Question 1/01 :









3 points

Sketch the temperature profile in an infinite cylinder for different times during a non steady state heat transfer process. Compare the profiles for a high heat transfer coefficient ( with a very low one!

Question 2/01 :









2 points 

Write down the following materials in a series dependent on their thermal conductivity: aluminium, stainless steel, glass, whisky and air! Please estimate a range for the dimension of each thermal conductivity!

Question 3/01 :









3 points 

Sketch a pipe bundle heat exchanger for the evaporation of a liquid and the temperature function for both fluids in a real evaporator!

Question 4/01 :









2 points 

Explain the difference between the Nusselt number and the Biot number!

Question 5/01 :









3 points

Sketch the concentration profile at the boundary between a liquid and a gaseous phase and the direction of the mass transfer for a steady state diffusion process! Assume a resistance in the gaseous boundary layer only and give an example for this case.

Question 6/01 :









2 points 

Explain the three dimensionless numbers for the description of non steady state processes of mass transfer!

Question 1/02 :









3 points

Sketch the temperature profile in an infinite cylinder for a time t1 > t0 during a non steady state heat transfer process. Compare the profiles for a cylinder material with a high thermal conductivity  with a material of low transfer properties!

Question 2/02 :









2 points 

Write down the following gases in a series dependent on their heat capacity: carbon dioxid, steam, propane and helium! Please estimate a range for the dimension of these heat capacities!

Question 3/02:









3 points

Sketch the concentration profile at the surface of a liquid phase if the mass transfer of a steady state diffusion process is directed from the gaseous to the liquid phase! Assume a higher concentration in the liquid phase and a resistance in the gaseous boundary layer only! Give an example for this case!

Question 4/02:









2 points 

Explain the main idea of the NTU method!

Question 5/02:









3 points 

Sketch a pipe bundle heat exchanger for condensation of a vapour and the temperature function for both fluids in a real condenser!

Question 6/02:









2 points 

Explain the idea of the hydraulic diameter and calculate it for a pipe with a quadratic cross sectional area!

Question 7/02:









3 points

Sketch the concentration profile at the surface of a liquid phase when the mass transfer of a steady state diffusion process is directed from the liquid to the gaseous phase! Assume a higher concentration in the gaseous phase and a resistance in the liquid boundary layer only! Give an example for this case!

Question 8/02:









2 points 

Explain the difference between the “Two-Film-Theory” and the “Penetration-Theory”!

Question 9/02:









3 points 

Sketch a pipe bundle heat exchanger and explain the advantages and disadvantages of counter current flow! Which other general types of flow are feasible in pipe bundle heat exchangers?

Question 10/02:









2 points 

List the following materials from low to high thermal conductivity: stainless steel, glass, air, water, and copper!

Question 11/02:









3 points

Sketch the temperature profile, the density profile and the velocity profile at a cold plate (free convection)!

Question 12/02:









2 points 

Sketch the typical function of the temperature in a cooling fin! What is the purpose of the fin?

Question 1/03:









3 points

Sketch the concentration profile in the gaseous phase during falling film condensation for a pure component and for the case, when an inert gas like air is present! What are the consequences for heating with steam?

Question 2/03:









2 points 

Explain the difference (result in general) between the two-film-theory and the penetration theory!!

Question 3/03:









3 points 

Sketch a diagram for the heat transfer and the heat flow during evaporation of water in a tank at different temperature differences between the liquid and the wall! Why does a difference between heating with electricity and heating by an indirect heat transfer medium like oil or steam exist?

Question 4/03:









2 points 

Under which conditions is   M1 * cp1 * ((11 – (12) = M2 * cp2 * ((22 – (21)?

Question 1/04:









2 points

”Calculate” the wavelength of the visible light from the average surface temperature of the sun (5500K)!

Question 2/04:









3 points 

Sketch the typical function of temperature in a cooling fin! What is the definition of the fin efficiency?

Question 3/04:









3 points

Sketch a diagram for the mass transfer through the surface between two fluids. Assume a resistance in the gaseous phase only! Is the evaporation in a distillation column a good example for this process? Why or why not?

Question 4/04:









2 points 

Explain the background and the dimension of the specific area “a” of a column package!

Question 5/04:









3 points 

Sketch a pipe bundle heat exchanger and the diagrams for the temperature profile in the cases of counter current flow and parallel flow. Show the logarithmic temperature difference in counter current flow, if the mass flow and the heat capacity in both streams are equal!

Question 6/04:









2 points 

Under which conditions in a heat exchanger is   M1 * cp1 * ((11 – (12) # M2 * cp2 * ((22 – (21)? (4 cases)

Question 7/04:









2 points

What are the equivalent dimensionless numbers in mass transfer for Nusselt-number, Prandtl-number, Reynolds-number and the dimensionless temperature difference?

Question 8/04:









3 points 

Explain the main difference between the overall heat transfer coefficient k in a heat exchanger and the overall mass transfer coefficient k in a falling film absorber! Sketch the temperature and the concentration profiles!

Question 9/04:









3 points 

Sketch the concentration profile in the gaseous phase during falling film condensation for a pure component and for the case, when an inert gas like air is present! What are the consequences for heating with steam?

Question 10/04:









2 points 

Bring the following materials in a series of increasing thermal conductivity: gold, water, hydrogen, ice, stone and stainless steel.

Question 11/04:









2 points

What happens to the logarithmical temperature difference, if the product of massflow times heat capacity for both streams in a heat exchanger are equal? Draw the temperature profile and give the mathematical solution!

Question 12/04:









3 points 

Sketch the typical function of temperature in an infinite long cylindre in case of a non steady state heating process for different times! What is the difference in the temperature profile between a very high and a very low Biot-number?

Question 1/05:









2 points

Explain the terms “Raschig-Ring” and “specific area”!

Question 2/05:









3 points 

Sketch the concentration profile inside a falling film in case of mass transfer from gaseous phase into liquid phase (absorption)!

Question 3/05:









3 points 

Sketch the temperature profile in a cooling fin in case of good fin efficiency and in case of low fin efficiency! What is the definition of the fin efficiency?

Question 4/05:









2 points 

Arrange the following materials in order of increasing heat capacities (kJ/(kg*K)): liquid water, steam, air and steel.

Question 5/05:









2 points

Explain the terms “dimensionless concentration” and “jump-function” in case of a non-steady-state mass transfer!

Question 6/05:









3 points 

Sketch the concentration profile in the gaseous phase in case of condensation on a cold wall and the presence of an inert component!

Question 7/05:









3 points 

Sketch the temperature profile in a cooling fin in case of an infinite long fin and in case of a fin with a definite length! Give the equation to calculate the temperature at the end of the fin in both cases!

Question 8/05:









2 points 

Arrange the following cases in heat exchangers in order of increasing heat transfer coefficients (W/(m²*K)): organic liquid/water, water/water, water/gas and gas/gas. Give the range of expected dimensions!

Question 1/06:









2 points

Explain a) the “burn out” of a heat transfer area and b) the critical specific heat flow in evaporation processes of water!

Question 2/06:









3 points 

Sketch the typical profile of the temperatures in a condenser for a pure component. Assume a pipe bundle heat exchanger with an inlet temperature of the hot flow slightly over saturation point and an undercooled outlet! Why is a vent valve (air bleed valve) required?

Question 3/06:









2 points

Explain the Prandtl-number and the Schmidt-number with sketches!

Question 4/06:









3 points 

Sketch the concentration profile inside the gaseous phase of a falling film evaporation process in direction x (length) and direction r (radius of pipe)!

Question 5/06:









3 points 

Sketch the temperature profile in the wall of a house! Draw two cases: a) inside insulation and b) outside insulation. What is the problem of inside insulation?

Question 6/06:









2 points 

Give examples of parallel flow, counter current flow and cross flow in heat transfer processes (not just the heat exchangers)!

Question 7/06:









2 points

Explain the “relaxation method” in numerical calculations of heat transfer! Sketch a two dimensional grid and give the equation for one single point to be solved!

Question 8/06:









3 points 

Sketch the concentration profiles of water, air and salt at the surface between gaseous and liquid phase in case of diffusion of water from an aqueous solution of water into humid air!

Question 9/06:









3 points 

 Sketch the profiles of temperature, density and velocity inside the gaseous phase of a free convection at a vertical wall! What happens between a hot and a cold vertical wall?

Question 10/06:









2 points 

Bring the following cases of heat transfer into a series of increasing heat transfer coefficients (oil/water, air/oil, condensing steam/water, boiling water (bubbles)/liquid mercury)!

Question 11/06:









2 points

Explain the “fin efficiency” and draw a diagram of the efficiency versus m times L! Define m!

Question 12/06:









3 points 

Sketch the typical profile of the temperatures in the heat exchanger of a block type motor power plant (flue gases through the pipes, water with typical temperatures between 60°C and 90°C). Do you expect a great difference in the required area regarding parallel flow and counter current flow? Which area do you expect in cross flow?

Problem 1/01:








25 points in total

Energy Balance for Heat Recovery from Exhaust Fumes

The exhaust fumes from a block type motor power plant with a volume flow of 3600 m³i.N./h  and a temperature of 500°C are to be used for heating up two streams of process water in two counter current flow pipe heat exchangers. The first one with a mass flow of 4500kg/h has an inlet temperature of 50°C and a required outlet temperature of 90°C, the second one with a mass flow of 2700kg/h has an inlet temperature of 70°C and a required outlet temperature of 158°C (system pressure is 8bar).

