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Preface

Engineering hydrology books, manuscripts and text material are abundant addressing

perceptions, fundamentals, methods, models, designs and associated scientific concepts.
However, rare are the books that deal with problem solving and practical complications in the

field of engineering hydrology.

This book has been written to tackle material described in the 2-credit hour course of
“Engineering Hydrology, ENVEN 431" given during the first semester for Junior Engineering
students of the department of environmental engineering of the College Of Engineering at
Dammam University as well as a 3-credit course Hydraulics and Hydrology, BEC 208 offered in
the second year for Bachelor of Civil Engineering students at the Infrastructure University Kuala
Lumpur. The named courses contents encompassed: Hydrologic cycle, precipitation and water
losses. Catchment's characteristics and runoff processes. Flood estimation and control.
Hydrograph analysis. Flood & reservoir routing. Groundwater occurrence, distribution,
movement, exploration and recharge, well hydraulics and design, interaction of ground and
surface water. Differential equations of groundwater flow. Darcy Law, solutions of the steady
and unsteady flow, differential equations for confined and unconfined flows. Pumping test
design. Groundwater models, leaky aquifers. Saltwater intrusion.

The book also covered the course contents of the subject “Hydrology and water gauging” CIVL
561 offered for the fifth year students of the department of civil engineering of Sudan University
for Science and Technology. This particular course covered: Elements of hydrology.
Precipitation. Surface runoff. Evaporation and evapotranspiration. Infiltration and groundwater
flow. Hydrological measurement networks. Hydrograph. Flood routing.

Likewise, the book covered “hydrology” Course contents offered at the civil engineering
department of the college of engineering at United Arab Emirates University.

The book also covered material subject dealt with while teaching the course in “hydrology” at
School of Engineering and Technology Infrastructure, Kuala Lumpur Infrastructure University
College.

Objectives of the book are meant to fulfill the main learning outcomes for students registered in
named courses, which covered the following:

* Solving problems in hydrology and making decisions about hydrologic issues that
involve uncertainty in data, scant/incomplete data, and the variability of natural materials.

» Designing a field experiment to address a hydrologic question.

» Evaluating data collection practices in terms of ethics.

* Interpret basic hydrological processes such as groundwater flow, water quality issues,
water balance and budget at a specific site at local and regional scales based on available
geological maps and data sets.

» Conceptualizing hydrogeology of a particular area in three dimensions and be able to
predict the effects on a system when changes are imposed on it.
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Learning outcomes are expected to include the following:

* Overview of essential concepts encountered in hydrological systems.

» Developing a sound understanding of concepts as well as a strong foundation for their
application to real-world, in-the-field problem solving.

» Acquisition of knowledge by learning new concepts, and properties and characteristics of

water.

» Cognitive skills through thinking, problem solving and use of experimental work and
inferences

* Numerical skills through application of knowledge in basic mathematics and supply
issues.

» Student becomes responsible for their own learning through solution of assignments,
laboratory exercises and report writing.

Knowledge to be acquired from the course is expected to incorporate:

» Use real world data to develop a water budget for unfamiliar basins.

* Interpret groundwater resources data and correlate the geology with the groundwater
regime.

» Evaluate ways in which water influences various geologic processes

» Identify interconnections in hydrological systems and predict changes.

» Predications of hydrological terms influencing the hydrological cycle.

» Collection of data, analysis and interpretation

Cognitive skills to be developed are expected to incorporate the following:

» Capturing ability of reasonable scientific judgment and concepts of appropriate decision
making.

» Students will be able to apply the knowledge of hydrology that they have learnt in this
course in practical environmental engineering domain.

» Students should be able to design and apply necessary procedures and precautions to
produce durable hydro logical systems.

The majority of incorporated problems within the book represent examination problems that
were given by the author to students at University of United Arab Emirates (UAE), Sudan
University for Science and Technology (SUST), University of Dammam (UoD) and
Infrastructure University Kuala Lumpur (IUKL). This is to expose students to different and
design constraints and prevailing settings.

“Problem solving in engineering hydrology” is primarily proposed as an addition and a
supplementary guide to fundamentals of engineering hydrology. Nevertheless, it can be sourced
as a standalone problem solving text in engineering hydrology. The book targets university
students and candidates taking first degree courses in any relevant engineering field or related
area. The document is valued to have esteemed benefits to postgraduate students and
professional engineers and hydrologists. Likewise, it is expected that the book will stimulate
problem solving learning and quicken self-teaching. By writing such a script it is hoped that the
included worked examples and problems will guarantee that the booklet is a precious asset to
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student-centered learning. To achieve such objectives immense care was paid to offer solutions to
selected problems in a well-defined, clear and discrete layout exercising step-by-step procedure
and clarification of the related solution employing vital procedures, methods, approaches,
equations, data, figures and calculations.

The authors acknowledge support, inspiration and encouragement from many students,
colleagues, friends, institutions and publishers. The authors salute the motivation and stimulus
help offered to them by Dean Dr. Abdul-Rahman ben Salih Hariri, Dean College of Engineering
of University of Dammam.. Thanks are also extended to Miss Azlinda binti Saadon from the
Faculty of Civil Engineering at The Infrastructure University Kuala Lumpur for her cooperation
and support. Special and sincere vote of thanks would go to Mr. Mugbil ben Abdullah Al-Ruwais
the director of Dammam University Press and his supreme staff for their patience, dedication and
orderly typing of the book

Dr. Eng. Faris Gorashi Faris
Prof. Dr. Eng. Isam Mohammed Abdel-Magid Ahmed

Malaysia, KSA, 2013
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Abbreviations, notations, symbols and
terminology used in the book

A = Area, Area of groundwater basin normal to direction of water flow, Drainage area, Area of
catchment basin (mkn?, ha).

A = Cross-sectional area

A; = Area of polygon surrounding station number i, located in its middle, m

a = An exponent varying with surface roughness and stability of the atmosphere.
a = Index of surface connected porosity.

a, b, ¢ = Hydraulic monitoring (gauging) stations to measure rainfall.

a = Rain slope constant.

a = Artificial recharge or loss of irrigation.
a and b = Constants.

a = Height (m) between zero on the gauge and the elevation of zero flow.
B = Heat exchange between soil and surface.

B = Stream roughness factor.

b = An empirical constant.

C = Coefficient representing the ratio of runoff to rainfall.

C = An empirical constant, Constant.

C = Coefficient controlling rate of decrease of loss-rate function.
C = Rational coefficient of surface flow.

C = Weight of salt solution passing sampling point per second.
C = Chezy roughness coefficient _
C, = Weight of salt passing sampling point per second.

Cp= Concentration of tracer element in the river at start of injection.

Ci = Concentration of injected tracer element (within the stream).

Cn = Concentration of tracer component at measurement point (at equilibrium).
C, = Specific heat of air at constant pressure.

C: = Coefficient depending on units of drainage basin characteristics.
C, = Weight of concentrated solution added per second.

C, n = Locality constants.

Cp = Constant.

D = Distance from ocean, m.

D = Discharge from stage, m.

D = Rate on outflow, fs.

Dy = Time period selected, m/s.

d = Surface-layer depth.

dh/dt = Change in stage during measurement, m/s.
dP = Pressure change with temperature, Pa.
dS/dt = Time rate of change of storage.

E = Amount of evaporation.

E = Evaporation from surface of river basin.
E = Evapotranspiration.
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E = Amount of evaporation during a month, mm, inches.

E = Actual vapor pressure, mmHg.

E = Exponent, constant.

E = Actual vapor pressure of air at temp t.

EV = Total evaporation from soil and plants for specified time period.

EV = Evaporation, cm.

E, = Evaporation from the earth, and from storage in low-lying areas.

E. = Open water evaporation per unit time, mm/day.

E, = Evaporation, mm/day.

E, = Aerodynamic term.

E, = Net energy lost by body of water through exchange of long wave radiation between
atmosphere and body of water.

E. = Energy utilized for evaporation.

En = Energy conducted from body of water to atmosphere as sensible heat.

E, = Evaporation, mm/day.

E, = Evaporation of lake, mm/day.

Ey = Increase in stored energy in the body of water.

E: = Reflected solar radiation.

Es = Solar radiation incident to water surface.

Es = Saturated vapor pressure.
Er = Evaporation from open surface of water (or equivalent in heat energy).

Er= Evaporation rate.
E, = Net energy adverted into the body of water.
E. = Saturation vapor pressure at teqpftsurface water of lake, mmHg.

e = Median value for vapor pressure, mbar.

e = Vapor pressure.

e = Base of natural logarithms.

e = Actual vapor pressure.

e = Actual vapor pressure at a defined height above surface.
e = Vapor pressure of air (monthly average), inches Hg.

e = Natural algorithm base.

e = Median value for saturation pressure, mbar.

€, = Vapor pressure of air, mbar.

es= Saturation vapor pressure.

e; = Saturated vapor pressure (mbar) when temperatuge is T
es = Saturated vapor pressure at surface temperature.

e = Saturation flexibility at surface, mm Hg.

e - e = d, = Lack of saturation Millbar.

ey = Partial pressure of the gas for wet bulb temperature.

e; = Saturation vapor pressure of air when temperature (t) °© C, mbar, mm Hg.
e; = Saturation vapor pressure (monthly average), inches Hg.
& = Vapor flexibility at a height of 2 meters.

F = Leakage.

F = Rate of mass infiltration at time t.

10
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F = Total infiltration.

f (u) = A function in terms of wind speed at a some standard height.
f = Infiltration capacity (percolation) for time t.

fc = Constant rate of infiltration after long wetting.

fo = Initial infiltration capacity.

fc= Final infiltration capacity = apparent saturated conductivity.

f = Natural recharge (rainfall — transpiration, surface runoff & infiltration).
F = Loss rate , mm per hour.

f = Possible head loss.

GI = Growth index of crop, percent of maturity.

H = Ponding depth.

H = Equivalent evaporation of total radiation on surface of plants.

