimate the vapour pressure at 110°C (equal areas above and below the isobar)! Is the butane totally evaporated?

5 points 

e) Discuss the result and the accuracy of the graphic solution! Describe the proper mathematical solution!

2 points 

Problem 2/01:








25 points in total 

Prediction of the vapour pressure equation and the heat of vaporisation of ammonia

Ammonia is used as an agent in sorption cooling processes! For food transport temperatures in the region of the normal freezing point of water are of higher interest.

Your task is to develop a two coefficient vapour pressure equation from the following data of ammonia:


Tcr = 405,45K



pcr = 11,26*10-6N/m²


(hv,0°C = 1262,4 kJ/kg


pv,0°C = 429400N/m²

Solution guide line:

a)
Give the typical two coefficient vapour pressure equation from the theory of Clausius Clapeyron and the method how to calculate the heat of vaporisation with the help of ((lnpv/(T)!

2 points

b)
Calculate the difference in the real gas factor between liquid and gas of pure ammonia at 0°C (zv,0°C with the equation of Haggenmacher!

3 points 

c)
Determine the coefficient B with the help of the heat of vaporisation!

3 points 

f) Determine the coefficient A with the help of the given vapour pressure at 0°C!

3 points 

g) Draw a diagram with the vapour pressure of ammonia between –10°C and +10°C! (at least five calculated points)

7 points 

h) Draw a diagram with the heat of vaporisation of ammonia between –10°C and +10°C! (at least five calculated points)

7 points 

Problem 3/01:








25 points in total 

Dynamic viscosity of flue gas and linear regression

In a pilot plant the pressure drop of a flue gas with an unknown viscosity is measured while passing a honeycomb catalyst. The catalyst has 10000 channels each with a cross sectional area of 1mm x 1mm and a total length of 50cm. The volume flow of the flue gas under standard conditions is 72m³i.N./h and may be assumed as a mixture of 10% carbondioxide, 10% steam and 80% nitrogen at 1bar and at different temperatures:

Temperature
300°C


350°C


400°C


450°C

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

Pressure drop
20,7mbar

23,8mbar

26,8mbar

30,1mbar

Your task is to develop an equation for the prediction of the flue gas viscosity!

Solution guide line :

a)
Determine the average molar mass of the flue gas and the density of this gas at the given temperatures with the help of the ideal gas law!

5 points

b)
Calculate the velocity of the gas in the channel at the different given temperatures!

5 points

c)
The pressure drop in a channel is calculated by
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where dh is the width of the quadratic channel, ( the dynamic viscosity, l the length of the catalyst and w the velocity at process conditions! Calculate the viscosity at the different given temperatures!

5 points

d) The temperature dependence of the dynamic viscosity of a gas may be determine by
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The linearization leads to
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Determine the Coefficients A and C by linear regression!

10 points

Problem 4/01:








25 points in total 

Prediction of an azeotropic mixture
The following diagram for a mixture of benzene and ethanol at 1bar is presented by Clyde R. Metz in Theory and Problems of Physical Chemistry, 1991 McGraw-Hill Book Company Europe, Maidenhead, U.K.:
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Prove that the mixture can be described by the van Laar method!

Solution path :

a) Determine the boiling temperatures of the pure substances at 1bar with the Antoine equation:

benzene:
A = 20,7937 ln(N/m²)

B = 2788,51 K

C = -52,36 K

ethanol:

A = 23,8048 ln(N/m²)

B = 3803,98 K

C = -41,68 K

5 points

b) Calculate the activity coefficients and the coefficients A12 and A21 of the van Laar equation with the help of the molar fractions and the temperature at the azeotropic point!

8 points

c)
Prove the prediction algorithm for both equilibrium at 73°C (left and right beneath the azeotropic point)!

12 points

Problem 1/02:








25 points in total

Real gas behaviour

Calculate the vapour pressure of water at 200°C with the help of the van der Waals Equation!

The critical data of water are:


(cr = 374,15°C



pcr = 221,20bar

Solution guide line:

a)
Calculate the coefficients a and b of the van der Waals Equation!

3 points

d) Draw a pressure-volume-diagram for water at 200°C! Evaluate the pressure for given molar volume at 0,000044m³/mol, 0,00005m³/mol, 0,000055m³/mol, 0,0001m³/mol, 0,00015m³/mol, 0,0002m³/mol, 0,0003m³/mol and 0,0006m³/mol! (The calculation with the van der Waals Equation leads to positiv and negativ pressures at this temperature! Calculate all values before you draw the diagram!)

10 points 

c)
Estimate the vapour pressure of water at 200°C from the diagram (equal areas above and below the isobar, prove your choice with a numerical integration method)! Is this pressure in accordance with the pressure you have to expect?

10 points 

i) Discuss the result and the accuracy of the graphic solution! Describe the proper mathematical solution!

2 points 

Problem 2/02:








25 points in total 

Prediction of the heat of combustion of wood

The main components of wood are lignin (31%(by weight)), cellulose (52%(by weight)) and hemicellulose (17%(by weight)).

Your task is to calculate the heat of combustion of wood with the group contribution methode of Joback!

(hf,298K,CO2 = -393,77kJ/mol


(hf,298K,H2O(gaseous) = -242,00kJ/mol

Solution guide line:

a)
Calculate the molar enthalpy of formation for lignin!

4 points

b)
Calculate the molar enthalpy of formation for cellulose!

4 points 

c)
Calculate the molar enthalpy of formation for hemicellulose!

4 points 

j) Give the stoichiometric coefficients for the chemical reaction of the combustion of all three components!

4 points 

k) Calculate the heat of reaction in kJ/kg (heat of combustion) for burning the components to carbondioxide and water!

7 points 

l) Calculate the heat of combustion for dry wood at 298K!