Your task is to optimise the flow sheet diagram in order to reach the minimum heat transfer area!

Solution guide line:

a)
Sketch



two different block type flow schemes of the plant (parallel and in series),



a counter current flow pipe heat exchanger and

the estimated temperature curve for the exhaust fumes and the process water (one case only)!

6 points

b)
Assume the exhaust fumes pass the heat exchanger in one by one. Determine first the heat flow in both exchangers with the help of the required outlet temperatures of the process water streams. Calculate then the outlet temperatures of the exhaust fumes and finally the necessary area for both heat exchangers for an estimated overall heat transfer coefficient k = 30W/(m²*K)! (cpexhaust fumes = 1,3kJ/(m³i.N.*K)) (cpwater = 4,2kJ/(kg*K))

6 points

c)
Assume now a split of the exhaust fumes volume flow to pass the exchangers in parallel. Repeat all calculations for a 50/50 split of the fumes!

5 points

d)
Optimise now the split of the exhaust fumes flow! Repeat the calculations for at least two additional cases (split 40/60 and split 45/55) and estimate then the optimum. Please give a good reason for the choice of the split of the exhaust fumes. Why is the parallel flow prefered, even when the required area for the heat exchanger is higher?

8 points

Problem 2/01:








25 points in total 

Estimation of the Surface Temperature of an Isolated Pipeline

The distance between a small and nearly perfect isolated pipeline (outer diameter of the pipe is 50mm, thickness of the isolation is 50mm) and the ground of a production facility is held with the help of a very simple construction: two steady legs of 200mm length under an angel of 30° are welded to the surface of the pipe in certain intervals (50mm inside the isolation, 150mm outside). Each leg has a cross sectional area in form of a “L” with 30mm * 30mm and a thickness of the steel of 3mm. The temperature of each leg is 60°C just at the surface of the isolation and 40°C at the end of the leg.

Your task is the estimation of the surface temperature of the pipeline without a remove of the isolation. The temperature in the environment 20°C, the heat transfer through the rock wool is nearly zero and the heat transfer at the end of the leg also.

Solution guide line:

a)
Sketch the problem and the estimated temperature profile!

3 points

b)
The differential energy balance outside the isolation leads us to the following differential equation:
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and an ordinary solution of this:
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C1 and C2 are integration coefficients to be found by conditions.


Please give two useful conditions for the determination of C1 and C2!

6 points

c)
Please give an additional equation for the heat transfer in the leg between the pipe surface and the isolation surface! Sketch a diagram with the temperature profile of the leg inside and outside of the isolation!

6 points

d)
Calculate now the surface temperature of the pipe under the isolation with the help of the heat flow just at the surface of the isolation! Determine the heat transfer coefficient . Is this value reasonable?





SYMBOL 108 \f "Symbol"leg = 50 W/(m*K)

10 points

Problem 3/01:








25 points in total

Optimisation of heat exchangers

The exhaust fumes from a small oven with a mass flow of 90kg/h, a heat capacity of 1kJ/(kg*K) and a temperature of 300°C are to be used for the conservation of an aqueous solution of herbs in a counter current flow pipe heat exchanger at 120°C (180kg/h, 4,18kJ/(kg*K)). Because of the small amount of exhaust fumes the requirement is met only when two counter current flow heat exchangers are used. The first one is to heat up the solution from 20°C to a temperature (1 with the help of the reflux of the same solution, the second one is to lift the temperature to the required level of 120°C (under pressure, no evaporation) with the help of the exhaust fumes of the oven. After a certain residence time at this temperature the solution is cooled down in the first heat exchanger.

Your task is to optimise the two apparatus in order to reach the minimum total heat transfer area!

Solution guide line:

a)
Sketch



the flow scheme of the plant,



a counter current flow pipe heat exchanger and

the temperature curves for the exhaust fumes and the solution in the second exchanger!

6 points

b)
Assume that (1 is 100°C. Determine the heat flow in both exchangers and then the required areas. kliquid/liquid = 500W/(m²*K), kgas/liquid = 50W/(m²*K)! 

9 points

c)
Assume now that (1 is 97°C and 103°C. Repeat all calculations and find the best construction for both exchangers with the smallest total area! 

10 points

Problem 4/01:








25 points in total

Drying of porous media

A flat porous plate made of fibres is to be dried totally. The porosity of the material is 95% and the pores are filled with water. They are large enough to allow free gas diffusion when they are already dried. Because of the small thermal stability of the fibres the drying has to be carried out at 50°C. The plate has a thickness of 5mm and is lying on a non porous support. Above the plate air with a relative humidity of 20% is circulating.

How long does it take to dry the material when the mass transfer inside the already dried pores is caused by free gas diffusion only!

Solution guide line:

a)
Sketch the problem and draw a diagram with the partial pressure of water inside the pores!

4 points

b)
Give the equation for calculating the molar flow of water with and without the “Stefanscher Verdrängungsstrom”!

4 points

c) Calculate the partial pressure and the molar concentration of water in the gaseous phase at the surface of the water in the pores and in the air above the plate with the help of the Antoine equation!

A = 23,1965 ln(N/m²)

B = 3816,44 K

C = -46,13 K

5 points

d)
Determine now the specific molar flow 
[image: image4.wmf]n

&

and the specific mass flow 
[image: image5.wmf]m

&

 with the “Stefanscher Verdrängungsstrom” for different unknown times of the drying process (length of the free gas diffusion 1mm, 2mm, 3mm 4mm and 5mm, no capillary forces) and sketch a diagram!
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DH2O,air = 3 * 10-5m²/s

7 points

e)
Take an average value of the mass flow and calculate the drying time! ((H2O = 1000 kg/m³)

5 points

Problem 5/01:








25 points in total 

Crystallisation in a falling film reactor

The crystallisation of a salt from its aqueous solution is investigated in a laboratory falling film reactor. The mass flow of the saturated liquid is 450 g/min top down, the inner diameter of the reactor is 5cm and the velocity of the air is 2m/s bottom up.

Your task is to estimate the length of the reactor for a production rate of 9g waterless crystals per hour, when the saturation concentration is 25g/litre H2O with a density of the water at 1000kg/m³ and a viscosity of the water at 16*10-6m²/s. The inlet humidity of the air is 0,01kg/m³ and the equilibrium concentration of water in air above the saturated liquid is 0,04kg/m³.

Solution guide line:

a) Sketch the problem and the estimated concentration profile of water in the air! Label the large and small concentration difference!

4 points

b)
Calculate the mass transfer coefficient ( with the help of the analogy between heat and mass transfer! The equation for the prediction of heat transfer in a pipe is

Nu = 0,0235 * Red0,8 * Pr0,48

The diffusion coefficient for steam in air at the process conditions is 27,5*10-6m²/s.

5 points

c) Determine the required mass flow of evaporated water to produce 1kg of crystals!

4 points

d)
Calculate now the volume flow of air and the concentration of water in the air outlet

5 points

e)
Finally determine the logarithmic concentration difference and the required length of the falling film reactor!

7 points

Problem 1/02:








25 points in total

Optimisation of Heat Recovery

In a thermal separation process the head product of a distillation column (organic vapour at 112°C) is to be used for heating up the inlet flow of an organic substance (3600kg/h) from room temperature (20°C) to 120°C in a condenser. Because of the fact that 120°C could never be reached with the vapour temperature of 112°C additional heating with steam (saturated vapour 160°C) in a separated condenser is necessary.

Your task is to optimise the heat transfer area when the price for steam is 0,02€/kWh and the price for heat transfer area is 750€/m²! Assume an overall heat transfer coefficient k = 150W/(m²*K) and an amortisation period of three years (24000h)! The flow of organic vapour is high enough in any case!

Solution guideline:

a)
Sketch



a block type flow scheme of the plant (condensers in series),



a condenser in form of a pipe and shell heat exchanger and

the estimated temperature curve for the organic substance and the head product of a distillation column in the first condenser!

6 points

b)
Assume a temperature of 90°C for the organic substance between the two condensers. Calculate the heat flow in each condenser and the price for steam in the second condenser in three years! (cporganic substance = 1000J/(kg*K))

5 points

c)
Determine now the heat transfer area for both condensers and the price!

6 points

d)
Optimise now the heat transfer area! Repeat the calculations for at least two additional cases (temperatures between the condensers 100°C and 110°C) and then estimate the optimum. Construct a diagram to show the total price (heat transfer area and steam in three years) dependent on the temperature between the condensers.

8 points

Problem 2/02:








25 points in total 

Estimation of the Surface Temperature of an Isolated Pipeline

The distance between a small and nearly perfect isolated pipeline (outer diameter of the pipe is 100mm, thickness of the isolation is 100mm) and the ground of a production facility is held with the help of a very simple construction: two steady legs of 250mm length under an angel of 30° are welded to the surface of the pipe in certain intervals (100mm inside the isolation, 150mm outside). Each leg has a cross sectional area in form of a “L” with 30mm * 30mm and a thickness of the steel of 3mm. The temperature of each leg is 60°C just at the surface of the isolation and 40°C at the end of the leg. 

Your task is the estimation of the surface temperature of the pipeline without removing the isolation. The temperature in the environment is 15°C, the heat transfer through the rock wool is nearly zero and the heat transfer at the end of the leg also.

