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Hydrologic Cycle and Terms

Precipitation/Rainfall. \

Discharge of water
PRECIFITATION
from the atmosphere. CLOUD STORAGE

Rainfall excess.

Rainfall minus interception
depression storage
evaporation
infiltration

Runoff.
Rainfall that appears in surface streams
(includes subsurface quick return flow).

Surface runoff.
Runoff which travels over the soil surface to the nearest stream.



Commonly Used Units

Acre-foot: Volume of water equal to 1 ft. depth of water covering
1.0 acre area = 43,560 ft3.

Cfs: or cubic feet per second (ft3/s) - unit of discharge .
Cumec: or cubic meters per second (m?s) - unit of
discharge .

Cfs-day (sfd): Volume from a flow of 1 cfs for 1-day (24 hours)
= 86,400 cubic feet or 1.98 acre-feet.



Hydrologic Budget

Continuity Equation (Law of Conservation of

mass):
AS/At = > Inflows - > Outflows
or
/AS= S, -5, - {Zl'ZQ}At
Change in Storage '?me Interval

« Can be applied to:
1. Watershed System
2. Reservoir System



Hydrologic Budget: Watershed System

Example 1: Watershed Runoff Computation
Given:
1) Watershed size above a gage site along a river = 50 sq. mi;

2) Watershed annual rainfall = 60 inchesl/yr;
3) Assume Runoff = 55% of annual rainfall (i.e. 45% losses)

Compute:

1) Volume of Annual Runoff from the watershed in acre-feet and sfd
2) Rate of runoff in cfs

Solution: Not::’*:tzas_*:ﬁf':gi% i:cres Runoff depth in feet
An?uatl Volume of runoff>{A50x640}x{0.55’)£011 2)} = 88,000
ac-(i(re\e1 -year) = 88,000x43,560 = 3833.28x10° ft3

= 44,366.67 sfd (or cfs-day)
Rate of runoff = (3833.28x106¢ ft3)/(365x86400 s)

= 121.55 cfs 6



Hydrologic Budget: Reservoir System

Example 2: Reservoir Storage Computation

Given: During a 30 day period:
1) Streamflow into the reservoir, Q = 5.0 m3/s
2) Water supply withdrawal, W = 136 mgd
3) Evaporation from the reservoir surface = 9.40 cm
4) Average reservoir water surface = 3.75 km?
5) Beginning reservoir storage, S| = 12,560 ac- ft

Continuity Equation: S,=S;+Q-W-E
(all volume units)

Note: Time period At = 30 days = (30x86,400) sec



Hydrologic Budget: Reservoir System

Example 2: Reservoir Storage Computation (Cont.)

Compute: The month-end reservoir storage, S, in m3and ac- ft.

1) S:= (12,560 ac- ft) Note: Streamflow Q is converted
! ’ to volume for the 30 day period
2) Q = (5.0 m¥s)(30 days)(86,400s/day) &

=12,960,000m3 (35.314 t3/m3)(2.296x10-° ac-ft/ft’) = 10,508 ac-ft

3) W =(136x10° gal/day)(0.003785 m3/gal)(30 days)
= 15,442,800 m?3 (35.314 ft3/m3)(2.296x10-° ac-ft/ft3) = 12,521 ac-ft

4) E = (3.75km?)(1x10® m?/km?)(9.4 cm) (0.01 m/cm)
= 352,500 m?3 (35.314 ft3/m?3)(2.296x10-° ac-ft/ft3) = 286 ac-ft

5) $,=5,+Q-W-E (for At =30 days) ac-ft

= (12,560 + 10,508) — (12,521 + 286)

—
S; =10,261 ac-ft (loss of storage) (Note: S;=12,560 ac-ft)

Note: Change in storage, AS =S, — S1 =(10,261-12,560) = - 2299 ac- ft (loss)



Problem 1: Reservoir Storage Computation

. Reservoir located at the outlet of a 150 sqg. mile watershed

. Mean annual rainfall, P = 38 inches (use as inflow into reservoir)

. Mean annual watershed runoff (flow into reservoir), Q = 13 inches
. Mean annual reservoir evaporation, E = 49 inches

. Mean daily withdrawal from reservoir (draft), D =100 MGD

. Mean reservoir surface area, As = 4000 acres

(Note: 1.0 sq. mi = 640 acres; 1.0 ac-ft = 43,560 ft3; 1.0 MGD = 3.07 ac-ft/day; 1.0 ft3 = 7.48 gal;
1.0 cfs = 1.9835 ac-ft/day))

Using a time frame, At = 1 year (365 days) determine:

1. Volume of water evaporated from lake in acre-ft/yr:
a) 16,333 b) 24,586 c) 392,000 d) 55,600

2. Watershed runoff or inflow into reservoir in acre-ft/yr:

/ a) 104,000 b) 1,248,000 ) 99,667  d) 266,580

Note: Watershed area not adjusted for reservoir area of 4000 acres 9




Problem 1: Reservoir Storage Computation (cont.)
3. Watershed runoff or inflow into reservoir in cfs:

a) 250.8 b) 143.7 c) 550.0 d) 85.6
4. Volume of rainfall input, P, to reservoir in acre-ft/yr

a) 152,000 b) 304,000 c) 12,667 d) 85,000

5. Mean draft, D in ac-ft/yr:

a) 100,000 b) 112,055 c) 185,250 d) 265,500

6. Net loss/gain of reservoir storage, AS in acre-ft/yr:

a) -16,280 b) 12,500 c) -11,721 d) 0

10



Computation of Critical (Maximum)
Reservoir Storage

* Graphical Method:
Mass Curve Analysis (Rippl Method)

« Analytical Method:
Sequent Peak Method

11



Example 3: Estimation of Critical or Maximum
Reservoir Storage (Capacity)

Problem: The following mean monthly flows were measured in million
gallons/month (MG/month) at a gage in a river during a 13 month
critical drought period. Determine the maximum reservoir storage
required in MG to provide a constant draft of 35 MG/month (Note: 1.0
MGD = 1.55 cfs or 1.0 MG/month = 46.5 cfs based on 30 days)

Inflow, Q
Month MG/month
40
54
90
10
7
8
2
28
42
108
98
22
50

D20 NOOGAWN -
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Example 3: Mass Curve Analysis for Estimating
Critical Reservoir Capacity- Rippl Method (cont.)

Tangent to Cum. Draft Line /

Required Critical
Reservoir Storage
(Capacity) O

//
P P2
7~

=(350-230) = 120 MG |

>3 /S

Z- — N — Cumulative
Inflow

— Cumulative
Draft

13




Example 3: Analytical Solution (Sequent Peak

Method) (cont.)

Inflow, Q Draft, D

Month MG/month  MG/month MG/month MG/month
1 40 35 40 35
2 54 35 94 70
3 90 35 184 105
4 10 35 194 140
5 7 35 201 175
6 8 35 209 210
7 2 35 211 245
8 28 35 239 280
9 42 35 281 315
10 108 35 389 350
11 98 35 487 385
12 22 35 509 420
13 50 35 559 455

Required Reservoir Storage

= 120 MG

Cum.Q Cum.D

CumQ-CumD

MG/month

5

24
79 P1

54

26

-1

-34
41 T1

-34

39
102 P2
89 T2
104 P3

= Max{ (P1-T1) or (P2 - T2) }
= (79-(-41)) or (102 - 89)

14



RAINFALL

Two types of rainfall events:

1) HISTORICAL:

— Spatially and temporally averaged hyetographs rainfall events
— Based on measured rainfall depths using rain gages at a point

Hyetograph
, R e A 12- hour historical rainfall event

175 - ' Incremental depths:
§ e &= Time (h): 03 36 69 9-12
I - 08 Rainfall (cm): 0.50 0.80 1.80 0.40
g %" os oa Intensity (cm/hr): 0.17 0.27 0.60 0.13

0.23 g

0-3 3-6 6-9 9-12
Time (h)

2) DESIGN (or SYNTHETIC):

— Standardized temporal rainfall distributions (design storm hyetographs)

— Based on regionalized historical rainfall data for select duration and

frequency
15



Design Rainfall
Intensity-Duration-Frequency (IDF)

Requires the following:

1) Frequency (Fgr) or average return period (T) (see Appendix A)

Example: For T =100 years, Fr=1/T=1/100=0.01 or 1%

2) Duration, ty === |Usually assumed equal to time of concentration, t ;

3) Design rainfall depth = (intensity x duration)

Based on T and t4

Obtained from:

a) NWS TP 40 Regionalized Rainfall
b) From Intensity Duration Frequency (IDF) Curves or Equations

4) Time (or temporal) distribution of rainfall depth<= Rainfall Hyetograph

5) Spatial variation rainfall depth over a catchment

N

Handled using an average rainfall depth

16



Figure: Regionalized IDF Map for IDF
Equations

Map showing areas of approximately similar rainfall characterisacs.

