Written exam CT4491 April 2010
1. Given a residential urban area of 1 ha, 100 houses and 250 inhabitants. The groundwater level is at 60 cm below ground level, the first 1 meter of soil consists of sand. The current system is a combined sewer system. 
a. Calculate the average annual stormwater flow and the average annual wastewater flow for this area.
b. Calculate the peak stormwater flow and the peak wastewater flow for this area
c. The urban drainage system in this area is to be replaced, which gives an opportunity for improvement of the system. The houses in the area remain in place.
Give two options for improvement of the system and discuss at least two advantages and two drawbacks of each of the two improvements. 

2. Given the stormwater sewer profile in the sketch below. Given is a rainfall intensity, connected surface per manhole (1, 2 and 3), distance between manholes and surface water level. Weir coefficient: 1.7 m0,5/s; wall roughness k: 2 mm.
a. Design the dimensions of this system: flow per pipe section, diameters of pipes, height and width of overflow weir
b. Calculate the energy gradient and check for flooding.
c. If flooding occurs: explain what solution(s) can be applied to prevent flooding.
d. Now we assume that the system were combined instead of separate stormwater: calculate the amount of storage in the system. Assume that the pumping capacity for rainwater (“pump-overcapacity”) is sufficient to empty the storage in a period of 10 hours. Calculate the storage of the system, the pump overcapacity and determine the overflow frequency.
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3. Sewer deterioration can be described by the following causal model: 
Influences → defects/dysfunctioning → impacts
a. Give 3 examples of influences on sewer systems, describe the defects they cause and the final impact on sewer system functioning.
b. Choose 1 of the influences from your answer to question 3a and describe 2 possible methods to investigate this influence, 2 to investigate the resulting defects and 2 to investigate the impacts on system functioning. 
c. In current practice, sewer inspections are the main information source used to make sewer rehabilitation decisions. Discuss advantages and disadvantages (at least 3 each) of sewer inspections.
4. Pressurised pipes:
A pumping station transports wastewater to the treatment plant via a 5 km long, HDPE pipeline with an internal diameter of 600 mm. Pumping station design data is tabulated below. The pipeline includes one inverted siphon to cross a channel. The slope angle of the inverted siphon is 11° and the length of the downward sloping section is 40 m long.  

Pumping station design data:
friction factor (λ)


= 0.015
pump curve


= see attachment
discharge side D


= 500 mm
static head



= 5 m
Running time per DWF cycle
= 5 min
Number starts per hour

= 6 hr-1 

a. The system characteristic can be expressed as H = Hstat + C*Q2, with discharge Q and system head H. What is the value of coefficient C?
b. Draw the system characteristic in the attached graph with the pump curve. 
c. What is the pump’s duty point (head and discharge)? 

The designer has set the switch off level a bit too low. When the pump stops, the pump bell mouth gets aerated, filling a length of 1.68 m with air on the discharge side of the pump. 

d. Why does the pit level drop further to the bell mouth after a pump stop?
e. What is the time average air discharge in m3/hr?
f. Show that the dimensionless air flow number equals 0.0008?
g. Use the gas pocket head loss graph to determine the system characteristic with the air pocket head loss in the inverted siphon. Sketch the system characteristic in the diagram. 
h. What is the new duty point (head, discharge)?

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:
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	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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ANSWERS
1. Given a residential urban area of 1 ha, 100 houses and 250 inhabitants. 
a. Calculate the average annual stormwater flow and the average annual wastewater flow for this area.
Answer

Annual stormwater flow: assume annual rainfall: 800 mm; annual stormwater flow: annual rainfall*area: 0.8x104 = 8000 m3
Annual wastewater flow: assume daily wastewater production: 120 l/p/day; annual wastewater flow: daily ww prod*nr of inhab*days/year: 250x120x365 = 10,950 m3
b. Calculate the peak stormwater flow and the peak wastewater flow for this area
Answer

