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Examination CT4491, Fundamentals of urban drainage - Answers
Date
: 11 April 2011
Time
: 9.00 - 12.00h 
This exam consists of 4 parts. Parts will be judged as follows: 

Q1: 4 points; Q2: 3 points; Q3: 3 points (all out of 10).
1. System design
A residential urban area with 3000 inhabitants is currently equipped with a separate stormwater system. The lay-out of the system is given in figure 1. The area is in a flat polder, with a constant surface water level. The groundwater level is at 80 cm below ground level; the first 1 meter of soil consists of sand, below 1 meter the soil consists of clay.  
The following design conditions apply:

- wall roughness



: kN = 2 mm
- Pipe profile 




: round

- Rainfall intensity (I)



: 120 l/(s.ha)
- wastewater production


: 10 l/inhabitant/h
- weir coefficient



: 0.9 m0,5/s

- connected surface area (A) section 2-3
: 2 ha

- connected surface area (A)section  3-4
: 1 ha
- connected surface area (A) section 3-5
: 1 ha
- connected surface area (A) section 2-6
: 2 ha
- bottom slope, all pipes


: 1/500




[image: image2]
Figure 1 Separate stormwater system
a. Calculate the required diameters to transport the flow and draw the energy gradient for the system (figure 1) between locations 1 and 4 and check for flooding.

Answer: determine flow in each section, assume flow velocity, determine minimum required diameter and choose nearest available diameter. 
Energy gradient: start at node 1, at surface water level – a stormwater system does not have a weir and stormwater flows directly to surface water. 
Calculate energy losses per section, based on Darcy-Weisbach. Calculate resulting energy head in each node. For details of calculation: see Excel file.
Energy level in node 4 is 2.22m, while ground level is +2.0m, so flooding occurs.

b. After camera inspection, it is found that half of the cross-section of pipe 2-3 is blocked by roots and sediments. Draw the energy gradient for this situation.

Answer: similar calculation as question 1a, for half blocked cross-section of pipe 2-3. 
Two assumption are possible: 
1) 50% of cross-section A is available. The effective diameter in that case is 70% of the original diameter.
2) 50% of diameter D is available; the effective diameter is 50% of the original diameter. 
For calculation: see Excel file.
The energy loss for section 2-3 amounts to 5.4m (option 1) and 33.7m (option 2), so flooding occurs over most of this section and upstream sections (3-4 and 3-5). 

c. Figure 2 shows 4 hyetographs of a design storm (T=2 yrs) and observed storms. The observed storms have similar characteristics as the design storm, in terms of total volume and peak rainfall intensity. Only the observed storm in the upper left graph caused flooding, the others did not. Explain why. 

Answer: The peak intensity of a storm event is critical for the transport capacity of urban drainage systems and the occurrence of flooding. While all hyetographs have similar characteristics to the design storm, the upper left storm consists of two peaks that occur shortly one after the other. This storm, even though it has a lower peak intensity, caused flooding, while the others did not, while peak intensities are higher than that of a Y=2 years design storm. The reason for this is, that at the beginning of the storm events the systems must have been empty, so the first 5 to 10 mm of the storm can be stored in the system, before the system starts to overflow and transport capacity becomes critical. Thus, the peak intensities are reduced by partial storage of the storm. In the case of the upper left storm event, system storage was filled by the first part of the storm so the second part had to be completely transported towards the overflow. Under this condition, the peak intensity was critical and exceeded the transport capacity, causing flooding to occur.
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Figure 2 Design storm T=2 yrs (dashed lines); observed storms (full lines)

2. Water quality aspects:

Figure 3 shows a graph of daily variation of flows from a combined sewer system to a wastewater treatment plant, during dry weather flow conditions. The graph shows variation of discharge (Q), TSS concentration, COD and filtered COD concentrations.

a. Explain the variations in Q and in TSS and COD concentrations in this graph

Answer: 
Figure 3 shows variations Q, COD and TSS concentrations; the concentrations are normalised (vary around 1) by dividing all concentrations by the related mean parameter concentrations. The flow, Q, varies with low concentrations during the night and high concentrations during the day, due to higher wastewater production. The concentrations of TSS and COD are also lower during the night and higher during day, even though the constitution of wastewater produced is not expected to vary (toilet flushing and washing machines produce the same concentrations during night and day). The concentration variations can be explained by the variation in flow: during night time, at low flow, sedimentation occurs, leading to lower concentrations being transported in the wastewater flow. During day time, flow rates, thus flow velocities, are higher and accumulated sediments are washed off, leading to higher concentrations being transported in the wastewater flow. The effect is less pronounced for filtered COD, because it is less influenced by settlable material. 

b. Explain what are the implications of these variations for the pollution load arriving at the treatment plant

Answer:
The pollution load is defined as the flow multiplied by pollutant concentrations. This means that during the night, the pollution is very low, while during the day the pollution load is more than twice as high compared to the nightly load. This has a negative effect on the efficiency of the wastewater treatment plant, which works most efficiently under constant flow and pollution load. 

Figure 4 shows a graph of daily variation of flows from a combined sewer to a wastewater treatment plant, during wet weather flow conditions. The graph shows variation of discharge (Q), TSS concentration, COD and filtered COD concentrations.

c. Explain the variations in Q and TSS and COD concentrations in this graph

Answer:
Figure 4 shows measured concentrations of TSS and COD and measured flow rate, before during and after a storm event. The flow increases almost 5-fold during the storm event; the variations in flow at the end of the storm event are caused by the intermittent operation of pumping stations as a result of slower filling of their pumping chambers. 
Pollutant concentrations increase at the beginning of the storm event as a result of washing off of pollutants in the system due to increased flow. Filtered COD concentrations hardly increase as they are not influenced by settleable materials. Pollutant concentrations decrease shortly after the first peak has passed, due to dilution with rainwater that has low pollutant concentrations compared to wastewater. 


d. Explain what are the implication of these variations for the pollution load arriving at the treatment plant.