17



Table: Regionalized IDF Equations

Precipitation formulas for various parts of the United States
(i, mm/h; ¢, min)

Fre-
quency, .
Vears Area 1 Area 2 Area 3 Area 4 Area 3 Area 6 Area 7
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s | = A — ) | = s [ = = i — =y ]= e ] = - —
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- L 3300 - 6600 = 3840 - 4320 o ! 3300 i 3940 i = 1 700
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Example 4: Estimate the 100-yr, 1 hour design rainfall for Louisville, KY

a) From the IDF Curves for Louisville, Kentucky:
Rainfall Intensity, i = 2.8 in/hr
Design Rainfall depth =i xt; =2.8 x 1.0 = 2.8 inches
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Example 4: Estimate the 100-yr, 1 hour design rainfall for
Louisville, KY (cont.)

b) From the IDF Map and Table (Slides 17 and 18) Louisville is in
Region 3.
Regional IDF equation for T =100 yr :
i (mm/hr)={7370/(t+31) } where t = t;in minutes
i =7370/(60+31)
= 80.989 mm/hr
= 3.2 in/hr

Rainfall Depth = 3.2 in €— From Louisville IDF Curve P =2.80 in
(see previous slide)

* Note the difference between using a locally developed
IDF curve versus using a regional equation

20



Problem 2: Using IDF Curves: Chicago, lllinois (Chow, 1988)

10— : I
s = I
& 1 o
5 — ——
g < - =]
g 3 S -~ \\“\._
§ ] _ \\\"'\
_% 2 T LT M~ J g:::;::
SRR S
, L TN =0
- — s
0.8 N
—_2
R I I l I 1
= o B 10 20 3 40 &0 B0 10800
Duraticon (min)
FIGURE 14.2.1
Intensity-duration-frequency curves of maximum rainfall in Chicago,. U. S. A
Determine:
1. The 100-year, 60 min rainfall intensity for Chicago in in/hr is:
a) 2.5; b) 3.2; c) 3.0; d) 6.0

2. The 100-year, 30 min rainfall intensity (in in/hr) using the Chicago IDF
Equation i (mm/hr) = 7370/(t+31) (from region 3; see slides 17 and 18):

a) 4.5; b) 3.5; c) 2.8; d) 4.8

3. The 100-year, 30 min rainfall depth in inches is:

a) 3.0; b) 4.0; c) 2.4; d) 1.5

21



Abstractions

Effective Rainfall (or rainfall excess), P, equals

L 4

Rainfall (P) minus
 /
Abstractions due to:
Infiltration
Depression Storage
Interception

Rainfall Excess = Volume of Direct Runoff, Q




Abstractions (Cont.)

Main Abstraction Process is Infiltration

Interception and Depression Storage
occur in the early stages of event and can
be considered as initial losses

Some methods for infiltration:

« Infiltration Indices: ® index

 Runoff Coefficients: Rational Method — C
« SCS Curve Number Method, CN

« Infiltration Capacity Curves: Horton's

23



Example 5: Rainfall Excess and Volume of Direct Runoff

Given:

« A direct runoff hydrograph from a 7.0 sq. mi watershed.
* A uniform loss rate, ® = 0.50 in/hr (or 0.25 in/1/2hr).

« Calculate volume of direct runoff in inches.

« Show volume of direct runoff = volume of rainfall excess

Time Interval, At = 0.5 hrs Note: Rainfall intensity, i > @ in all time intervals.
Time Period (1/2 hr): 1 2 3 4 5 6 7 8 9 10 11

Rainfall Intensity, i (in/hr): 2.7 4.30 4.10
Direct Runoff, Q (cfs): 430 1920 5300 9130 10625 7830 3920 1845 1400 830 310

24



Example 5: Rainfall Excess and Volume of Direct Runoff (cont.)

Solution:
Volume of Rainfall Excess, P,

= {(2.70-0.50)x0.5}+ {(4.30-0.50)x0.5} + {(4.1-0.50)x0.5}
= 4.8 inches

Volume of Direct Runoff, V4 =) Q,, x At

= (430 + 1920 + 5300 + 9130 + 10625 + 7830 + 3920 +
1845 + 1400 + 830 + 310) x 0.5

= (43,540x0.5) = 21,770 cfs-hrs

= (21,770 x 3600) = 78,372,000 ft>

Direct Runoff Depth, rq (inches)

= (direct runoff volume in ft3/ drainage area in ft2)
= 78,372,000/(7x52802) = 0.40 ft.
= 4.8 inches

Note: Rainfall Excess Depth, P, = Direct Runoff Depth, ry = 4.8 in.
25



Runoff Methods

1. Peak Discharge, Q,, Methods:

« Rational Method
e SCS Curve Number Method

(and TR 55 Graphical Peak Discharge
Method)

2. Unit Hydrograph Method

26



Runoff — Small Catchments

Rational Method

Ideal for small catchments (less than 100 acres)
Used widely in Urban Storm water sewer design
Requires the following design variables:

a) Runoff Coefficient C (refer to slide 29)

b) Maximum Rainfall intensity, i (in in/hr or mm/hr)

(obtained from IDF Curves or IDF Equations for a specified
duration usually equal to time of concentration, t;)

™~ Refer to Slides 17 and 18

c) Time of Concentration, t.

d) Catchment Area, A (in acres or km? or Hectares (Ha))

27



Rational Method-Peak Flow Formulae

* US units: Q,=C i A (in cfs) —

iinin/hr
Area A in acres

» Slunits: Q,=0.278 Ci A (in m3/s)

\ i in mm/hr

Area A in km?

Q,=2.78 C i A (Sl units) (in liters/s),

\ i in mm/hr

Area A in Ha

Note: 1.0 Ha = 2.471 acres = 10,000 m ; 1.0 km2 =100 Ha

28



Table: Runoff Coefficients, C
For the Rational Method:

Character of surface Z 5 1 25 S0
Developed
A sphalric 0. T3 oTFT 0.81 0. 805 0 _SHD
Concrete/mo-of 0TS O .80 O.83 O.38 .2

Grass areas (lawns, parks, eoc.)
Poor condition (grass cover less than 509 of the area)

Flat, O—29% .32 0. 34 o.37 O, <Ry
Average, 2T 0.37 O <40 O.43 0. 45
Steep, owver 7% O <20y 0.3 .45 .49
Fair condition (grass cover on S0% o 759% of the arca)
Flat, O—2'9% 025 0. 2g2 0, 30 0,34
Average, 2—7T9% 0. 33 D.36 o.38 .42
Steep, over 759 O 37 O, = O 42 0.5
Good corndirion (grass cover larger than 5% of the area)
Flag, D—2% 0.21 o.23 0.25 0.29
MAverage, 2— 75 0 2% .32 0.35 .29
Steap, Over 79 0. 34 o337 O =0y L B
Undeveloped
Cultivated [Lard
Flat, 0—2F%% o.31 3 0. 36 O _ =y .43
MAverage, 2T .35 0.3 0.41 L 0. 4%
Steep, over 7% 0.3 o S22 L .48 .51
Pasturc,/Range
Flat, O—2%% 25 .28 .3 0.3 o .37
Average, Z2—T7 5 0.33 0_3&E .38 o 42 .45
Srweep, over 7% 3T : 0,42 0. 46 0. 49
Foresuv™Woodlands
Flat, O0—2%% 0.22 B 0D._2R 0.31 0.3
Avverage, 27T o.31 0. 34 .36 L8 T ] o B |
35 0.3 o 1 45 (0]

Steep . over 7%




Time of Concentration, t,

Definition:

tc = > travel times from the
hydraulically remotest point in a
catchment
= (Overland flow time)

+ (Channel or Pipe flow) time

Refer to Appendix A for Methods for
Computing Time of Concentration

Y
\ Example: t. at this outlet

=max (t, +t,) ortzort,

30



Example 6: Rational Method for Catchment
Runoff Peak

Two watersheds A and B (located in Tallahassee, Florida) drain at a common
outlet. Determine the peak outflow, Q,, in cfs for a design return period T = 25
years. Also calculate the size of a circular concrete pipe (Manning’s n = 0.025,
slope = 0.005) which can handle the peak flow. IDF Equation for Tallahassee,
Florida, i (in mm/hr) ={ 8300/(t+33) } with t in min

A =100 acres B = 200 acres
Cy=0.42 C2,=0.38
t, = 20 min t; = 60 min

<+— | |[nlet Manhole

— Concrete Pipe

Outlet Manhole

31



Example 6: Rational Method for Catchment Runoff Peak (cont.)

Composite C. = (C1A1 + C,AL)/(A+A,)
= (0.42x100 + 0.38x200)/(100+200) = 0.39

Note for multiple areas:
Q,=C.iAr=(C;i /I3 A)Ar=i)CA;
where total area, A 1 = ZA i

Time of Concentration, t. = max ( t4, t2) = max (20,

60) = 60 min

Tallahassee, FL, IDF Eq. Area 1 (slide 18)

v i (mm/hr) ={8300/(t+33)} with t in min

25-year Rainfall intensity | for t. = 60 min = 3.5 in/hr

/ Rational Method Formula (US units)

Peak Flow Q, = C.iA = 0.39x3.5x300 = 409.5 cfs

/

From Manning’s (US Units)
D = (2.16xQ,n/\S,)>®

Pipe diameter, D = { 2.16x409.5x0.020/ (0.005)%-° }3/8 = 7.93 feet

= 95.2 inches (Use 96 inch pipe)

32




Problem 3: Application of Rational Method in Storm Sewer
Design

Given:
IDF Equation for the area is:
i (in/hr) =120T 0175
(ta + 27)
where T = Return Period in years
ty = Storm duration = time of
concentration, t. (in minutes)

Catchment  Area Runoff Inlet
coefficient timne
A C ll'
(acres) (min)
I 2 0.7 5
I 3 0.7 7
- 11 - 0.6 10
Pipe EB L% 4 0.6 10
v 5 0.5 L3
- _ N VI 4.5 0.5 15
Elv. E = 498.43 ft; Elv. B = 495.55 \TI 4.5 0.5 15

Length of pipe EB = 450 ft

Determine Peak Flow from Sub-area Area Ill and
Pipe size EB Using Rational Method 33




Problem 3: Application of Rational Method in Storm Sewer
Design (cont.)

Answer the following questions for a rainfall event with a
return period T = 5-yrs :

1) The maximum rainfall intensity i in in/hr is:

a) 2.5; b) 5.2; c) 4.3; d) 3.5
2) The peak flow Q, (in cfs) using rational method formula)
from Area lll into inlet E is: $—lq,=CiA
a) 5.5; b) 10.3; c) 15.2; d) 75.5
3) The slope S, of pipe EB is:
a) 0.005; b) 0.00034; c) 0.0002; d) 0.0064

4) The required diameter of sewer pipe EB (in inches) to
/ handle peak flow Qg is (assume n =0.015):

a) 15.2; b) 32.6; c) 25.8; d) 20.5

From Manning’s (US Units)
D = (2.16xQ,n/\'S,)>® 34




Problem 3: Application of Rational Method in Urban Storm
Sewer Design- Complete Solution (cont.)

