Lecture 7

Design of Drop Structures (Grade Control Structures)

A Drop Structure are often used as grade control structure, i.e. they control the water level so that the hydraulic grade line serve a desired outcome such as preventing channel erosion, preventing scour at bridges, providing backwater for another stilling basin or turbine draft tube or providing an increase draft or stage for navigation or irrigation flow. A Drop Structure provides a controlled drop in the Hydraulic Grade Line (HGL) and dissipates any excess kinetic energy to prevent downstream erosion. 

Types:

1. Straight drop, 
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2. Drop with chute,


[image: image3.emf][image: image4.jpg]



3. Drop pipe,
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4. Stepped or cascade, 
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One of the reasons for a drop structure (grade control structure) is to prevent erosion especially head cutting as shown below.
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 Gully Erosion
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Possible Site Needing Grade Control Structures
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Bridge Undermining  

Assignment Problem 7.1: Name_________________________________
Layout:


[image: image12.emf]CREST

Sill

Design a sloping drop structure to carry 14,600 cfs at V

max

of 4 

ft/sec in a grass channel that is 21500 ft long. The u/s invert is 

approximately 583 ft and the d/s invert is approximately 578 ft. 

The u/s TEL is 597 ft. The outfall TWL is 572 ft. Use n = 0.03 and 

z=3. Find: a) the width of channel assuming the weir length = b,

b) the weir crest elevation, P, b and length L

weir

, 

c) the stilling basin floor elevation (SBF), 

d) the USBR III stilling basin length, and 

e) the downstream the riprap requirements. 

TWL

572

~583ft.

m=3

z=3

b

EGL=597 ft

P

SBF

~578

.
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Site Map 
[image: image14.jpg]STILLING BASIN 3 SHOWING SPLITTER WALL
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Solution Procedure:
A. Apply maximum velocity method to get yn and b. Assume Sf based on approximate inverts. (see attachment)

B. Adjust inverts to satisfy upstream TEL and repeat A.

C. Equate Lweir to b and estimate P based on H+P=yn.

D. Compute V1, y1, Nf1, SBF, LBIII.

E. Riprap design.
Given: Q, z, n, Vmax, TWL, distance to upstream sill and upstream TEL. Approximate Inverts.
Assume: Trapezoidal Channel with given z and n. Drop Structure with weir and chute.

Applicable Theory:
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Lecture 8
An Introduction to Physical Modeling

Reference: Kobus (1980); USBR Manual on Modeling
Introduction to Modeling

There are two types of models that are commonly used in water resources, namely, analog and numerical. 

The term (analog( refers to a physical model that has a similar behaviour to the full scale system.   In most cases the analog model is a scale version of the full scale system and usually uses the same fluid. In some cases air is used in the model to represent water. There are electrical analogs for some water phenomena such as ground water flow but these are not very popular any more.

The term (numerical( in this course will refer to models in which the real phenomena are represented by mathematical relationships which are usually solved by digital computers. The mathematical relationships in these models may take several forms: empirical regression equations,  algebraic equations based on simplified theory, ordinary differential equations (ODE), partial differential equations (PDE). Differential equations ore often discretized and solved as algebraic equations.  Discretization involves converting continuous space and time into a finite number of points (coordinates) in the space-time domain. Information between these discrete points is obtained by interpolation. 

Physical Modeling

Typical applications for physical models in water resources include:
(
complex 3-D localized flows such as intakes, outfalls, spillways, stilling basins.

(
local scour around obstructions such as bridge piers, abutments and spur-dykes.

(
residence time estimation for reservoirs, contact tanks, sedimentation basins, mixing chambers.

(
sedimentation models.

(
mobile bed river models.

(
erosion protection models.

(
estuary and river models.

(
density flows related to salt water mixing, thermal effects and turbidity.

(
lock exchange models.

· control structure models including:(

 
gate and valve models to study vibrations and cavitation potential.

(
shore protection models (often 2-D)

(
harbor models.

(
models of offshore structures.

(
surge protection models.

(
pumps and turbines.