- Assume peak stormwater flow: 60 l/s/ha (or 90 or 120 l/s/ha); peak stormwater flow: peak flow*area: 60x104 /1000 = 600 m3/s
- Assume peak wastewater flow: 1.5x120 l/p/day; peak wastewater flow: peak flow*nr of inhab*conversion days to seconds: 1.5*120*250 / 24/3600 = 0.5 m3/s
c. Options for improvements + advantages and drawbacks: 

Answer

1. apply pervious pavement for street
+ reduction of rainwater flow to wwtp, restoration of natural water cycle
- potential clogging of pavement, infiltration of pollutants in run-off to groundwater

2. replace combined with separate sewer system: streets+front roofs to stormwater, wastewater+back roofs to wastewater
+ reduction of rainwater flow to wwtp, reduction of combined sewer overflows
- 2 systems of pipes more expensive, risk of wrong connections to stormwater system
3. replace combined with separate sewer system: separate house connections
+ no more combined sewer overflows, reduction of rainwater flow to wwtp
- 2 systems more expensive, separation of house connections difficult thus expensive and time-consuming, risk of wrong connections
2. Given the stormwater sewer profile in the sketch (figure 1). Given is a rainfall intensity, connected surface per manhole (1, 2 and 3), distance between manholes and surface water level. 
a. Design the dimensions of this system: flow per pipe section, diameters of pipes, height and width of overflow weir 
Answer
Step 1: calculate stormwater flow per section: 1-2 240 l/s; 2-3 480 l/s; overflow at 3: 720 l/s. 
Assume run-off coefficient, e.g. 0.5, then flow per section: 1-2. 120 l/s; 2-3 240 l/s; overflow: 360 l/s

Step 2: choose diameter, assume v=1 m/s, for run-off coeff. 0.5: 
1-2: required cross-section (Areq) = 0.12 m2, D=400 mm; 2-3: Areq = 0.24 m2, D=600 mm
Step 3: Calculate height of overflow jet:

Q = 360 l/s/ha; H=(Q/mB)^2/3
For m=1.7, B=1m: H = 0.36 m (flooding at manhole 3); increase B: B=2m: H = 0.22 m. ok.
Step 4: assume height of overflow weir crest: 10 to 20 cm above surface water level: weir crest height: NAP+0.1 m; 

Starting level energy gradient: weir crest+Hoverflow: NAP+0.32m (for B=1m:NAP+0.46m
Starting level piezometric gradient: H-v2/2g: NAP+0.39m (for B=1m: NAP+0.51m)

b. Calculate the energy gradient and check for flooding.
Answer
Calculate energy loss 2-3 and 1-2:
dH1-2 = λ*L/D*v2/2g; v=Q1-2/(0.25πD2); λ=0.03: dH1-2 = 1.4 m (or 1.5m for formula with C instead of λ, C=50).
dH2-3 = 0.66 m (or 0.68m for formula with C)

Compare energy (or piezometric) level with ground level: 
Manhole 3: weir crest level + Hoverflow: NAP+0.42m (or piezometric NAP+0.39m); ground level NAP+0.5m: ok

Manhole 2: H = Hmanhole1+dH,1-2 = NAP+1.82m; ground level NAP+0.6m: not ok

Manhole 1: H = Hmanhole2+dH,2-3 = NAP+2.46m; ground level NAP+0.7m: not ok

c. If flooding occurs: explain what solution(s) can be applied to prevent flooding.