Solution guide line:

a)
Sketch the problem and the estimated temperature profile!

3 points

b)
The differential energy balance outside the isolation leads us to the following differential equation:
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and an ordinary solution of this:
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C1 and C2 are integration coefficients to be found by conditions.


Please give two useful conditions for the determination of C1 and C2!

6 points

c)
Please give an additional equation for the heat transfer in the leg between the pipe surface and the isolation surface! Sketch a diagram with the temperature profile of the leg inside and outside of the isolation!

6 points

d)
Calculate now the surface temperature of the pipe under the isolation with the help of the heat flow just at the surface of the isolation! Determine the heat transfer coefficient . Is this value reasonable?





SYMBOL 108 \f "Symbol"leg = 50 W/(m*K)

10 points

Problem 3/02:








25 points in total

Drying of silica gel

Spherical particles of silica gel with a diameter of 5mm are dried in a fluidised bed reactor. The load of the gel is 1kgH2O/kggel at the inlet. After a residence time of 10minutes at 150°C in dry air the load decreases to 0,05kgH2O/kggel. Calculate the load at the outlet of the fluidised bed, when the mass flow of the silica gel is doubled (residence time 5minutes) and the temperature is reduced to 130°C (diffusion coefficient is reduced to 80%)! Repeat the calculations for the case of normal air (load 0,02kgH2O/kgair) instead of dry air!

Solution guideline:

a)
Sketch the problem and draw a diagram with the concentration profile of water inside the particle! Assume a very good external mass transfer and two different internal diffusion coefficients at the two different temperatures! Give a reason for a very good external mass transfer!

4 points

b)
Calculate the dimensionless concentration difference!

2 points

d) Take the Fourier number from the diagram and then calculate the diffusion coefficient inside the particle!

6 points

d)
Now determine the new Fourier number in the case of a higher mass flow at lower temperatures! Estimate the load at the outlet of the process!

6 points

e)
Calculate the influence of the humidity in the air! For air with a load of 0,02kgH2O/kgair the equilibrium load on the gel at 130°C is 0,15kgH2O/kggel.

7 points

Problem 4/02:








25 points in total 

Convective mass transfer
The pipes of a heat exchanger (length 3m) are covered with a salt layer of 1mm thickness. To reduce the total mass of salt inside the pipes to 50% flushing with pure water is proposed. Determine the total amount of water necessary for this procedure, if the velocity of the water inside the pipes is 0,2m/s!

pipe dimensions:








= 25 x 2

viscosity of water:




water


= 1 * 10-6m²/s

saturation concentration of salt in water:


SYMBOL 91 \f "Symbol"saltSYMBOL 93 \f "Symbol"°


= 300 kg/m³

diffusion coefficient of salt in water:


Dsalt,water

= 1,36 * 10-9m²/s

density of salt in layer:




SYMBOL 114 \f "Symbol"salt


= 2200 kg/m³

Solution guideline:

a) Sketch the problem with a diagram indicating the concentration of salt in water expected, the thickness of the boundary layer and the local mass transfer coefficient SYMBOL 98 \f "Symbol"(x) versus length of the pipe!

4 points

b) Calculate the average value of the mass transfer coefficient SYMBOL 98 \f "Symbol"m. For simultaneous built up of a fluiddynamical and thermal layer at the inlet of a pipe the heat transfer is reported for non laminar flow:

Num = 0,0235 * (Red0,8 -230) * Pr0,48
6 points

c) Determine the mass flow of salt solved by an analytical or iterative method!

8 points

d) Estimate the amount of water necessary for solving half of the salt and the required process time!

4 points

e) Discuss the errors in the determination! Take attention to the local mass transfer coefficient SYMBOL 98 \f "Symbol"(x) and the average value SYMBOL 98 \f "Symbol"m! Are there any special effects at the inlet of the pipes? Make a proposal to reduce the water consumption!

3 points

Problem 5/02:








25 points in total 

Estimation of heat flow in a pipe

A nearly perfect isolating wall of 30cm thickness separates two chambers. A straight pipeline (the material is copper, the outer diameter of the pipe is 25mm, the thickness of the copper is 2,5mm) passes both chambers and the wall (perpendicular to the wall). Calculate the heat flow through the pipe if one of the chambers has a temperature of 30°C and the other one a temperature of 0°C. There is no medium inside the pipe (vacuum).

Solution guideline:

a) Sketch the problem and the estimated temperature profile in the pipe located in both chambers and the wall!

3 points

b)
The differential energy balance of the pipe in both chambers outside the wall leads us to the following differential equation:
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and an ordinary solution of this:
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C1 and C2 are integration coefficients to be found by additional conditions.


Please give two useful conditions for the determination of C1 and C2 in both chambers if the length of the pipe can be assumed as endless!

6 points

c)
Please give an additional equation for the heat transfer in the pipe inside the wall!

3 points

d)
Calculate now the temperature profile in the pipe over the whole length. Draw the diagram temperature versus location! Finally estimate the heat flow!



 W/(m²*K)

SYMBOL 108 \f "Symbol"copper = 320 W/(m*K)

13 points

Problem 6/02:








25 points in total

Drying of silica gel

Spherical particles of silica gel with a diameter of 5mm are dried in a fluidised bed reactor. The load of the gel is 1kgH2O/kggel at the inlet. After a residence time of 5minutes at 130°C in dry air the load decreases to 0,22kgH2O/kggel. Calculate the load at the outlet of the fluidised bed, when the mass flow of the silica gel is reduced to 50% (residence time 10minutes) and the temperature is increased to 150°C (diffusion coefficient is increased to 125%)! Could the same effect be expected by reduction of the pellet diameter? Calculate this diameter!

Solution guideline:

a)
Sketch the problem and draw a diagram with the concentration profile of water inside the particle! Assume a very good external mass transfer and two different internal diffusion coefficients at the two different temperatures! Give a reason for a very good external mass transfer!

4 points

b)
Calculate the dimensionless concentration difference!

2 points

e) Take the Fourier number from the diagram and then calculate the diffusion coefficient inside the particle!

6 points

d)
Now determine the new Fourier number in the case of the reduced mass flow at higher temperatures! Estimate the load at the outlet of the process!

6 points

e)
Calculate the required diameter of the silica gel particles which have the same load as calculated in d) at the low temperature after the short residence time!

7 points

Problem 7/02:








25 points in total 

Mass transfer by pure diffusion
A vertical pipe with an internal diameter of 2mm is filled with pure alcohol. The upper end of the pipe is open and the surface of the liquid is 8cm below this open end. Above the end air is circulating and the concentration of alcohol in this air is to be neglected.

After a residence time of 4 hours 1mm of the alcohol is evaporated (surface is now 8,1cm below the open end). Your task is to determine the effective diffusion coefficient of alcohol in air using this data.

Assume no convection inside the pipe! All temperatures are at 20°C and the total pressure is 1bar. The environment feeds the required heat flow for the evaporation of the liquid. The saturation concentration of alcohol in air at 20°C is ethanol = 0,111m³/kg!

Solution guideline:

a) Sketch the problem (especially the graph with the concentration of alcohol in air versus location in the pipe)!

4 points

b)
Give the equation of the molar flow and of the mass flow with and without the „Stefanscher Verdrängungsstrom“ (4 equations, please use accurate definitions for location and concentration)!

4 points

c)
Calculate the amount of alcohol evaporated in 4 hours! The density of liquid alcohol is 789 kg/m3.

3 points

d)
Calculate the molar flow of diffusion and the mass flow of diffusion using the data from c)!

3 points

e)
Calculate now the effective diffusion coefficient of alcohol in air! Does the “Stefanscher Verdrängungsstrom“ influence the result?

7 points

f)
Discuss the result! Draw a new graph for the case, that the air above the end of the pipe is not circulating well (concentration of alcohol cannot be neglected)!

4 points

Problem 8/02:








25 points in total 

Evaluation of a pipe bundle heat exchanger

In a block type power plant the heat of the exhaust fumes (480KW) is to be recovered and transferred to the circuit of a water heater. Following data is required:

fumes:
SYMBOL 113 \f "Symbol"in 
:
542°C


water:
SYMBOL 113 \f "Symbol"in 
:
76°C


SYMBOL 113 \f "Symbol"out 
:
142°C



SYMBOL 113 \f "Symbol"out 
:
92°C


SYMBOL 114 \f "Symbol"(0°C):

1,29kg/m3


SYMBOL 114 \f "Symbol"(80°C)
:
970kg/m3

SYMBOL 108 \f "Symbol"(360°C):
0,05W/(m*K)


SYMBOL 108 \f "Symbol"(80°C)
:
0,67W/(m*K)


cp(360°C):
1,05kJ/(kg*K)


cp(80°C):
4,20kJ/(kg*K)


SYMBOL 117 \f "Symbol"(360°C):
56*10-6m2/s


SYMBOL 117 \f "Symbol"(80°C)
:
0,37*10-6m2/s

The engineering department of a plant building company offers a counter current flow pipe bundle heat exchanger with 231 pipes (25x1,5) of 2,5m length (without turns) in stainless steel (SYMBOL 108 \f "Symbol"=15W/(m*K)). The exhaust fumes should pass inside the pipes! Your task is the evaluation of the heat exchanger!