A physical model is an analog of the full scale system. The full scale system is referred to as the prototype. Scaling laws are needed to convert the measured data in the model to the equivalent values in the prototype. These laws are based on the similitude or similarity requirements between the model and the prototype. Three types of similarity are required:

(
Geometric - similar shape

(
Kinematic - similar velocity and acceleration patterns 

(
Dynamic- similar driving forces
Definitions:

1. Length ratio, Lr = Lp/Lm where subscript m = model; p = prototype; r = ratio; L is any corresponding length.
2. Model scale is 1:Lr .

Geometric Similarity - means the model and prototype have a similar shape.

This requires that Lp/Lm = constant for are homologous parts of the model and prototype. 
In addition we also can write:
Ar =Lr2 = Area ratio
  
Vr =Lr3 =Volume ratio
Kinematic Similarity - means the model and prototype have similar velocity and acceleration patterns. 
Dynamic Similarity - means the model and prototype have similar ratios of driving forces.

Undistorted Models

Design of an Undistorted Open-channel Model
Open-channel models are governed by the Froude Law, i.e. the Froude Number in the model and prototype must be the same. This gives,
{NF }p = {V/((gD)}p = {NF }m = {V/((gD)}m                                               2.1

Since g in nearly the same in the model and prototype, we can say

{V/((D)}p = {NF }m = {V/((D)}m
          2.2


or       {V} r = ((D)r = LR ( 

          2.3
In addition the model should also have relatively similar friction effect to the prototype; this requires that two conditions be satisfied (at least approximately):

 1.  The model should have the same turbulence state as the prototype, which typically requires that the model Reynolds number be greater than some limit, e.g.  

NRm = Reynolds Number = VmRm/vm > NR minimum ~ 2500  



    
2.4a

for rigid beds to ensure turbulent flow;

and 

NRm = Reynolds Number = VmRm/vm > NR minimum ~ 10,000 to 100,000                        

2.4b

for mobile beds to produce fully turbulent rough boundary flow (see Moody diagram and assignment problem). 

where Rm ~ depth  is the hydraulic radius in the model.

2. The relative roughness should be similar in the model and prototype, i.e.

{/D}R = 1. 

2.5

Note: This may be impossible because the model is limited to the hydraulically smooth condition. In this case we used the smoothest possible boundary.
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1) Laminar Flow
2) Unstable Transitional Flow

3) Turbulent Hydraulically Smooth

4) Turbulent Transitional Roughness

5) Fully Turbulent Rough

For open channel models Diameter = D = 4(Hydraulic Radius)=4R~4(depth)
Example 1. 
A 1:50 scale model of a syphon spillway has a measured flow of 90 gpm. The minimum measured pressure in the model is -150 mm of water. The kinematic viscosity is 10-6 m2/s in the model and prototype. Vapour pressure is 0.3 m. The prototype tunnel is 2.8 m high and 3.6 m wide. The tunnel is made of concrete ~ 1 mm and the model is made of plexiglass.

Assume that the model is operated by the Froude Law and the flow must be turbulent.

Determine: a) The prototype flow;

        b) The minimum pressure in the prototype;

        c) The model Reynolds number; (Is it adequate?)

        d) Will there be cavitation in the prototype tunnel?

Density Flows

When the flow involves fluids of different densities, a and bb > a) then a new gravitational acceleration is defined as 

g( = g o   

where  b - a ) and o =  a
This leads to an additional scaling law, in which the model and prototype must have the same Densimeteric Froude Numbers as defined by
{NF (}p = {V/((g(D)}p = {NF(}m = {V/((g(D)}m                                           



    2.6

Assignment No. 8.1     Due Date : 2 weeks.

Design an undistorted model of a spillway to pass a maximum flow of 1200 m3/s. The model is to predict the stilling basin performance and the potential scour downstream of the stilling basin.  Given the following information:

River and Spillway Data:
Stilling Basin Width = 100 m

Height of Dam = 20 m

Diameter of bed material = 150 mm (Limestone)

Material Concrete  n = 0.015

Valley Width = 250 m.

River width = 180 m

Length of river and structure to be modeled = 300 m.

Typical channel depth = 6 m 

Laboratory Data:
Test Basin Width = 3 m

Height of test Basin = 1.5 m

Diameter of bed material = ? mm (Limestone)

Material  n = ?

Model test basin length = 6.2 m.

Pumping capacity 2500 USgpm.

Water temperature: 20o C.