H = Depth of confined aquifer

H = Depth of groundwater basin (m)

H = Saturated thickness of aquifer, m

H = Difference in elevation between two points after subtracting projections, feet.
h = Relative humidity, %

h = Depth below original water level.

h = Stage (gauge height).

| = Surface inflow.

| = Input (volume /time).

| = Part obstructed or trapped from rainfall.

| = Average intensity of rainfall, mm/hr.

| = Rainfall intensity, cm/hour.

| = Inflow to reach.

| = Rate of inflow, n¥s.

I; = Index value at t days later, mm.

o = Initial value to the index, mm.

i = Rainfall intensity, in or mm per hour.

i = Groundwater flow through area under consideration.
i = Hydraulic gradient.

K = Dimensionless constant.

K= Coefficient, storage constant (s), slope of relationship of storage-weighted discharge relation.
Ko = Loss coefficient at start of storm.

s = Effective hydraulic conductivity.
k = A recession constant.
k = Empirical constant for rate of decrease in infiltration capacity.
k = Proportionality factor, coefficient of permeability, or hydraulic conductivity (has dimensions
of velocity).

k = Coefficient of permeability of the aquifer, m/s.

k = Constant of proportionality = reciprocal of slope of storage curve.

L = Latent heat of evaporation.
L = Latent heat per mole of changing state of water.
L = Specific heat of the vapor.

L = Latent heat of evaporation of water.

11
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L = Accumulated loss during the storm, in or mm.
| = Distance in direction of stream line.

L = Depth to wetting front.

L = Maximum distance to entry point.
L = Length of stream, km.
L = Length from remotest point in basin to the outlet.

L = Main stream distance from outlet to divide.

lca= Stream distance from outlet to point opposite to basin centroid.

M, = Average annual flow, ¥fs.

mcs = Water content at saturation that equals porosity (water content at residual air saturation).
mc = Water content at any instant.

N = Normal annual rainfall, mm.

N = Occurrence frequency, usually estimated once every N years = 10/n.

N = Net water infiltration rate resulting from rainfall.
N = Days of the month.

n = Number of days of the month (days of freezing not counted).
n = Number of occurrences in 10 years.

n = Retain coefficient equivalent to coefficient of friction.

n = Number of stations.

n/D = Cloudness ratio.

ne = Effective porosity, dimensionless.

O = Output, volumef/time.

o = Groundwater outside borders of region.
P = Total pressure of humid air.

P '= Pressure of dry air.

P = Precipitation during a specific time period, year water.
P = Amount of rainfall, mm.

P = Amount of precipitation (rainfall).

P = Rainfall.

P = Total storm rainfall.
P = Atmospheric pressure, mbar.

Pe = Net rain representing portion of rainfall that reaches water courses for direct surface runoff.
P '= Decrease in rain.

Py = Missing measurement or inaccurate record from station x, mm.

Py = Arithmetic mean of rain, mm.

P, = Amount of rainfall in station I, mm.

Pmean= Average rainfall in the region, mm.

P, = Record of rainfall in station I, mm.

P = Average rainfall depth over the area.

P = Point rainfall depth measured at centre of the area.

Q = Total runoff (surface and ground) in basin during allotted time.
Q = Flow rate, flow
Q = Maximum rate of runoff, m3/s.

12
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O = Surface outflow.

Q = Water flow rate.

Q = Total storm (surface) runoff.

Q = Steady state discharge from well

Q = Discharge as a function of time t, which changes from tirtwetime ¢

Qi = Average mean daily flow during a month i.

Q = Average annual flow.
Q = Peak discharge estimation expected to occur after heavy rains in the catchment basin, L/s.

Q = River flow.

Q, = Discharge by probability of P ,*s.

Qa = Actual discharge (measured§/sn

Q = Steady state discharge (discharge from rating curve).
Q: = Discharge at end of time t.

Q. = Discharge at start of period.

Q = Discharge.

g = Flow rate of injected tracer to stream.

g = Ground water production from wells and disposal channels.
q = Flow in aquifer per unit width of basins/m.

gp = Peak flow.

R = Bowen ratio.
R = Gas constant, Lxatmosphere/K.
R = Radiation balance

Ra = Agot’s value of solar radiation arriving at atmosphere.

R; and R = Working values, representing indices of storage.
r = Addition and increase of underground water due to egress of surface water.
r = Distance from well.

r= Aerodynamics resistance.

rqy = Hydraulic radius, m.

rs = Net physiological resistance.

S = Slope of energy line.

S = Storage coefficient.

S = Change in storage = Total precipitation over collecting surface.
S = Effective surface retention.

S = Volume of water, storage.

S = Stored volume of surface and ground for specified time period.
S = Change in reserved moisture in river basin.
S = Available storage in surface layer.

S = Absolute slope, m/m.

S = Stream slope, % _ _
S = Steady stage energy gradient at the time of measurement, m/m.

S = Storage, m
Sy = Storage in low-lying areas.
S = Suction (capillary) head at the wetting front.

13
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s = Increase in storage.

s = Drawdown.

T = Absolute temperature, K.

T = Transmissivity, rfiday.

T = Number of seconds in a year (86400 = the number of seconds per day).
T = Base time (time from beginning and end of the flood).
T = Tme base for unit hydrograph, day.

T, =Residence time.

Tw = Water surface temperatufg.

Ta = Air temperature’C.

t = Average dry temperature of the month, ° C.

t = Dry temperature.
t = Rainfall duration, minutes.
t = Time, day.

t, = Basin lag, hours.

t, = Time lag in the basin, hours.

t. = Time of entry, minutes.

t, = Unit rain period (duration of unit hydrograph).

t,r = Basin lag for a storm of duratiog tiours.

tw = Temperature of wet bulb temperature (humid temperature).
(t*) = Gamma inverse function for storm time.

tf = Total time during which rainfall intensity is greater than W.
to = Temperature of evaporation surface.

t, = Air temperature at a height of 2 meters.

V = Amount of moisture leaking for the period.

V = Volume of runoff.
V; = Final molar volume for states of liquidity and gaseous.
Vi = Primary molar volume for states of liquidity and gaseous.

v = Flow velocity, m/s.

v = Wind speed, m/w.

v = Velocity of water flow ( = specific velocity).

V' = Average pore velocity (actual or real velocity), m/s.

v = Relative (specific) velocity, m/s.

v = Specific velocity in the horizontal x direction, m.

V= Surface velocity.

V= Average velocity in a section of flow.

U = Groundwater inflows and outflows.

U — O = Quantity of flow in river (surface and underground).
U = Velocity of flood wave (flood wave celerity), m/s

u = Wind speed, miles/hour.

u = Wind speed in the region at heightm /s.

Uo = Wind speed at least height (at anemometgr)m/s.

u; = Wind speed at a height of 1 meter, m/s.

U, = Median value of wind speed at a height of 2 m above water surface, m/s.
u2 = Wind speed at a height of 2 meters, m/s.

14
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uz = Wind speed at height of 2 m, m/s.
Us = Wind velocity at a height of 6 meters above the surface, m/s.

u (T, t) = Ordinate of the T-hour unit hydrograph derived from those of the t hour unit
hydrograph.
W = W-index = Average infiltration rate during the time rainfall intensity exceeds the capacity
rate.
W = Upper limit of the value of soil humidity that do not move by capillary action from the soll
to the surface, %
W, = Volumetric soil moisture, %

X = Dimensionless constant for a certain river reach, dimensionless.
x = Distance along flow line, m.

X, k = Constants derived from observed portion of curve.
Yo, Yn = Flows at beginning and end of flood, respectively.
Y1, V3 = Odd flows.
Y 4, Y = Even flows.

z = Height, m.
Z, = Height of anemometer (minimum height), m
a = Constant.

a = Coefficient of aquifer
y = Psychrometer constant.
y = Proportionality factor.
Y = Psychrometer constant fixed device to measure humidity.
Ah = Change in humidity for the period.
At = Difference between evaporation surface and air temperature.
p = Density of water
0 = Psychometric difference, ° C.
A =-Slope of vapor pressure curve at t =dan

As/t = Rate of change in reach storage with respect to time.
At = Routing Period.
Pa = Air density.
pw = Density of water.

¢ = Head loss over an appropriate base level.
¢ = Potential head loss, m.
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Chapter One

Meteorological data (Humidity, temperature,
radiation and wind)

1.1 Humidity

Maximum value of water vapor that can exit in any one space is a function of temperature, and is
practically independent of the coexistence of other gases. When maximum amount of water
vapor (for a given temperature) is contained in a given space, the space is said to be saturated.
The pressure exerted by a vapor in a saturated space is called “saturation vapor pressure. “

1.2 Relative humidity
Relative humidity is the percentage of actual vapor pressure to saturation vapor pressure. It is the
ratio of amount of moisture in a given space to the amount a space could contain if saturated.

1.3 Dew point

Dew point denotes the temperature at which space becomes saturated when air is cooled under
constant pressure and with constant water vapor pressure. Also dew point is the temperature
having a saturation vapor pressurgeaual to the existing vapor pressure, e.

Example 1.1
An air mass is at a temperature of ZDwith relative humidity of 75%. Using the following
equation h =100x-& find: saturation vapor pressure, actual vapor pressure, the deficit
in saturation and de?ﬁ point. (B.Sc., DU, 2011)
Solution
1) Data given: T=20C, h=75%
2) Find from tables (see annex) the value of saturated vapor pressure at a temperafure of 20
C,
Value of saturated vapor pressuged 7.53 mm Hg
3) Substitute data in humidity equation:

h=100x-&
€s
Where:
h = Relative humidity, %, which describes the ability of air to absorb additional moisture
at a given temperature.
e = Actual vapor pressure
e;= Saturation vapor pressure. (Numerical value;afe to be found from tables).

h =100 * e/g find real vapor pressure:

75=100 x e +17.53
Real vapor pressure e = 13.1475 mm Hg.
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4) Find saturation deficit as follows:
Saturation deficit: e x& 17.53 - 13.1475 = 4.3825 mm Hg.
5) Find dew point as the temperature at which the valuesarfcee are equal.
Since: @=13.1475 mm Hg, then one can find the temperature, and then the dew point
can be found from tables and for the valuescf #3.1475, dew point = 15°4C.

1.4 Water Budget

Hydrological cycle is a very complex series of processes. Nonetheless, under certain well-
defined conditions, the response of a watershed to rainfall, infiltration, and evaporation can be
calculated if simple assumptions can be made.

