Water Resources – Spring ’99

Problem Guide
Chapter 11: Pressure Conduits (read sections 1, 2, 6, 9-11, 13, 17, 19, 20, 22, 24, 26, 27) 

Estimating flow using the Darcy-Weisbach, Manning, and Hazen-Williams equations

Darcy-Weisbach:  
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Where hL = headloss, f = friction factor (see Figure 11.2), L = length, D = Diameter, V = velocity, and g = gravity.  Note:  solution requires iteration because f depends on V.

For turbulent flow (Reynolds number > 2000) an explicit equation is available:
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, where e = absolute roughness and 
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 = kinematic viscosity.  This equation is based on the Colebrook equation, which gives results within 10-15 % of experimental.

Manning: 
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Where C1 = 1.49 for English units and 1 for SI, n = roughness coefficient (See Table 10.1), R = hydraulic radius = flow area / wetted perimeter, S = energy gradient = hf/L. Note: Inconsistent unit equation, for the equation to work you must use: V in ft/s, R in ft. (English) or V in m/s, R in m (SI ).
Hazen-Williams: 
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Where C2 = 1.318 for English units and 0.85 for SI and CH = the Hazen-Williams coefficient (see Table 11.1). Note: Inconsistent unit equation, for the equation to work you must use: V in ft/s, R in ft. (English) or V in m/s, R in m (SI ).

Note:  all three flow estimation equations can be written in the form 
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*English Units only, L and D are in ft, g is in ft/s2, Q is cfs, f, n, and CH are unitless.

Estimating flow in pipe networks (Hardy Cross)

Primary Assumptions: 

I. The algebraic sum of the pressure drops (headloss) around any closed loop must be zero.

II. The flow entering a junction must equal the flow leaving it. 

Hand Solution Procedure:  

(1) Draw the pipe network, being sure to include all flow inputs and outputs.  Record all the relevant pipe information (L, D,…).

(2) Assume reasonable amounts and directions for all network flows, being careful to meet assumption II and taking into account pipe parameters, such as D, L, etc., i.e., all else equal, a short wide pipe will transmit more flow than a long narrow pipe.

(3) Identify and label just enough loops to include every pipe.

(4) Note that clockwise is positive.

(5) Pick headloss estimation equation: Darcy-Weisbach, Manning, or Hazen-Williams. If Darcy-Weisbach is chosen, you’ll have to assume f values.

(6) Calculate K for each pipe.

(7) Calculate  for each loop: 
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Where the “c” subscript stands for clockwise flows, cc stands for counterclockwise, and x depends on the flow equation used. Note: Qc and Qcc are always positive.

(8) Update the flow in each pipe in loop L using the following equations.

Clockwise flow: 
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Counterclockwise flow: 
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Clockwise Flow in pipe in two loops: 
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, where L = loop and OL = other loop.

Counterclockwise Flow in pipe in two loops: 
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Note: Qc and Qcc are always positive.

(9) If  is small, stop.  If  is not small, go to step (7) and repeat using the newflows.  What’s a small value for ?  It depends on how much error you’re willing to accept.  In this class, we’ll stop when  is less than 10 % of your typical flow, unless otherwise indicated.  

Note:  if your initial flow guesses are way off or violate assumption II, the ’s will not converge to zero.  If this happens, go back to step (2) and try again!

Measuring flow using a differential head meter

Bernoulli’s equation can be used to derive the general form of the equation for a differential head meter.  The final form, given below, is the result of some simplification.

Flow in a differential head meter (venturi, nozzle, or orifice) can be estimated as: 
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Where Cd is a discharge coefficient specific to the meter, A2 is the flow area at the constricted pressure measuring point, 
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 is the hydraulic grade line, z is elevation, p is pressure,  is specific weight, and h is the height of water in a pressure tap above a reference elevation. 
Chapter15: Water-Supply Systems (read sections 1-4 and 19-27)

Estimating pressure in a water distribution system

Use Bernoulli’s equation: 
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Where Z is elevation, p is pressure, g is specific weight, hp is pump head, hL is headloss, and A and B are points along a pipe.