Specify model: LR , n,  pR , QR , VR , TR  and RNm  

Assignment No. 8.2     Due Date : 2 weeks.

Design an undistorted model of a section of the Spillway Project structure to pass a maximum flow of 585,000 cfs/per foot. The model is to predict the stilling basin performance. Given: Maximum Head on Model Spill is 7 cm.

[image: image19.emf]    Lab Flume Model
Lecture 9 

Design of Culverts, Tunnels and Diversion Structures

EM 1110-2-2909; 
The flow in culverts and tunnels may be either free surface or pressure flow. Figure 7.1  below typical steady state flow regimes for culverts.
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Figure 7.1 Types of Culvert Flow
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Transition (Mixed Flow)

Under unsteady flow conditions, these systems may experience instabilities and surges at the point of transition from free surface to pressure flow. The attached Figure 7.2 from (McCorquodale and Hamam) shows the various flow regimes that are possible in this transition. The transition involves the interaction of air and water. Trapped air can be suddenly discharged resulting acceleration followed by deceleration of the water column and possibly a waterhammer with very high positive or negative pressures. .[image: image21.jpg]%_/-,Vq—-’- Air Flow 4_(;
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Figure 7.2 Unsteady Flow in Tunnels
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Figure 7.3: Stage 2: Surge moving Right to Left (Moving Hydraulic Jump)
Steady State Design

The type of flow in a culvert depends on the TWL, upstream head H compared to the characteristic submergence head H*, the length of the barrel L, Manning’s n, diameter d or depth D and the invert slope, So.

Typically H* is in the range 1.2d to 1.3d (1.2D to 1.5D) depending on the streamlining of the entrance.

Type 1 flow is computed using the energy equation applied between the TWL and the head water level:


hz2 + y2 + hv2 = TWL+ hv1  + (hloss)






[9.1]
or    


Q = VA = {2g (hz2 + y2 + hv2 - TWL- hv1)/(Kent + Kexit + 2gL n2 /(R4/3c’2))}½  
[9.2]

Note:  y2 =H; TWL = yt + hz1 and hz = invert elevation;  hv = velocity head. See the attached Extract from “Design of Small Dams” for examples of entrance loss coefficients.

Type 2 flow occurs if the pipe is long enough for the flow depth due to frictional resistance to reach the crown of the pipe with yt < 0.85d or 0.85D and y2=H > H*. The flow in the pipe is under pressure except near the outlet. These conditions can be checked by computing the WS from the contracted flow at the entrance until the profile either exits the upstream or intersects the crown (HEC RAS can be used for this purpose). If type 2 exists then the Type 1 equation can be used with the TWL replaced by 


{hz1 + 0.85d} or {hz1 + 0.85D} for yt < 0.85d or 0.85D



[9.3]

or 
{hz1 + yt}  for yt > 0.85d or 0.85D

Type 3 flow is inlet control with low yt and y2=H > H* and no pressure flow anywhere in the pipe.

This is described by an orifice equation,


Q = Ap Cd {2g(H-yp)}½







[9.4]

 Ap = pipe area; Cd = discharge coefficient; yp = effective contracted depth in the pipe. This applies if: a) the pipe is short and/or b)So>Sn for yn=yp.  or  yn<0.85d.
e.g.
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[9.5]

Type 4 flow has outlet control since So < Sc   i.e. (yn > yc ) and y2=H < H* and yt > yc. This flow is computed as a backwater curve from the tailwater to the head water starting with y= yt .

Type 5 flow has outlet control since So < Sc   i.e. (yn > yc )  and y2=H < H*  but differs from Type 4 flow since the yt <  yc ). This flow is computed as a backwater curve from the critical depth at the outlet to the head water starting with y= yc .

.

Type 6 flow has inlet control since So > Sc   i.e. (yn < yc ), low TWL  and H < H* . This flow is computed using the critical depth equations:


Q = Cc Ac {g(Dmc)}½ .








[9.6]


Ec = H + hv2 - hL =  yc + Dmc/2






[9.7]

Examples:
Type 1. Given: A 200 ft long concrete culvert that is 12 ft wide and 4 ft high with flush inlet and a slope of 0.5% 

TWL=106 ft; 

hz1 = 101.0 ft; 

y2 = 10 ft.

Estimate the discharge.