Example 1.2

For a given month, a 121 ha lake has 0.4&rof inflow, 0.37 n¥s of outflow, and the total
storage increase of 1.97 ha-m. A USGS gauge next to the lake recorded a total of 3.3 cm
precipitation for the lake for the month. Assuming that infiltration loss is insignificant for the
lake, determine the evaporation loss, in cm over the lake for the month.

Solution
Given, P =3.3cm, 1 = 0.43%s, Q =0.37 rifs, S = 1.97 ha-m, Area, A = 121 ha
Solving the water balance for Inflow, | and Outflow, O in a lake gives, for evaporation, E ;

3
043 m 1 month x 30day | 24hour | 3600s
Inflow, | = s 1month | 1day ) 1hour

2
(121ha 10000m
lha

Inflow, | =0.92 m =92 cm

( 037 ™ J (1 onth x 3008y ]( 24hour J(BGOOSJ
Outflow, Q = S 1month \ 1day )\ 1hour
12 1ha)( 10000 mZJ
lha
Outflow, Q =0.79 m =79 cm
Additional data :
Direct Precipitation, P = 3.3 cm
_197ham _ _
Storage, S = RS 0.0163 m =1.63cm

From water budget equation,
P-R-G-E-T = AS

In this case,

l+P-Q—-E =AS
Therefore,

Evaporation, E:
E=1+P-QAS
E=92+33-79-1.63

E 14.67 cm
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EXAMPLE 1.3

At a particular time, the storage in a river reach is 60%nf0At that time, the inflow into the
reach is 10 riis and the outflow is 16 ffs. after two hours, the inflow and the outflow are 18
m*/s and 20 riis respectively. Determine the change in storage during two hours period and the
storage volume after two hours.

Solution
Given, | = 10 nils
I, = 18 ni/s
O = 16 ni/s
o, = 20 nils
S = 60 x 16 m®
At = 2 hours x 60 min x 60 s = 7200 s

1) Change in storag&S during two hours :

I - O =AS
|1+|2 _ 01+Oz - &
( > ) — ( > ) .
10+18 16+20, _ AS
( 5 ) — ( 5 ) = :
Therefore,
ﬁ = —4£3
t S
m3
AS = - 4—x7200s
S
AS = - 28300m°
2) Storage Volume after two hours, 'S
AS = - 3§
Rearrange,
S = AS + §
S, = -28800+60x 10
S = 31200
1.5 Wind

Wind denotes air flowing nearly horizontally. Winds are mainly the result of horizontal
differences in pressure. In absence of other factors tending to influence wind, it should be
expected that its direction would be from areas of high pressure towards areas of low pressure
and that its speed would vary with the pressure gradient.

Example 1.4
At a given site, a long-term wind speed record is available for measurements at heights of 10m
and 15m above the ground. For certain calculations of evaporation the speed at 2m is required,
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so it is desired to extend the long-term record to the 2m level. For one set of data the speeds at
10 and 15 m were 7.68 and 8.11 m/s respectively (B.Sc., DU, 2013).

i.  What is the value of the exponent relating the two speeds and elevations?

ii.  What speed would you predict for the 2 m level?

a
u :(Lj
Solution U \%
» Datagiven: z=10m, 2= 15, yo=7.68 m/s, & = 8.22 m/s. Required: az u

a
e Use equation‘- :(ij to determine the constant a:
Where: o %
u = Wind speed in the region at height zo m /s
uo = Wind speed at least height (at anemometer) zo . m/s
zo = Height of anemometer (minimum height), m
a = An exponent varying with surface roughness and stability of the atmosphere, (usually
ranging between 0.1 to 0.6 in the surface boundary layer).

768 _ (@)a
811 \15

Or: a*Log (10/15) = Log (7.68/8.11) which yields a = 0.134

Use equation a
q Yo _(Z0 7_68:(@) 0134
u, z, Uy 2

Which yields: g = 6.19 m/s

1.6 Theoretical Exercises
1) Write briefly about three of the following: (B.Sc., UAE, 1989).
a) Thehydrologic cycleand the principal influences that prevent its phases from repeating
themselves in an identical fashion from year to year.
b) Factors that influencevaporation. Explain briefly how each factor affects the rate and
time of occurrence of evaporation.
c) Types ofprecipitation. On what category would you place rain rainfall at EI-Ain.
d) Infiltration indexes and their importance.
2) Show how the following relationship can be used to findwired speed from the height
above the ground. (B.Sc., DU, 5011)

(%)

3) State Buydallot law (B.Sc., DU, 2013).
Solution

“Low-pressure zone in the northern part of the globe lies north of the viewer who stands
giving his back to the wind, and it is located on his right side in the southern part of the
globe, as a result of the impact of the earth's rotation”.

4) It is necessary to specify height above sea level when doing any measuremiewck dfie
to surface friction factors and water surfaces through which wind is blowing. The
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relationship between wind speed and height can be found from the following relationship.
Define the shown terms. (B.Sc., DU, 2012)

a
u -z
L[]
5) Define and explainDew point, Ballton’s law, Orographigrecipitation and an isohyetal

map. (B.Sc., UAE, 1989, B.Sc., DU, 2012)).
Solution

* Is the temperature at which=e.

« If an observer stands with his back to the wind, the lower pressure is on his left in
the northern hemisphere and his right in the southern hemisphere.

» Results from mechanical lifting over mountain barriers. Most is deposited on the
windward slopes.

* Map showing lines of equal rainfall amount.

6) Define:relative humidity, dew point andwind (B.Sc., DU, 2012).
Solution

Relative humidity is the percentage of actual vapor pressure to saturation vapor pressure or
is the ratio of amount of moisture in a given space to the amount a space could contain if

saturated.

Dew point: Denotes the temperature at which space becomes saturated when air is cooled

under constant pressure and with constant water vapor pressure. Also it is the temperature
having a saturation vapor pressurgeaual to the existing vapor pressure, e.
Wind: denotes air flowing nearly horizontally.

7) What ishydrology? What are the benefits of this science in practical life?

8) Indicate general factors affectimgimate, and methods of measurement. lllustrate your
answer with appropriate sketches.

9) Mention advantages of measuritegnperature.

10)What is meant by “areas of low and higtessuré? How are they detected?.

11)Write a detailed report on each of the following: moistueggtive humidity, water vapor
pressure anddew point.

12)Outline marked differences between methods of meashungdity .

13)What is the benefit of measuring sotadiation?

14)Explain ways otloud formation.

15)Explain water vapocondensationin air. What are the benefits of the process?

16)What factors affectvaporation?

17)Write a detailed report on instruments for measuevegporation.

18)How does both surface water and groundwater aéfesporation?

19)Mention different types gbrecipitation and their presence in practice.

20)How precipitation is measured? Compare its measurement devices.

21)What are elements of a hydrologid&éteorological statior?
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1.7 Problem solving in meteorological data

Pressure

1) A hill is of height of 4000 meters and of rising dry air temperature of 14.8 degrees Celsius.
Condensation occurs at a height of 2000 meters. Calculapeabsureand saturation drop.
Find air temperature when it reaches the top of the mountain and its temperature when it
reaches top of hill and its temperature when it returns to the bottom.

Vapor pressure
2) An air mass is at a temperature of C8with relative humidity of 80 %. Using the following
equation h=100x-& find: (B.Sc., DU, 2012)
i. Saturationfapor pressure
ii. Actual vapor pressure in mm Hg, m bar, and Pa
iii. The deficit in saturation
iv. Dew point.

Solution
1) data: T=18C,h=80%
2) Find from tables the value of saturated vapor pressure at a temperatut€of 18
value of saturated vapor pressuge d5.46 mm Hg
3) Substitute data in h = 100 * edfend real vapor pressure:
80 =100 x e +15.46
Actual or real vapor pressure e = 12.386 mm Hg = 12.386*1.33 = 16.45 m bar =
16.45*1C = 1.6*10 N/m” = 1.6 kPa
4) Find saturation deficit as follows:
Saturation deficit: e & 15.46 - 12.386 = 3.07 mm Hg.
5) Find dew point as the temperature at which the valuesawfcee are equal.
Since: g = 12.386 mm Hg, then one can find the temperature, and then the dew point
can be found from tables and for the valuescf €2.386 dew point = 132C.
3) An air mass is at a temperature of 24.5 °C with relative humidity of 58%. Determine: (B.Sc.,
UAE, 1989).
= Saturationvapour pressure
= Saturation deficit.
= Actual vapour pressure (in mbar, mmHg, and Pa).
= Dew point
Solution
For a temperature of 24.5 °C from table or figure
i] Saturation pressure e 23.05 mmHg
il Relative humidity, h :1009i
* 58 =100 ¢ S
T T 23.05
~e =13.37mmHg
Saturation deficit =¢- e = 23.05 - 13.37 = 9.68 mmHg
iii] Actual vapour pressure = 13.37 mmHg = 13.37x1.33 = 1778 mbar
=1778x16 = 1.78 kN/ni = 1.78 kPa.
iv] Dew point is the temperature at which es= e
0 e = 13.37 mmHg and from table:
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Dew point = 15.7 °C

4) A mass of air is at a temperature of’@2and relative humidity of 81%. Find: saturated
vapor pressure, real vapor pressure, saturation deficit, and dew point (AB2, 16.05,
3.77mmHg, 18.6°C).

5) An air mass is at a temperature of Z8with relative humidity of 70%. Find:

a) Saturatiorvapor pressure

b) Actual vapor pressure in mbar and mm Hg
c) Saturation deficit

d) Dew point

e) Wet-bulb temperature.

6) To a mass of air at a temperature of@@nd relative humidity of 80%, find saturated vapor
pressure, real vapor pressure, deficit in saturation, and dew point. What is the difference in
your answer if the temperature changed tb@%and relative humidity to 75%.