Assuming that one knows the following,

(a) All the flows in a pipe network (e.g., after completing the Hardy Cross method).

(b) All the appropriate pipe information (D, L,…).

(c) The relative elevations of all points of interest in the pipe network.

one can determine the pressure at any point in the system.

Hand Solution Procedure:  

(1) Draw the pipe network and record all necessary pipe, flow, and elevation information.

(2) Select the point where pressure information is needed.

(3) Identify the nearest point where pressure is known (“nearest” in the sense that travelling between the two points uses the fewest pipes).

(4) Starting at the point of known pressure, calculate the headloss between pipe junctions, until you reach the desired location.  Use any of the headloss estimation equations: Darcy-Weisbach, Manning, or Hazen-Williams

(5) Determine the change in headloss between the two points by summing headlosses, remembering that headloss is positive if “travel” is with flow and negative if “travel” is against flow.  

(6) Once the change in headloss is determined, calculate the change in pressure using Bernoulli’s equation.  Note:  the velocity head can probably be ignored with little error.  

Analysis of the operation of an elevated storage reservoir

Three flow conditions are possible:

(a) Water demand is low, discharge from pump at water treatment plant supplies water demand and fills the elevated storage.

(b) Water demand is high, discharge from both the pump and elevated storage is used.

(c) Pump discharge just equals water demand, no flow from elevated storage.

Let Qpc = Flow of water from water treatment plant to pump to city, Qce = Flow of water from city to elevated storage, Qec = flow of water from elevated storage to city, QD = water demand, zp = elevation of water treatment plant pump, zc = elevation of city, ze = elevation of water in elevated storage, hLpc = headloss from pump to city, hLce = headloss from city to elevated storage, hLec = headloss from elevated storage to city, Ep = velocity and pressure head at pump, Ec = velocity and pressure head at city.  
Hand solution procedure (assuming that ze is relatively constant):

Use continuity and Energy (Bernoulli’s) equation to write equations for each condition.

Condition (a) Low demand: 

(1) Four equations: Qpc – QD = Qce  and  zp + Ep = ze + hLce + hLpc, and two headloss equations.

(2) If QD, zp, ze, Ep, and pipe characteristics are known, write each headloss in terms of Qpc, using the first continuity equation and either the Darcy-Weisbach, Manning, or Hazen-Williams equation.  The resulting energy equation will have one unknown, solve by trial and error.

Condition (b) high demand:

(1) Five equations: Qpc + Qec = QD;  zp + Ep = zc + Ec + hLpc; ze = zc + Ec + hLec, and two headloss equations.

(2) If QD, zp, ze, Ep, and pipe characteristics are known, assume a value for Ec and solve each energy equation for its headloss. Use each headloss to estimate flow. Check to see if the continuity equation holds. If not, try another value of Ec.  

Condition (c) no flow from elevated storage:

(1) Equations are Qp = QD; zp + Ep = Zc + Ec + hlpc; zc + Ep = Ze 

(2) If QD, zp, ze, Ep, and pipe characteristics are known, solve first equation for Qp, then the third for Ep, then the second for Ec.

Chapter 2: Descriptive Hydrology (read sections 1-14)

Estimating average rainfall from a number of rain gauges using a Theissen network

Because rain gages are rarely distributed evenly, one often weights the value obtained from each rain gage by the amount of land area it best represents. If topography is ignored, the Theissen network method gives good results.

Hand solution method:

(1) Obtain a map showing the location of rain gauges and the boundary of the area of concern (e.g., a basin).

(2) Draw dotted straight lines between adjacent rain gauge and identify the midway point on each line.

(3) Draw light lines that are perpendicular bisectors of the doted lines.  Darken portions of these lines to create polygons around each rain gauge, such that each polygon contains land closest to the enclosed rain station.

(4) Determine the area of each polygon (by planimeter or counting squares, etc.)

(5) The Theissen weighted average rainfall is: 
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where Rg is the rainfall at rain gauge g, Ag is the area of the polygon around rain gauge g and the summation of Ag is the total area.  