2 points 

Problem 3/02:








25 points in total 

Vapour pressure of an unknown pure component and linear regression

In a laboratory the vapour pressure of a new motor oil (hydrocarbon with an unknown formular) is measured! Because of the small accuracy of the data, not more than a two coefficient vapour pressure equation is expected as a result of this investigation. Your task is to determine these coefficients from the following data:

Temperature
   200°C


250°C


300°C


350°C

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

Vapour Pressure
   4mbar


20mbar


0,1 bar


0,4 bar

Solution guide line :

a)
Give the typical two coefficient vapour pressure equation related to the theory of Clausius-Clapeyron!

2 points

b)
Give the linearised form of this equation!

2 points

c)
Transform the given data into the required values for construction of a line in an adequate diagram!

5 points

e) Determine the coefficients of the vapour pressure equation by linear regression! Calculate also the regression coefficient r and the sum of least squares.

12 points

f) Determine the vapour pressure of the oil at 220°C and at 20°C. Give a comment about the accuracy of both values!

4 points

Problem 4/02:








25 points in total 

Prediction of an azeotropic mixture
During a simple non steady state one-step-destillation of a red wine (10,75%(by weight) alcohol and 89,25%(by weight) water) the first drop in the cooler has a mass fraction of  53,17% ethanol. The boiling temperature of the red wine is 90,5°C! Is the present of an azeotropic point in the mixture of water and ethanol to be expected from this data at 1atm?:

Your task is the evalution of this question with the help of the van Laar method!

Solution path :

b) Determine the vapour pressure of the pure substances at 90,5°C with the Antoine equation:

ethanol:

A = 23,8048 ln(N/m²)

B = 3803,98 K

C = -41,68 K

water:

A = 23,1965 ln(N/m²)

B = 3816,44 K

C = -46,13 K

5 points

c) Calculate the activity coefficients and the coefficients A12 and A21 of the van Laar equation with the help of the molar fractions and the temperature at the given point! (You have to change from mass fraction to molar fraction!)

10 points

c)
Prove the present of an azeotropic point by drawing the whole x-y-diagram for a temperature of 90,5°C! (at least five values for x and y!)

10 points

Problem 5/02:








25 points in total

Real gas behaviour

A tank with a volume of 10 litres contains 3kg carbon dioxide at 20°C. Calculate the mass of liquid and the mass of gas inside the tank with the help of the Redlich-Kwong Equation!

The critical data of carbon dioxide are:


(cr = 31,04°C



pcr = 73,81bar

Solution guideline:

a)
Calculate the coefficients a and b of the Redlich-Kwong Equation!

3 points

e) Draw a pressure-volume-diagram for carbon dioxide at 20°C! Evaluate the pressure for given molar volume at 0,00007m³/mol, 0,00008m³/mol, 0,00009m³/mol, 0,0001m³/mol, 0,00012m³/mol, 0,00016m³/mol, 0,0002m³/mol and 0,00027m³/mol! (Calculate all values before you draw the diagram!)

8 points 

c)
Estimate the vapour pressure of carbon dioxide at 20°C from the diagram (equal areas above and below the isobar, prove your choice with a numerical integration method)! Is this pressure in accordance to the pressure you have to expect?

6 points 

m) Take the molar volumes for gaseous and liquid phase from the diagram, prove, if these volumes really lead to the same pressure and finally calculate the mass of liquid and the mass of gas inside the tank!

8 points 

Problem 6/02:








25 points in total 

Prediction of the heat of combustion of wood

The main components of wood are lignin and cellulose. For a typical dry wood the heat of combustion at 298K is 19500kJ/kg.

Your task is to calculate the fraction of lignin and cellulose in wood using the group contribution method of Joback for heat of formation for both components!

(hf,298K,CO2 = -393,77kJ/mol


(hf,298K,H2O(gaseous) = -242,00kJ/mol

Solution guideline:

a)
Calculate the molar enthalpy of formation for lignin!

4 points

b)
Calculate the molar enthalpy of formation for cellulose!

4 points 

c)
Give the stoichiometric coefficients for the chemical reaction of the combustion of both components!

3 points 

n) Calculate the heat of reaction in kJ/mol and in kJ/kg (heat of combustion) for burning both components to carbondioxide and water!

7 points 

o) Calculate molar fraction and the mass fraction of lignin from the heat of combustion of dry wood at 298K!

7 points 

Problem 7/02:








25 points in total 

Viscosity of flue gas and linear regression

In a laboratory the pressure drop of a honeycomb structured catalyst is measured for a constant mass flow of 72kg/h flue gas at different temperatures. Your task is to determine the temperature dependence of the flue gas viscosity from the following data:

Temperature
   200°C


300°C


400°C


500°C

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

Pressure drop
   1,0mbar

1,4mbar


1,8 mbar

2,3 mbar

The honeycomb structured catalyst is a monolith with 35x35=1225 parallel channels of 3,5mm width and a length of 83cm.

Solution guideline:

a)
Sketch the honeycomb structured catalyst and a diagram with the pressure in the channels versus location!

2 points

b)
Determine the volume flow at the four different temperatures! Assume ideal gas behaviour with a molar mass of 29g/mol!

4 points

f) The pressure drop in a channel of the catalyst can be calculated like the pressure drop in a pipe:
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  in the case of laminar flow!


Determine the viscosity of the flue gas from the reported pressure drop at different temperatures

5 points

g) Determine the coefficients of the Sutherland equation by linear regression!
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 (linear form)

Draw the diagram of the linearized form!

8 points

h) Calculate also the regression coefficient r and the sum of least squares!

6 points

Problem 8/02:








25 points in total 

Evaluation of the van Laar method
Prove, if the van Laar coefficients A12 and A21 for the mixture of formic acid (2) and water (1) are temperature dependent! Use the experimental values of Campbell and Campbell (Trans. Faraday Soc. 30, 1109 (1934)) for evaluation!