1 /) 3 4 5 6 1 8 9 10 11 12
Sewer Length Slope  Total 3CA ¢, Rainfall ~ Design Computed Pipe Flow Flow
pipe L S, area intensity ~ discharge  sewer size  velocity time
drained i 0 diameter ~ used (/A LIV
(ft) (ft/ft)  (acres) (min) (nhr)  (cf5) (ft) ) (fts) (min)
EB 450 0.0064 4 24 10.0
AB 550 0.0081 35 3.3 70 468 16.4 1.94 200 511 1.76
BC 400 0.0064 18 108 150 379 40.9 2.87 300 578 11§
CD 450 0.0064 27 5.3 162  3.68 56.3 i 350 585 1.28

Note for multiple areas:

Peak Flow, Q= CciAT = (ZCJIZA.) Ar =i ZCiAi

where total area, At =) A;

35



Runoff - Midsize Catchments:

SCS TR55 Method



Runoff - Midsize Catchments: SCS TR55 Method

Requires:
« Cumulative 24-hour Design Rainfall depth, P (in inches) for a selected
return period, T (frequency)
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Runoff - Midsize Catchments: SCS TR55 Method (cont.)

Requires: SCS Curve Number, CN, based on Land use, Soil, and Antecedent
Moisture Condition (AMC)

Hunoff curve mumbers for selected agricultural, smboarbxan, and arban land
uses [(antecedent moisture condition II, F, — . 25)

Lamnd Use Desaription Hydrologic Sail Grouap

N B i i
Chultivaited lamd 17 withoul consersation [resatbmesmt 2 =1 ! =538 1
wirih conservatiocn IrsiirmSe ng 52 ra | | a8 =21
FPasture o range land: poor oonditiam 6nE Fall =i =g
good condition 39 5 T S0
Meadow: sood condition X0 58 7 TH
Wiood or Fforest land: thin siand. poor cower. no mulch &5 i v H#3
mood cower? il | 55 Ta T
a4
Open Spaces, lawns, parks, golf courses. cometeries, oo,
good condition: grass cover on 75% or more of che area 3w ail T4 By
fair conditon: gross cowver on S09% 10 755 of the area A a9 Ta g
Commencial and businsss ancas [(B55 impervioas) B Q2 g D5
Imdustrial districts (729 impervious) =1 BE = 3 | 33
Resedeonteal=:
Avverage ol sise Acverage T imperviousS
148 acre or less as TT as o0 QT
1594 acre 3B (0 75 B3 287
1/3 acre 3 57 T3 E= | EL1
L/s2 acre 25 54 O 80 H|€5
1 acre 20 51 Lt L =4
Paved parking loss, roofs, driveswoys, ecc_ 5 a5 an E DR
Streets and roads:c
paved with curbs and storm scowersS <k o5 o8 o8
Eravel ra - as 2D (=3
clixn I e B2 BT s

IFor a reore detialed description of agricolneral Band uss curve munmdbers, refer i Soedl Conservabtion S rvics 1T
Chap. &

2Good cover is procected from grazing and litter amd brush cover soal,

ATurve numbers are compured assoming the ronoff from e Doase amnd driveway is directed towards rhee stmest
wmh @ mindmum of rool waeter directed fo Lawns whene additional infiltration cowld oocwr.

+The remaining perviows areas (lawn) are considered o be in good pasbare comdition for these curve numbers.
SIn =ome warmer clismeaees aof the couniry a curve nember of 95 may b= wmsed



Runoff - Midsize Catchments: SCS TR55 Method (cont.)
Cumulative Direct Runoff Volume (inches), Q

Based on Cumulative Design Rainfall P, total Direct Runoff Volume is
computed using an equation or figure shown below:

Q = (P - 1,)%/(P-1,#S); Sorptivity (inches): S =(1000/CN) - 10
Initial Abstraction (inches): 1, =0.2 S

Note: 5 EE—— ,
Pe is samel | Graphical solution of SCS runoff squation | ,/:/::’,/ ’/!’ y
- P—0.28)" i {
as Q - 5 Fo= P3o0ss B f/’ /.—*/! /// _~
b Curve Number CN = 1200 A A A '/ W / -
5 ' ) 10 + S /’ ray v // 1
§ ] 2 =i 5 > ///’ I ‘//
= '/’/{/‘ . ’_/ prd <l
— | I | 4
By ! 11 A XA P -
E i ~N—pold AN AL A
= Bl —1 | B B85 / | - | i i s
2 4 payanys _?51/ ///// |~
ﬁ: - » H;A’ /65 e -
E ook d-1 . VdVdVd 0 oA LT 1]
= 3 i / : — ] N 60 55 A =0 L =
5 - / P _-/,//J /! - "/L-"' |
) . 4/ / ’/4’ 50 45 ,...-—-""//
P /7/4‘ ..f/ ] 40 s 35 4....-""'
A T L[ | 0
: -~ //// o — ‘_,---" B e ' = 30 -
] d#é _...-"""#_____..--""- _...-—"":‘—-_‘ -
""-r_...--'_,..-ll"—r f __-..-""" | =t _____,--—"'"I—_ __‘r_f-" 20 p——
0 I 2 3 4 9 6 F B 10 1 12
Cumulative rainfall P in inches
Solution of the SCS runoff equations. (Sowrce: Soil Conservation Service, 1972, Fig. 10.1, p. 39

10.21)



Example 7: SCS CN and Direct Runoff Calculations
(Chow et al., 1988)

Note: 1.0 sq. mile = 259 ha = 640 acres
e Given: / or 1.0 ha =2.471 acres

Rain falls on a 0.05 square miles (32 acres or 12.95 ha) urban
catchment with an intensity of 0.85 in/hr (2.16 cm/hr) for a
duration of 3 hours. The soil is classified as SCS hydrologic
soil group (HSG) C in the entire catchment.

Land use within the catchment is as follows:

1) 20% area is business district (85% impervious; HSG =C)
2) 80% area is residential district (1/3 acre lots with 30%impervious)

 Determine total runoff volume in inches and ft3.
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Example 7: SCS CN and Direct Runoff Calculations
(cont.) (Chow et al., 1988)

Solution:
Note: From CN Table for HSG C (Slide 38):

Imperious Area CN = 98
1. Determine SCS Composite CN: | Open space in good condition CN =74

 Business District /
CN = (0.85x98 + 0.15x74 ) = 94

» Residential District (1/3 acre lots)
CN =(0.30x98 + 0.70x74 ) = 81

« Composite CN for Catchment
CN =(0.20x94 + 0.80x81 ) = 83.6

Note: In computing Composite CN in urban areas any area not
urbanized is assumed to be open space in good hydrologic condition
(see SCS Curve Number, CN Table foot-note 4 — Slide 38).
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Example 7: SCS CN and Direct Runoff Calculations
(cont.) (Chow et al., 1988)

2. Compute total rainfall: — :‘;0:‘; ;2; 325;?[};?::?"

P =0.85 in/hr x 3 hours = 2.55 inches

3. Compute Runoff Volume Q (in inches):

Sorptivity, S = (1000/CN) - 10 = (1000/83.6) - 10 = 1.96 inches
Initial Abstraction, |,=0.2S = 0.2x1.96 = 0.392 inches

Direct runoff depth, Q = (P - 1,)2/ (P-1, + S)
= (2.55-0.392)2/ (2.55-0.392+1.96)
=1.13 inches
Direct runoff volume V4= (1.13/12) x (0.05 x 640 x 43,560)
= 131,260.8 ft3
= (0.02832x131,260.8) = 3,717.3 m?

Note: 1.0 ft3 = 0.02832 m3 /
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Problem 4: Calculating SCS CN and Direct Runoff, Q

An undeveloped 1000 acre catchment currently is covered by
pasture in good condition and is composed of hydrologic soil
group C. This gives a pre-development composite SCS CN
equal to 74

A proposed urban development (post development) will
change the land use to:

1) 55% 1/3 acre lots (30% impervious), CN = 81;
2) 20 % in open space in good condition, CN = 74;

3) 25% in roads, sewers and parking lots, CN = 98.

\

Note: Refer to SCS CN Table, Slide 38 for curve numbers.

43



Problem 4: Calculating SCS CN and Direct Runoff, Q (Cont.)

Assuming AMC Il condition answer the following questions:
1) The post-development composite SCS CN is:
a) 90.2 b)78.6 c) 83.9 d) 89.5

2) The pre-development direct runoff Q associated with a 10-
year, 24-hour rainfall of P = 3.2 inches is (Note: CN =74) :

(Use Figure — Slide 39 or Equation: Q = P, = (P —1,)2/(P- 1, + S)) :
a) 2.5 b) 1.5 c)1.0 d) 2.1

3) The post-development direct runoff Q associated with a 10-
year, 24-hour rainfall of 3.2 inches is:

(Use Figure — Slide 39 or Equation: Q = P, = (P —1,)2/(P-1, + S)) :

a) 3.2 b) 2.8 c)1.3 d) 1.7

Note: For Q.2 & 3: S=(1000/CN)-10; 1,=0.2S
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Runoff - Midsize Catchments: SCS TR55 Method

Peak Discharge, Qp computation:

* Peak Flow (cfs): Q,=q,AQF

where:
q, = unit peak discharge (cfs/sq. mi/in)
A = watershed size in sq. miles
Q = Volume of direct runoff in inches
F = Pond Factor (depends on % natural storage in ponds
and lakes. Assume 1.0 if storage negligible)
*Requires:

« Unit peak discharge, q,, based on Graphical Method

* Time of Concentration, t. = (> Overland +
Channel Flow)
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Runoff - Midsize Catchments: SCS TR55 Method
Computing Catchment’s Time of Concentration

SCS TRS55 uses the following flow paths
for computing catchment's time of

concentration:

1. Overland Sheet Flow (<300 feet)
2. Overland Shallow Concentrated Flow
3. Channel or Pipe Flow
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SCS TR55 Method (cont.)