7) An air mass is at a temperature of 20with relative humidity of 75%. Using the following
equation h =100fr8:

i. Saturatiorvapor pressures
ii. Actual vapor pressure
iii. The deficit in saturation
iv. Dew point
(ans. 22.53 mm Hg, 16.8975 mm Hg, 5.63 mm Hg, 1&x

Wind
8) Anemometers at 2.5 m and 40 m on a tower record wind speeds of 2 and 5 m/s respectively.
Computewind speedsat 5 and 30 m. (B.Sc., DU, 2012)

Solution
u z\¥
0= (%)
2 (Z.S)k
5 \40
k=0.33
2
Ug = W =2.51 m/s
()
2
Ugzg = W = 4,54 m/s
30

9) At a given site, a long-term wind speed record is available for measurements at heights of 5
m and 10 m above the ground. For certain calculations of evaporation the speed at 2 m is
required, so it is desired to extend the long-term record to the 2 m level. For one set of data
the speeds at 5 and 10 m were 5.51 and 6.11 m/s respectively (B.Sc., DU, 2012).
I. What is the value of the exponent relating the two speeds and elevations?
ii. Whatwind speedwould you predict for the 2 m level?

Solution

1. Datagiven:z=5m,2=10,4=551m/s, w=6.11m/sr.

2. Required: a, ¢
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3. Use equation to determine the constant a:
) s
Uio \ %o 611 \10

Or a Log 10/15 = Log 5.51/6.11 which yields a = 0.149
4. Use equation a
Us _ ﬁj 551_(5)0149
uy 2 Uy (5)
Which yields o= 4.8 m/s
10)At a given site, a long-term wind speed record is available for measurements at heights of 5
m and 10 m above the ground. For certain calculations of evaporation the speed at 2 m is
required, so it is desired to extend the long-term record to the 2 m level. For one set of data
the speeds at 5 and 10 m were 5.11 and 5.61 m/s respectively. (B.Sc., DU, 2011)
iii. What is the value of the exponent relating the two speeds and elevations?
iv. Whatspeedwould you predict for the 2 m level?
Solution
1. Datagiven:z=5m, 2=10, yo=5.11 m/s, ys=5.61 m/sr.
2. Required: a, ¢
3. Use equation to determine the constant a:
Uid/uis = (5/10F = 5.11/5.61
Or a Log 5/10 = Log 5.11/5.61 which yields a = 0.134677
4. Use equationgu, = 5.11/y = (5/2§134%¢7
Which yields Y= 4.51 m/s
11)Anemometers at 2m and 50m on a tower record wind speeds of 2 and 5 m/s respectively.
Computewind speedsat 5 and 30 m. (B.Sc., UAE, 1989).
Solution

u  (z\*
w )
2 2\
5= (%)
004 =04 — wus=26m/s

Uzg = 72 o358 — 4.3 m/s

30

12)Anemometers at 2.5 m and 40 m on a tower record wind speeds of 2 and 5 m/s respectively.
Computewind speedsat 5 and 30 m. (ans. 2.51, 4.54 m/s).

13)Anemometers at 2m and 50m on a tower record wind speeds of 2 and 5 m/s respectively.
Computewind speedsat 5 and 30 m. (ans. 2.6, 4.6 m/s).

14)Theoretical Wind speed is measured for two heights 3 and 4 meters and the following values
were found 2.5 and 3 m/s, respectively. Find wind speed for a height of two meters.

15)Measured wind speed in a monitoring station for two heights 1 and 2 meters has shown the
values of 1.6 and 2.2 m/s, respectively. Rividd speedat a height of two meters and ten
meters.
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Water budget

16)At a water elevation of 6391 ft, Kenyir Lake has a volume of 2, 939, 000 ac-ft, and a surface
area, A of 48, 100 ac. Annual inputs to the lake include 8.0 in. of direct precipitation, runoff
from gauged streams of 150, 000 ac-ft per year, and ungauged runoff and groundwater
inflow of 37, 000 ac-ft per year. Evaporation is 45 inch. per year.
Make awater budgetshowing inputs, in ac-ft per year.
(*Note : 1 ac = 43, 560%t1 cm = 0.394 in, 1 in = 0.083 ft)

Solution
Given, Water Elevation, EL = 6391 ft
Volume of lake, V = 2, 939, 000 ac-ft
Area, A = 48, 100 ac
1) Annual input, | to the lake :
a) Direct precipitation, P = 8in/year
- (8in)( OT_B: ft} (48100ac)
[

31, 938.40 ac-ft / year
b) Runoff from gauged streams = 150, 000 ac-ft / year
¢) Runoff from ungauged = 37,000 ac-ft / year

Therefore,
Total annual input, |

31, 938.40 + 150, 000 + 37, 000
= 218, 938.40 ac-ft / year.

2) Outflow, O :
a) Evaporation, E

45 in / year

E = (45in)(0(f_3r3]ﬁJ(48;100ac)
[
E = 179, 653.50 ac-ft/ year
3) Water Budget :
AS =1 -0
AS = 218,938.40 - 179, 653.50
AS = 39, 284.90 ac-ft / year (positive)
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Chapter Two
Precipitation

2.1 Precipitation
Precipitation denotes all kinds of rainfall on surface of earth from vapor in the atmosphere (most
of humidity at a height of 8 km from the Earth's surface).

Table 2.1 Forms of precipitation [1,2, 10]

Form of precipitation Rate of fall (mm/hr)
Light 2.5
moderate 28-7.6
Heavy >7.6

2.2 Interpolation of rainfall records

Sometimes records may be lost from the measuring or monitoring station for a specific day or
several days because of the absence of station operator (observer) or because of instrumental
failure or malfunction or damage in the recording devices, for any other reason. In order not to
lose information, it is best to use an appropriate way to estimate the amount of rain in these days
in calculating monthly and annual totals. Procedure for these estimates are based depending on
simultaneous records for three stations close to and as evenly spaced around the station with
missing records as possible. This station should be equi-distant from the three stations and the
following conditions should be achieved:

» If the normal annual precipitation at each of the these stations is within ten percent of that
of the station with missing records, a simple arithmetic average of the precipitation at the
three stations is used for estimating missing record of the station.

» If the normal annual precipitation at any one of the three stations differs from that of the
station with missing records by more than ten percent, the normal ratio method is used
[15].

Example 2.1

1) Rain gauge X was out of operation for a month during which there was a storm. The rainfall
amounts at three adjacent stations A, B, and C were 37, 42 and 49 mm. The average annual
precipitation amounts for the gauges are X = 694, A = 726, B = 752 and C = 760 mm.
Using the Arithmetic method, estimate the amount of rainfall for gauge X.

Station: | Amounts of precipitatiol | Normal Annual Fecipitation
(mm) (mm)
A 37 72€
B 42 752
C 49 76C
D ? 694
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Solution
If
N, = 694
Then 10% from 694 :% X 694 = 69.4 mm

Therefore, precipitation allowed = (694 —69.4) ~ (694 + 69.4) mm
=624.6 mm ~ 763.4 mm
Since all annual precipitations (726, 752 and 760) mm are within the rémgbsetic
Method can be applied :
P = % { 3% 42+ 49= 427mm

X

Example 2.2
One of four monthly-read rain gauges on a catchment area develops a fault in a month when the
other three gauges record 48, 58 and 69 mm respectively. If the average annual precipitation
amounts of these three gauges are 741, 769 and 855 mm respectively and of the broken gauge
707 mm, estimate the missing monthly precipitation at the latter (B.Sc., DU, 2013).
NxPa+Nbe+NxPc

Solution po=—Na MNb Ne
. Data: R =48 mm, B= 58 mm, R= 69 mm, N = 741 mrsn, N =769 mm, N= 3855 mm,

Ny = 707 mm.
. Find the value of rainfall during the storm at station (a) by using the following equation:

NxPa . NxPb  NxPc  70%48 , 70%58 , 70%69,
Na Np Ne 741 769 855

Py, 3 3 =52 mm

Example 2.3

The records of precipitation of hydraulic monitoring stations (x) in a rainy day are missing. The
data indicate that the estimates of rainfall at three stations (b), (c) and (d) adjacent to the station
(x) are equal to: 80, 70 and 60 mm, respectively. If the average annual rainfall at stations (a) and
(b) and (c) and (d) is: 650, 240, 320 and 140 mm, respectively, find the value of rainfall during
the rain storm in station (x) (B.Sc., DU, 2012) .

Solution
1. Data: Pb =80 mm, Pc = 70 mm, Pd = 60 mm, Nx = 650 mm, Nb = 240 mm, Nc = 320
mm, Nd = 140 mm.
2. Find the value of rainfall during the storm at station (a) by using the following equation:
Px=212.5 mm

2.3) Methods used to find the height of rainfall
Methods used to find the height of rainfall Include: Arithmetic mean method, Thiessen polygon
method and isohyets method.
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Example 2.4

Using the data given below, estimate the averageecipitation using Thiessen Polygon
method.

Stations| Area (kf) Precipitation (mm) Area x Precipitation (kﬁmm)
A 72 90 6 480
B 34 110 3 740
C 76 105 7 980
D 40 150 6 000
E 76 160 12 160
F 92 140 12 880
G 46 130 5980
H 40 135 5400
I 86 95 8 170
J 6 70 420

TOTAL 568 1185 69 210

Solution

2. Polygon Area for each Sation x Precipitation

Average Percipitation =
> Total Polygon Area

Average Percipitation = 09210
56€

Average Percipitation=1218mm

Example 2.5

The precipitation on a catchment in Dubai of area 95ikreampled in table (1). Determine the
precipitation recorded by station number (7) if the mean precipitation, as computed by Thiessen
method, amounts to 98mm. (B.Sc., UAE, 1989).

Rain gauge Recorded rainfall,| Thiessen polygon on area (Rm
Feb. 1968 (mm)
1 84 4.0
2 90 4.0
3 120 10.0
4 86 5.1
5 87 15.1
6 76 30.6
7 X 6.2
8 131 20.0
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Solution
a)
Rain gauge| Recorded rainfall, Thiessen polygon on Product
Feb. 1968 (mm) area (km)
1 84 4.0 336
2 90 4.0 360
3 120 10.0 1200
4 86 5.1 438.6
5 87 15.1 1313.7
6 76 30.6 2325.6
7 X 6.2 6.2X
8 131 20.0 2620
ZA =95 ZAP = 85939 + 6.2x
_ 8593.9 + 6.2x
B 95
716.1 115.5
X == omm
6.2
Example 2.6

Find area precipitation by isohyetal method for a certain catchment area given the following
data (B.Sc., DU, 2012).