	30°C
	
	50°C

	Pressure

mm Hg
	molar fraction x1
	molar fraction y1
	
	Pressure

mm Hg
	molar fraction x1
	molar fraction y1

	
	
	
	
	
	
	

	38,86
	0,278
	0,145
	
	99,95
	0,242
	0,045

	30,70
	0,392
	0,312
	
	86,65
	0,370
	0,230

	23,45
	0,589
	0,589
	
	72,70
	0,589
	0,610

	25,90
	0,675
	0,754
	
	73,40
	0,664
	0,746

	28,82
	0,798
	0,895
	
	85,60
	0,805
	0,905

	29,43
	0,910
	0,963
	
	87,62
	0,901
	0,941

	30,38
	0,952
	0,984
	
	90,07
	0,950
	0,977


Solution path:

c) Determine the vapour pressure of the pure substances at 30°C and 50°C with the Antoine equation:

water (1):
A = 23,1965 ln(N/m²)

B = 3816,44 K

C = -46,13 K

formic acid (2):
A = 20,8833 ln(N/m²)

B = 2982,45 K

C = -55,15 K

5 points

d) Calculate the activity coefficients and the Gibbs excess energy GE using the molar fractions and the temperature! (You have to change the dimension from mm Hg to N/m²!)

10 points

c)
Draw the typical diagram to calculate the coefficients by linear regression! Are the coefficients temperature dependent?

10 points

Problem 1/03:








25 points in total

Real gas behaviour

Estimate a vapour pressure equation with two coefficients for carbon dioxide in the range from 0°C to 31°C with the help of the Redlich-Kwong Equation!

The critical data of carbon dioxide are:


(cr = 31,04°C



pcr = 73,81bar

Solution guideline:

a)
Calculate the coefficients a and b of the Redlich-Kwong Equation!

3 points

g) Draw a pressure-volume-diagram for carbon dioxide at 0°C! Evaluate the pressure for given molar volume at 0,000057157m³/mol, 0,000072m³/mol, 0,00009m³/mol, 0,00012m³/mol, 0,00016m³/mol, 0,00021m³/mol, 0,0003m³/mol and 0,000389478m³/mol!

8 points 

c)
Estimate the vapour pressure of carbon dioxide at 0°C from the diagram (equal areas above and below the isobar). Use a numerical integration method to find the pressure with an iterative procedure!

8 points 

p) Take the vapour pressure at 0°C and the critical pressure to calculate the coefficients of the August Vapour Pressure Equation:
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6 points 

Problem 2/03:








25 points in total 

Prediction of the heat of reaction of biogasproduction from starch

Wastewater from starch production is used to produce biogas. As a very simple model amylose could be taken to show how to convert the polymer of starch into carbon dioxide and methane:



(C6H10O5)n   +   H2O H2O   →   CH4 CH4  +   CO2 CO2
Your task is to calculate the heat of reaction for this conversion at 25°C and the temperature increase in a biogas reactor using the group contribution method of Joback for heat of formation of starch (amylose)!


[image: image10.jpg]



(hf,298K,CO2 = -393,77kJ/mol
(hf,298K,CH4 = -74,90kJ/mol
(hf,298K,H2O(liquid) = -286,04kJ/mol

Solution guideline:

a)
Calculate the molar enthalpy of formation for starch (amylose)!

4 points

a)
Calculate the molar heat capacity for starch (amylose)!

6 points

b)
Give the stoichiometric coefficients H2O, CH4 and CO2 for the chemical reaction (biogas production)!

3 points 

c)
Calculate the heat of reaction in kJ/mol and in kJ/kg!

5 points 

d)
Estimate the maximum increase in temperature if the wastewater contains 5mass% starch (cpH2O = 4,19 kJ/(kg*K), cpCO2 = 0,84 kJ/(kg*K) ), cpCH4 = 2,23 kJ/(kg*K))! Why is the real increase in temperature lower?

7 points 

Problem 3/03:








25 points in total 

Heat capacity of an organic solvent and linear regression

For a new organic solvent the heat capacity in the gaseous phase is measured:

Temperature
   200°C


300°C


400°C


500°C

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

heat capacity
   1,77kJ/(kg*K)

2,01kJ/(kg*K)

2,21kJ/(kg*K)

2,39kJ/(kg*K)

For use in simulation procedures (numerical methods) this data is to be transformed into an equation, which describes the heat capacity as a function of temperature. There are two proposals for the equation structure:


1.
linear structure
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2.
exponential structure 
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Find out which structure gives the better approximation of the experimental data!

Solution guideline:

a) Sketch a diagram for the heat capacity at constant pressure versus temperature for noble gases, air and organic compounds in gaseous phase!

2 points

b)
Draw a diagram for the evaluation of the linear structure. Determine the coefficients cpo and cp1 and the regression coefficient r!

7 points

h) Transfer the potential structure into a linear form!

5 points

d)
Draw a diagram for the evaluation of the exponential structure. Determine the coefficients cp√ and C and the regression coefficient r!

7 points

e)
Calculate the enthalpy of the evaporated solvent at 450°C, if the enthalpy in gaseous phase at 25°C is -3000kJ/kg!

4 points

Problem 4/03:








25 points in total 

Evaluation of the van Laar method
Prove, if the van Laar coefficients A12 and A21 for the mixture of ethanol (1) and water (2) are temperature dependent! Use the experimental values of Dulitskaya (ZH.OBSHCH.KHIM.15,9 (1945)) for evaluation and compare the method with data from Vrevsky (ZH.RUSS.FIZ.KHIM.OBSHCH.42,1 (1945))!