1) Equations for Computing Overland Sheet Flow
Time:

US Units: t= 0.007(nL)%8
P,0-550.4

Sl Units: t= 0.02887(nL)%8
P,0-550.4

where:

t =travel time in hours;

S = average land slope in feet/foot (or meters/meter in Sl)

n = Manning's overland roughness coefficient (see Slide 48)

L = overland flow distance in feet (or meters for Sl units)

P, = 2-Year, 24-hour rainfall depth in inches (or cms for Sl units)
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Table: TR55 Manning n Values for Overland
Sheet Flow

Surface Description Manning n

Smooth surfaces

(concrete. asphalt. gravel. or bare soil) 0.011
Fallow (no residue) 0.05
Cultivated ground

(residue cover less than or equal to 20%) 0.06

(residue cover greater than 20%) 0.17
Grass

Range. short prairie 0.15

Dense 0.24

Bermuda 0.43

Range 0.13
Woods

Light underbrush 0.40

Dense underbrush 0.80

Nore: Dense grass includes weeping lovegrass, bluegrass, buffalo grass,
blue gamma grass, native grass mixture, alfalfa. and the like.
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SCS TR55 Method (cont.)
2) Computing Shallow Concentrated Overland Flow Time

Figure: SCS TR55 Average Velocity for
Shallow Concentrated Overland Flow

0.50 - T T

Shallow Concentrated
Overland Flow time is L Example: Unpaved
calculated as: 15 % slope = 0.15

0.20 —

1. Given overland flow path [+ . _._._-.-.-
slope use Figure to get 0,10

overland flow velocity, v -

Lo Ll

0.06 —

given the overland flow F :
surface as paved or 2 oos !
unpaved. 5 L . P
2. Given the length L of the 0.02 |- I Velocity
overland flow path Travel rove 6 ft/s
time = 001 ! i
C I .
t2=LIV o.oosh ! -;-m' 1
1 2 4 6 10 20

Average velocity (ft/s)
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SCS TR55 Method (cont.)

3) Computing Average Velocity for Channel or Pipe
Flow Time

Procedure:

Step 1: Use Manning’s Formula to compute velocity in pipe or channel:
V = (1.49/n) R?3§,12 (US Units)
V =(1.0/n) R?3§,12 (Sl Units)

(Note: For full pipe flow condition R = dy/4 where d, pipe
diameter)

Step 2: Compute travel time = Pipe or channel length / velocity = L/V
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Example 8: TR-55 Time of Concentration
Computation

A 300 acre watershed drains along the path ED—-DC—CB—BA shown in the
table below. Determine the time of concentration, t. using SCS TR55 method

Hydraulic Path Type of Flow Slope (%) Length (ft)
ED Overland Sheet Flow 5.0 100
DC Overland Gutter Flow 1.5 300
(unpaved)
CB Pipe Flow (do =24 in; n = 0.015) 1.0 3000
BA

Open Channel Flow (y =2 ft; n = 0.02) 0.5 5000
/ (For a wide rectangular: Hydraulic Radius R = flow depth, y)

Note:

The pipe is 24 inches in diameter with a Manning’s n = 0.015

The open channel is wide rectangular with main bank flow depth = 2.0 ft.
and Manning’s n = 0.020.
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Example 8: TR-55 Time of Concentration Computation (cont.)

1. Path ED (Overland Sheet flow):

Bermuda Grass — roughness coefficient from slide 48, n = 0.43
2-yr, 24 hour cumulative rainfall depth, P, = 3.2 inches

Overland surface slope, S =0.05

From Equation — Slide 47

Overland flow length, L = 100 feet /
Travel time, tgp = 0.007(nL)%-8 = 0.007(0.43x100)°-8
P20.5SO.4 (32)05(005)04
=0.263 hrs =15.8 min =946.3 s

2. Path DC (Overland Concentrated Flow — Unpaved Surface):

Overland flow slope, S =0.015 <=| From Figure — Slide 49

Overland flow velocity, V = 1.8 ft/s

Travel time, tpc = L/V = 300/1.8 = 166.67 s = 2.78 min = 0.046 hrs.
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Example 8: TR-55 Time of Concentration Computation (cont.)

3. Path CB (Pipe Flow):

Mannings, n = 0.015;

Pipe slope, S =0.01;

Pipe length, L = 3000 ft

Pipe diameter = 24 inches = 2.0 feet

Pipe cross sectional area, A = 3.14x22/4 = 3.14 ft2
Pipe wetted perimeter, P = 3.14x2 = 6.28 ft

Pipe Hydraulic Radius, R = A/P = 3.14/6.28 = 0.50
Velocity, V = (1.49/0.015)x0.5?3x0.01"2 = 6.26 ft/s

\ From Manning's Formula

(US units) — Slide 40

Travel time in pipe, tcg = L/V =3000/6.26 = 479.2 s
=7.987 min =0.113 hrs
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Example 8: TR-55 Time of Concentration Computation
(cont.)

From Manning's Formul
4. Path BA (Open Channel Flow): rczlr?s uanqrsl;\?ss."dc;rz)u a

Mannings, n = 0.02; Channel slope, S = 0.005;
Channel length, L = 5000 ft

Flow depth, y = 2.0 feet
Hydraulic Radius, R =y = 2 feet (wide rect. channel)
Velocity, V = (1.49/0.02)x2.023x0.005"2 = 8.36 ft/s

Travel time in pipe, tcg = L/V = 5000/8.36
= 598.1 s =9.968 min = 0.166 hrs

Watershed Time of Concentration, t. = total travel time

=> t=tep+ tpc +tce + ta
=0.263 +0.046 + 0.113 + 0.166 = 0.588 hours = 35.28 min
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Problem 5: SCS TR-55 - Time of
Concentration Computation

Using SCS TR55 Method, calculate the time of
concentration of a watershed given the following
flow path:

1) overland sheet flow on dense grass, length L = 100 ft;
slope S = 0.01, 2-yr 24-hr rainfall P, = 3.6 inches;

2) shallow concentrated flow on unpaved surface,
length L = 1400 ft, slope S =0.01;

3) streamflow, Manning’s n = 0.05; flow area A = 27 ft?,
wetted perimeter P =28.2 ft, slope S = 0.005 and
length L =7300 ft.
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Problem 5: TR-55 Time of Concentration Computation (cont.)

1)

2)

3)

Overland Flow Time, t; (refer to slides 47 and 48):

n = 0.24 (dense grass); L= 100 ft; S= 0.01and P2 = 3.6 in

t, =[ 0.007(nL)%8]/(P,0-5S04) = min =

Shallow Concentrated Flow, t, (use Figure — Slide 49) :
Unpaved; L = 1400 ft; S = 0.01

Average Velocity=__ ft/s

Travel time, t, = L/V = seC= __ min

Stream/ Channel Flow (use Manning’s equation — Slide 50):
manning’s n = 0.05; A = 27 ft? ; P = 28.2 ft; S = 0.005; L =7300 ft
V=(1.49/n)R?3s12=_  fi/s
Traveltimet;=L/V=__ sec=___ min

Total Travel Time (or time of concentration)

=t +Htz3 =t = min hrs.
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SCS TRS5 Method - Peak Discharge
Computation

Steps:

1. Compute watershed composite curve number CN;

2. Compute sorptivity, S (inches), initial abstraction, I,
(inches) and |,/P ratio;

3. Compute direct runoff volume Q (inches);

4. Compute unit peak discharge, q, (cfs/sq. mi/inch) given
time of concentration, t. and I,/P ratio from Figure in
Slide 58 (or similar curve for Type | and Il )

5. Determine the pond factor, F.
6. Compute peak discharge q,=q, QAF
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SCS TR55 Method — Peak Discharge Computation
Figure: Unit Peak Discharge Curves-Type Il

Refer to USDA TR55 Manual for Type I-A, Type I-B and Type Ill Curves

Tyoe 1l

Unit peak discharge q,, [ft¥/(s-mi%-in.)]

— aas s o -
|
-

0.1 0.2 0.4 06 08 1 2 4 6 B 10
Time of concentration ¢, (h)

(e)
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Example 9: TR-55 Computation of Peak Flow
Using SCSTRS55 Graphical Peak Discharge Method

Given:

« 250 acre (0.39 sq. miles) watershed,;

« 25-year, 24hour Type Il design rainfall P = 6 inches;
« watershed time of concentration, t. = 1.50 hours;

« composite SCS Curve number CN =75

* Neglect storage in lakes and ponds.

Compute the peak discharge qp.
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Example 9: TR-55 Computation of Peak Flow
Using SCSTRS55 Graphical Peak Discharge Method (Cont..)