Isohyet, in Area enclosed within basin boundary, sg. mile
6.8
6 20
5 97
4 213
3 410
2 602
1.5 633
Solution
Isohyet, Area enclosed within | Net area, sqg. milg Average Precipitation
in basin boundary, sqg. mile Col. (3) precipitation volume
Col. (1) Coal. (2) (b-b ) Col. (4) Col. (3)*Caol.
nort (al+a2)/2 4)
6.8
6 20 20 (6.8+6)/2 =6.4 128
5 97 97-20 =77 5.5 423.5
4 213 213-97 =116 4.5 522
3 410 410-213 =197 3.5 689.5
2 602 602-410 =192 2.5 480
15 633 633-602 = 31 1.75 54.25
Total area = 633 Total volume
=2297.25

P =2297.25/633 = 3.63 in
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Example 2.7
The following table shows rainfall observations taken for a certain Beténate the mean
basin precipitation (B.Sc., DU, 2012) .

Table: Rainfall observations.

Isohyets Total area enclose | Estimated mea
(in) within basin boundary| precipitation between
(ha) isohyets
>6 50 6.3
>5 120 5.5
>4 250 4.7
>3 450 3.6
>2 780 2.7
>1 999 1.4
<1 1020 0.8
Solution
Determine corresponding net area as in table below:
Isohyets | Total area enclosed | Corresponding Estimated mean
(in) within basin net area precipitation between
boundary (ha) isohyets
>6 50 50 6.3
>5 120 70 5.5
>4 250 130 4.7
>3 450 200 3.6
>2 780 330 2.7
>1 999 219 1.4
<1 1020 21 0.8
n. — ZT‘_ A % %1/ _ 50X6.3+70x5.6+130x4.7+200x3.6+330x2.7+219x1.4+21=0.8 - 1106 n
L =171 XA 50+70+130+200+330+219+21
Example 2.8

The following rainfall observations were taken for a certain area: (B.Sc., UAE, 1989).

Isohyets (in)| Total area enclosed withinEstimated mean precipitatign
basin boundary (ha) between isohyets
>6 40 6.2
>5 110 5.5
>4 236 4.5
>3 430 3.5
>2 772 2.5
>1 990 1.5
<1 1010 0.9

Estimate the mean basin precipitation
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Solution
Determine corresponding net area as presented in the following table:
Isohyets Total area enclosed Corresponding Estimated mean
(in) within basin net area precipitation between
boundary (ha) isohyets
>6 40 40 6.2
>5 110 70 55
>4 236 126 4.5
>3 430 194 3.5
>2 772 342 2.5
>1 990 218 1.5
<1 1010 20 0.9

Pi-1 T P;
. =

_40x6.2+70x 55+ 126 X 45+ 194 x 3.5 +342 x 2.5 + 218 X 1.5 4+ 20x0.9
- 40+ 70+ 126 + 194 + 342 + 218 + 20

3079 205" = 3"
1010 7 T
Example 2.9

Use the isohyetal method to determine the average precipitation depth within the basin for the
storm.

Ps=70mm
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Solution

Average Percipitation =

Isohyetal Average Area Area X
interval Precipitation (kmz') Precifitation
(mm) (km 'mm)
<10 10 0 0
10 — 20 15 84 1260
20 -30 25 75 1875
30 -40 35 68 2 380
40 — 50 45 60 2 700
50 - 60 55 55 3025
60 - 70 65 86 5590
TOTAL 428 16 830

2. Area x Precipitation
> Area

16830

Average Percipitation= ——

42¢

Average Percipitation=393mm

2.4 Theoretical Exercises

1) Distinguish between the different formsprecipitation.

2)

Solution
Snow. Complex ice crystals. A snowflake consists of ice crystals.
Hail: Balls of ice that are about 5 to over 125 mm in diameter. Hailstones have the potential
for agricultural & other property damage.
Sleet Results from freezing of raindrops and is usually a combination of snow and rain.
Rain: Consist of liquid water drops of a size 0.5 mm to about 7 mm in diameter.
Drizzle: Very small, numerous and uniformly dispersed water drops that appear to float
while following air currents. Drizzle drops are considered to be less than 0.5 mm diameter. It
Is also known as warm precipitation.

Outline sources of error when recording readings and record-keeping by precigjsatien

(B.Sc., DU, 2011)

Solution

» Mistakes in reading scales of gauge,

» Displacement of some collected water during recording of reading (stick creep),

» Rainfall splash from collector,

* Loss of water needed to moisten (wetting) funnel and inside surface,

» Any change in the receiving area of precipitation, and inclination of gauge (e.g. dents in
collector rim)
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» Deficiency of instruments due to wind or otherwise, or the absence of regular
maintenance.

3) List five natural and man-made factors that may influence the distributicaindéll in a
given area. (B.Sc., UAE, 1989).

4) Indicate how the following equation illustrates the method of weighting, by the ratio of the
normal annual precipitation values to estimate missing records for a neighboring
monitoring station. (B.Sc., DU, 2011)

NxPa + Nbe + NxPc
_ Na Nb NC
Px ~ 3

5) Define the terms used in the equation that illustrates the method of weighting to estimate
missing recordsfor a neighboring monitoring station (B.Sc., DU, 2012).

pra+ Nbe + NXPC
_ Na Nb Nc
Px ~ 3

6) What are the expected sources of error when recorgmegipitation readings in
hydrological meteorological stations?

7) Explain methods afain calculation? Indicate advantages and shortcomings of each method.

8) How do you assesminfall data lost in a station as compared to data allocated to the
neighboring stations?

9) What is the relationship betwegmensity, duration and frequency of rainfall?

2.5 Problem solving in precipitation

Arithmetic average rainfall
1) Find average rainfall for the rainfall data observed in the hydrological measuring stations
described in the following table

Station numbe Amount of rainfall, mr
1 250
2 380
3 490
4 310

2)

Average rainfall in a specific region is equal to 310 mm according to the data shown in the
table below for estimated rainfall in four hydrological monitoring statiéibat is the
average rainfall in station number (4) using arithmetic average method for estimating

rainfall?

Station number

Amount of rain, mm

1 300
2 400
3 250
4 g

Thiesen polygon

3)

Find average precipitation in watershed according to the information and data that are
described in the following table using average arithmetic methodl'aigden polygon
(Ans.100.3,).
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Station | Rain gauge, Area, %
cm

1 62 8

2 74 11
3 87 20
4 112 18
5 118 33
6 107 10

4) List five natural and man-made factors that may influence the distribution of rainfall in a
given area. The precipitation on a catchment in Dubai of area 95 leampled in table (1).
Determine the precipitation recorded by station number (7) if the mean precipitation, as
computed byr'hiessen methogdamounts to 98mm. (ans. 115.5 mm).

Rain gauge Recorded rainfall, Thiessen polygon on area
Feb. 1968 (mm) (km?)
1 84 4.0
2 90 4.0
3 120 10.0
4 86 5.1
5 87 15.1
6 76 30.6
7 X 6.2
8 131 20.0

5) Find precipitation byrhiessen methodor the observed precipitation records shown in table

(4) (B.Sc., DU, 2013). n
> Aj Pj
i=1
n
A
i=1

PI’T'E&I"I

Table: Precipitation records.

Observed precipitation, in Area of corresponding polygon within
basin boundary, sqg. mile
1.59 12
2.36 112
2.84 109
3.61 122
2.46 19
3.9 84
6.11 94
5.61 68
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Solution
Observed | Area of corresponding Percent total| Weighted
precipitation,| polygon within basin area precipitation,
in boundary, sg. mile 3) in
(1) 2 Col. (1) x Col.
3)
1.59 12 1.9 0.03
2.36 112 18.1 0.43
2.84 109 17.6 0.5
3.61 122 19.7 0.71
2.46 19 3.1 0.08
3.9 84 13.5 0.53
6.11 94 15.1 0.93
5.61 68 11 0.62
Total = 620 100 3.83

Average P =3.83 in

Method of isohyets
6) Calculate the average rainfall of the data set in the following table iswhget method

rainfall.

Isohyet, cm Area between isohyets, kn]
5 10
10 44
15 50
20 60
25 10
30 24
35

7) Find average rainfall for the following data usieghytal method

Isohyet, cm Area between isohyets, km
5 15
6 25
7 95
8 105
9 55
10 25
11

8) Find average precipitation in catchment area according to the information and data that are
described in the following table using timethod of isohyets
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Isohyets, inch total area bounded Estimated averagg
by boundaries of th¢  rain between
basin (ha) isohyets, inch
6 < 40 6.5
5< 110 5.5
4 < 236 4.5
3< 430 3.5
2< 772 2.5
1< 990 15
1> 1010 0.9

9) Table shows rainfall observations taken for a certain area. Estimate the mean basin
precipitation. (ans. 11.06").

Isohyets (in) | Total area enclosed within Estimated mean precipitation
basin boundary (ha) betweensohyets

> 6 50 6.3

>5 120 5.5

>4 250 4.7

>3 450 3.6

> 2 780 2.7

>1 999 1.4

<1 1020 0.8
10)The following rainfall observations were taken for a certain area:

Isohyets (in) | Total area enclosed within Estimated mean
basin boundary (ha) precipitation between
isohyets

> 6 40 6.2

>5 110 5.5

>4 236 4.5

>3 430 3.5

>2 772 2.5

>1 990 15

<1 1010 0.9

Estimate the mean basin precipitation (ans. 3’).