	50°C

	Pressure

mm Hg
	molar fraction x1
	molar fraction y1

	
	
	

	154,5
	0,0956
	0,4796

	173,3
	0,1600
	0,5384

	187,0
	0,2500
	0,5749

	193,3
	0,3366
	0,5934

	202,8
	0,4870
	0,6509

	216,3
	0,7455
	0,7859


Solution path:

d) Determine the vapour pressure of the pure substances at 50°C and 74,79°C with the Antoine-Equation:

ethanol (1):
A = 23,5718 ln(N/m²)

B = 3667,70 K

C = -46,97 K

water (2):
A = 23,1965 ln(N/m²)

B = 3816,44 K

C = -46,13 K

5 points

e) Calculate the activity coefficients and the Gibbs excess energy GE using the molar fractions and the temperature! (You have to change the dimension from mm Hg to N/m²!)

6 points

c)
Draw the typical diagram to calculate the van Laar coefficients at 50°C by linear regression!

7 points

d)
Calculate the activity coefficients, the molar fractions and the pressure at 75°C and draw the pressure into the given diagram at 74,79°C to compare the data with values from Vrevsky!

7 points

Problem 5/03:








25 points in total

Real gas behaviour

A hydrocarbon with an unknown structure has a molar density of 435mol/m³ at 300K and 10bar and a molar density of 12 666mol/m³ at 300K and 100bar. Estimate with the van-der-Waals-equation the critical data of the substance!

Solution guideline:

a)
Give the van-der-Waals-equation and the two equations to estimate the coefficients a and b from the critical temperature and the critical pressure!

3 points

i) Calculate the molar volumes from the given molar densities and from this the coefficients a and b (two equations – two unknown values)! The analytical solution is difficult, iterative method is recommended!

9 points 

j) Calculate now the critical temperature and the critical pressure from the coefficients a and b (two equations – two unknown values)! Discuss the result!

6 points 

k) Draw a pressure-volume-diagram for the unknown substance at 300K! Evaluate the pressure for given molar densities at 12000mol/m³, 10000mol/m³, 5000mol/m³, 3000mol/m³, 1500mol/m³, 1000mol/m³ and 750mol/m³ and draw the isotherm (horizontal line in wet vapour region)!

7 points 

Problem 6/03:








25 points in total 

Prediction of the heat of reaction of biogas-production from starch

Starch from potatoes is used to produce alcohol by fermentation. As a very simple model amylose could be taken to show how to convert the polymer of starch into carbon dioxide and ethanol:



(C6H10O5)n   +   n H2O   →   C2H5OH C2H5OH  +   CO2 CO2
Your task is to calculate the amount of energy (heat of reaction) the microorganism can take from this conversion at 25°C using the group contribution method of Joback for heat of formation of starch (amylose) and ethanol!
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(hf,298K,CO2 = -393,77kJ/mol

(hf,298K,H2O(liquid) = -286,04kJ/mol

Solution guideline:

a)
Calculate the molar enthalpy of formation for starch (amylose)!

4 points

a)
Calculate the molar enthalpy of formation for ethanol!

4 points

b)
Give the stoichiometric coefficients C2H5OH and CO2 for the fermentation!

5 points 

c)
Calculate the heat of reaction in kJ/mol and in kJ/kg!

5 points 

d)
The energy efficiency of the microorganism is 40%; the rest of the heat of reaction is to be taken from the reactor to keep the reaction temperature constant. Estimate the maximum integral heat flow (enthalpy) in a reactor of 1m³ and a concentration of 10mass% starch! Discuss the result!

7 points 

Problem 7/03:








25 points in total 

Antoine equation and linear regression

In VDI-Wärmeatlas the following vapour pressure data is reported for benzene:

Temperature
   20°C


40,6°C


58,8°C


79,7°C

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

Vapour pressure
   100mbar

250mbar

500mbar

1bar

Your task is the calculation of the coefficients A, B and C of the Antoine equation for the given temperature region:

Solution guideline:

b) Sketch a diagram for the typical linear form of a two-coefficient-vapour-pressure-equation!

2 points

b)
Assume that the coefficient C = -30K and determine the coefficients A and B with a normal linear regression method! Determine the regression coefficient r!

7 points

c)
Repeat the procedure twice under the assumptions that C = -50K and C = -70K!

9 points

d)
Draw a diagram of the coefficient C versus the regression coefficient r! Determine the optimum!

7 points

Problem 8/03:








25 points in total 

Prediction of an azeotropic mixture
The solution of 20mol% benzene in ethanol is boiling at 1bar and 70°C! The molar fraction of benzene at the same conditions is 40% in the vapour! Predict a p = const-diagram at 1bar for benzene (1) / ethanol (2) by the van Laar method!

Solution path:

e) Determine the boiling temperatures of the pure substances at 1bar and the vapour pressure at 70°C with the Antoine equation:

benzene:

A = 20,7937 ln(N/m²)

B = 2788,51 K

C = -52,36 K

ethanol:

A = 23,8048 ln(N/m²)

B = 3803,98 K

C = -41,68 K

6 points

f) Calculate the activity coefficients and the coefficients A12 and A21 of the van Laar equation with the help of the molar fractions at 70°C and 1bar!

6 points

c)
Draw the diagram! (At least five points calculated!)

13 points

Problem 1/04:








25 points in total

Real gas behaviour

Estimate the relative error in the density of the saturated ethanol gas at a total pressure of 1atm, when the ideal gas law is taken for computation. Evaluate the data with ideal gas law and the Redlich-Kwong Equation!

The critical data of ethanol are:


(cr = 243,05°C



pcr = 63,8bar

Solution guideline:

a)
Calculate the coefficients a and b of the Redlich-Kwong Equation!

3 points

l) Assume a temperature (boiling point of ethanol at 1atm)! Draw a pressure-volume-diagram for ethanol at this temperature! Use a logarithmic scale for the volume axis! Calculate the pressure for at least seven different molar volumes!