Solution:

« S =(1000/CN) -10 = (1000/75) — 10 = 3.33 inches;
e 1,=0.2S = 0.2x3.33 = 0.667 inches;
« Ratio I, /P =(0.667/6.0) = 0.11;
* Runoff volume Q = (P-1,)%/(P-1,+S)
= (6.0—-0.667)2/(6.0-0.667+3.33) = 3.28 inches;
» Unit peak discharge, q, = 285 cfs/sq.mil/inch (Slide 58);

« Pond factor F = 1; for t;=1.5 hours

Peak Discharge, q, =q,QAF
= 285x3.28x0.39x1 = 364.6 cfs.
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Runoff Midsize Catchments
Unit Hydrograph Method

Unit Hydrograph Definition:

The unit hydrograph of a watershed is defined a direct runoff
hydrograph (DRH) resulting from 1 inch (or 1 cm in Sl units) of excess
rainfall generated uniformly over the drainage area at a constant rate for
an effective duration t, (referred to as the Unit Hydrograph duration)

t;:=2h
I T

1 A =50 km?
3 cm/h

‘i'

2-h unit hydrograph
o for 50-km? catchment (Adapted from
5 Ponce 1989)
g >
6 8 61
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Unit Hydrograph Properties

(Adapted from Ponce 1989)

porere-

Linearity
i f.-"'f '--r.:;:.: ot
0 _1 r .-'d-\""'h.
= I:I".r lpf::_f__,.-"—- 1em
ol — Tirrm bpg —
Time

Superposition

Tirs

L
Effective
rainfa
hyetogragk
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Direct Runoff Convolution (Adapted from Chow el al (1988)

n=M

The set of equations for discrete time convolution 0, = Z Pollmiis

m= |

H = 1.21. .. ,hr
Q -‘-—‘P|U|
0. =hkU +~PU;
0 =P3U, +PrU» + P,U;
Oy =PylU; +Py- Uz + + P Uy
Ou-1= 0 +PyU + ... +PUy +P Uy
O = 0 + 0 Fo.v % 0% 0 Fo, 2Pully-u +PyuUnwrr
Q_\: = 0 + 0 + + 0 + 0 +... + 0 +PMUN—-M--I
In the equations above:
P = rainfall excess pulses (inches or cms) N=M+J-1

U; = unit hydrograph ordinates cfs/in or m¥s/cms)

Q, = Direct runoff ordinates (cfs)

N = number of non-zero direct runoff ordinates, Q,,

M = number of rainfall excess pulses in the hyetograph, P,

J = number of Unit Hydrograph ordinates, U;



Example 10: Derivation of Direct Runoff and
Streamflow Hydrographs Using a Given Unit
Hydrograph (Chow el al 1988)

Given:

2 hour unit hydrograph

Storm of 6 inches total rainfall excess depth with:
2 inches first half hour (P,),
3 inches in the second half hour (P,)
1 inch in the third half hour (P,)

Base Flow = 500 cfs

Determine:

Direct Runoff and the Streamflow Hydrograph.
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Example 10: Derivation of Direct Runoff and Stream Flow Hydrographs
Using a Given Unit Hydrograph (cont.)

Solution by Convolution where N= M+J-1 = 3+9-1 = 11 ordinates

Time Interval At=": hr [J=9 72 Hour Unit Hydrograph Includes base flow = 500 cfs
Unit hydrograph ordinates (cfs/in) l
Excess Direct Streamflow*
Time  Precipitation 1 2 3 4 5 6 7 8 9 runoff (cfs)
~hy (in) 404 1079 2343 2506 1460 453 381 274 173 (cfs)
| 2.00 808 U's 808 1308
£ 3‘00\ 1212 2138 Q’s 3370 3870
3 1.00 404 3237 4636 8327 8827
4 P’s 1079 7029 5012 13,120 13,620
) M= 3 2343 7518 2920 12,781 13,281
b 2506 4380 906 7792 8202
! 1460 1359 762 3581 1081
8 433 1143 548 2144 2644
9 381 822 346 1549 2049
) 274 519 793 1293
2 173 173 673
N =11 Total 54,438 \ N = 11

e ———

Riseflow = 500 efs.
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Problem 6: Derivation of Direct Runoff and Streamflow Hydrographs
Using a Given Unit Hydrograph

Given: Rainfall hyetograph, one-hour unit hydrograph and abstractions a constant
rate of ® = 0.5 in/hr.

Time (hrs): 1 2 3 4
Rainfall intensity, i (in/hr): 1.0 1.5 0.5
1-hr Unit Hydrograph (cfs/in): 50 200 150 50

Answer the following questions by completing the spaces shown in green:

a) Time (hrs):

1 2 3
Rainfall Excess (inches): e e e

b) Time (hrs): 1 2 3 4 5
Direct Runoff, Q (cfs)
(see slide 65) B N N B e
c) Volume of Direct Runoff in cfs-hours = _

d) Watershed size insq.mile= |
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Thank you for listening to the presentation.

Remember to Review the following
Appendix for:

1. Hydrologic Routing
2. Groundwater Hydrology — Well Hydraulics
3. Additional examples on Unit Hydrograph

Good luck on the P.E. Exam
QED

67



REFERENCES

Chow, Maidment, Mays, 1988. Applied Hydrology

Chow, ed. 1964. Handbook of Applied Hydrology

Domenico, Schwartz, 1998. Physical and Chemical Hydrogeology.

Freeze, Cherry, 1979. Groundwater
Maidment, ed. 1993. Handbook of Hydrology

Ponce, 1989. Engineering Hydrology

68



Problem 1 (Slide 9):

Problem 1 (Slide 10):
Problem 2 (Slide 21):
Problem 3 (Slide 34):
Problem 4 (Slide 44);
Problem 5 (Slide 55):

Problem 6 (Slide 66):

Answers

1) a; 2)a.

3) b; 4) c; 5) b; 6)c.

1) b; 2) d; 3) c.

1) c; 2) b; 3) d; 4) d.

1) c; 2) c; 3) d.

1) Overland sheet flow: 0.296 hrs;

2) Overland Shallow Concentrated flow: 0.229 hrs
3) Stream Flow: 0.991 hrs

4) Total Time of Concentration = 1.515 hours.

a) Time (hrs): 1 2 3
Rainfall excess (inches): 0.5 1.0 0 (M=2)
b) Time (hrs): 1 2 3 4 5

Direct runoff (cfs): 25 150 275 175 50 (N=5)
c) Volume of direct runoff, V4= 675 cfs-hours = 2430,000 ft3
d) Drainage Area = 0.697 sq. miles

(Hint: use volume under unit hydrograph = 1 inch or Volume under direct runoff

hydrograph
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APPENDIX A

Hydrologic Design
Components for
SCS TRS5
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Table: Design Frequency or Return Period for

Various Hydraulic Structures

Generalized design criteria for water-control stmuctures

Twvpe of structure

Return period (years)

Highway culverts
Low traffic
Intermiediate tratfic
High rraffic
Highway bridees
Secondary sy stem
Primary system
Farm drainage
Culverts
Dritches
LU'rban drainage
Storm sewers in small cities
Storm sewers in large cities
Airfields
Low traffic
Intermediate traftic
High traffic
Levees
On tarms
Aronnd ciries
Dams with no likelihood of
loss of life (low hazard)
Small dams
Intermediate dams
Large dams
Dams with probable loss of life
{sigmificant hazard)
Small dams
Intermediate dams
Large dams
Dams with high likelihood of considerable
loss of life (high hazard)
Small dams
Intenmediate dams
Large dams

5—10
10=-25
S0—10:0

10-50 «
S0—-100

-5
-5

Lh LA
o C

e |

25-50
5-10 <1.llll
10-25

SO-100

250

SO0-2200

50-100
100 +
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Louisville, KY
100-yr, 6-hr Rainfall -
= 4.5 inches

100-year 6-hr rainfall (inches). (U.S. Weather Bureau [38].)

adapted from Chow, Handbook of Applied Hydrology, McGraw - Hill 1964
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Methods for Computing Time of
Concentration

* Formulas

— Example: Kirpich, SCS Average Velocity Charts

 Approximate Velocities
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Table: Formulas for Time of Concentration, t.
(source: Chow et al, 1988)

Summary of time of concentration formulas

Method and Date Formula for . (min) Remarks
Kirpich (1940) 1. = 0.0078L0- 77— 0385 Developed from SCS data for seven rural basins in Tennessee
L = length of channel/ditch with well-defined channel and steep slopes (3% to 10%); for
from headwater to outlet, overland flow on concrete or asphalt surfaces multiply ¢, by
ft 0.4; for concrete channels multiply by 0.2; no adjustments for
S = average watershed slope, overland flow on bare soil or flow in roadside ditches.
f/fi

California e = 60(11.9L3/H)"-3%5 Essentially the Kirpich formula; developed from small moun-

Culverts L. = length of longest tainous basins in California (U. S. Bureau of Reclamation,
ff;igge Source: Kibler, 1982, Copyright by the American Geophysical Union.
between divide and
outlet, ft
[zzard (1946) 41.025(0.0007 + c)L0-33 Developed in laboratory experimenis by Bureau of Public
f(' = R 1 =
5 0.333;0.667 Roads for overland flow on roadway and turf surfaces; val
i = rainfall intensity, in/h ues of the retardance coefficient range from 0.0070 for very
¢ = retardance coefficient smooth pavement to 0.012 for concrete pavement to 0.06 for
L= length of flow path, ft dense turf; solution requires iteration; product § times L should
S= slope of flow path, ft/ft be = 500.

Federal Aviation = 1.8(1.1 — C)LP-50;50.333 Developed from air ficld drainage data assembled by the Corps
Administration C = rational method runoff of Engineers; method is intended for use on airfield drainage
(1970) coefficient problems, but has been used frequently for overland flow in

L = length of overland flow, ft urban basins.

§ = surface slope, %

Source: Kibler, 1982, Copyright by the American Geophysical Union. 4



Table: Formulas for Time of Concentration, t. (Cont.)
(source: Chow et al, 1988)

Summary of time of concentration formulas

Method and Date Formula for ¢, (min) Remarks E

|
Kinematic wave _ 0.6,,0.6 Owverland flow equation developed from kinematic wave anal- t
formulas be (04503 ysis of surface runoff from developed surfaces; method '
Morgali and L = length of overland flow, fi requires iteralion since both i (rainfall intensity) and r. are
Linsley n = Manning roughness unknown; superposition of intensity—duration—frequency curve
(1965) coefficient gives direct graphical solution for 7.
Aron and i = rainfall intensity in/h
Erborge (1973) = average overland slope
f/fi
SCS lag 100 L“'H[(IHCI{]!CN) — 9107 Equation developed by SCS from agricultural watershed data;
equation e = 1900 595 it has been adapted to small urban basins under 2000 acres;
(1973) L= hydraulic length of found generally good where area is completely paved: for

watershed (longest flow mixed areas it tends o overestimate; adjustment factors are
path), fi applied o correct for channel improvement and impervious
CN = 5CS runoff curve number area; the equation assumes that r-= 1.67 * basin lag,

§= average watershed slope, %

SCS average ;= Lw L Overland flow charts in Fig. 3-1 of TR 55 show average veloc-
velocity c BTy ity as function of watercourse slope and surface cover. (See
charts (1975, 1986) L= length of flow path, fi also Table 5.7.1)

V= average velocity in feet
per second from Fig. 3-1
of TR 55 for various
surfaces

Source: Kibler, 1982, Copyright by the American Geophysical Union.