Type 2.Given: A 200 ft long concrete culvert that is 12 ft wide and 4 ft high with flush inlet and a slope of 0.5% 

TWL=103 ft; 

hz1 = 101.0 ft; 

y2 = 10 ft.

Estimate the discharge.

.

Type 3. Given: A 200 ft long concrete culvert that is 12 ft wide and 4 ft high with flush inlet.

TWL=103 ft; 

hz1 = 101.0 ft; 

y2 = 12 ft.
Assume Cc~Cd=0.6
Estimate the discharge and minimum slope for Type 3 flow.
.

Type 4. Given: A 200 ft long concrete culvert that is 12 ft wide and 4 ft high with flush inlet with a slope of 0.25% and a flow of 100 cfs. 

TWL=104 ft; 

hz1 = 101.0 ft; 

hz2 = 101.5 ft; 

Estimate the upstream depth y2.

Type 5.Given: A 200 ft long concrete culvert that is 12 ft wide and 4 ft high with flush inlet with a slope of 0.25% and a flow of 100 cfs. 

TWL=102 ft; 

hz1 = 101.0 ft; 

hz2 = 101.5 ft; 

Estimate the upstream depth y2.

Type 6. Given: A 200 ft long concrete culvert that is 12 ft wide and 4 ft high with flush inlet with a critical slope and a flow of 100 cfs. 

TWL=102 ft; 

hz1 = ? ft; 

hz2 = 101.5 ft; 

Estimate the upstream depth y2 and hz1. 

Assignment 10.1 Tunnel Type Diversion Structure
Complete a preliminary hydraulic design of a gated culvert diversion structure with a peak capacity of 45,000 cfs at RM60 on the East Bank of the Mississippi River.

· The length of the concrete tunnels is 300 ft.

· Assume a TWL at the culverts is approximately 50% of the River stage (above sea level).

· Assume that the upstream head is the River stage.

· The maximum safe velocity in the outlet channel is 4 ft/sec. Assume:

·         Se=0.00016 in the outlet channel.

·         n = 0.026

·         Upstream invert ~ -10 ft

·         The side slopes of the outlet channel should be 5H:1V.

· Assume that the culvert height is approximately 8 to 10 ft and the gate width is 20 ft. the minimum wall thickness between the culverts is 4. ft.

· The entrance loss K = 0.29 the exit loss is approximately 0.9 and the other minor losses have a K = 0.1. Assume Concrete n ~ 0.014.

· The minimum invert for the culverts is -20 ft.   

· The flow from the culverts will have to be expanded in a transitional reach to achieve the 4 ft/sec and the bed protection will be required in the transitional reach. Assume a maximum flow expansion of 1:5 at each side of the structure.
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Lecture 10
Design of Locks

References: EM-1110-2-1604 and EM-1110-2-2703

Davis, “Handbook of Applied Hydraulics”

Linsley and Franzini “Water Resources Engineering”

Layout:
There are several types of locks, e.g. hydraulic chamber lift locks, hydraulic ram lift locks, rail lift. We will only discuss the chamber type. This type of lock is illustrated below and consists of:

• an upper approach, 

• the lock chamber,

• a lower approach and 

• a filling and emptying system.
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Figure 10.1 Containment Gates and Filling Arrangements (Miter Gates in the top figure and radial gates in the lower figure.)
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Common lock features for a lock with culverts in the sidewall





Figure 10.2 Typical Lock showing Intakes, Outlets and Filling/Emptying Manifolds.
Hydraulics:
Depending on the lift (H)  the filling and emptying system may be direct through the gates (small lift) or through manifolds ( for most lifts) on the sides of the chamber (Figures 10.1 and 10.2) or bottom of the chamber. Figure 10.1 from “Water Resources Engineering” shows radial gates that can be partially opened to allow filling of emptying. Typically higher lift locks as shown in Figures 10.1 and 10.2 have miter gates which are not good for partially opening.