8 points 

c)
Prove the quality of the assumed temperature (equal areas above and below the isobar of 1atm). Change the pressure, if necessary!! Use a numerical integration method for evaluation!

8 points 

q) Take the molar volume of the gaseous phase in the equilibrium state from the diagram and compare it to the molar volume calculated by the ideal gas law!

6 points 

Problem 2/04:








25 points in total 

Prediction of the heat of evaporation by Jobacks method

There is no given procedure in literature to predict the heat of evaporation by a group contribution method! Your task is the development of a simple algorithm and the evaluation for the substance ethanol.

From VDI-Wärmeatlas the following data for normal paraffins and ethanol are available:

	
	
	molar mass
	boiling temperature at 1 atm
	heat of evaporation

	
	
	kg/mol
	°C
	kJ/kg

	
	
	
	
	

	propane
	
	0,04410
	-42,05
	426

	butane
	
	0,05812
	-0,65
	386

	pentane
	
	0,07215
	36,05
	358

	hexane
	
	0,08618
	68,75
	335

	heptane
	
	0,10020
	98,45
	317

	octane
	
	0,11423
	125,65
	301

	
	
	
	
	

	ethanol
	
	0,04407
	78,35
	846


Solution guideline:

a)
Calculate the critical temperature by Jobacks method for all given substances!

4 points

b)
Calculate the critical pressure by Jobacks method for all given substances!

4 points

c)
Assume that the heat of evaporation is function of (ln(p)/(T! Generate the discrete values of ln(p)/T by using the differences between normal boiling point and critical point for the normal paraffins only!

6 points 

d)
Multiply the generated values with the ideal constant R and the square of the absolute temperature T2 to follow the Clausius Clapeyron equation! Transfer the data from J/mol to kJ/kg and compare the result with the heat of evaporation from VDI-Wärmeatlas! Find a definition for the difference!

7 points 

e)
Evaluate your algorithm by comparison between calculated and given values for the heat of evaporation of ethanol!

4 points 

Problem 3/04:








25 points in total 

Dynamic viscosity of water and linear regression

The temperature dependence of the dynamic viscosity of water is reported as follows:

Temperature
   

0°C

40°C

80°C

120°C

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

viscosity /(kg/(m*s))  

0,001792
0,000653
0,000355
0,000235

For use in simulation procedures (numerical methods) this data is to be transformed into an equation, which describes the viscosity as a function of temperature. There are two proposals for the equation structure:


1.
Andrade-equation


2.
Vogel-equation
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Does the third coefficient in the equation improve the description of viscosity?

Solution guideline:

c) Sketch a diagram for the viscosity of gases and liquids at constant pressure versus temperature!

2 points

b)
Draw a diagram for the evaluation of the linear structure (Andrade-equation). Determine the coefficients (o and B and the regression coefficient r! (Instead of the regression coefficient r the sum of least squares may be used as evaluation criteria!)

7 points

m) Assume different temperature corrections for the coefficient C in the Vogel-equation (e.g. C = -100, C = -140 and C = -180) and repeat the calculation of b) for three cases! Find out the maximum regression coefficient r or the minimum sum of least squares!

10 points

d)
Draw a diagram for the evaluation of the temperature correction C (C versus the regression coefficient r or the sum of least squares)!

6 points

Problem 4/04:








25 points in total 

Evaluation of the Margules method
Prove, if the Margules coefficients A0 and A1 for the mixture of ethanol (1) and water (2) are temperature dependent! Use the experimental values of Dulitskaya (ZH.OBSHCH.KHIM.15, 9 (1945)) for evaluation and compare the method with data from Vrevsky (ZH.RUSS.FIZ.KHIM.OBSHCH.42, 1 (1910))!

	Dulitskaya 50°C

	Pressure

mm Hg
	molar fraction x1
	molar fraction y1

	
	
	

	154,5
	0,0956
	0,4796

	173,3
	0,1600
	0,5384

	187,0
	0,2500
	0,5749

	193,3
	0,3366
	0,5934

	202,8
	0,4870
	0,6509

	216,3
	0,7455
	0,7859


Solution path:

f) Determine the vapour pressure of the pure substances at 50°C and 74,79°C with the Antoine-Equation:

ethanol (1):
A = 23,5718 ln(N/m²)

B = 3667,70 K

C = -46,97 K

water (2):
A = 23,1965 ln(N/m²)

B = 3816,44 K

C = -46,13 K

5 points

g) Calculate the activity coefficients and the Gibbs excess energy GE using the molar fractions and the temperature! (You have to change the dimension from mm Hg to N/m²!)

6 points

c)
Draw the typical diagram to calculate the Margules coefficients (Redlich-Kister-theory for two coefficients A0 and A1) at 50°C by linear regression (x-axis is 2x-1)!

7 points

d)
Calculate the activity coefficients, the molar fractions and the pressure at 75°C and draw the pressure into the given diagram at 74,79°C to compare the data with values from Vrevsky (at least three values)!

7 points

Problem 5/04:








25 points in total

Real gas behaviour

Water has a density of 958,1kg/m³ at 373,15K and 1atm and the density of steam in equilibrium is 0,5974kg/m³. Estimate the critical data of water with the van-der-Waals-equation and evaluate the result!

Solution guideline:

a)
Give the van-der-Waals-equation and the two equations to estimate the coefficients a and b from the critical temperature and the critical pressure!

2 points

n) Calculate the molar volumes from the given densities and from this the coefficients a and b (two equations – two unknown values)! The analytical solution needs some effort (eliminate first a and calculate b with quadratic extension); therefore an iterative method is sufficient!

9 points 

o) Calculate now the critical temperature and the critical pressure from the coefficients a and b (two equations – two unknown values)!