Rainfall intensity
11)Find average rainfall intensity over an area of 6 square kilometers during a one-hour storm

of frequency of once every ten years (assuming point rain of 30 mm, and inverse gamma

5.6) (Ans. 26 mm).
12)What is the average rainfall intensity over an area of 5 square kilometers during a 60 minute

storm with a frequency of once in 10 years (take p = 25 mm).
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13)From the precipitation data given, estimate cumulative rainfall and ramtitisity.
Time (min) 0] 10| 20| 30 40| 50| 60| 70 80| 90
Rainfall (cm) 0[0.18] 0.21]| 0.26| 0.32| 0.37| 0.43| 0.64| 1.14|( 3.18

Time (min) 100| 110 120| 130 140( 150 160| 170 180
Rainfall (cm) |1.65| 0.81] 0.52| 0.26] 0.42] 0.36| 0.28| 0.19]| 0.17

Solution
Time Rainfall Cumulative Rainfall
(min) (cm) Rainfall Intensity
(cm) (cm/hr)
0 0 0
10 0.18 0.18 1.08
20 0.21 0.39 1.26
30 0.26 0.65 1.56
40 0.32 0.97 1.92
50 0.37 1.34 2.22
60 0.43 1.77 2.58
70 0.64 2.41 3.84
80 1.14 3.55 6.84
90 3.18 6.73 19.08
100 1.65 8.38 9.90
110 0.81 9.19 4.86
120 0.52 9.71 3.12
130 0.42 10.13 2.52
140 0.36 10.49 2.16
150 0.28 10.77 1.68
160 0.24 11.01 1.44
170 0.19 11.20 1.14
180 0.17 11.37 1.02
API

14)The value of théAPI for a certain station reached 42 mm in first of August, and an amount
of 46 mm of rain fell on the fifth of August, also rain of 28 mm fell in the seventh of august
and 34 mm on the eighth day of August. Find value of the API guide on 12th August noting
that k is equal to 0.92. Calculate the amount of the index assuming no rain in the same
period. Draw curve of change of index with time. (Ans. 85.3, 1.7 mm).

15)The value of théAPI for a station reached 55 mm in the first of August, an amount of 57
mm of rain fell on the sixth of August, 31 mm of rain fell in the eighth of August and 20 mm
fell in the ninth day of August. Find value of API index for the 15th day of August, noting
that k is equal to 0.92. Calculate the amount of index assuming no rain during the same
period. Draw curve of change of index with time.
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16) The antecedent precipitation index (API) is given by Ik', Define the parameters shown
in the equation. The API for a station was 60 mm on the first of December, 64 mm rain fell
on the seventh of December, 40 mm rain fell on the ninth of December, and 30 mm rain fell
on the eleventh of December. Compute the API f§tDécember if k = 0.85. Determine the
API if no rain fell. (ans. 24.1, 2.7 mm).

Missing record

17)A precipitation station (X) was inoperative for some time during which a storm occurred.
The storm totals at three stations (A), (B) and (C) surrounding X, were respectively 6.60,
4.80 and 3.30 cm. The normal annual precipitation amounts at stations X, A, B and C are
respectively 65.6, 72.6, 51.8 and 38.2 cm. Estimate storm precipitation for station (X).

18)Rainfall data taken from the records of hydrological monitoring stations (a), (b), and (c), and
(d) gave values of 17, 18, 24 and 18 mm respectively. Thiesen polygon method was chosen
to calculate the average rainfall. The area of each of the polygons surrounding each station is
as follows: 24, 18, 32 and 35 square kilometers for stations (a), (b), and (c), (d), respectively.
Find average amount of rainfall in the region.

19)Rain record is missed from a hydraulic station (m) in a windy day. However, the estimates
of rainfall at three stations (m1), (m2) and (m3) surrounding station (m) is equal to 25, 50
and 35 mm respectively. Note that the average annual precipitation at the stations (m), (m1),
(m 2) and (m3) equals 500 and 700 and 590 and 440 mm, respectively. Find the value of
rainfall during the storm at station (m).

20)Four hydrological monitoring stations are of similar conditions registered the data shown in
the following table. Estimate missing recod.

Station 1 2 3 4
Mean annual precipitation; 350 1200 1100 1000
mm
Present precipitation, mm 750 ? 760 810

21)Outline sources of error when recording readings and record-keeping by precipitation gauge.
Indicate how the following equation illustrates the method of weighting, by the ratio of the
normal annual precipitation values to estimate missing records for a neighboring monitoring
station.

NxPa + Nbe + NxPc

_ Na Nb NC
Px ~ 3

The records of precipitation of hydraulic monitoring stations (x) in a rainy day are

missing. The data indicate that the estimates of rainfall at three stations (b), (c) and

(d) adjacent to the station (x) are equal to: 70, 608 and 50 mm, respectively. If the

average annual rainfall at stations (a) and (b) and (c) and (d) is: 600, 250, 510 and

120 mm, respectively, find the value of rainfall during the rain storm in station (x).

(ans. 162.9 mm).

22)The average annual precipitation amounts for the gauges A, B, C and D are 1120, 935, 1200

and 978 mm. In year 1975, station D was out of operation. Station A, B, and C recorded
rainfall amounts of 107, 89 and 122 mm respectively. Estimate the amount of precipitation
for station D in year 1975.
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Stations Normal Annual Amounts of Precipitation
Precipitation (mm) Year 1975 (mm)
A 1120 107
B 935 89
C 1200 122
D 978 X
Solution
If
Nx =978

Then 10% from 694 :% ¥ 973 = 97.8 mm

Therefore, precipitation allowed = (978 —97.8) ~ (978 + 97.8) mm
=880.2 mm ~ 1075.8 mm

Since the average annual precipitations amounts for the gauges A and C exceeded 1075.8 mm,
thereforeNormal Ratio Method is used :-

978(107 89 122
P = + +

? j = 953mm
3

1120 935 1200

23)The records of precipitation of hydraulic monitoring stations (x) in a rainy day are missing.
The data indicate that the estimates of rainfall at three stations (b), (c) and (d) adjacent to the
station (x) are equal to: 70, 608 and 50 mm, respectively. If the average annual rainfall at
stations (a) and (b) and (c) and (d) is: 600, 250, 510 and 120 mm, respectively, find the value
of rainfall during the rain storm in station (x). (B.Sc., DU, 2011)
Solution
1. Data: Pb =70 mm, Pc = 60 mm, Pd = 50 mm, Nx = 600 mm, Nb = 250 mm, Nc = 510
mm, Nd = 120 mm.
2. Find the value of rainfall during the storm at station (a) by using the following equation:
Pa=(1+3) x {(600 x 70 + 250) + (600 x 60 +510) + (600 x 50 + 120)} = 162.9 mm
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Chapter Three

Evaporation and transpiration

3.1 Evaporation

Evaporation is the process by which water is changed from the liquid or solid state into the
gaseous state through the transfer of heat energy [15]. Evapotranspiration: the process by which
water is evaporated from wet surfaces and transpired by plants [15].

Methods of estimating evaporation or transpiration include: Evaporation pans, empirical
formulas, methods of water budget, methods of mass transfer and methods of energy budget
[13].

Example 3.1
The daily potential evapotranspiration from a field crop at latitude 20° N in November has been
predicted through use of the nomogram for the solution of Penman’s equation to be equal to 2.8
mm. Estimate the mean wind speed at height of 2mmiés. Governing conditions are as
outlined in the following table (B.Sc., DU, 2013).

Table: Evaporation data.

ltem Value
Mean air temperature, TC 22
Sky cover 70 % cloud
mean humidity, h, % 60
Ratio of potential evapotranspiration to potential 0.8
evaporation ()

Er :El(t,%j+E2 (t,%,RA j+E3(t,h,%j+E4 (u,.h)
Where:
Er = Evaporation from open surface of water (or equivalent in heat energy)
A =-Slope of vapor pressure curve att=dan

H = Equivalent evaporation of the total radiation on the surface of plants (the final amount - net-
of energy finally remaining at a free water surface)

% = psychrometer constant fixed device to measure humidity (= 0.66 if the temperature is
measured ic centigrade and e in mbar)

E = Actual vapor pressure of air at temp t

E. = Aerodynamic term (the term ventilation) depends on the air and low pressure steam
(evaporation for the hypothetical case of equal temperatures of air and water)

t = tana = temperature
n/D = Cloudness ratio = (actual hours of sunshine) + (possible hours of sunshine)

Ra = Agot’s value of solar radiation arriving at the atmosphere (assuming no clouds and a
perfectly transparent atmosphere).

h = Relative humidity
uz = Wind speed at height of 2 m (h/s
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Solution

Data: t = 22°C, h = 0.6, sky Cover =0.7,n+D =1 - sky cover Drag=1-0.7 = 0.3,
evaporation = 2.8 m/day, evapotranspiration = Q.8 E

From nomogram for temperature t =°22 & the value of n/D = 0.3 theny, E - 2.2
mm/day

for Temperature t = 22C & tables for altitude 20North In November, Agot’s factor
RA = 666 gm cal/chiday & for values of n + D = 0.3 & 2.6 mm/day

For temperature t = 222, n + D = 0.3, h = 0.6 then3E 1.2 mm/day

Potential evapotranspiration is given as = 2.8 mm/day

Since evapotranspiration = 0.8*evaporation, then evaporation predicted by Pennman is:
0.8xE, = 2.8 mm/day

Or K = 3.5 mm/day

Ec35=BE+E+E+E=-22+26+12+F

This gives = 1.9 mm/day

For a temperature t = 2Z, £, = 1.9 mm/day humidity & h = 0.6, determine the wind
speed at height of 2m; & 3.6 m/s then:

Example 3.2

Use the nomogram for the solution of Penman’s equation to predict the daily potential
evapotranspiration from a field crop at latitude 20°N in December, under the following
conditions: (B.Sc., DU, 2012)

e Mean air temperature = 20

* Meanh=70%

» Sky cover = 60 %cloud

* Meanuy=25m/s

» Ratio of potential evapotranspiration to potential evaporation = 0.8

Solution

1. Data: latitude 20°N in December, t = 20° C, h = 0.7, sky Cover =0.6, n + D =1 - sky cover
Drag=1-0.6 =0.4,2=2.5m/s, ET =0.8E

2. From nomogram for temperature t = 20° C and the value of n/D = 0.4 then,E4
mm/day

3. for Temperature t = 20° C and tables for altitude 20° North In December, Agot’s factor R
599 gm cal/crfiday and for values of n + D = 0.4 ; £ 2.6 mm/day

4. For temperature t = 20° C, h = 0.7, n + D = 0.4, ther= E.4 mm/day

5. For Temperature t = 20° C, speed=2.5 m/s and humidity h = 0.7, thery=E1.1 mm/day

Find E from the equation:
Ec-E+EBE+EB+E=-24+26+14+1.1=27 mm/day
Evapotranspiration = 0.7, 0.8 x 2.7 = 2.16 mm/day.