Estimating stream flow using measurements of velocity along a cross section

Assuming that an average velocity can be obtained for a number of small sections along a cross section of stream, one can determine stream flow.

Hand Solution Procedure:

(1) Identify a cross section of stream and divide it into vertical sections

(2) Determine the width and average water depth of each section, from these, calculate the area of each section, As = Ws Ds where As = the area of section s, Ws = the width of section s, and Ds = the average depth of section s

(3) Determine the average velocity, Vs, in each section as (a) the average of the velocities at 0.2 and 0.8 average depth or (b) the velocity at 0.6 average depth.

(4) Estimate the flow through each section as Qs = Vs As, where Qs = the flow in section s.

(5) Estimate the flow through the entire cross section of the river as the sum of all Qs 

Chapter 3: Quantitative Hydrology  (read sections 1-8, 11-13)

Using the Rational method to estimate peak flow from a drainage area.

1. Identify the drainage area boundary of concern.

2. Determine the drainage area size, A (acre).  For the rational method to apply the drainage area should be less than 50 to 100 acres (some texts say 10 – 20 acres).  The rational method can unacceptably overestimate peak flow for large areas.

3. Determine the time of concentration, tc (the time required for rain falling on furthest part of the drainage area to reach the outlet).  This can be done using any one of a number of formulas or figures.  In this class, you will be given the time of concentration.  For the rational method to be applicable, the time of concentration of the drainage area should not be more than 20 minutes.  

4. Determine the appropriate rainfall intensity, I (in/hr). This will depend on the recurrence interval used (Tr), which in turn depends on the purpose of the peak flow estimation.  It also depends on the duration of the storm of interest, which is usually taken to be equal to tc, as this provides the largest peak flow.  For now, you will be given the rainfall intensity. 

5. Determine an appropriate runoff coefficient, C.  The runoff coefficient determines what fraction of the precipitation falling on a drainage area reaches the outlet.  The more impervious the surface, the higher the coefficient.  The Table of C values given below is for storms with recurrence intervals (Tr) ( 10 years.  C is increased for larger storms (higher Tr); they are assumed to send a greater fraction of precipitation to an outlet, as the ability of the drainage area to accept infiltration decreases as soil becomes saturated.  

Runoff Coefficients for Recurrence Interval ( 10 years* 

Description of Area
Runoff Coefficients
Character of Surface
Runoff Coefficients

Business

Pavement


Downtown
0.70 to 0.90
Asphalt or concrete
0.70 to 0.95

Neighborhood
0.50 to 0.70
Brick
0.70 to 0.85

Residential

Roofs
0.70 to 0.95

Single Family
0.30 to 0.50
Lawns, sandy soil


Multiunits, detached
0.40 to 0.60
Flat, 2 %
0.05 to 0.10

Multiunits, attached
0.60 to 0.75
Average, 2 – 7 %
0.10 to 0.15

Residential, suburban
0.25 to 0.40
Steep, 7 % or more
0.15 to 0.20

Apartments
0.50 to 0.70
Lawns, heavy soil


Industrial

Flat, 2 %
0.13 to 0.17

Light
0.50 to 0.80
Average, 2 – 7 %
0.18 to 0.22

Heavy
0.60 to 0.90
Steep, 7 % or more
0.25 to 0.35

Parks, cemeteries
0.10 to 0.25



Railroad yard
0.20 to 0.35



Unimproved
0.10 to 0.30



From ASCE Manual of Practice # 37, 1970, as found in Hydrology, 2cd ed., by Wanielista et al. 1997.

* For 25 yr and 100 yr Recurrence Interval multiply runoff coefficients by 1.1 and 1.25, respectively, with the product not to exceed 1.

6. Estimate peak flow as Qp = CIA.  Note:  Qp is in cfs, I in in/hr, and A in acres.  The exact equation has a units conversion of 1.008, but this is usually taken to be 1.  

Chapter 4: Groundwater (read sections 1-10, 12-22)

Estimating groundwater flow using Darcy’s Law

Flow through saturated porous media is proportionate to the slope of the energy line.