4 points 

p) Draw a pressure-volume-diagram for water at 373,15K! Evaluate the pressure for at least seven different molar densities between the given points and draw the isotherm (horizontal line in wet vapour region – expected/in accordance with theory) or integrate the van-der-Waals-equation analytically! Discuss the result!

10 points 

Problem 6/04:








25 points in total 

Prediction of the heat of evaporation by Jobacks method

In literature there is no given procedure to predict the heat of evaporation by a group contribution method! Your task is the development of a simple algorithm and the evaluation for the substance ethanol.

From VDI-Wärmeatlas the following data for normal paraffins and ethanol are available:

	
	
	molar mass
	boiling temperature at 1 atm
	heat of evaporation

	
	
	kg/mol
	°C
	kJ/kg

	
	
	
	
	

	propane
	
	0,04410
	-42,05
	426

	butane
	
	0,05812
	-0,65
	386

	pentane
	
	0,07215
	36,05
	358

	hexane
	
	0,08618
	68,75
	335

	heptane
	
	0,10020
	98,45
	317

	octane
	
	0,11423
	125,65
	301

	
	
	
	
	

	ethanol
	
	0,04607
	78,35
	?


Solution guideline:

a)
Calculate the critical temperature and the critical pressure by Jobacks method for all given substances!

8 points

b)
Assume that the heat of evaporation is function of (ln(p)/(T! Generate the discrete values of ln(p)/T by using the differences between normal boiling point and critical point for the normal paraffins only!
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6 points 

c)
Multiply the generated values with the ideal constant R and the square of the absolute temperature T2 to follow the Clausius Clapeyron equation! Transfer the data from J/mol to kJ/kg and compare the result with the heat of evaporation from VDI-Wärmeatlas! Find a definition for the difference!

7 points 

d)
Calculate the heat of evaporation of ethanol! Discuss the result!

4 points 

Problem 7/04:








25 points in total 

Diffusion coefficients and linear regression

The diffusion coefficients of different n-alcohols in air at 25°C are reported as follows:

n-alcohol
   

methyl

ethyl

propyl

butyl

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

diffusion coefficient /(10-6m²/s))
13,25

10,2

8,5

7,03

Your task is the estimation of the diffusion coefficient of n-hexyl-alcohol in air at 25°C:

Solution guideline:

d) Sketch a diagram for the diffusion coefficient of gases and liquids versus temperature!

2 points

e) Assume a reciprocal relationship between the diffusion coefficient and the molar mass:
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Determine the two coefficients D0 and A by linear regression! Draw the diagram in linearized form! For evaluation of linearity use the regression coefficient r or the minimum sum of least squares!

9 points

f) Assume an exponential relationship between the diffusion coefficient and the molar mass:
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Determine the two coefficients Dexp and B by linear regression! Draw the diagram in linearized form! For evaluation of linearity use the regression coefficient r or the minimum sum of least squares!

9 points

d)
Calculate the diffusion coefficient of n-hexyl-alcohol with both methods and discuss the result!

5 points

Problem 8/04:








25 points in total 

Prediction of an azeotropic point
The mixture of methanol and 1,2-dichloroethane has an azeotropic point. Take the reported values from Udovenko and Frid at 50°C to predict the composition of the azeotropic point!
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Solution path:

a)
Calculate the activity coefficients at 50°C and draw a typical diagram to determine the coefficients A12 and A21 of the van Laar equation with linear regression! The vapour pressure of methanol at 50°C is 55630 N/m² and vapour pressure of 1,2-dichloroethane at 50°C is 31270 N/m²!

10 points

b)
Repeat the calculation to draw a typical diagram to determine the coefficients A0 and A1 of the Margules equation with linear regression!

8 points

c)
Predict the azeotropic-point-composition with both algorithms! (iterative method!)

7 points

Problem 1/05:








25 points in total

Development of a Group-Contribution-Method

Your task is the development of a simple group-contribution-method for the heat of formation of hydrocarbons with data from Fitzer-Fritz Tabelle 4/1.

Solution guideline:

a)
Calculate the contribution of the –CH2-group by comparison of alkanes (ethane, propane, n-butane and n-hexane) and by comparison of the olefins (propene, n-1-butene and n-1-hexene)! Generate an average value!

8 points

b)
Calculate the contribution of the CH3-group by comparison of alkanes (ethane, propane, n-butane and n-hexane) and the generated value for the –CH2-group! Generate again an average value!

6 points 

c)
Determine the contribution of the =CH-group and the CH2=group simultaneously by comparison of the olefins (ethene, propene, n-1-butene and n-1-hexene)!

7 points 

d)
Evaluate your method by comparison with the heat of formation for 1,5-hexadiene (83,74kJ/mol) reported in Reid et al. : “Properties of Gases and Liquids”! Discuss the result!

4 points

Problem 2/05:








25 points in total

Real gas behaviour

Estimate the critical data of methane with the van-der-Waals-equation and values from Keyes and Burks (in Landolt-Börnstein)!


[image: image20.wmf]
Evaluate the result!

Solution guideline:

a)
Give the van-der-Waals-equation and the two equations to estimate the coefficients a and b from the critical temperature and the critical pressure!

2 points

q) Calculate the molar volume from one of the given specific volumes and draw a diagram pressure (in N/m²) versus temperature (in K)! In case of constant volumes the van-der-Waals-equation can be linearized with R/(v-b) as slope and a/v2 as intercept:
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Determine the coefficients a and b!

13 points 

r) Calculate now the critical temperature and the critical pressure from the coefficients a and b (two equations – two unknown values)!

4 points 

s) Evaluate the calculated coefficients for one different molar volume at all temperatures in the table! Estimate a maximum error! Discuss the result!