Solution guideline:

b) Sketch the counter current flow pipe bundle heat exchanger and the estimated temperature profile!

3 points

c) Which overall heat transfer coefficient k did the engineers use?

3 points

d) Which heat transfer coefficient SYMBOL 97 \f "Symbol" is determined for the exhaust fumes (pipes inside), if SYMBOL 97 \f "Symbol"outside could be assumed with 1000W/(m2*K)? (Neglect fouling and deposition! Simplified determination like through a flat wall) Why is SYMBOL 97 \f "Symbol"inside the more critical value? Explain the advantages and disadvantages of leading the fumes through the pipes!

4 points

d)
Determine the volume flow of the exhaust fumes and the velocity inside the pipes at 360°C!

5 points

e)
Evaluate now the coefficient SYMBOL 97 \f "Symbol"inside using the equation of Hausen (1959):
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Assume SYMBOL 104 \f "Symbol"/SYMBOL 104 \f "Symbol"W = 1! Is this reasonable?

8 points

f)
Discuss the result? Is the offer acceptable?

2 points

Problem 9/02:








25 points in total

Heat Recovery

A mass stream of natural oil (5000kg/h) is to be heated up from 5°C to 140°C for further processing. This should be done with the hot product oil outlet stream (4500kg/h, 200°C) from the same facility. Your task is the layout of the required heat exchanger.

Solution guideline:

a)
Sketch



a counter current flow pipe bundle heat exchanger and

the estimated temperature curve for the natural oil and the product!

3 points

b)
Calculate the heat flow through the heat exchanger area (cpoil = 2000J/(kg*K))

1 point

c)
Determine the overall heat transfer coefficient for pipes of 25 x 2 (analogous to a flat wall)!

(internal) = 50 W/(m²*K)

(internal) = 50 W/(m²*K)

(steel) = 50 W/(m*K)

4 points

d)
Estimate the number of pipes of 6m length!

6 points

e) Improve the calculation with a detailed determination of the internal heat transfer coefficient! The heat transfer in the pipes is reported for a simultaneous start of the fluid-dynamical and thermal boundary layer as:
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(oil)   =  850 kg/m³



(oil) = 4*10-6 m²/s

(steel) = 0,13 W/(m*K)

8 points

f)
Show how to improve the internal and external heat transfer by a better construction!

3 points

Problem 10/02:







25 points in total 

Estimation of the required residence time in a cooling basin

Thermal shock resistance is one of the most important properties of ceramic materials. Refractory materials are proved by heating up a cylindrical piece of brick to 800°C in an oven and then by throwing it into cold water. The cylinders have a height of 8cm and a diameter of 6cm. The temperature of the water is 20°C.

Your task is the estimation of the time, the laboratory assistant should wait until he could pick up the piece of ceramic out of the basin for further investigation.


  (ceramics) =    1,5 W/(m*K)


          = 100   W/(m²*K)


  (ceramics) = 2000 kg/m³



  (water) = 1000 kg/m³


cp(ceramics) =   750 J/(kg*K)



cp(water) = 4180 J/(kg*K)

Solution guideline:

a) Sketch the problem and the estimated temperature profile in the ceramic cylinder for different times and a moderate external heat transfer!

3 points

b)
Assume a temperature, which is low enough to handle the sample after throwing it into the bath! Then calculate the Biot number and the dimensionless temperature difference (assume an infinite long cylinder)!

6 points

c)
Take the Fourier number and determine the required residence time!

3 points

d)
Repeat all calculations under the assumption, that the sample is a sphere particle! Determine therefor the diameter of a mass and density equivalent globe!

10 points

e)
How many pieces of ceramic could be thrown into the basin of 200 litre until the temperature could not be defined any longer as constant (22°C)?

3 points

Problem 1/03:








25 points in total

Drying of sewage sludge

To minimise the TOC in waste for disposal or discharge the incineration of sewage sludge is planned for the very next future. Before burning the sludge must be dried. One of the proposed processes is the batch drying on horizontal plates, where dry air at relatively low temperatures is led over the sludge.

Your task is the calculation of the time required for bringing out 80% of the humidity in the sludge! The layer of sludge has a thickness of 3cm and the plates are 1m long. The load of the sludge is 4kgH2O/kgsludge at the beginning. The diffusion coefficient of water in air is 2,78*10-5m²/s and in the sludge 5*10-9m²/s. The viscosity of air is 15*10-6m²/s and the air above the plate moves with a velocity of 1m/s.

Solution guideline:

a)
Sketch the problem and draw a diagram with the concentration profile of water inside the sewage sludge layer! Assume a very good external mass transfer and two different internal diffusion coefficients! Give a reason for a very good external mass transfer!

4 points

b)
Calculate the external mass transfer coefficient  by the analogy between heat and mass transfer! The equation for heat transfer at a plate in the laminar case (ReL < 1*10-5) is:

Num = 0,664 * ReL(1/2) * Pr(1/3)
7 points

f) Determine the dimensionless concentration and the Biot-number! Then take the Fourier number from the diagram and calculate the required residence time for drying (weight loss of water 80%)!

7 points

g) Do you expect a better drying at the air inlet? Prove your assumption and discuss the calculation!

7 points

Problem 2/03:








25 points in total 

Mass transfer by pure diffusion
Freezer burn is the humidity loss by sublimation in biological cells. Especially deep temperature freezing products are damaged, if the environmental temperature is not held perfectly constant. E. g. if the temperature in a refrigerator fluctuates between –16°C and –20°C, the cooled product with a temperature of –18°C is from time to time above and below the temperature of its own environment.

Your task is to determine the area related mass flow of water by diffusion in the 1mm long space between the cooled product with a temperature of –18°C and the surface of a keep-fresh foil with a temperature –19°C.

The vapour pressure of water in equilibrium with ice at –18°C is 125 N/m² and at –19°C is 113 N/m². The diffusion coefficient of water in air is DH2O,air = 2*10-5m²/s.

Solution guideline:

b) Sketch the problem (especially the graph with the concentration of water in air versus location in the space between cooled product and surface of the keep-fresh foil)!

4 points

b)
Give the equation of the molar flow and of the mass flow by diffusion with and without the „Stefanscher Verdrängungsstrom“ (4 equations, please use accurate definitions for location and concentration)!

4 points

c)
Calculate the amount of water transferred in 100 hours per square meter of product surface without the „Stefanscher Verdrängungsstrom“!

8 points

d)
Repeat the calculation for the amount of water transferred in 100 hours per square meter of product surface with the „Stefanscher Verdrängungsstrom“!

7 points

e)
Discuss the result! Would you be able to predict the “difference” before calculation?

2 points

Problem 3/03:








25 points in total 

Estimation of the temperature profile in a deck plate

During a voyage through the arctic sea the ships side (vertical wall) of a cruise line vessel has a minimum temperature of –5°C. To bring the climate inside the passenger cabins to a comfortable level of 23°C the wall is almost perfectly isolated with foam of 20cm thickness. Nevertheless the horizontal deck plates (steel thickness 12,8mm) are connected to the external wall and lead a certain heat flow through the isolation. Your task is to prove, if condensation can be expected on the deck, if the relative humidity inside the cabins is 80%.

Solution guideline:

e) Sketch the problem and the estimated temperature profile in the horizontal deck plate located in the cabins and inside the isolation! (Assume cabins with 23°C above and below the deck plate)

3 points

b)
The differential energy balance of the deck plate in the cabin leads to the following differential equation:
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C1 and C2 are integration coefficients to be found by additional conditions.


Please give two useful conditions for the determination of C1 and C2 in the passenger cabin if the length of the deck can be assumed as endless!

6 points

c)
Please give an additional equation for the heat transfer in the horizontal deck plate inside the isolation!

3 points

d)
Calculate the temperature profile in the deck plate over the whole length. Draw a diagram temperature versus location! Calculate the dew point temperature with the Antoine equation and prove the condensation condition!




 W/(m²*K)

SYMBOL 108 \f "Symbol"steel = 50 W/(m*K)

A : 23,1965 (ln(N/m²))

B : 3816,44 K 

C : -46,13 K

13 points

Problem 1/04:
( cancelled






25 points in total

Heat Recovery

The flue gas of a small tunnel furnace (mass flow 3600kg/h, heat capacity 1kJ/(kg*K)) with a temperature of 450°C is to be cleaned by a thermal treatment (after burner). Initially the flue gas is heated up from 450°C to 700°C in a first pipe bundle heat exchanger. Then, in a burner fed with natural gas the temperature of the flue gas is brought to 900°C for at least two seconds. To optimise the heat recovery the treated gas is led back to the first heat exchanger in counter current flow, then to a second one (also counter current flow) and finally to the chimney with a temperature of 130°C.

In the second heat exchanger the energy of the flue gas is used to heat up the inlet air of the furnace. Your task is to estimate the area of both heat exchangers!

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 for air and flue gas in the second heat exchanger!

6 points

b)
Calculate the heat flow through the heat exchanger area in both exchangers! To simplify the calculation please assume a constant mass flow of air/flue gas through all parts of the facility. (cpair/flue gas = 1000J/(kg*K) = constant)! How far could the inlet air be heated up (temperature difference)?

4 points

c)
Determine the heat transfer area of both exchangers! Assume an environmental temperature (= air inlet temperature) of 0°C and furthermore 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!)