Used in SCS TR55 Method



Table: Average Velocities for Different Flow Paths
(source: Chow et al. 1988)

Approximate average velocities in ft/s of runoff flow for calculating
time of concentration

Description of water course Slope in percent
0-3 4-7 8-11 12—
Unconcentrated™®
Woodlands 0-1.5 1.5—- 2.5 2.5—- 3.25 3.25-
Pastures 0-2.5 2.5—- 3.5 3.5- 4.25 4.25—-
Cultivated 0-3.0 3.0- 45 4.5- 5.5 5.5—
Pavements 0-8.5 8.5-13.5 13.5-17 17—
Concentrated™*

Outlet channel —determine velocity by Manning's formula

Natural channel not
well defined 0-2 24 4-7 s

*This condition usually occurs in the upper extremities of a watershed prior to the overland flows accumulating
in a channel.

**These values vary with the channel size and other conditions. Where possible, more accurate determination:
should be made for particular conditions by the Manning channel formula for velocity.

(Source: Drainage Manual, Texas Highway Department, Table VII, p. II-28, 1970.)
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APPENDIX B

Hydrologic Routing
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Reservoir or Detention Basin Routing

. Storage — Indication Method: Used for routing flood
hydrographs through detention basins or reservoirs.

. Information Required:

1. Storage-Elevation Data for the reservoir (obtained from site
topographic map)

2. Storage-Discharge Relationship (depends on the hydraulics of
outflow control structures such as a spillway) (See Figure — Slide 67)

3. Steps 1 and 2 are combined to develop a Storage-Indication
curve:

2S/At + Q vs Q curve (See Figure — Slide 68)

. Uses discrete form of equation of continuity as:

‘ E."_i-'l. =1 | |-15j.|.

T Ar _E'I--H,'I:Ik Aq

I +'E'j||:|_1'[?_--|
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Reservoir Routing (cont.)
Figure: Discharge-Elevation Relationships for Various Types
of Spillway Structures

(Adapted from: Chow et al, 1988)

Spillway tvpe

Egquation

MNotation

LUncontrolled owver-

flow ogee crest

Q = CLH?

(@ =discharge. cfs

C = variable coefficient of
discharge

I = effective length of crest

A =1otal head on the crest
mcluding  velocity  of
approach head.

Gate controlled ogee Q = % \."ﬁCLi:Heﬂ — HY?) H\ =iotal head to bottom of
crest & the opening
H>=1otal head to top of the
= opening
C =coefficiemt which dif-
fers with gate and crest

A

Morning glory spill-
way
p—H: -

Culvert (submerged
inlet control)

0 = C(ZmROH*"2

Q — C_d W \-'\:ZgH

arrangement

L, = coefficient related to A
and R,

R: =radius of the
flow crest

H = total head

over=

W — entrance width
I = height of opening
1= discharge coefficient

Souwrce: Design of Small Dams, Bureau of Reclamation, U. S. Depamtment of the Interior, 1973,



Reservoir Routing (cont.)

Figure: Development of Storage Indication Curve
(Chow et al, 1988)

T Oullow # Outflow
|
thh ()
0 /__/_T:‘: ______ -+ 0 F-————- R
r l !
| ! :
: Water surface ' |
'H clevation | Storage - outflow
- = function
T
a - + @
| 1

' Storage

) /
5

—— ——— i o _#

|

|

|

| Water surface
lf H elevation
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Reservoir Routing (cont.)
Example 8: Developing a Storage Indication Curve.

Problem Statement:

Storage vs outflow characteristics for a proposed reservoir are given below.
Calculate the storage-outflow function 2S/At + Q vs Q for each of the tabulated
values if At = 2 hours. Plot a graph of the storage-outflow function.

Storage, S (105 m3): 75 81 87.5 100 110.2
Outflow, Q (m3/s): 57 227 519 1330 2270

Solution:
Etﬂrag:a Qutflow 2SIAt + O
(10° m”) (m°/s) ({m°/s)
75 57 20890
81 227 22727
87.5 519 24825
100 1330 29108
110.2 2270 32881
At = 2 hr
At = 7200 s 81



Storage Indication (mi/s)

Storage Indication (m3/s)

Reservoir Routing
Example 8: Developing a Storage Indication Curve (cont.)

(Adapted from: Chow et al, 1988)

Storage Indication Function

25000

30000
25000

S04

Storage Indication Function

20000 %

15000
10000
5000

1000 1500

2000

2500

500

1000 1500
Outflow (m3is)

2000
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Example 9: Reservoir Routing (Cont.)
(Chow et al, 1988)

Using the following storage indication data route the given inflow hydrograph
using the storage indication method

- = Column: 1 2 3 4
ll.__.l:I|I=IlTlrl- - x ﬁkvatiun gischarge gturage (2s/an* + 0
i e T iaee 0 s (fty (cfs) () (efs)
imdex § dTnE 1cFsk 0.0 0 0 0

- == 0.5 3 21,780 76

1 L - Lk 1.0 8 43,560 153

X [ T Sl 1.5 17 65,340 235

3 =0 L 3D 2.0 30 87,120 320

-+ 20 | =l 2.5 43 108,900 406

= Ty Ty 3.0 60 130,680 496

- =i i o ] 35 78 152,460 586

= =i BTNy | 4.0 97 174,240 678

= | EI00 4.5 117 196,02{] 770

a . [ 5.0 137 217,800 863

= 55 156 239,580 955
: ? lx ;c"""; 6.0 173 261,360 1044
e e | & 6.5 190 283,140 1134
e et S 7.0 205 304,920 1221

< = = 7.5 218 326,700 1307
=5 1 =0 Sl 8.0 231 348,480 1393
15 141 mald 8.5 242 370,260 1476
14 15740 L 9.0 253 392,040 1560
L By 150 9.5 264 413,820 1643
E: | | R n 10.0 275 435600 1727
= EED

ol | = *Time interval A7 =10 min.

=1 SCHCE

2 2140




Solution:

Example 9 Reservoir Routing (Chow et al, 1988) (cont.):

From Storage Indication Equation
(23j+1/At + Qj+1) = (|j+1 + |j) + (ZSJ/At = Qj)

Columin:
1 2 3 4 5 ' 7
Time Iime I nHow F. + I . o — Q_, e - Q_‘. ] Dt Aow
imndex j {rmim) (cfs) icfs) icfs) (cfs) (cfs)
1 0 & 0 RS e 0.0
2 0 =60 = 60— 55.2 o T 60.0 Ly i From
3 20 120 180 2011 2353 7.1 Storage
& 30 180 300 3789 S0 .1 61.1 T
5 <3 24 G20 5526 TOg .G 123.2 Indlcatlon
o S0 300 540 7282 1092.6 182.2 Curve Table
7T et 360 Eialh Q27 .5 1388.2 230.3 H
B 70 320 680 108%.0 L6075 259_3 Slide 73
Q =i 280D SN} 11490 1 6E9_0 270.0
- 520 1134.3 1668.0 267.4
440 10454 .4 1574.3 254.9
60 9541 14244 2352
280 820.2 1234, 1 206.9
200 6833 1020.2 168.5
. 120 555.1 803.3 124.1 outflow
inflow 40 435 .4 595.1 79.8 hvd h
hydrograph (4] 332 435.4 15.6 y rograp
2728 338.2 32.7
227.3 272.8 22 8
194.9 227.3 16.2
169.7 199, 9 12.6
169.7 9.8
Solve this equation for (25,- 2 ) [251- . g ) 20
. . T el F + 1 = e i+ 1 i i +— 1
next time stepj=3 Ar " g At y !
Column 5 Column 6 84




Reservoir Routing

Example : Reservoir Routing Using Storage-Indication

Method.
(Adapted from: Chow et al, 1988)

Problem Statement:

LUszs the level pool routing method to route the hydrograph given below through the
reservoir whose siorage-outflow chammcierisiics are given i Prob. 8.2.1. What is
the maximum feservoir discharge and storage? Assume that the reservoir wutally
contains 75 = 10* m’ of swerage.

Time {h) e I 4 & 3 0 12 4 is I8

Inflow (m'fsec) &0 DD 232 3O 520 1,310 1530 J4&0 DIOD  &SD

Storage Indication Curve

e Outfiow | 25/AL+ 0 ST Aved
—T@——H‘r"‘_‘_‘ 35000
(10°m’) (m°ls) (mals) £
75 57 20890 g3 —
B 27 227271 TS o
875 519 24825 2 5 /
100 1330 20108 g & P
110.2 2270 32881 e 500 1000 1500 2000

Discharge, Q (m3/s)

2500




Reservoir Routing (Cont.)

Example: Reservoir Routing Using
Storage-Indication Method (cont.).
(Adapted from: Chow et al, 1988)

Solution:

Column:

1
Time
(min)

=04
140,00
280, 00

b0, 00
Kb, D

6,38
11804
3.4
4ha, 00
1080, 00

i 200,00
132080
TER] 5
EETIT
1440 . 00
AD , D)
1920. DD

2
Inflow
(cfs)

4,0
|DD.3§:>[}\*

52 .0a
OB .04
LFa .30
F310.00
1930, 00
%40, 00
990 . DB
BEE .34

E2.34

B .00

i . 00

hil, 0n
B, DB

LY B
[ |

o

Storage Indication Curve
(2S/dT + Q) vs Q

1000 1500

Discharge, Q (m3/s)

2000

2500

IL A

+ Oy |]|_ 2025 .