6 points 

Problem 3/05:








25 points in total 

An old vapour pressure equation and linear regression

A lot of different vapour pressure equations have been proposed in literature. One of these proposals is the extension of the Clausius Clapeyron equation by a simple polynomial function in temperature:
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Taking the first three coefficients only and defining the critical point as compulsory, the equation can be transformed into a linear equation:


[image: image23.wmf](

)

(

)

C

T

T

T

T

B

T

T

p

p

c

c

c

c

v

+

-

÷

÷

÷

ø

ö

ç

ç

ç

è

æ

-

×

=

-

÷

÷

÷

ø

ö

ç

ç

ç

è

æ

1

1

ln


where the coefficients B and C can be determined by linear regression. Evaluate the proposal!

Take data for vapour pressure of water:

Temperature / °C
    20

    40

    60

    80

   100

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

Pressure / (N/m²)

2336,8

7374,9

19919

47359

101325

Solution guideline:

g) Sketch a diagram for linear regression of the Clausius Clapeyron equation (logarithmic vapour pressure versus reciprocal temperature)! Define A and B!

2 points

b)
Calculate the coefficients B and C of the extended vapour pressure equation using the linearized form above! (Tc,H2O = 374,15°C and pc,H2O = 221,2bar)! Draw the diagram!

10 points

c)
Calculate A using critical data!

5 points

d)
Evaluate the equation by calculation of the vapour pressure at the triple point (0,01°C, 611N/m²) and by calculation of the heat of evaporation at the triple point and at 100°C!

8 points

Problem 4/05:








25 points in total 

Prediction of an azeotropic point
The mixture of ethyl acetate (1) and ethanol (2) has an azeotropic point at 1atm, 71,8°C and a molar fraction of ethanol x2 = 0,462. Evaluate the influence of the prediction method VLE-data using azeotropic data only!

Solution path:

a)
Calculate the activity coefficients at the azeotropic point! Determine the coefficients A12 and A21 of the van Laar equation! The vapour pressure of ethyl acetate and ethanol are to be calculated by 

ethyl acetate (1):
A = 21,0445 ln(N/m²)

B = 2790,50 K

C = -57,15 K

ethanol (2):
A = 23,8048 ln(N/m²)

B = 3803,98 K

C = -41,68 K

8 points

b)
Repeat the calculation to determine the coefficients A0 and A1 of the Margules equation!

8 points

c)
Predict the gaseous phase and liquid phase compositions (left side and right side from the azeotropic point) at 1atm and 75°C with both methods (iterative procedure required)!

9 points

Problem 1/06:








25 points in total

Real gas behaviour

A tank contains carbon dioxide at 30bar. The CO2 is in equilibrium between liquid and gas! Calculate the temperature inside the tank with the help of the Redlich-Kwong Equation!

The critical data of carbon dioxide are:


(cr = 31,04°C



pcr = 73,81bar

Solution guideline:

a)
Calculate the coefficients a and b of the Redlich-Kwong Equation!

3 points

t) Assume a temperature of 0°C and calculate the molar volume of the liquid and the molar volume of the gas for this temperature and pressure (cubic equation! – iterative solution recommended)!

7 points 

u) Prove, if the boiling temperature of CO2 at 30bar is 0°C! Use the analytical solution! The integration of the Redlich-Kwong Equation gives:
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7 points 

r) Repeat the procedure of b) and c) for a lower temperature (-10°C) and finally estimate the temperature in the tank!

8 points

Problem 2/06:








25 points in total

Development of a Group-Contribution-Method

Your task is the development of a simple group-contribution-method for the melting temperature of hydrocarbons with data from VDI-Wärmeatlas.

Solution guideline:

a)
The melting-temperature (in K) for n-paraffins can be calculated with
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Here the temperature Tmethyl represents a fictive temperature of the first CH3-group, TC is the group contribution of all additional CH3- and –CH2-groups and NC+ is the number of all additional CH3- and –CH2-groups. Determine TC and Tmethyl by linear regression (1/Tmelting versus 1/NC+)!

8 points

b)
Improve the method for the calculation of the melting temperature of alkanes with an even number of C-atoms only (repeat the procedure from a) for n-butane, n-hexane, n-octane, n-decane etc)!

7 points 

c)
Determine the contribution of the additional -CH2-group of alkanes with an odd number of C-atoms (n-pentane, n-heptane, n-nonane etc)!

5 points 

d)
Evaluate your method by comparison of the calculated temperatures with the reported melting-temperatures from VDI-Wärmeatlas! Discuss the result!

5 points

Problem 3/06:








25 points in total 

An equation for liquid viscosity and linear regression

In VDI-Wärmeatlas the following liquid viscosity data is reported for toluene:

Temperature
   -25°C


20°C


100°C


200°C

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

Vapour pressure
   117kg/(m*s)

58,6kg/(m*s)

26,9kg/(m*s)

13,3kg/(m*s)

Your task is the calculation of the coefficients , B and C of the following equation for the given temperature region:
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Solution guideline:

h) Sketch a diagram for the typical linear form of a two-coefficient-vapour-pressure-equation and show the similarity to the required viscosity function!

2 points

b)
Assume that the coefficient C = 0K and determine the coefficients  and B with a normal linear regression method! Determine the regression coefficient r!

7 points

c)
Repeat the procedure three times under the assumptions that C = 20K, C = 40K and C = 60K!

9 points

d)
Draw a diagram of the coefficient C versus the regression coefficient r! Determine the optimum!

7 points

Problem 4/06:








25 points in total 

Evaluation of a binary mixture
Prove, if the mixture of ethanol (1) and water (2) is better described by a symmetric or by a non-symmetric GE-function! Use the experimental values of Dulitskaya (ZH.OBSHCH.KHIM.15,9 (1945)) for evaluation!