Filling of a lock is controlled by gates or valves and must be regulated so that the boat lines and hawers do not exceed certain loads. Figure 10.3 (Figure 4-3 EM 1110-2-1604) gives some guidelines for allowable filling times. Note: for high lift locks this time exceeds 10 minutes. The hydraulics of the filling operation can be modeled using the continuity and energy principles of the continuity and momentum principles. The latter is best if the filling system involves a long culvert section which requires a significant volume of flow to be accelerated. The following is a simplified lock filling model:

Assumptions and definitions: rigid column behaviour for the water; Ag = valve or gate area = Ag; Cd = discharge coefficient; Lp = effective tunnel length; Kex = exit loss coefficient; Entrance loss ~ 0; A = area of lock=LB; f = friction factor of culvert;  Ap = culvert area; H = available head (assumed constant);  = depth below the TWL (allowance for ship draft) and h = variable depth of lift above the lowest level.

Continuity: 
Q = VA = A dh/dt






10.1
Momentum: 
  F = m a







10.2
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a d2h/dt2 + b |dh/dt| dh/dt + c h = d






10.3
where a = {h +  + Lp}(A/Ap)/g


b = {(Km + Lp f/D)(A/Ap)2 + [A/(CdAg)]2}/2g


c = 1


d = H

In actual filling systems the Lp and the D (=4R) would be the equivalent values and Km would account for all minor losses. This equation can be solved by ODE methods such as FDM or Runga Kutta.  The initial conditions are: t = 0; h = 0; dh/dt = 0 with d = H = constant.

The gate opening schedule, the  capacity of the culvert should be set to satisfy the minimum filling times. The manifold has to be designed to distribute the incoming momentum so as to avoid buffeting the vessels. The two options that are commonly used are the bottom diffuser and the opposing side diffusers. 

An approximate solution for the filling time if the gate opens rapidly and the culvert is very short is 


t = 2[A/(Cd*Ap)](H/2g)½






10.4

where Cd* = effective discharge coefficient.

The same inflow manifold is also available for emptying. A similar ODE can be developed for emptying the chamber with initial conditions: t = 0; h = H; dh/dt = 0 with 

Q = VA = - A dh/dt;


d = 0  


a = {h +  + Lp }(A/Ap)/g


b = {(Km + Lp f/D)(A/Ap)2 + [A/(CdAg)]2}/2g


c = 1.

Another hydraulic problem with a lock operation is the lock natural frequency due to waves during filling and the possibility that this frequency may be the same as the vessel or the waves may increase the stresses on the hawsers. The first mode of oscillation is due to a wave that travels the length of the chamber and is reflected back, i.e. the period would


T ~ 2L/c









10.5
where c = wave celerity ~ (g Depth)½ ~ [g (+h)]½





10.6
Another mode of oscillation is due to cross-waves where T ~ 2B/c where B is the width of the lock.  Baffles are sometimes used in the chamber to reduce wave action especially for the case where the lock is filled by partially opening the containment gates (as in Figure 10.1).

Loads:
Loads on lock gates and walls consist of:

• self weight

•  hydrostatic

•  ice

•  earthquake

•  thermal

•  waves

•  seepage

•  earth

•  collisions with vessels (see EM 1110-2-1604).

To avoid severe impacts the downstream and upstream approaches are often streamlined to help reduce impact angles when vessels have less control due to restricted speed as they enter the lock chamber. 

Assignment: Navigation Locks
Read EM 1110-2-1604 and 2703

1. Name and briefly describe the common gates used in locks.

2. Describe 3 filling/emptying systems and where they are used.

3. Estimate the filling time for a lock that is 600 ft long by 60 ft wide and is filled by two tunnels (12ftx12ft) with an equivalent discharge coefficient of 0.3. The lift H = 40 ft and the submergence is 25 ft. Allow an extra  40 seconds for the gate opening. Compare with the EM 1110-2-1604 Figure 4.3.
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CREST

Sill

Design a sloping drop structure to carry 14,600 cfs at Vmax of 4 ft/sec in a grass channel that is 21500 ft long. The u/s invert is approximately 583 ft and the d/s invert is approximately 578 ft. The u/s TEL is 597 ft. The outfall TWL is 572 ft. Use n = 0.03 and z=3. Find: a) the width of channel assuming the weir length = b, 

b) the weir crest elevation, P, b and length Lweir, 

c) the stilling basin floor elevation (SBF), 

d) the USBR III stilling basin length, and 

e) the downstream the riprap requirements. 

TWL

572



~583ft.

m=3

z=3

b

EGL=597 ft

P

SBF

~578
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