3 ) 6
lj + lj+1 ZSj/At - 23j+1/At Qj+1 Outflow, Qj
(cfs) (cfs) (cfs) (cfs)
4.
&~ ~

| 66,84 dTTh: 1) (=1 => laagas. 33 B1. 26
¥1z.4d A0813,83 ARELN ¥ BE.ES
L%, 00 1] TR HEITH T 118.%E
124 .00 215BE. 40 12106, 6 1E5.58
1234.00 A1V} A% 2455705 LY |
124000 ZEEI LD FEiEY.1A 148.24
1190032 TRE0N 88 Sl T N19.33
FEL IS £ hELTRE TENES .1 IET T
LI a5A%d. H Fayg. 2k 'alz,3a
Ti&.80 dREnS, LY PANTS, 5 Thi, as
12%.00 FELT T INTOHE, BE &03, KT
12300 SATDZ. 92 11033, %8 1T%.5%6
¥20.00 23061, 80 21167 8] AT

120,08 203,42 LFIET R T, 22693

120. D& FEeY, wY TN R 4] 85T

126,89 R E N FEALT G2 1TO. B2

= &5



APPENDIX C

Groundwater:
Well Hydraulics
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GROUND WATER HYDROLOGY

Terminology

* Aquifer — water bearing strata capable of transmitting water (fluid)
at a rate as to be suitable for water supply

«Confined Aquifer — an aquifer located between two layers of low
permeability or impermeable strata (aquitard)

*Unconfined Aquifer — water table aquifer, phreatic aquifer, water
level exposed to atmospheric pressure

Vadose zone — unsaturated region above the water table

*Potentiometric or Piezometric surface — hydraulic head, h, level
at a point or across a region of aquifer

88



Fundamental Principles

Darcy’s Law: g=Kii
q = specific discharge {L/T}

K = hydraulic conductivity {L/T},
(ft/s, m/s)

i = hydraulic gradient = dh/dL
{dimensionless, L/L}

h = hydraulic head, h

— \lj + Z

Y = gage pressure head or water
pressure = pg,.. /Y {L}

z = elevation head {L}

Point of
megsurement = ¢

€

- Ground surface

Dotum (usually sea level):
2=0

Note: W = 0 in saturated
zone

89




Fundamental Principles (cont.)

830 r T KMW; V777777777777
550 | ' - '

Elevation
(meters above sea level
}

sl A= h=570 . h=530. h=610 - 4.
e .'_.'- i I .':. :.:- R . i +__ .
soolL ~e-h-lveeel L s N g !
dh 20 _
O 200 400 L - 200" °-10

i

Darcy’s Law: v=q=Ki
v = q = flux rate or velocity (ft/s or m/s)
i = hydraulic gradient, dh/dL = (h, —h4)/(L2-L4)
K = hydraulic conductivity (ft/s or m/s)

Volume flow rate: Q=qA

A = flow area
90



Well Hydraulics
Thiem’s Steady State Solution

 Unconfined Aquifermy | , . ™ M

(i)

K h': - h]
Q = amKem i)

* Confined Aquifer; wm=p

where,

Q = Discharge from pumping well in cfs (m3/s or gpm);

h = hydraulic or piezometric head = pl/y in ft (or m);

K = hydraulic conductivity in gpd/ft? (or ft/s);

r = distance to observation well from center of the puping well in ft
(or m)

m = thickness of the confined aquifer in ft (or m)

91




Example: Thiem’s Steady State Solution - Unconfined
Aquifer

wK(h} — hi)

0= —
Inirafry) | r

Ground | .
N’% I _/_ff_"’T | -
+ l:: Observation

[
Onginal water table // wells
N | B |
—%\ d'*-
Cone of depression
Drawdown — 1

Pumped well — h. l | | l
Impervious stratum j
X —

Well in an unconfined aquifer.
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Example: Thiem’s Steady State
Solution - Unconfined Aquifer

Given:

*A 20 inch diameter well fully penetrates a 100 ft deep unconfined
aquifer;

‘Drawdowns at two observation wells located at 90 ft and 240 ft from
the pumping well are 23 ft and 21.5 ft respectively;

‘Hydraulic Conductivity of the aquifer is K¢ = 1400 gpdlft2 x ((1.55x10-6
cfs/gpd) = 2.17x10-3 ft/s

‘Determine: The discharge Q from the pumping well in gpm
ﬁ.‘{,{h% - hy)

x

Solution: 0= )

Hydraulic heads: h, =100 - 23 =77 ft (at r, = 90 ft);
h, =100 - 21.5 = 78.5 ft. (at r, = 240 ft);
Ks = 1400 gpd/ft? x ((1.55x10- cfs/gpd) = 2.17x10- ft/s
Q=3.14 K; (h,2 - h,?) / log.(r,/r;) - all in consistent units
=3.14 x 2.17x10-3( 78.52 - 772 | log,(240/90)

=1.62 cfs = 725.9 gpm o3



Example : Thiem’s Steady State Solution —

Confined Aquifer

h'l . h]

Q — ZFK!:HF - A g s RSP
In{rir} | |

Crrovurd

| B : | —
k& o _____ﬂ_.ﬂ'""' _|_:.-' (Whee rvalion

7] sl

Frre o i Pumped —f | -*’f;
surface wes i,,-,__ v - i

e N e e e — Ly —::—‘:T

.-"'-’-r o
Original pezometri:
sufface |
/ ¥ ki ks L
Fenvprerious :

strata 3 o= aquifer
]I'|| T thickness

Ly

Tk N T = — T : T UL e et e i el . e 1 e, 2
P T T ST T, L L - — e rreh A b e T S T L T e ey

FIGURE 3.9 Radial flow to a well in a confined aquifer.



Example : Thiem’s Steady State Solution —
Confined Aquifer

Problem: Determine the hydraulic conductivity, K, of an artesian
aquifer (confined aquifer) pumped by a fully penetrating well.
Given:
1) Aquifer thickness, m = 100 feet
2) Steady state pumping rate Q =1000 gpm = 2.232 cfs
3) Drawdowns, s, at observation wells:
Well 1: r, = 50 ft; s, =10 (h, = 100-10 = 90 ft)

Well 2: r, = 500 ft; s, =1 ft (h, = 100-1= 99 ft)
Solution: / 0 = 2akom hy = hy
Solve for Hydraulic Conductivity, K, from Thiem’s M n(nin)
steady state equation for confined aquifer:

K= {Q (log.(ry/rq) ¥ {(2 [1 m (h,— h,)} - all in consistent units
= {2.232xl0g,(500/50)}/{2x3.14x100x(99-90)}
= 9.093x10 ft/s or ft3/s.ft2
= (9.093x10-4t3/s.ft2) x 646,323 gpd/ft?
= 587.7 gpd/ft? 95



Theis Unsteady State Solution

ASSUMPTIONS

1. The aquifer is homogeneous, isotropic, and of infinite extent (this is a built-in
assumption of the groundwater flow equation).

2. The transmissivity of the aquifer is practically constant.

3. The water derived is entirely from storage and is released instantaneously with
decline of head.

4. The well penetrates the entire thickness of the aquifer, and its diameter is very
small compared to pumping rates, so that storage in well 1s negligible.

INITIAL AND BOUNDARY CONDITIONS

1. At time = 0, drawdown = 0, at any distance.
2. At time > 0, drawdown = 0, at infinite distance.
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Theis Unsteady State Solution - Equations

In US practice — Equations are used with
h . h —Q — Q W (U) Qin gpm, T in gpd/ft and time t = days
: 4T N[ e
s /wdu
r 2 S L _ L8irs,
U = Tt .
4Tt ~Original piezometric
[ Ground surface surface
Variables: //////////7/ rC///’////////
Drawdown: s =h_,-h P/ ]
hydraulic conductivity: K /. /

: . / /
aquifer transmissivity: T=Kb A /
aquifer thickness (confined) or A /
saturated thickness (unconfined) :b [ - : /

ted ¢ . e 1| ||
Storativity: S DI s disrrs /01
well fur_lctlo_n: W(u) —= Confined ! | —
r = radial distance from center of well | —— qquifer =
' /////////////////=f/////-///////,'///'
Impermeable o - 97



Theis Unsteady State Solution — Well Function W(u))

Well function, W(u) a function of the term u
Tabulated to provide a convenient method to estimate drawdown for given

aquifer conditions and steady-state pumping rate, Q

Values of Wiu) for Various Values of u

A

I 1.0 10 30 40 50 B0 T &0 )
o | 0% O0El i} N3 00011 04003 DODOOIE Q0|2 [L0G001 2
=1 .62 1.2 09l 0.0 0.5 .45 a7 i 6
1 104 135 2.96 2 kA 24T 2] 215 103 1.3
<Y 633 564 5.23 195 472 154 430 426 114
=1 LR 154 T.55 128 ing L) 6.69 .55 f.4d
1070 109 124 LT 958 9.33 214 LR BB A.74
2107t 134 12.5% 12.14 11.8% L 163 10145 1.5 11.14 11.04
#1077 1554 14.85 1+ 4 115 13.93 131 13 &0 13.46 i3.34
£107% 1T 17.15 16,74 L6 16,23 16,05 1590 15.76 154%
0% M5 1945 1908 [ETE (854 1833 1820 1807 17.9%
ST B B I B T 1) 2084 2066 1050 kR 1S
It 2474 Mos 184 21,3 23.14 2296 1281 1287 1158
€107 2as 16 146 25.%% 25.67 544 25 36 24911 49T T Rk
=107 2936 I8 2826 0 9 MM 4% a4l 118 116
107 3186 ST S M7 W 1987 20,71 1958 2% 46
<107 3196 5327 iS4 e 1.3 32T iz 1188 LT

Sowrce: Afler L R Wiensed, " Methody for Determining Fermeability of Water Beanng Macerials with Spocial Rederence 10 [iachang-
ing Well Methods” LS Genlogial Survey. WalerSupply Paper 557, Washinglon, [, | 547, 98



Example: Theis Method

Given:

A well is pumped at Q = 5400 m3/day

Aquifer properties:
S =0.0003;

T = 2200 m?/day (0.0025 m?/s)

Compute:
Drawdown, s = hg-h ,

att=10days, r=20m

Solution:
Compute u = 1.36.10°

Well Function: W(u) =12.99

rd

~Original pfezomeiric

hy—h=s=

Q

n :
Ground surfoce @ Surface
;/////////7/ r’._/// ’////////
/ 21’.. — /|
e e ——
v /
2 /
/ D Y,
/ /
/ i /
: ' /
f /
/ Impermecble Pw ‘ /
(1220222222220 Vst ess 2 22y
" Confined * = =
—e oguifer £ J—
TTTTITTTTT 7777777077 7777777777777
Impermeable o =
W (u)

ivil

Drawdown, s = {5400/(4x3.14x2200)} x 12.99 = 2.53 m



Problem 7: Drawdown by Theis method

Given:

*The following information for a confined aquifer:

a) Transmissivity T = 1650 ft?/day

b) Storage coefficient S = 0.0005.

c) Aquifer thickness = 200 feet

d) Well delivers a discharge of Q = 500 gpm

Determine the drawdown at an observation well located 150 feet
away after t=12 hours using Theis method. Use consistent

equations.