8 points

d)
Calculate the outlet temperatures of the second heat exchanger, if the environmental temperature in summer is 30°C!

7 points

Problem 2/04:
( cancelled






25 points in total 

Thermal stability of a hailstone in air

How long can a hailstone (frozen raindrop) of 9mm that has passed cold layers of the atmosphere (-19°C) rest in non moved “warm” air of +1°C near the ground until the surface starts to melt?


  (ice) = 2,25 W/(m*K)



       =      5 W/(m²*K)


  (ice) =  917 kg/m³



cp(ice) = 2040 J/(kg*K)

Solution guideline:

b) Sketch the problem and the estimated temperature profile in the spherical hailstone for different times and a low external heat transfer!

4 points

b)
Calculate the Biot number and the dimensionless temperature difference!

5 points

c)
Take the Fourier number from the diagram and determine the required residence time!

5 points

d)
Repeat all calculations under the assumption, that the hailstone has fallen into water of +1°C! Assume the same Nusselt number for the external heat transfer!

(air) = 0,0243 W/(m*K)


(water) = 0,552 W/(m*K)

7 points

e)
Compare the calculations with your experience! Can the hailstone also “disappear”, if the temperature of the air is always below 0°C?

4 points

Problem 3/04:








25 points in total

Layout of a membrane process

Biogas will be one of the most important renewable energy resources of mankind after the drop down of fossil energies like coal or natural gas. It contains methane and carbon dioxide and the fraction of CO2 is between 35vol% and 50vol%. For improving the combustion properties the fraction of methane is to be increased to 97vol%.

Your task is the layout of a membrane process (area calculation), in which the biogas from a small production unit (10,8m³/h) is fed at 1bar and 20°C with 40vol% CH4, and the separated CO2 is pumped out at 25mbar. The apparatus looks very similar to a pipe bundle heat exchanger with membranes in form of a pipe. The biogas passes the pipes of 25mm external and 21mm internal diameter inside with an average speed of 2m/s. The diffusion coefficient of CO2 in CH4 is 1,53*10-5m²/s and of CO2 inside the membrane is 5*10-5m²/s.

Solution guideline:

a)
Sketch the process and draw a diagram with the concentration profile of CO2 inside the pipes (biogas), inside the membrane (thickness 2mm) and outside the pipes (similar to heat transfer in a wall)! Assume a very good external mass transfer! Give a reason for this assumption!

4 points

b)
Calculate the internal mass transfer coefficient  and the overall mass transfer coefficient k by the analogy between heat and mass transfer! The viscosity of biogas is 1*10-5m²/s and the equation for heat transfer in a pipe in the non-laminar case (2300 < Red < 1*106) is:

Nud  =  0,0235 * (Red0,8 *-230) * Pr0,48
7 points

h) Determine the great and small concentration difference! Draw a diagram of the concentration of carbon dioxide inside and outside the pipes. Calculate the logarithmic concentration difference and the mass flow of carbon dioxide! Finally determine the required mass transfer area! 

14 points

Problem 4/04:








25 points in total 

Mass transfer by pure diffusion
In a production unit a thin layer of foam rubber is glued on to a metal surface. The glue contains 40mass% of an organic solvent (hydrocarbon molar mass 106g/mol). The consumption of glue is 1kg/10m². The thickness of the foam rubber is 5mm and the porosity is 95%. The pores of the foam are to be assumed as small enough to hinder convective flow, but great enough to avoid capillary condensation.

Your task is to estimate the required residence time of the glued foam rubber in a drying process to eliminate the solvent completely. Show the influence of temperature on the process. The diffusion coefficient of the solvent at 20°C in air is Dsolvent,air = 7*10-6m²/s. Inside the drying chamber the air contains no solvent, the environmental pressure is 1atm.

Solution guideline:

c) Sketch the problem (especially the graph with the concentration of the solvent in air versus location in the foam rubber layer)!

3 points

d) Calculate the vapour pressure and the molar and mass concentration of the solvent in saturated state at 20°C and 80°C! The coefficients of the Antoine-equation of the solvent are

A : 20,9892 (ln(N/m²))


B : 3346,65 K 


C : -57,84 K

6 points

c)
Calculate the required residence time for drying the glue at 20°C with and without the „Stefanscher Verdrängungsstrom“!

7 points

d)
Repeat the calculation for the required residence time at 80°C! (The temperature dependence of the diffusion coefficient can be assumed as exponential with an exponent of n = 1,8!)

7 points

e)
Discuss the result! Why is it recommendable to take the calculation with the „Stefanscher Verdrängungsstrom“ at least in the case of 80°C?

2 points

Problem 5/04:








25 points in total 

Response to temperature change in soil

How long does it take to have a temperature change of at least 1 Kelvin in a depth of 1m in a marshy soil, when the temperature of the air above changes from 0°C to 25°C suddenly?


  ( marshy soil) =    0,6 W/(m*K)


         
  = 6   W/(m²*K)


  ( marshy soil) = 1000 kg/m³



cp(marshy soil)  =  4000 J/(kg*K)





Solution guideline:

c) Sketch the problem and the estimated temperature profile in the soil for different times and a moderate external heat transfer! Why can we use the diagram for a plate, although when we have heat flow in one direction only?

4 points

b)
Calculate the Biot-number and the dimensionless temperature difference (explain the chosen characteristic length)!

5 points

c)
Take the Fourier number and determine the required time for temperature response!

4 points

d)
Take the surface temperature and the average temperature of the soil for the same time and sketch the temperature profile in the soil!

6 points

e)
Repeat the calculations for a depth of 2m! Can you estimate a depth, where nearly no temperature change is measured in terms of a year?

6 points

Problem 6/04:








25 points in total

Drying of sewage sludge

To minimize the TOC in waste for disposal or discharge the incineration of sewage sludge is planned for the very next future. Before burning the sludge must be dried. One of the proposed processes is spray drying in towers, where dry air at relatively low temperatures is led in counter current flow from the bottom to the top while the sludge is falling down in form of drops.

Your task is the estimation of the required diameter of sludge drops for bringing out 80% of the humidity in a residence time of one second in the drying tower! The load of the sludge is 4kgH2O/kgsludge at the beginning. The diffusion coefficient of water in air is 2,78*10-5m²/s and in the sludge 5*10-9m²/s.

Solution guideline:

a)
Sketch the problem and draw a diagram with the concentration profile of water inside the sewage sludge particle (drop)! Assume a moderate external mass transfer and two different internal diffusion coefficients! Give a reason for different cases of internal mass transfer!

4 points

b)
Calculate the external mass transfer coefficient k by the analogy between heat and mass transfer! The minimum for heat transfer at a sphere particle (very low velocities) is Numin = 2!

4 points

i) Assume a particle diameter of 1mm! Determine the dimensionless concentration and the Biot-number! Then take the Fourier-number from the diagram and calculate the required residence time for drying (weight loss of water 80%)!

8 points

j) Repeat the calculation for different diameters and estimate the diameter of a particle, where the drying process takes one second! Discuss the result! Is the thermal conductivity constant?

9 points

Problem 7/04:








25 points in total 

Mass transfer by pure diffusion
The increase of wine production in Europe leads to higher consumption of cork for wine bottles. To increase the number of producing cork oaks would take half a century. To fulfil the requirements of the wineries cork of lower quality is used. Must a loss of alcohol through corks of higher porosity be expected?

Your task is the calculation of the axial mass transfer through a cork of 14mm diameter and 35mm length in the neck of a wine bottle. Assume that the wine bottle is stored in a cold wet cellar of 8°C and 100% humidity. The diffusion coefficient of alcohol in wet air at this temperature is 2*10-5m²/s and in the concentration of alcohol in the gaseous phase above wine is 0,006kg/m³. The porosity of the cork is 0,1% and the total pressure 1bar. Assume free gas diffusion inside the pores of the cork!

Solution guideline:

e) Sketch the problem (especially the graph with the concentration of alcohol in wet air versus location inside the cork)!

4 points

b)
Give the equation of the molar flow and of the mass flow by diffusion with and without the „Stefanscher Verdrängungsstrom“ (4 equations, please use accurate definitions for location and concentration)!

4 points

c)
Calculate the amount of alcohol transferred in one year without the „Stefanscher Verdrängungsstrom“!

7 points

d)
Repeat the calculation for the amount of alcohol transferred in one year with the „Stefanscher Verdrängungsstrom“!

6 points

e)
Discuss the result! Would you be able to predict the “difference” before calculation? Is diffusion of alcohol inside the cork the most important problem for the quality of the wine? Why is it recommended to store the wine bottles in horizontal position instead of a vertical one?

4 points

Problem 8/04:








25 points in total 

Replacement of a heat exchanger

In a crystallisation process the liquid product flow is cooled 80°C to 30°C by cooling water in a counter current flow pipe bundle heat exchanger with 484 pipes (25x2) in two rows of 5m length. Meanwhile the flow of 7200kg/h cooling water with an inlet temperature of 20°C is heated up to an outlet temperature of 28°C.

Because of corrosion the heat exchanger is now replaced by a new one with 364 pipes (25x2) in two rows of 7m length. Calculate how much cooling water is spared!

Solution guideline:

f) Sketch the counter current flow pipe bundle heat exchanger and the expected temperature profile inside and outside the pipes! (Attention! 2 rows!)