Answer

- Increase diameters; raise ground level; disconnect run-off surface; decrease run-off coefficient
E.g. increase diameters: to D1-2=800mm, D2-3=900mm
Then: dH1-2=0.04m and dH2-3=0.09m. 
d. Now we assume that the system were combined instead of separate stormwater: calculate the amount of storage in the system. Assume that the pumping capacity for rainwater (“pump-overcapacity”) is sufficient to empty the storage in a period of 10 hours. Calculate the storage of the system, the pump overcapacity and determine the overflow frequency.
Answer
For D1-2=400mm, D2-3=600mm: Storage volume per section: 0.25*π*D^2*L. Total storage volume: 122m3. Express storage volume in mm: divide by total connected surface*run-off coeff. Storage volume: 2mm. Pump-overcapacity: 0.2 mm/h. Overflow frequency, read from Veldkamp graph: 80. 
3. Sewer deterioration can be described by the following causal model: 
Influences → defects/dysfunctioning → impacts
a. Give 3 examples of influences on sewer systems, describe the defects they cause and the final impact on sewer system functioning.

Answer

- wastewater – corrosion – loss of structural strength – collapse

- roots- reduction of pipe diameter – increase in overflow frequencies and volumes, flooding

- subsidence – opening of joints/reduction or standstill of flow – leakage/loss of storage
b. Choose 1 of the influences from your answer to question 3a and describe 2 possible methods to investigate this influence, 2 to investigate the resulting defects and 2 to investigate the impacts on system functioning. 

Answer

-subsidence: measure ground level variation, measure pipe gradient variation; inspect standing water; inspect corrosion, measure number and volume of overflows
c. In current practice, sewer inspections are the main information source used to make sewer rehabilitation decisions. Discuss advantages and disadvantages (at least 3 each) of sewer inspections.
Answer

-Advantages: readily available method, experience, direct image of pipe-inside, many defects can be inspected at once

- Disadvantages: inspection results are subjective and unreliable, defects are observed instead of the impacts that are of interest, looking at video images very time-consuming and use of coding hides much information

4. a. The system characteristic can be expressed as H = Hstat + C*Q2, with discharge Q and system head H. What is the value of coefficient C?

Answer

- C=λL/(2gDA^2)=79.7 s2/m5 (for L=5000m; D=0.6m)
b. Draw the system characteristic in the attached graph with the pump curve. 

Answer

- calculate H for increasing Q (in m3/s!!) and draw line in graph:

	Pump curve
	

	Q [m3/h]
	H [m]

	0
	25

	250
	25.5

	500
	25

	750
	23.5

	1000
	21.5

	1250
	19

	1500
	16

	1750
	12


 
c. What is the pump’s duty point (head and discharge)? 

Answer

- point in graph where H crosses Q 

d. Why does the pit level drop further to the bell mouth after a pump stop?

Answer

- Pump’s inertia transports a volume of water from the pump pit.
e. What is the time average air discharge in m3/hr?

Answer

- air pocket: 1.68*cross-section of discharge pipe (for D=0.5m!)*6 times per hour: 1.98m3/h or 0.55l/s.
f. Show that the dimensionless air flow number equals 0.0008?
Answer

Dimensionless air flow number: vair/sqrt(gD); v=Qair/A (for D=0.6m!!) 
g. Use the gas pocket head loss graph to determine the system characteristic with the air pocket head loss in the inverted siphon. Sketch the system characteristic in the diagram. 
Answer

- Calculate elevation difference of inverted siphon: L*sinθ=40*sin(11deg in rad)=40*sin(0.19)=7.63m
Recalculate H for range of Q and draw system characteristic:
- calculate dimensionless liquid flow number for a range of discharges Q

- calculate (read from graph): dh/ L*sinθ. Calculate gas pocket head loss for range of Q

- calculate system head(= head without air + air pocket head loss) for range of discharge Q

- draw system characteristic

h. What is the new duty point (head, discharge)?
Answer
- point in graph where H crosses Q (or determine with 1st order (linear) approximation










































Rainfall intensity: 60 l/s/ha


Connected surface per manhole: 4 ha; 50/50 paved/unpaved


Distance between manholes: 400 m 





Surface water level: NAP 0.0m





Ground level 


Manhole 1: NAP+0.5m


Manhole 2: NAP+0.4m


Manhole 3: NAP+0.3m
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