Example 3.3

Use the nomogram for the solution of Penman’s equation to predict the daily potential
evapotranspiration from a field crop at latitude 20°N in November, under the following
conditions: (B.Sc., DU, 2012)

« Mean air temperature = 20
e Meanh=80%
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» Sky cover = 70 %cloud
e Meanuy=25m/s
» Ratio of potential evapotranspiration to potential evaporation = 0.7
Solution
1) Data: sky Cover =0.7,n+D =1-skycoverDrag=1-0.7=0.3, t €20 =
0.8, » = 2.5 m/s, h = 0.8, Ratio of evapotranspiration to evaporation = 0.7.
2) From nomogram for temperature t =20 and the value of n/D = 0.3 then, £&-
2.1 mm/day
3) For altitude 201 North In November, from table find Agot’s factog R 666 gm
cal/ cnf/day. Then, for Temperature t =2C and for values of n + D = 0.3 and for
Ra = 666 the value of = 2.3 mm/day
4) For temperature t = 20C, h = 0.8 and n + D = 0.3, theng £1.2 mm/day
5) For Temperature t = 20C, and the speed & 2.5 m /s and humidity h = 0.8, then:
E, = 0.55 mm/day
6) Find E, from the equation:
Ec=EE+E+EB+E=-21+23+1.2+0.55=1.85 mm/day
Evapotranspiration = 0.7 Eo = 0.7 x 1.85 = 1.295 mm/day.

3.2 Theoretical Exercises

10)Outline importance of the evaporation process (B.Sc., DU, 2012).

Solution
» Affects study of water resources due to its impact on yield of river,basin
» Affects the necessary capacity of reservoirs
* Determines size of pumping plant
» Affects water consumptive use of water by crpops
» Affects yield of groundwater supplies

11)Penman equation of evaporation from free water surfaces is based on two requirements that
need to be met for continuous evaporation to occur: there must be a supply of energy to
provide latent heat of vaporization, and there must be some mechanism for removing the
vapor, once produced. Define the parameters shown in the equation (B.Sc., DU, 2012)

— n n n
Er _El(t,5j+ Ez(t,RA ’B)+ Es(t,B,h)+ E4 (u,.h)

12)What the main differences between evaporation and transpiration?
13)What are Penman’s assumptions to estimate amount of evaporation?
14)Explain the different factors affecting the evaporation Process.

a- Sun Radiation

Process of conversion from water into vapor continue if the energy is there (sun light as
the heat energy), and cloud will be the barrier of evaporation.

b-Wind
If water evaporates to the atmosphere, the level between land surface and air will be
saturated by vapor, then the process of evaporation stops. In order for the process to
continue, the saturation level must be changed with dry air. This changing is possible if
there is wind which blows the component of vapor.

41



Problem Solving in Engineering Hydrology Faris Gorashi Faris & Isam Mohammed Abdel-Magid

c- Relative Humidity
If the relative humidity is up, so then the potential of air to absorb water is lower so
then the evaporation is lower as well.

d- Temperature
If the temperature of air and soil is high, therefore the process of evaporation will be
faster.

3.3 Problem solving in evaporation

1)

2)

3)

4)

5)

Use Penman nomogram to solve its equation to predict daily evapotranspiration expected
from field plants at latitude 40 degrees north in April under the following conditions:
intermediate air temperature 20 degrees Celsius, average humidity 70%, coverage of sky
60% clouds, relative speed at a height of two meters 2.5 m/s, and expected rate of
transpiration to expected evaporation 0.7. What is the difference in the result at latitude of
40 degrees south? (Ars5 mm/day).

Use the Penman nomogram to solve its equation to predict expected daily evapotranspiration
from field plants at latitude 60 degrees north in March and June, for an expected rate of
evapotranspiration 65 percent of the expected evaporation, under the following conditions:

March June
Intermediate air temperature (° C) 55 15
Medium relative humidity 79 77
Sky coverage (% clouds) 45 55
Relative velocity of wind (m/s) 2.5 3

Use the nomogram for the solution of Penman’s equation to predict the daily potential
evapotranspiration from a field crop at latitude 20°N in July, under the following conditions:
Mean air temperature = 20°C
Mean h =80 %
Sky cover = 70 %cloud
Mean u2 = 2.5 m/s
Ratio of potential evapotranspiration to potential evaporation = 0.8
Find amountof water evaporating from the surface of a lake during the month of March if
the median value of the maximum temperature of the water surface of the lake during this
period is 18 degrees Celsius, the temperature of dry air at a height of 2 meters above the lake
surface is 20 degrees Celsius, humidity tw = 17 degree C, and the mean wind speed is 1.5
m/s at the same height noting that the lake did not freeze during the monitoring period.
Use the nomogram for the solution of Penman’s equation to predict the daily potential
evapotranspiration from a field crop at latitude 20°N in November, under the following
conditions:
« Mean air temperature = 2D
* Meanh=80%
» Sky cover = 70 %cloud
e Meanuy=25m/s
» Ratio of potential evapotranspiration to potential evaporation = 0.7
(Ans. 1.295 mm/day).
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Chapter Four

Infiltration and percolation

4.1) Infiltration

Infiltration is the movement of water through the soil surface into the soil. Percolation is the
movement of water through the soil.

Factors affecting infiltration include: surface entry, transmission through soil, depletion of
available storage capacity in soil and ccharacteristics of permeable medium.

Important indicators used to estimate infiltration (as an average rate throughout the period of
storm and rain): Average infiltration methodg-index, W-index and ratio to surface flow
method.

® - index is that rate of rainfall above which the rainfall volume equals the runoff volume. The
index reflects the average infiltration rate, and is found from a time-rainfall intensity curve.

Example 4.1
a) For a total rainfall distributed as shown in the table (1)ptihedex of the catchment area
for a certain surface runoff is found to be 9 mm/hr (B.Sc., DU, 2012).
Table (1) Rainfall intensity versus time.

Determine: Time Rainfall intensity (mm/hr)

0
5
15
20
20
14
1

I.  The value of surface runoff producingpandex of 9 mm/hr.
ii.  The total rainfall in the catchment area.
b) If the same rainfall had been distributed as shown in table (2), compute the value of
@-index that would yield the same surface runGfmment on your answers.
Table (2) Rainfall intensity versus time.

A IWINFLIO

Time Rainfall intensity (mm/hr)
0
9
16
27
10
8
5

OO IWNF O
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Solution
a) g-index is the average rainfall intensity above which the volume of rainfall equals the volume
of runoff.
b) Surface runoff = shaded area = (15-9)*1 + (20-9)*1 + (20-9)*1 + (14-9)*1 = 6*1 + 11* 1 +
11*1 +5*1 =33 mm
Total rainfall = 5*1 + 15* 1 +20*1 + 20*1 + 14* 1 + 1* 1 =
75 mm

40 m

20m

5m

H =50

C)

Rate of rainfall above runoff volume
O (9 -¢)x1 + (16 -9)x1 + (27 -¢)x1 + (10 -@)x1 + (8 -9)x1 =33 mm
0 70-5 =33
O ¢ = 7.4 mm/hr

g

pd
N

Time

c) The results show that one determination of the f-index is of limited value and that many such
determinations should be made, and averaged, before the index is used.
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Example 4.2
For a total rainfall of 44 mm, distributed as shown in the table (3), establighitiex of the
catchment area for a surface runoff of 19.5 mm. (B.Sc., DU, 2012)

Table (3) Rainfall intensity versus time.

Time Rainfall intensity (mm/hr)
0 0
1 4
2 21
3 9
4 6
Solution 5 4

Rate of rainfall above runoff volume
O (21 -¢)x1+ (9 -0)x1 + (6 -¢)x1 =19.5 mm
036-3=195
O ¢ =5.5 mm/hr

21

Intensity

Example 4.3

A storm with 10.0 cm precipitation produced a direct runoff of 5.8 cm. Given the time distribution of the
storm as below, estimate tipgndex of the storm.

Time from start (h 1 2 3 4 5 6 7 8
Incremental rainfall ineach hour (¢ | 0.4 | 0.€ | 1.E | 2.2 1.6 1.€ 1.C 0.t
Solution
Total Infiltration = 10.0cm- 5.8cm = 4.2cm
Assume time of rainfall excess, t. = 8 hr (for the first trial)
Then,

45



Problem Solving in Engineering Hydrology Faris Gorashi Faris & Isam Mohammed Abdel-Magid

Index, ¢ = w = 0525cm/hr

But this value of @ makes the rainfalls of the first hour and eight hour ineffective as their magnitude is
less than 0.525 cm/hr.

The value of t. is therefore modified.

Assume time of rainfall excess, te = 6 hr  (for the second trial)

In this period, Infiltration =10.0-0.4-0.5-5.8 = 3.3cm

Index, ¢ = % = 055cm/hr

This value of @is satisfactory as it gives,
t. = 6 hr, and by calculating rainfall excesses.

Time from start (h) 1 2 3 4 5 6 7
Rainfall Excess (cm) | O 0.35 | 095 | 1.75 1.25 1.05 | 0.45
Total Rainfall excess = 5.8 cm = total runoff

Example 4.4
Following data was obtained from a catchment of an area of 300 km?.
Time from start (F 1 2 3 4 5 6 7 8

€

Incremental rainfall ir| 0.5 | 1.1 1. 2.1 2.C 1.€ 1.C 0.4

each hour (cm)

Solution
Estimate the @index of the storm if the volume of surface runoff was 16.5 x 10° m’.
Total Precipitation, P
0.5+1.1+1.3+2.1+2.0+1.8+1.0+0.4
10.2 cm
Runoff, R

= (16.5 x 10° m®) / (300 x 10° m?)

= 0.055m = 55cm
Total Infiltration, | = P-R
Assume time of rainfall excess, te = 8 hr

(for the first trial)

Then,

Index, ¢ = ? = (10.2-5.5)/8=0.5875cm / hr

e
But this value of @ makes the rainfalls of the
first hour and eight hour ineffective as their
magnitude is less than 0.5875 cm/hr.