Answer:
The pollutant load arriving at the treatment plant at the beginning of the storm event increases by a factor of 7 to 10 compared to the load before the start of the event. The wastewater treatment will be unable to cope with the high load and its treatment efficiency decreases dramatically. There is even a possibility that the high load completely disrupts the treatment process. 
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Figure 3 Observed variations of flow (Q) and concentrations of TSS, COD and filtered COD, over 24 hours, dry weather flow.
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Figure 4 Observed variations of flow (Q) and concentrations of TSS, COD and filtered COD, over 48 hours, including a storm event.
3. Pressurised pipes:
A small treatment plant is taken out of operation and the wastewater will be transported to a new treatment plant. The water board has already chosen the pipeline trajectory and a specific pipe (material and size). The pipeline length is 3.8 km and the selected pipe is an HPE pipe, size 200/177 (external/internal diameter). In order to minimise sedimentation, the water board requires a minimum velocity of 0.7 m/s. Furthermore, the water board has made a pre-selection of the pump. See the attached pump curve. You are asked to verify the hydraulic design. 

Other data:

Minimum water level
pump pit
= − 2 m NAP

Outflow elevation at WWTP

= + 4 m NAP

Wall roughness of new HPE pipe
= 0.1 mm

Wall roughness of used HPE pipe
= 0.5 mm

Kinematic viscosity


= 1.2e-6 m2/s

1) What is the minimum required discharge to minimise sedimentation?
Answer:
The minimum required discharge is determined by the minimum flow velocity:

vmin= 0.7 m/s; Q = v*A; A = 0.024 m2 (for D=0.177m) ( Q = 62 m3/h
2) Which two terms determine the total head in the system characteristic curve?
Answer:
Static head and dynamic head (or friction head): H = Hstat + Hdyn
3) Use the attached Moody diagram to determine the friction factors at the minimum required discharge for a new and used HPE pipe. Give the answer in 2 significant digits.
Answer:
Kinematic viscosity: 1.2e-6 (i.e.: 10-6); Re = 1e-5 (for v=0.7 m/s; D=0.177m)

New HPE: k=0.1 e-3 m; lambda = 0.020 or 0.021

Used HPE: k=0.5 e-3 m; lambda = 0.027

4) Draw the system characteristic curves for the new and used HPE pipe in the pump datasheet. Use the constant friction factors from your answer in 3).
Answer:
System characteristic: H = Hstat + Hdyn
Hstat = 6 m; Hdyn= C*Q2, where C = λ*L/(2gD)
Compute C for new HPE and for used HPE; draw graph for H as a function of Q

(for graph, see Excel file).

5) Which quadratic equation describes the pump curve?

Answer:

Read values for pump curve from the given graph and determine 2nd order polynomial:
H = 27 – 25*v2 or H = 27 – 0.00319 * Q2, where Q in m3/h

6) Compute the pump discharge for the new and used HPE pipe?

Pump discharge is found at the working point of the pump, where pump curve and system characteristic intersect, thus Hpump = Hsystem
Answer:
Hpump 
= 27 – Cpump *Q2
, Cpump = 0.00319

Hsys 
= 6 + C​sys * Q2

, Csys   = 0.0028 (new) and 0.00377 (used) 

Hpump – Hsys = 0 = 27 – Cpump *Q2 –  6 – C​sys * Q2 = 21 – (Cpump + C​sys) * Q2
Hence Q = sqrt(21 / (Cpump + C​sys))

Qnew = 59 m3/h

Qused = 55 m3/h

7) What would be the pumping station discharge with two pumps in operation (in parallel)?
Answer:

Pumps operating in parallel pump a double discharge at the same head (see graph Excel-file).  
The calculation is then similar to 6) for C in the pump curve 4 times smaller (according to the new parabolic graph, see Excel-file).

Qnew = 76.5 m3/h

Qused = 68 m3/h

Relevant formulas :

	Weir formula:
	Local losses:
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	Where:

Q
Discharge in m3/s

m
weir coefficient in m0,5/s

h
height of overflow jet in m
	Where:

(H
Energy loss in m

ξ
Loss coefficient (dimensionless)

Q
Discharge in m3/s

A
Wet cross-section in m2
g
gravity acceleration in m/s2

	Friction losses:
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	Where:

(H
Energy loss in m

C
Chezy coefficient in m0,5/s

λ
friction factor (dimensionless)

Q
discharge in m3/s

L
length of conduit

Rh
hydraulic radius in m

A
wet cross-section in m2

u
flow velocity
	The hydraulic radius Rh is defined as: 
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Where: 

A
Wet cross-section in m2
P
Wetted perimeter in m

	The Chezy coefficient is defined as:
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	Where:

C
Chezy coëfficiënt in m0,5/s

Rh
hydraulic radius in m

kn
wall roughness in m

	The friction factor λ is defined as:


[image: image12.wmf]13.71

2log()

/

n

kD

l

=


	Dimensionless flow number:
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Where:

Q
Flow discharge (water or air)

A 
Flow cross-section

D 
Flow diameter
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Flow at normal depth:
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