Darcy’s Law is q = KJ

where q = specific discharge = Q / A, Q = flow (A = Area through which flow occurs), K = saturated hydraulic conductivity, with units of velocity, and J = the slope of the energy line (the energy gradient), unitless.  

Useful permutations: Q = KAJ and Vave = q/n, where Vave = average velocity through area A, and n = porosity.  

The energy line is parallel to the water table in an unconfined aquifer.  It is parallel to the piezometric surface (in terms of head) in a confined aquifer.

Estimating aquifer properties from well tests

There are a number of ways to estimate hydraulic conductivity and/or the storage coefficient using wells.  Some involve pumping, others involve quickly displacing water in a well.  Two that involve pumping are given below.

Under equilibrium conditions (Theim equation): 
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Where H equals the depth from the original water table to the aquifer bottom, h2 and h1 are depths from observation well water level to aquifer bottom at r2 and r1, the respective horizontal distances from the well to the points where h2 and h1 are observed.  The equation works for aquifers that are either confined (exactly) or unconfined (approximately).  Well must completely penetrate aquifer and drawdown must be small compared to aquifer thickness.  It often takes years to achieve equilibrium.  

Nonequilibrium conditions (Theis equation):

(1) Plot r2/t versus Z on logarithmic paper, where r = the radius at which a drawdown of Z is observed at time t. 

(2) Create a “type curve” of u versus W(u) on logarithmic paper (use Table 4.2). Note: the r2/t versus Z  and type curve graphs must have the same scale (i.e., log units the same).  This can be achieved by using purchased log-log paper with the same scale for each graph, or taking care when generating computer graphs.  Only use computer generated graphs if you can incorporate enough gridlines for accurate interpretation.

(3) Overlay the two graphs and, keeping their axes parallel, lay the raw data graph along the type curve graph such that they follow each other.  

(4) Read the coordinates of a common point on the two curves to determine values of Z, r2/t W(u), and u and use to determine T (transmissivity) and S (storage coefficient) using the equations given below. Note, T = KB, where B is the depth of the aquifer.
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.  Rearranged, the equations are 
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Chapter 5: Probability Concepts in Planning

  (read sections 1-4, 9-10,12-15)

Hydraulic structures are often built to withstand the N-year flood (e.g., a 100-year flood) or a N-year storm of X duration (e.g., a 15-year storm of 24 hour duration), where N is called the recurrence interval in years.  This is done in order to have an idea of how often the structure will fail (flood, overflow, etc.).  Two methods for relating flood magnitude and the recurrence interval are shown below.

Estimating the probability/recurrence interval of relatively frequent floods

(1) The recurrence interval of a given peak annual flood can be estimated as 
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, where N = number of data points and m = the rank of the flood (i.e., the largest flood has rank 1, the smallest has rank N). 

(2) The probability of getting that flood in any single year is P = 1/Tr.

(3) The probability of getting that flood once in N years is J = 1 – (1 – P)N.

Note:  This method does not work well for the floods of higher rank.  The exact rank at which the formula has unacceptable error depends on the number of data points.  The more data points, the higher the rank.  

Estimating the probability/recurrence interval of relatively rare floods using the Gumbel distribution (one of several different methods)

Hand Solution Method

(1) From annual flood data, calculate the average and standard deviation of the maximum annual flood, X.  Use all of the available data.  Note:  The method will not work well for short data sets, especially if a very rare event is included.  

(2) 
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(3) 
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Chapter 7: Reservoirs (sections 1-4)

Selecting river-reservoir capacity using a mass curve

Reservoirs store water for times when demand is high or other sources are inadequate.  Determining the required capacity of a river-reservoir depends on the rates and variation in input and output.

Hand Solution Method:

(1) Plot a mass curve, i.e., river flow data versus time. (Note: monthly data is most common; however, for very large reservoirs yearly data may suffice, and for small reservoirs it may be necessary to use weekly or even daily data).  Use as much data as is available.  

(2) Determine the demand line slope, i.e., that slope that represents the design water demand.

(3) Starting at “high” points on the mass curve, draw demand lines.  