4 points

b)
Calculate the heat flow, the heat exchanger area and from this the overall heat transfer coefficient!

4 points

c)
In a first order approximation k is related to the square root of the velocity (k ~ Re0,5). Assume the new velocity inside and outside the pipes and estimate the new overall heat transfer coefficient!

6 points

d)
Calculate the new outlet temperature and the new mass flow of the cooling water (NTU-method or iterative process (solver!))! Is your assumption related to the velocity in c) correct?

11 points

Problem 9/04:
( cancelled






25 points in total

Heat Recovery

In a small thermal seawater desalination plant a flow of 7200kg/h seawater is splitted up into a stream of 5400kg/h potable water and a flow of 1800kg/h concentrated salty water. To spare thermal energy the ingoing stream is heated up from 10°C in two heat exchangers in series to an unknown temperature, which should be close to 100°C to run the evaporation at environmental pressure. The first heat exchanger is fed by the already condensed potable water with 95°C and the second one by the concentrate with 100°C. The first heat exchanger has an area of 300m² and the second one of 100m².

Your task is the calculation of the unknown temperature after the second heat exchanger. In both heat exchangers all the heat transfer coefficients  can be assumed to 400W/(m²*K) and the resistance in the wall of the pipes are neglectable low.

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 for potable water and seawater in the first heat exchanger!

6 points

b)
Calculate the heat flow through the first heat exchanger area and the two outlet temperatures by an interative method. Start the iteration by assuming an outlet temperature of the seawater of 60°C and calculate at least three iteration cycles (solver allowed)! (cp(salty)water = 4180J/(kg*K) = constant)! 

9 points

c)
Repeat all calculations from b) for the second heat exchanger! Assume for the first cycle an outlet temperature of 90°C!

7 points

d)
Propose a more effective flow chart of the plant! In reality the ingoing temperature is not constant – what happens to the outgoing temperature? Is it useful to increase the area of the heat exchangers?

3 points

Problem 10/04:
( cancelled





25 points in total 

Estimation of heat flow in a girder

A nearly perfect isolating wall of 30cm thickness separates two chambers. A L-shaped stell girder of 10cm x 10cm and 1cm thickness passes both chambers and the wall (perpendicular to the wall). Calculate the heat flow through the girder if one of the chambers has a temperature of 30°C and the other one a temperature of 0°C.

Solution guideline:

a)
Sketch the problem and the estimated temperature profile in the girder located in both chambers and the wall!

3 points

b)
The differential energy balance of the girder in both chambers outside the wall leads us to the following differential equation:
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C1 and C2 are integration coefficients to be found by additional conditions.


Please give two useful conditions for the determination of C1 and C2 in both chambers if the length of the girder can be assumed as endless!

6 points

c)
Please give an additional equation for the heat transfer in the girder inside the wall!

3 points

d)
Finally calculate the temperature profile in the girder over the whole length. Draw the diagram temperature versus location! Finally estimate the heat flow!



 W/(m²*K)

SYMBOL 108 \f "Symbol"steel = 50 W/(m*K)

13 points

Problem 1/05:








25 points in total

Using Red Mud for Sulphurdioxide-Reduction

Red mud is a by-product in aluminium production and an environmental problem due to large quantities to disposal. One of the ideas to initialisize a use of red mud in other areas is taking it for reduction of SO2 in the flue gas of pitcoal powerplants. Red mud contains 45mass% Fe2O3 that is converted to Fe2(SO4)3 by SO2 and O2. This chemical sorption process leads to lower SO2 concentrations in the flue gas. Other components of red mud are chemically inert to flue gas.

In a first experiment a sphere pellet of dried red mud with a diameter of 1cm increases its weight from 1g to 1,095g after being exposed to the flue gas of a powerplant for 120h. Calculate the required diameter of the pellet to reach a conversion of 95% of the maximum conversion in 24h. Assume that the increase in weight is driven by the reaction from ironoxide to ironsulphate only. 

Solution guideline:

a)
Sketch the problem and draw a diagram with the concentration profile of sulphur inside the red sludge mud! Assume a very good external mass transfer and show two different diameters! How can you generate a very good external mass transfer in this process?

4 points

b)
Calculate the molar masses of ironoxide, ironsulphate and sulphurdioxide! Determine the maximum weight of a red-mud-pellet of 1g containing 45% ironoxide after 100% conversion to ironsulphate. Calculate finally the dimensionless concentration difference for a pellet of 1,095g.

(MFe = 0,05585kg/mol,  MS = 0,03206kg/mol and MO = 0,01600kg/mol)

6 points

k) Determine the diffusion coefficient of SO2 in dried red mud! Assume a very fast chemical reaction, that means a transport resistance by diffusion only (limiting factor is diffusion, not chemical reaction)!

8 points

l) Estimate the size of a pellet, which increases its weight in 24h to 95% of the maximum conversion.

7 points

Problem 2/05:








25 points in total 

Mass Transfer by Convection in a Catalyst
Honeycomb-structured catalysts are state of the art for oxidation of carbonmonoxide and hydrocarbons in exhaust fumes of motors. Calculate the maximum conversion of these harmful substances (1000mg/m³) in a catalyst with parallel channels of 3mm * 3mm and a length of 15cm, if the velocity of the fumes inside the channels is 2,52m/s! Assume very fast chemical reaction on the surface of the catalyst at 400°C!

viscosity of fumes at 400°C:



air


= 63 * 10-6m²/s

diffusion coefficient of harmful substances in fumes:

DC,fumes

= 1 * 10-5m²/s

Solution guideline:

f) Sketch the problem with a diagram indicating the concentration of carbonmonoxide and hydrocarbons (harmful substances) expected in exhaust fumes, the thickness of the boundary layer and the local mass transfer coefficient SYMBOL 98 \f "Symbol"(x) versus length of the channel! A contact of a harmful substance with the surface of the catalyst channel at 400°C destroys the molecule at once!

4 points

g) Calculate the average value of the mass transfer coefficient SYMBOL 98 \f "Symbol"m. For simultaneous built up of a fluiddynamical and thermal layer at the inlet of a pipe the heat transfer is reported for laminar flow:
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6 points

h) Determine the mass flow of harmful substances and the outlet concentration (solving an analytical solution or following an iterative method)! Assume 100% conversion for an infinite long catalyst!

8 points

i) Repeat the calculations for channels of 1mm times 1mm! Discuss the result!

7 points

Problem 3/05:








25 points in total 

Replacement of a heat exchanger

In a crystallisation process the liquid product flow is cooled from 80°C to 30°C by cooling water in a counter current flow pipe bundle heat exchanger with 484 pipes (25x2) in two rows of 5m length. Meanwhile the flow of 72 000kg/h cooling water with an inlet temperature of 20°C is heated up to an outlet temperature of 28°C.

Because of corrosion the heat exchanger is now replaced by a new one with 364 pipes (25x2) in two rows of 7m length. Calculate how much cooling water is spared!

Solution guideline:

g) Sketch the counter current flow pipe bundle heat exchanger and the expected temperature profile inside and outside the pipes! (Attention! 2 rows!)

4 points

b)
Calculate the heat flow, the heat exchanger area and from this the overall heat transfer coefficient (cpwater = 4,18kJ/(kg*K))!

4 points

c)
In a first order approximation k is related to the square root of the velocity (k ~ Re0,5). Assume the new velocity inside and outside the pipes and estimate the new overall heat transfer coefficient!

6 points

d)
Calculate the new outlet temperature and the new mass flow of the cooling water (NTU-method or iterative process (solver!))! Is your assumption related to the velocity in c) correct?

11 points

Problem 4/05:








25 points in total

Mass transfer by pure diffusion in a thick membrane
Chemical sensors are one of the most important elements in innovative measurement and control systems. To get an idea of what happens in the sensor, let us assume a chemical reaction takes place on the surface, which changes the electrical properties of the sensor material. Thus a mass flow of a substance passing a thin membrane layer on the surface can be measured as an electrical signal. The mass flow itself is linear dependent on the concentration of the substance in the environment.

Your task is the determination of the molar flow inside a relatively thick ceramic membrane of 5mm thickness and a porosity of 50%., which is required to increase mechanical stability in deep-sea applications under high pressure. Does the „Stefanscher Verdrängungsstrom“ influence the molar flow? The pores of the membrane are great enough to allow free gas diffusion. Assume a diffusion coefficient of the substance of Ds = 1*10-5m²/s. The environmental pressure is 100atm, the atmosphere is gaseous and is to be assumed as ideal at 0°C. The surface of the sensor is 1squarecentimeter.

Solution guideline:

f) Sketch the problem (especially the graph with the concentration of the substance in the atmosphere inside the membrane versus location)!

4 points

Calculate the molar flow of the substance without the „Stefanscher Verdrängungsstrom“ for 5ppm, 5000ppm and 500 000ppm substance in the environment (1ppm = 1*10-6 mol/mol). Assume no mass transfer resistance from the environment to the membrane (concentration at the inlet of the membrane is equal to concentration in the environment) and a very fast chemical reaction (disintegration) on the surface of the sensor (concentration = 0)!

9 points

c)
Repeat the calculation with the „Stefanscher Verdrängungsstrom“!

10 points

d)
Discuss the result!