	50°C

	Pressure

mm Hg
	molar fraction x1
	molar fraction y1

	
	
	

	154,5
	0,0956
	0,4796

	173,3
	0,1600
	0,5384

	187,0
	0,2500
	0,5749

	193,3
	0,3366
	0,5934

	202,8
	0,4870
	0,6509

	216,3
	0,7455
	0,7859


Solution path:

g) Determine the vapour pressure of the pure substances at 50°C with the Antoine-Equation:

ethanol (1):
A = 23,5718 ln(N/m²)

B = 3667,70 K

C = -46,97 K

water (2):
A = 23,1965 ln(N/m²)

B = 3816,44 K

C = -46,13 K

3 points

h) Calculate the activity coefficients and the Gibbs excess energy GE using the molar fractions and the temperature! (You have to change the dimension from mm Hg to N/m²!)

6 points

c)
Draw the typical diagram to determine the Margules A0 and A1 coefficients at 50°C by linear regression!

7 points

d)
Repeat the procedure with a new diagram to determine the two coefficients A0 and A2 of the Redlich-Kister-method!

6 points

e)
Discuss the result and show the difference between both methods by determination of the Gibbs excess energy GE in a liquid mixture containing a molar fraction x1 = 0,02 !

3 points

Problem 5/06:








25 points in total

Development of a Group-Contribution-Method

Your task is the development of a simple group-contribution-method for the heat capacity at 298,15K of hydrocarbons with data from Fitzer-Fritz Tabelle 4/1.

Solution guideline:

a)
Calculate the contribution of the –CH2-group by comparison of alkanes (ethane, propane, n-butane and n-hexane) and by comparison of the olefins (propene, n-1-butene and n-1-hexene)! Generate an average value!

8 points

b)
Calculate the contribution of the CH3-group by comparison of alkanes (ethane, propane, n-butane and n-hexane) and the generated value for the –CH2-group! Generate again an average value!

6 points 

c)
Determine the contribution of the =CH-group and the CH2=group simultaneously by comparison of the olefins (ethene, propene, n-1-butene and n-1-hexene)!

7 points 

d)
Evaluate your method by comparison with the heat capacity at 298,15K for 1-heptene (155,24J/(mol*K)) reported in Reid et al.: “Properties of Gases and Liquids”! Discuss the result!

4 points

Problem 6/06:








25 points in total

Real gas behaviour

Estimate the critical data of methane with the Redlich-Kwong-equation and values from Keyes and Burks (in Landolt-Börnstein)!


[image: image27.wmf]
Evaluate the result!

Solution guideline:

a)
Give the Redlich-Kwong-equation and the two equations to estimate the coefficients a and b from the critical temperature and the critical pressure!

2 points

v) In case of constant volumes the Redlich-Kwong-equation can be linearized with R/(v-b) as slope and a/(v*(v+b)) as intercept: Calculate the molar volume from one of the given specific volumes and draw the diagram: pressure times square root of temperature (in N*K0,5/m²) versus temperature times square root of temperature (in K1,5)! 
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Determine the coefficients a and b!

13 points 

w) Calculate now the critical temperature and the critical pressure from the coefficients a and b (two equations – two unknown values)!

4 points 

x) Evaluate the calculated coefficients for one different molar volume at all temperatures in the table! Estimate a maximum error! Discuss the result!

6 points 

Problem 7/06:








25 points in total 

An old vapour pressure equation and linear regression

A lot of different vapour pressure equations have been proposed in literature. One of these proposals is the extension of the Clausius Clapeyron equation by a simple polynomial function in temperature:
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Taking the three coefficients A, B and D only, defining C and all higher coefficients than D equal to zero and the critical point as compulsory, the equation can be transformed into a linear equation:
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where the coefficients B and D can be determined by linear regression. Evaluate the proposal!

Take data for vapour pressure of water:

Temperature / °C
    20

    40

    60

    80

   100

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

Pressure / (N/m²)

2336,8

7374,9

19919

47359

101325

Solution guideline:

i) Sketch a diagram for linear regression of the Clausius Clapeyron equation (logarithmic vapour pressure versus reciprocal temperature)! Define A and B!

2 points

b)
Calculate the coefficients B and D of the extended vapour pressure equation using the linearized form above! (Tc,H2O = 374,15°C and pc,H2O = 221,2bar)! Draw the diagram!

10 points

c)
Calculate A using critical data!

5 points

d)
Evaluate the equation by calculation of the vapour pressure at the triple point (0,01°C, 611N/m²) and by calculation of the heat of evaporation at the triple point and at 100°C!

8 points

Problem 8/06:








25 points in total 

Conversion of Coefficients from van Laar to Margules
For the mixture of ethyl acetate (1) and ethanol (2) the van Laar coefficients are reported in Schlünder/Thurner: “Destillation, Absorption, Extraktion” Vieweg Lehrbuch ISBN 3-528-06678-4:


A12 = 0,8101


A21 = 0,8571

Your task is the determination of Margules-coefficients from this data!

Solution path:

a)
Calculate the temperature of the azeotropic point of ethyl acetate (1) and ethanol (2) with the van Laar coefficients at 1atm (iterative method)! The vapour pressure of ethyl acetate and ethanol are to be calculated by the Antoine–equation:

ethyl acetate (1):
A = 21,0445 ln(N/m²)

B = 2790,50 K

C = -57,15 K

ethanol (2):
A = 23,8048 ln(N/m²)

B = 3803,98 K

C = -41,68 K


Recommendation:


To find the temperature of the azeotropic point at 1 atm assume first a composition in the liquid phase, e.g. x1 = 0,5! Calculate 1 and 2 with the van Laar coefficients and the vapour pressure of the pure components with help of the condition at the azeotropic point!


Finally determine the temperature related to this the vapour pressure! Optimise the value for x1 until the temperature for both components are equal!

13 points

b)
Take the azeotropic data at 1atm to calculate the coefficients A0 and A1 of the Margules equation! (Two equations – two unknown coefficients)

12 points
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