(4) The maximum vertical distance between demand line (above) and mass curve (below) is the required storage, read off of the y-axis.

Excel Solution

(1) Create a time column (Day, Week, Month, or even Year, as appropriate). This is column (1)

(2) Create a column of mean daily river flow versus time.  This is column (2). (Note: monthly data is most common; however, for very large reservoirs yearly data may suffice, and for small reservoirs it may be necessary to use weekly or even daily data).  Use as much data as is available.

(3) Create a column of demand flow for the same time step used in column (1).  This is column (3). 

(4) Subtract column (2) from column (3).  This is column (4), the net outflow from the reservoir.  

(5) Identify the earliest time where positive net outflows occur over a significant time period.  Determine the cumulative net outflow from the start of this period until the cumulative outflow becomes negative.  This is column (5). The maximum cumulative outflow is the required storage capacity during this period.

(6) Repeat the previous step for the next appropriate period.  Continue until the end of the data set is reached.

(7) The maximum storage capacity identified in the previous two steps is the required storage volume of the reservoir.

Chapter 10: Open Channel Flow (read sections 1-13)

Calculating uniform flow using Manning’s equation

1. Determine appropriate n for channel material

2. Estimate flow area and wetted perimeter, then calculate R

3. Calculate slope

4. Calculate V and/or Q:  
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Q = V A, where V = velocity, n = Manning’s roughness coefficient, R = hydraulic radius = A/P, A = flow area, P = wetted perimeter, S = channel slope, Q = flow.

Calculating uniform flow for partially full circular pipes

1. Determine full flow discharge or velocity for the pipe (Manning’s equation), assuming that it is flowing just full (open channel flow conditions apply)

2. Calculate y/D, where y = flow depth and D = pipe diameter

3. Use Figure 10.3 (or equivalent) to determine Q/Qfull and/or V/Vfull 

4. Calculate Q and/or V 

Identifying the most efficient cross section (hydraulic efficiency or best hydraulic section)

1. Determine the minimum possible wetted perimeter for a given area, for the specified channel shape

Calculating normal depth for a given flow 

1. Write area and hydraulic radius in terms of y 

2. Solve 
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 for yn (normal depth)

3. Solution is by trial and error

Calculating critical depth for a given flow

1. Write area and width of flow channel at water surface (B) in terms of y 

2. Solve 
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 where B = width of flow channel at water surface

3. For most channels, solve for yc by trial and error

4. For rectangular channels, solve directly: 
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where q = discharge per unit width of channel

Identification of flow as supercritical or subcritical

1. Calculate critical depth, yc 

2. Calculate normal depth, yn 

3. If yn > yc, flow is subcritical (Slope is mild)

4. If yn < yc, flow is supercritical (Slope is steep)

Measure flow using a rectangular weir (Sharp crested, flat weir that spans a rectangular flume)

1. Determine width of channel, L

2. Determine height of water relative to top of weir (H), measured at a specified up stream location (Given in problems used for this course)

3. Calculate weir coefficient, K


[image: image32.wmf]P

H

K

05

.

0

40

.

0

+

=

, where P = height of weir relative to channel bottom

4. Calculate flow, 
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Measure flow using a venturi (Parshall) flume

1. Identify ha, hs, W, and B (See Figure 10.12).  ha = water depth at a specific point in the convergence section of the flume, while hs = the water depth in the throat.  W is the width of the throat, while B = length of the convergence section.

2. If hs/ha < 0.7, use the formulas given here.  If not, use a formula for submerged flow (not covered in this course).  In this course, if hs is not given assume the formulas apply.