2 points

Problem 5/05:








25 points in total 

Mass Transfer by Convection in a Catalyst
Honeycomb-structured catalysts are state of the art for different processes in environmental technologies. Low temperature applications of these catalysts lead to condensation of inert components on the surface. Theses layers of relatively harmless substances reduce the activity of the catalyst and are to be evaporated by floating the catalyst with fresh hot gas or air.

Calculate the time required to eliminate 50% of the condensed substance of 1g in a catalyst with 35*35 parallel channels of 3mm * 3mm and a length of 15cm, if the velocity of the hot gas through the channels is 0,2m/s! The pressure of the hot gas is 1bar, the temperature is 100°C and the saturated concentration of the inert component at 100°C is 0,1g/m³!

viscosity of hot gas at 100°C:



hot gas


= 23 * 10-6m²/s

diffusion coefficient of inert substances in hot gas:

DiS,hot gas

= 1 * 10-5m²/s

Solution guideline:

j) Sketch the problem with a diagram indicating the concentration of the inert substance in hot gas expected, the thickness of the boundary layer and the local mass transfer coefficient SYMBOL 98 \f "Symbol"(x) versus length of a channel!

4 points

k) Calculate the average value of the mass transfer coefficient SYMBOL 98 \f "Symbol"m. For simultaneous built up of a fluiddynamical and thermal layer at the inlet of a pipe the heat transfer is reported for laminar flow:
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6 points

l) Determine the mass flow of the inert substance solved by an analytical or iterative method!

8 points

m) Estimate the amount of hot gas necessary for evaporating half of the inert substance and calculate the required process time!

4 points

n) Discuss the errors in the determination! Take attention to the local mass transfer coefficient SYMBOL 98 \f "Symbol"(x) and the average value SYMBOL 98 \f "Symbol"m! Are there any special effects at the inlet of the channels?

3 points

Problem 6/05:








25 points in total 

Ice-cream-production is an energy consuming industry due to cooling purposes. To minimise the consumption in freezing the mixture of milk, fat and water in different sizes and forms this non-steady-state heat transfer process should be evaluated in detail.

Your task is to show the influences of the heat transfer coefficient and the cooling temperature on the residence time of the ice cream inside the cooling chamber (the environment of the ice cream pieces is air). In a first order approximation the form of the ice cream pieces is close to a flat plate and the heat capacity of ice cream is higher than water, because the change from liquid to solid phase for all ingredients at different temperatures leads to broad interval, where the melting enthalpy and the real heat capacity is mixed and added to a quasi high heat capacity of round about 10000 J/(kg*K)!

Solution guideline:

a)
Sketch the problem and draw a diagram with the temperature profile inside the flat plate of ice cream! Assume a moderate and a good external mass transfer and show the influence of the (bath-)tempera​ture in the environment! How can you generate a very good external mass transfer in this process?

4 points

b)
How long does it take (time 1) to freeze a flat plate of ice cream of 2cm thickness (reduce the tempera​ture from 0°C to an average temperature of –20°C) if the bath temperature is held constant at –40°C?


 = 10 W/(m²*K)




cpice-cream = 10 000 J/(kg*K)


 = 0,4 W/(m*K)




ice-cream   = 1000 kg/m³

6 points

c)
Calculate the temperature on the surface and in the centre of the plate at the same time 1!

3 points

d)
How long does it take (time 2) to reduce the temperature from 0°C to–20°C in the centre of the plate if the bath temperature is held constant at –40°C?

4 points

e)
Determine the temperature in the centre of the plate at 1, if you reduce the temperature in the environment to –60°C!

4 points

f)
Determine the temperature in the centre of the plate at 1, if you increase the heat transfer coefficient  to 30 W/(m²*K) by intensive convection inside the cooling chamber (environment –40°C)!

4 points

Problem 1/06:
( cancelled






25 points in total

New set of Production Parameters

The last step in production of ceramic catalysts is called tempering, which is a process of heating up the catalyst to a temperature slightly over operation temperature to minimise sinter effects in the first part of their lifetime. Plate catalysts with a thickness of 4mm are heated up in an oven with an oven temperature of 620°C. Starting with room temperature (20°C) the surface temperature of the catalysts is measured at 560°C after 16minutes and 40seconds. Your task is to find the new set of production parameters (oven temperature and residence time in the oven) for new catalysts of 2mm thickness but of the same material!


  (ceramic catalyst) =    2,0 W/(m*K)


  (ceramic catalyst) = 2500 kg/m³


cp(ceramic catalyst)  =  800 J/(kg*K)



Solution guideline:

d) Sketch the problem and the estimated temperature profile in the plate catalyst for a moderate external heat transfer! What happens, if the thickness of the plate is reduced by a factor of two?

4 points

b)
Calculate the Fourier-number and the dimensionless temperature difference for the 4mm-catalyst!

4 points

c)
Take the Biot-number from the diagram and the temperature in the centre of the plate of 4mm!

4 points

d)
Calculate the new Biot-number and try to find the new Fourier-number by variation of temperature in the centre and on the surface of the catalyst!

8 points

e)
Determine the residence time from the new Fourier number and the oven temperature from the dimensionless temperature difference! Comments?

5 points

Problem 2/06:
( cancelled






25 points in total 

Cooling of a Computer Chip

A computer chip is located in the centre of an aluminium plate of 14,2cm length and 12mm width to archive a maximum temperature of 80°C at the chip during steady state electronic processing with a power of 1,6W. Your task is the estimation of the thickness of the plate for the required heat flow from the chip to the environment with a temperature of 20°C.

Solution guideline:

a)
Sketch the problem and the estimated temperature profile in the plate! (Reduce the problem to a one-dimensional case – no temperature gradient perpendicular to the length-direction!)

3 points

b)
The differential energy balance in the plate leads us to the following differential equation:
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C1 and C2 are integration coefficients to be found by additional conditions.


Please give two useful conditions for the determination of C1 and C2 if the heat flow through the end of the plate can be neglected!

6 points

c)
Please give the additional equation for the heat flow in the centre of the plate!

3 points

d)
Calculate the required value for m to fix the temperature in the centre to 80°C (iterative method necessary). Finally determine the required thickness of the plate from m!



 W/(m²*K)

SYMBOL 108 \f "Symbol"aluminium = 182 W/(m*K)

13 points

Problem 3/06:








25 points in total

Non-Steady-State Mass Transfer

The BF-Uhde-process was developed to minimise outlet concentration of sulphur dioxide and nitrogen oxides in flue gases from pitcoal power-plants simultaneously. The flue gas is passing a bed of granu​lated activated coke in horizontal flow, moving continuously with a slow motion through the bed from top down (cross flow).

The granulate is to be seen as a sphere particle of 6mm diameter. In a laboratory experiment it takes 1 minute to reach a load equal to 30% of the maximum load in a SO2 containing atmosphere similar to that in power-plant flue gases. After 4 minutes 65% of the maximum load is measured. How long should the residence time of the coke particles in the flue gas be to reach at least an efficiency of 98% in load?

Solution guideline:

a)
Sketch the problem and draw a diagram with the concentration profile of sulphur dioxide inside the activated coke! Draw the profile for a very good external mass transfer and for a moderate one! How can you generate a very good external mass transfer in this process?

4 points

b)
Calculate the dimensionless concentration differences for both cases (1 minute and 4 minutes)! Assume a Fourier-number and determine the Biot-number with 30% load and the correct diagram. Take now a Fourier-number four times higher than the assumed one and prove, if the same Biot-number is determined with the 65% load.

6 points

m) Repeat the procedure from b) until you find the same Biot-number for both loads! Calculate the Diffusion coefficient and the mass transfer coefficient ß for this case!

6 points

n) Determine the residence time of a 6mm pellet for 98% load. Decrease the diameter of the pellet to 4mm and the load of it after 10 minutes! Discuss the location in the bed where the condition similar to the laboratory can be found and the possibilities to increase the external mass transfer!

9 points

Problem 4/06:








25 points in total 

Mass Transfer in a Drying Process
Honeycomb-structured catalysts are state of the art for reduction of harmful substances in waste gases. The production of the ceramic monoliths requires first a drying of the fresh form and second calcination (burning) of the same. Drying must be carried out very carefully due to shrinking of the form during the process. Is it possible to eliminate the water from a channel inside a monolith (catalyst) in a manner, that the drying at the inlet is only ten percent faster than at the outlet?

The catalyst has parallel channels of 3mm * 3mm and a length of 60cm, the velocity of air inside the channels is 0,6m/s during the drying process at 50°C!

viscosity of air at 50°C:



air


= 18 * 10-6m²/s

diffusion coefficient of water in air:

DH2O,air


= 2,9 * 10-5m²/s

Solution guideline:

o) Sketch the problem with a diagram indicating the concentration of water expected in the air inside the monolith channels, the thickness of the boundary layer and the local mass transfer coefficient SYMBOL 98 \f "Symbol"(x) versus length of the channel!

4 points

p) Calculate the average value of the mass transfer coefficient SYMBOL 98 \f "Symbol"m. For simultaneous built up of a fluiddynamical and thermal layer at the inlet of a pipe the heat transfer is reported for laminar flow:
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6 points

q) Assume a relative humidity of 50% in the inlet of the monolith and determine the logarithmic concentration difference under the condition: [H2O]sm = 0,9*[H2O]gr (not more than 10% difference between inlet and outlet, saturation concentration[H2O]°25°C = 0,083kg/m³)! Prove, if the conductive and the convective mass flow are equal!