(Note: 1 cfs = 448 gpm).
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APPENDIX D
Unit Hydrograph

Additional Examples
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Example: Unit Hydrograph Derivation

Problem Statement: Determine 1/2hr Unit Hydrograph using the
excess rainfall hyetograph and Direct Runoff Hydrograph shown
in the Table below. (Adapted from Chow el al (1988)

Excess rainfall hyetograph and direct
runoff hydrograph

Time Excess rainf. ll Direct runoff
(3 h) (in) (cfs)

1.06 428
1.93 1923
1.81 5297
9131

10625

7834

3921

1846

1402

830

313 102
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Example: Unit Hydrograph Derivation (Cont.)

Solution by Deconvolution where N= M+J-1 or J= N-M+1 = 11-3+1=9
ordinates (Adapted from Chow el al (1988)

(& 428 s
&, = == —_ |
s I =7 06 404 cfs/in
O — P>U7, 1923 — 1.93 = 404
Oy = = _ = 1
2 P, 1.06 1079 cfs/in
2 —- P30 — P75 5297 — 1. > <4 — 1. > 107
i — 22 21U, 22 _ 21 = 23 X 1079 '_ 5343 cfs/in
7y 1.06
and similarly for the remaining ordinates
9131 — 1.81 > 1079 —.1.93 > 2343
Uy, = =z = 2506 cfs/in
1.06
10625 — 1.81 > 2343 — 1. > 2
Ug = 23 =105 = 1460 cfs/in
1.06
T834 — 1.81 > 2506 — 1. > 1460
Ulg=— 23 = 453 cfs/in
1L.06
39 — 1.81 > 1460 — 1.93 > 453 .
Ly = 2221 - — 381 cfs/in
—.1. > — 1. 3
U — 1846 1.81 453 1.93 = 381 — 274 ofs/in
1.06
— 1. >~ 381 — 1. x 274 ]
- .U9=:1402 1.81 81 1.93 — 173 cfsfin
2 hr UHG 1.06

\n 1 2 3 a4 s P = p -
453 381 274 173 103

U, (cfs/fin) 404 1079 é343 2506 1460




Problem : Derivation of Direct Runoff and Streamflow
Hydrographs Using a Given Unit Hydrograph

Problem Statement:

Thee six-howr wnitbydmpraph of 4 watershed having a drainage ares equal 1o 393
km? s as follows:

Time (hi D& 12T & MW W 43
Unk hydrograph imYscm) 0 18 309 B6 41F 146 55 1.4

For a storm over the wasershed having excess minfall of 3 em for the fisst sly
hucaira and 13 oo far the second six houre, compus the stramflaw bpdragraph,
asseming constam bassflow of 100 mYs.
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Problem : Derivation of Direct Runoff and Streamflow Hydrographs
Using a Given Unit Hydrograph (cont.)

Solution:
Q3 Arpa = 393 km®
Baseflow = 100 m>is
Streamflow vs. Time
Raimfail Darect
Timne (hr) | UH (m/e-em) | Excess (em) | Runok (cfs) | Straamfiow (cfs) e
0 [V 0.0 100.0
B 18 5 a0 108.0
12 309 16 181.58 281.8 1600
18 B5.6 0 8015 ool 5
24 418 0 1463.0 1583 0 _
30 148 0 700.0 800.0 £
36 5.5 0 246 5 346.5 £ uw
iz 1.6 g 215 1.5 :
48 0 5] 27.0 197.0
54 0 0 0.0 100.0 "

Q, = PyU; = (5K(1.8) = 9
Qg = Pal + ByU; = (15)(1.8) + (5)(30.9) = 1815 -
Qy = PyUy + Pol; + PyUy = 0 # (15)(30.9) + (5){856) = 8915 "

10 20 30 40 50 a0
@, = Pl + Py, = (15)(85.6) + (5)(41.8) = 1483 Trette)
2nd Method
Rainfall u, W, Ly Uy Uy Ug U; Direct

Time (hr] | Excess (cm) 1.8 0.9 856 41.8 14.6 55 1.8 Runcf (cfs) |Streamiiow (cfs

0 i x 0.0 1000

B 5 5 ; 50 108.0

12 15 27 1545 181.5 281.5

18 1} 4635 428 8915 8915

24 0 1284 209 1453.0 1583.0

a0 [1] B27 73 = 700.0 B00.0

36 1] 218 276 246.5 346.5

4z ] 825 9 g91.5 1915

48 0 P 27.0 127.0

54 ] 0] 100.0




Example : Derivation of Direct Runoff and Streamflow
Hydrographs Using a Given Unit Hydrograph

Problem Statement:

The six-hour unit hydrograph of a watershed having a drainage area
equal to 393 km? is as follows:

Time (hr): 0 6 12 18 24 30 36 42
Unit hydrograph (m3/s/cm): 0 1.8 309 156 418 146 55 1.8

For a storm over the watershed having the following excess rainfall
depths, compute the streamflow hydrograph assuming a constant base
flow of 100 m3/s.

Time (hr): 0 6 12
Rainfall Excess (cm): 0 5 15
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Example: Derivation of Direct Runoff and Streamflow Hydrographs Using a
Given Unit Hydrograph (cont.)

Solution:
Streamflow vs. Tima
Q3 Aea= 383 km’ -
Besefiow= 100  mls
Rainfal Direct
Time (hr) | UH {m'/ecm) | Excess (cm) | Runoff cfs) | Streamilow (cfs) i
0 0 00 100.0
B_ 18 5 80 108.0
12 304 15 1818 261.6 )
18 B5E 0 BS1 5 5315 E
24 418 0 14830 1593.0 e
30 .8 o TohU &l U g
36 55 0 248.5 34E5
42 1.8 0 g15 1915
43 Q ] 27.0 127.0 O e e e T
54 0 1] 0.0 100.0
@ = Py, = (5)1.8) =9
Q, = P,U, + P,U, = (18)(1.8) + (5)(30.0) = 1818 0

O, = PU, + Paldy + Pilly= 0 # (15)30.9) + (5/B5.6) = 881.5
Q, = PyUy + PyU, = (15)(85.6) + (5)(41.8) = 1483

Time (hrs|

gnd Mathod
Rainfall U, U; L, L, Ly Uy L, Diract
[Time (fr) | Exoess (uim) 1.8 =08 83,8 41.8 14,8 2.9 1.4 Rl {uls) T [RECY
1] 0.0 1000
-] 5 g8 a0 1049.0
3 15 27 154.5 181.5 261.0
18 0 463.5 428 Eﬂi_.E BHE_’_.E
24 0 1284 208 1483.0 1583.0
30 0 27 7 TIJ'IJE 800.0
36 1] 218 275 246 5 346 5
4.‘3 ] 82.5 8 815 181.5
48 1] 27 27.0 127.0
54 i 0.0 100.0 107




Example: Unit Hydrograph Derivation

Problem Statement: Determine 1/2hr Unit Hydrograph using the
excess rainfall hyetograph and Direct Runoff Hydrograph shown
in the Table below. (Adapted from Chow el al (1988)

Excess rainfall hyetograph and direct
runoff hydrograph

Time Excess rainf. ll Direct runoff
(3 h) (in) (cfs)

1.06 428
1.93 1923
1.81 5297
9131

10625

7834

3921

1846

1402

830

313 108

— O O 00 1N £ WD -

R R




Example: Unit Hydrograph Derivation (Cont.)

Solution by Deconvolution where N= M+J-1 or J= N-M+1 = 11-3+1=9 ordinates

(Adapted from Chow el al (1988)

(& 428 s
&, = == = A4D4
; I =7 .06 cfs/fin
O — P>U7, 1923 — 1.93 > 404
Oy = = — = i
2 P, 1.06 1079 cfs/in
2 —- P30 — P75 5297 — 1. > <4 e . > 107
= 22 =14 22 _ 21 94 — 1.93 > 1079 _ 5343 cfs/in
7y 1.06
and similarly for the remaining ordinates
9131 — 1.81 > 1079 — . 1.93 > 2343
Uy, = =z = 2506 cfs/in
1.06
10625 — 1.81 > 2343 — 1. > 2
Ug = 23 =105 = 1460 cfs/in
1.06
T834 — 1.81 > 2506 — 1. > 1460
Ulg=— 23 = 453 cfs/in
1L.06
39 — 1.81 > 1460 — 1.93 > 453 .
U, = 2221 - — 381 cfs/in
—.1. > — 1. 3
U — 1846 1.81 453 1.93 = 381 — 274 ofs/in
1.06
— 1. >~ 381 — 1. x 274 ]
g = 1402 =ikl 1 :ié 1.3 = 173 cfs/in

2 hr UHG

453 381 274 173 109

U, (cfs/fin) 404 1079 é343 2506 1460