3. Formula a: Calculate the flow as 
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4. Formula b: Estimate K using Figure 4-39 [from Roberson, Cassidy and Chaudhry (1998) Hydraulic Engineering, John Wiley & Sons: New York], then estimate flow as 
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FIGURE 4-39

Chapter 18: Drainage (read sections 1-9, 18-26)

Definition of a storm water sewer system

1. A system of M inlets, I1 through IM, feeding M pipes, P1, P2,…PM.

2. Each inlet serves M areas A1, A2,…AM with M runoff coefficients C1, C2,…CM.

3. Pipe lengths are L1, L2,…LM, pipe diameters are D1, D2,…DM.

Weighted runoff coefficient

1. A single runoff coefficient for a group of areas, Al to Ak.

2. Determine the weighted runoff coefficient for the entire area as Cl to k = 
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Overland flow time for inlet i

1. Time of flow from furthest point of area i to inlet i.

2. Determine the slope of the overland flow path for area i, So; the length of the overland flow path for area i, Lo (ft); and the retardation coefficient for area i, k.  Use Table shown below for k values.

3. Calculate overland flow time as to (i) =  
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 (just one formula among many) .

Surface characteristics
k
Surface characteristics
k

Concrete, Asphalt
0.371
Cultivated
0.775

Commercial
0.445
Woodland, thin grass
0.942

Residential
0.511
Average pasture
1.040

Rocky, bare soil
0.604
Tall grass
1.130

Channel flow time 

1. Time to flow from inlet l to pipe k via pipes.

2. Channel flow time is tf (l to k) = 
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3. Calculate Vi using Manning’s formula and assuming full flow.  If greater accuracy is required, calculate Vi for the design flow rate and depth.

Maximum time of concentration for sub-system from inlet l to inlet k

1. The maximum time for water in the sub-system areas to reach inlet k.

2. tc (l to k)  = the maximum of [to (area i) + tf (i to k)], for i = l to k, where tf (k to k) = 0.

Storm frequency, storm duration, and rainfall intensity

1. Storm frequency will depend on the application and local regulations.  In this class, you will be given the design storm frequency.

2. Storm duration will be the maximum time of concentration identified for a given pipe and combination of contributing areas.

3. Rainfall intensity must be estimated using locally applicable data.  It can be estimated using graphs or any of a number of formulas.  We’ll use the very simple Steel formula: 
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, where K and b are as follows (for South Jersey).

Storm Frequency
K
B

2
140
21

4
190
25

10
230
29

25
260
32

50
350
38

100
375
36

Maximum flow in pipe k, from specific combination of area, l to k

1. Q(from l through k) = Cl to k I l to k Al to k, where Il to k is based on tc (l to k) (maximum time of concentration for given pipe and specified contributing areas).

Maximum expected flow in pipe k 

1. Maximum possible flow in pipe k, for all possible combinations of area.

2. Qp = the maximum of Q(from i through k) for i = 1 to k.

3. Maximum flow will usually occur from the largest possible contributing area. However, sub-areas with low permeability and/or short times of concentration can provide maximum flows.

4. Often, peak flow is assumed to occur when all upstream areas are contributing to the pipe of interest. In this case, then, only the entire upstream area needs to be evaluated when determining peak flow.

Diameter of pipe k

1. Based on Qp and Manning’s formula and assumption that pipe will flow full.

2. 
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, where S = slope of pipe.

Design of a pipe serving a single inlet

1. Determine the boundary of the inlet watershed. Estimate the Area, A.

2. Determine runoff coefficient, C.

3. Compute time of concentration, tc.

4. Determine required design storm frequency, n.

5. Determine the rainfall intensity, I.

6. Calculate peak discharge, Q, using rational formula.

Design of a series of pipes with a series of inlets

1. Determine the boundary of the watershed for each inlet (Area 1, Area 2,…).

2. Determine runoff coefficient, C, for each watershed.

3. Compute time of overland flow for each watershed.

4. Determine required design storm frequency, n.

5. Determine peak flow at first inlet following “Design of a pipe serving a single inlet”. Size the pipe from Inlet 1 to Inlet 2.

6. Determine the peak flow at Inlet 2, following the methods described above. This will probably occur when all of the upstream areas are contributing. Unless you are told to assume peak flow occurs when all upstream areas are contributing, check flow from all possible combinations of contributing areas, i.e., A2, and A2 and A1.  