7 points

r) Repeat the calculations for an inlet humidity of 99% or solve the problem analytically! Does the problem have a solution? Discuss the result!

8 points

Problem 5/06:








25 points in total 

Energy Consumption in Distillation

In the laboratory for mechanical process engineering you can find a simple and small apparatus for production of distilled water. The lower part of the apparatus is an electrical boiler driven at environmental pressure, the upper part is a simple condenser made of glass with a coiled tube passed by tap water as cooling agent. The only fact known is, that the facility runs best, if the outlet temperature of the cooling (tap) water is 55°C. How long does it take to produce 3litre of distilled water?

The spiral pipe (coiled tube) in the condenser has 16 windings with 12cm diameter and the glass made pipe itself has 10mm external and 6mm internal diameter!

Solution guideline:

h) Sketch the apparatus and the expected temperature profile inside the condenser! Assume a tap water inlet temperature of 15°C!

4 points

b)
Calculate the heat exchanger area in the condenser (external surface of pipe) and the logarithmic temperature difference!

4 points

c)
Calculate the heat transfer coefficient  from Nulam for long fluiddynamical and thermal boundary layer in pipes

Nulam = 3,66

and the overall heat transfer coefficient k (H2O = 0,62W/(m*K), glass = 1W/(m*K), external is very good (condensation!) but the small pipe is different to a flat wall!)

7 points

d)
Calculate the heat flow in the condenser and the mass flow of tap water (H2O = 1000kg/m³, cpH2O = 4180 J/(kg*K)! Is the flow inside the pipe really laminar (H2O = 1*10-6m²/s)?

5 points

e)
Estimate the electrical energy consumption! How long does it take to produce 3litre of distilled water (hV,H2O = 2500kJ/kg)?

5 points

Problem 6/06:








25 points in total

Mass transfer by pure diffusion
A glass of Whisky (assume a mixture of water and 40vol% alcohol) stands in the light wind of a tropical night (100% humidity). The height of the glass is 9cm, 1cm covered with Whisky, the internal diameter is 8cm. How long does it take, to reduce the content of alcohol to 39vol%?

Assume no convection inside the glass! All temperatures are at 20°C and the total pressure is 1bar. The environment feeds the required heat flow for the evaporation of the liquid. The saturation concentration of the alcohol in air at 20°C is ethanol = 0,1kg/m³, the diffusion coefficient of alcohol in saturated air D = 2*10-5m²/s!

Solution guideline:

g) Sketch the problem (especially the graph with the concentration of alcohol in air versus location)!

4 points

b)
Give the equation of the molar flow and of the mass flow with and without the „Stefanscher Verdrängungsstrom“ (4 equations, please use accurate definitions for location and concentration)!

4 points

c)
Calculate the amount of alcohol evaporated at the end! The density of the liquid is 1000 kg/m3.

4 points

d)
Calculate the molar flow of diffusion and the mass flow of diffusion with and without the „Stefanscher Verdrängungsstrom“!

9 points

e)
Calculate now the required time to let the amount of alcohol pass and discuss the result?

4 points

Problem 7/06:








25 points in total 

Mass Transfer in Heterogeneous Catalysis
Honeycomb-structured catalysts are state of the art for reduction of harmful substances in waste gases. The form of the ceramic monoliths leads to low pressure drops and high mass transfer areas. But mass transfer is nevertheless the limiting factor if the catalytic activity of the ceramic surface is very high.

Your task is the maximum conversion of 0,1 mol% carbon monoxide in a waste gas passing the honeycomb structured catalyst under the assumption, that the catalytic activity is endless high (concentration on the surface is zero).

The catalyst has parallel channels of 3mm * 3mm and a length of 15cm, the velocity of waste gas inside the channels is 4m/s at 300°C!

viscosity of waste gas at 300°C:




waste gas

= 48 * 10-6m²/s

diffusion coefficient of carbon monoxide in waste gas:

DCO,waste gas
= 6,3 * 10-5m²/s

Solution guideline:

s) Sketch the problem with a diagram indicating the concentration of carbon monoxide expected in the waste gas inside the monolith channels, the thickness of the boundary layer and the local mass transfer coefficient SYMBOL 98 \f "Symbol"(x) versus length of the channel!

4 points

t) Calculate the average value of the mass transfer coefficient SYMBOL 98 \f "Symbol"m. For simultaneous built up of a fluiddynamical and thermal layer at the inlet of a pipe the heat transfer is reported for laminar flow:
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6 points

u) Determine the logarithmic concentration difference under the condition: [CO]sm = 0,1*[CO]gr and prove, if the conductive and the convective mass flow are equal!

7 points

v) Repeat the calculations for different outlet conditions until you find an iterative solution or solve the problem analytically! What happens, if the same volume flow passes the same amount of catalyst, but with half the velocity (2m/s and 7,5 cm length)?

8 points

Problem 8/06:








25 points in total 

Non-Steady-State Heat Transfer in a Cube

How long does it take, until the surface of an ice cube (3cm x 3cm x 3cm) starts melting on the surface after bringing it from the freezer (-18°C) into a room with normal conditions (22°C)?

Solution guideline:

a)
Sketch the problem and draw a diagram with the temperature profile inside the ice cube! Assume a good and a very low external mass transfer and show the influence of the (bath-)tempera​ture in the environment! Why do we expect a very low external heat transfer in this process?

4 points

b)
How long does it take to elevate the temperature of the ice cube of 3cm thickness from -18°C to a surface temperature of 0°C, if the environmental temperature is 22°C? Assume in a first order approximation, that the cube is a sphere with the same volume!



 = 6,05 W/(m²*K)



cpice-cube = 2 040 J/(kg*K)


     ice-cube = 2,25 W/(m*K)



ice-cube   =    917 kg/m³

7 points

c)
Repeat all calculations under the assumption, that the cube is a part of a plate with 3cm thickness!

5 points

d)
How long does it take to reach the melting temperature in both cases b) sphere and c) plate), if the ice cube is thrown into a drink with 22°C? ( = 100 W/(m²*K))? Discuss the result!

9 points

Problem 9/06:
( cancelled






25 points in total

Prediction of Properties from Temperature Profile

To investigate the non-steady-state behaviour of a new material (plastics), a globe of 6cm diameter (125g) of this material is thrown into boiling water. A thermocouple located in the centre of the globe indicates a temperature of 20°C at the beginning of the experiment. 37,5 minutes later the temperature has increased to 86°C! After reaching 100°C in the centre, the globe was taken out of the water and cooled down in the air of the laboratory. Now it takes 2,5 hours to reach a temperature of 68°C in the centre. Find out the thermal conductivity and the heat capacity of the material!

Solution guideline:

e) Sketch the problem and the estimated temperature profile in the globe for a very good and a very bad external heat transfer! Which profile do you expect in case of heating up in boiling water and in cooling down in the air? Calculate the density of the material!

5 points

b)
Calculate the dimensionless temperature difference after 37,5 minutes for heating up the globe in boiling water and determine the temperature conductivity a from the Fourier-number!

5 points

c)
Calculate the Fourier-number for 2,5 hours in cooling down the globe in air. Take the Biot-number from the diagram!

4 points

d)
Assume the minimum external heat transfer in the air with Numin = 2! (air = 0,25W/(m*K))! Calculate the thermal conductivity from the Biot-number!

6 points

e)
Finally determine the heat capacity and discuss the accuracy of your determination for the temperature conductivity, the thermal conductivity and the heat capacity! Further comments?

5 points

Problem 10/06:
( cancelled





25 points in total 

Heat Recovery in a Selective Catalytic Reduction Unit (SCR)

SCR is a technology to reduce harmful nitrogen oxides in flue gases. Unfortunately this catalytic process requires temperatures of at least 320°C to receive a sufficient conversion. In case of an installation of an SCR-unit after the absorption of SO2 in a pit coal power plant the flue gas is to be heated up from 60°C to 320°C. The gas passes a heat exchanger and a gas burner before the catalyst and again the same heat exchanger in counter current flow after the catalyst to recover the heat. The outlet temperature of the gas before the burner depends on the size of the heat exchanger and the amount of energy in the gas burner depends on the outlet temperature of the heat exchanger. In any case the catalyst temperature must be constant at 320°C.

Your task is the optimisation of the heat exchanger area, if the price is 500€/m² and the price for energy in the gas burner 0,015€/kWh.

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 of the gases in the heat exchanger!

6 points

b)
Calculate the heat flow through the heat exchanger area, if the flue gas is heated up from 60°C to 180°C (cpflue gas = 1kJ/(kg*K))! Determine the overall heat transfer coefficient k in case of PTFE as the heat exchanger material (calculation like a flat wall - both heat transfer coefficients  = 60W/(m²*K), PTFE has a thermal conductivity of 0,25W/(m*K) and the thickness of PTFE in the pipes is 1mm)! Calculate the required area and the price per kg of flue gas per second!

7 points

c)
Repeat all calculations from b) for outlet temperatures of 205°C, 230°C and 280°C!

3 points

d)
Determine the price for heating up 1kg/s of flue gas in the burner from 180°C to 320°C for a period of three years! Repeat the calculation for inlet temperatures in the gas burner of 205°C, 230°C and 280°C! Find out the minimum price for heat exchanger and energy in three years (draw a diagram total price versus temperature before burner)!

9 points
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