7. Size the pipe from Inlet 2 to Inlet 3. 

8. Calculate peak flow and required pipe diameter for the remaining pipes. Unless you are told to assume peak flow occurs when all upstream areas are contributing, follow the procedure that follows. For the pipe between Inlet 2 and 3, consider peak flow from A3; A3 and A2; and A3, A2, and A1.  For pipe between Inlet 3 and 4, consider peak flow from A4; A4 and A3; A4, A3, and A2; and A4, A3, A2, and A1. Continue in a like manner until all pipes have been sized.

Chapter 19: Sewerage (read sections 1-4 and 12-21)

Estimating peak sanitary sewer flow. There are a number of methods for estimating sewer flows.  We will use the methods outlined below.

· Residential

1. Multiply area by ultimate population density to calculate design population.  

2. Multiply design population by gal/capita(d rate to calculate average flow in gal/day.  

3. Use Figure 19.2 (or Figure 3-4 in handout) to estimate peak factor.  

4. Multiply peak factor by average design flow to estimate peak flow in gal/day.

· Commercial or industrial

1. Multiply area by gal/acre(d rate to calculate average flow in gal/day.  

2. Multiply peak factor (given) by average design flow to estimate peak flow in gal/day.

· Infiltration

1. Read peak gal/acre (d rate off of Figure 19.3.

2. Multiply area by peak gal/acre (d rate to estimate peak infiltration.

3. Count only half of commercial and industrial areas, to take into account the shorter amount of pipe typically used.

Sizing sanitary sewer pipes

1. Estimate peak flow at end of design period.

· For a series of pipes, the residential peak factor for each pipe will depend on the cumulative average residential flow (or the design population).

· For a series of pipes, the peak infiltration will depend on the cumulative area.

2. Size pipe for assumed/given slope using 
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. Minimum allowable (in this class) is 8”.  Slope should conform to surface profile when possible.  Some trial and error may be necessary.

3. Check minimum slope and/or velocity using table below or 
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. Minimum velocity (full or half full) is 2 fps.
Diameter (in)
Minimum Slopea

8
0.0033

10
0.0025

12
0.0019

15
0.0014

18
0.0011

21
0.0009

24
 0.0008b

30
 0.0008b

36
 0.0008b

afor n = 0.013, bminimum practical slope for construction.

4. Check maximum velocity flowing at full depth. You don’t need to check velocity at design depth (unless the full velocity is very close to 10 fps) as max velocity is only 1.05 times velocity at full depth. Maximum velocity should be below 10 fps.

5. Pipes cannot get smaller going downstream.
Chapter 12: Hydraulic Machinery (read sections 1, 3, 6, 9-19)

Identification of the operating point (flow and head) for a given pump and pipe system

1. Draw a schematic of the pipe system.

2. Make sure you have a pump curve for the given pump. This relates the head added by a pump (ha) to the flow generated by the pump (Q).

3. Estimate the system curve.  This relates the head change between the inlet and outlet of the system (H) to the flow in the system (Q). H can be estimated as added elevation + added pressure head + added velocity head + head loss. The final equation will usually have the form: H = C1 + C2 Qx, where C1 and C2 are constants and x depends on which headloss equation is used.

· The added elevation will be a constant. It is the difference between the inlet and the outlet elevation.

· The added pressure head is usually a constant. It is the difference between the inlet pressure and the outlet pressure.  Often, both points are at atmospheric pressure, thus the added pressure is zero.

· Write velocity head at the inlet and outlet in terms of Q.  Thus, V2/2g = (1/A22g)Q2. Take the difference.

· Write head loss in terms of pipe friction and minor losses.

· Pipe friction is KQx. Use Manning’s equation, thus K = 
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 and x = 2. Note: you could use Darcey-Weisbach or Hazen-Williams. If pipes of different diameter are used, calculate a K for each size (and the corresponding length).

· Minor losses can usually be written as KV2/2g, where K = minor loss coefficient. See Table 11.2.  To write in terms of Q, rewrite as (K/A22g)Q2.

4. Plot ha and H vs. Q on the same graph.  The flow for which ha and H are the same is the operating point.

5. Calculate the water horsepower (whp) as ha Q , where  = specific weight. Calculate brake horse power (bhp) as whp / , where = pump efficiency at the operating flowrate. 
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