- The value of te is therefore modified.
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- Assume time of rainfall excess, te = 6 hr
(for the second trial)

In this period, Infiltration

In this period, Infiltration
P-R

Index, ¢ = " =

This value of @is satisfactory as it gives,

e

te = 6 hr, and by calculating rainfall excesses.

Time from 1 2 3 4 5 6 7 8
start (h)

Rainfall 0 0.47 0.67 1.47 1.37 1.17 0.37 0
Excess

(cm)

Total Rainfall excess = 5.5 cm = total runoff

Rainfall Intensity vs Time

SooRrVWaoNBnboRkNW R

Rainfall (cm/hr)
oo oOOd COOR =R D e e e MR RIR RN

[=1SNNINNNS, .

1 2 3 4 5 b 7 8

Time (hr)

4.2 Antecedent precipitation index, API

Example 4.5

The API for a station was 39 mm on first December, 61 mm rain fell on fifth December, 42 mm
on 7 December & 19 mm on 8 December. Compute the anticedent precipitation index for 12
December, if k =0.89, and for same data assuming no rain fell (B.Sc., DU, 2013).
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I, =1, *kt
Where:
I; = Index value at t days later (mm)
lo= Initial value to the index (mm)
k = A recession constant, of magnitude between 0.85 to 0.98 (usually taken for a value of about

0.92).
t = Time (day).
Solution

» Data: amount of precipitation in different days of the month of December.

+ Since | = l,k' & assuming t = 1 produces: It 5kl Which means that: the index for any
day is equal to that value in the previous day multiplied by the coefficient k. then if rain
fell in the day, the amount of rain is added to the index.

* For the given data index can be estimated as follows:
On the first day of December, 1 = 39 mm
Just on the fifth day of Decembegrd 39*(0.89%, Is = 24.5 mm

* On the fifth day of December rain should be addegd: 44.5+ 61= 85.5mm

Just on the seventh day of December 85.5* (0.893, I, = 67.7 mm

On the seventh day of December rain should be added64.7 + 42 = 109.7mm

Just on the eighth day of Decemher 1109.7*(0.89), I = 97.6 mm

On the eighth day of December rain should be added:97.6 + 19= 116.6 mm

In the twelfth day of December a;I= 116.6*(0.89‘3, l1 = 73.2 mm (with rain in

different days)

« In the case of lack of rain, the value is equal to the directgry: 39%(0.89Y*, I, = 10.8
mm (with no rain)

4.3) Theoretical Exercises

1) The antecedent precipitation index (API) is given Ry= ll,k', Define the parameters
shown in the equation (B.Sc., UAE, 1989, B.Sc., DU, 2012).
Solution
It = index value at t days later
I, = initial value of index
k = a recession constant.

2) Defineg-index. (B.Sc., DU, 2012)

3) lllustrate major factors that may affect infiltration of water within a certain catchment
area. (B.Sc., UAE, 1989).

4) What are the factors affecting infiltration of water into the soil. How is it measured?

5) What is the difference between infiltration and percolation? Indicate how both are
measured.

6) Elaborate on indicators used to estimate infiltration. Which one is the best to be used?
Why?
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4.4) Problem solving in infiltration

@index

1) Find value ofg-index in a catchment area to make a surface runoff of 19.5 mm, knowing
that the total value of the rain for an area equal to 44 mm as indicated in the following
table: (Ans. 5.5 mm/hr).

Time, hr Rainfall intensity,
mm/hr
0 0
1 4
2 21
3 9
4 6
5 4

2) For a total rainfall of 150mm, distributed as shown in table (2), establish itigex of
the catchment area for a surface runoff of 72mm. (B.Sc., UAE, 1989).

Time Rainfall intensity (mm/hr)

0

16

29

35

16

8

19

27

Compute the change ip index for the same catchment in (b) above if a second storm

gave rise to a runoff equivalent to 68mm while the hourly rainfall of the storm indicated

the following distribution: (B.Sc., UAE, 1989). (ans. 11.7 mm/hr,).

N[OOI WNEFL IO

Time Rainfall intensity (mm/hr
0 0
1 15
2 43
3 61
4 24
5 12

3) Determine thep index for the catchment area as affected by the two storms indicated in
(a) and (b) above. (B.Sc., UAE, 1989).
Solution
b) Rate of rainfall above runoff volume

O (16 -9)x1 + (29 -p)x1 + (35 -@)x1 + (16 -9)x1 + (19 -@)x1 + (27 -¢)x1
0142-6 =72
Ueo =?: 11.7 mm/hr

a) (43 —gy)x1 + (61 —p)x1 + (24 —p2)x1 = 68
128 — 3, = 68
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60 =3p2 @2 = 20mm/hr

~ Change in ¢, =

o —¢, 11.7-20

= X 100 = —719
@ 11.7 %

l.e. ¢ increased by 71%

| G """ I """ —

API

4)

5)

The API for a station was 60 mm on the first of December, 64 mm rain fell on the
seventh of December, 40 mm rain fell on the ninth of December, and 30 mm rain fell on
the eleventh of December. Compute the API fdt R@cember if k = 0.85. Determine the
APl if no rain fell (B.Sc., DU, 2012) .

Solution

Since | = Ik, letting t = 1, k= Kklo, lo = 60 mm

Just on ¥, index k == 60x(0.85§ = 22.6 mm

After rainfall I; = 22.6 + 64 = 86.6 mm

Just on 8, index = 86.6x(0.85)= 62.6 mm

After rainfall lg = 62.6 + 40 = 102.6 mm

Just on 14, index = 102.x(0.88)= 74.1 mm

After rainfall 1;; = 74.1 + 30 = 104.1 mm

On 20" day, bo = 104.1x(0.85)= 24.1 mm

If no rain fell

l20 = 60x(0.85)°= 2.7 mm

The API for a station was 55mm on the first of August, 57mm rain fell On the sixth of
August, 31mm rain fell on the eighth of August, and 20mm rain fell on ‘theugust.
Compute the API for 15 August if k = 0.92. Determine the APU if no rain fell. (B.Sc.,
UAE, 1989).

Solution

It = index value at t days later

I, = initial value of index

k = a recession constant.

Since | = Ik, letting t = 1, k= Klo, I, = 55mm

Just on 8, index k == 55x(0.92y = 36.3 mm

After rainfall I = 36.3 + 57 = 93.3 mm

Just on 8, index = 93.3x(0.92)= 79 mm

After rainfall Is= 79 + 31 = 110mm

Just on 8, index = 110x(0.92)= 101.2 mm

After rainfall Ig = 101.2 + 20 = 121.2 mm
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6)

7)

8)

9)

On 158" day, ks = 121.2x(0.9573.5 mm

If no rain fell

l15 = 55x(0.92§*= 17.1 mm

The value of API for rainfall monitoring stations reached 42 mm in the first day of
October, and an amount of 46 mm of rain fell in the fifth day of October, and an another
amount of rain of 28 mm fell on the seventh day and 34 mm fell on the eighth day of
October. Find the value of the APl on 12 October assuming that k is equal to 0.92.
Calculate the amount of index assuming no rain fell in the same period.

The API for a station was 55mm on the first of August, 57mm rain fell On the sixth of
August, 31mm rain fell on the eighth of August, and 20mm rain fell on ‘theugust.
Compute the API for T5August if k = 0.92. Determine the API if no rain fell. (ans. 17.1
mm).

The value of the API for a certain station reached 42 mm in first of August, and an
amount of 46 mm of rain fell on the fifth of August, also rain of 28 mm fell in the seventh
of august and 34 mm on the eighth day of August. Find value of the API guide on 12th
August noting that k is equal to 0.92. Calculate the amount of the index assuming no rain
in the same period. Draw curve of change of index with time. (Ans. 85.3, 1.7 mm).

The value of the API for a station reached 55 mm in the first of August, an amount of 57
mm of rain fell on the sixth of August, 31 mm of rain fell in the eighth of August and 20
mm fell in the ninth day of August. Find value of API index for the 15th day of August,
noting that k is equal to 0.92. Calculate the amount of index assuming no rain during the
same period. Draw curve of change of index with time.

10)The antecedent precipitation index (API) is given by: le = lokt, Define the parameters

shown in the equation. The API for a station was 60 mm on the first of December, 64 mm
rain fell on the seventh of December, 40 mm rain fell on the ninth of December, and 30
mm rain fell on the eleventh of December. Compute the API f8rC2&cember if k =

0.85. Determine the API if no rain fell. (ans. 24.1, 2.7 mm).

51



Problem Solving in Engineering Hydrology Faris Gorashi Faris & Isam Mohammed Abdel-Magid

Chapter Five

Groundwater Flow

5.1 Groundwater
Groundwater represents that part of reserved water in a porous aquifer, resulting from infiltration
of rainfall through the soil and its penetration to the underlying strata.

Example 5.1
Outlinemost important factors affecting productivity of a well (B.Sc., DU, 2013).

Solution

Most important factors affecting productivity of a well:

Lowering of groundwater within aquifer (drawdown aspects).
Dimensions of aquifer & its lateral extent.

Ground water storage.

Transmissivity & specific yield or storage coefficient of aquifer.
Conditions of flow (steady or unsteady).

Depth of well.

Establishment of well & methods of construction, properties & condition

Table (5.1) Expected well yield.

Well diameter, cm Expected well yield, riid

15 < 500

20 400 to 1000

25 800 to 2000

30 2000 to 3500

35 3000 to 5000

40 4500 to 7000

50 6500 to 10000
60 8500 to 17000

Example 5.1
A well is 30 cm diameter and penetrates 50 m below the static water table. After 36 hr of
pumping at 4.0 fiminute the water level on a test well 200 m distance is lowered by 1.2m and
in a well 40 m away the drawdown is 2.7 m (B.Sc., DU, 2013).

i) Determine radius of zero draw-down.

i)  Find coefficient of permeability.

iii)  Compute draw-down in the pumped well.

iv)  What is the transmissibility of the aquifer?
Using expected well yield estimates as presented in table (5.1), comment about yield of the well
as related to its diameter, & suggest a more suitable well diameter. Explain and validate your
answer (B.Sc., DU, 2013). 5

nk[H —hz]

LnB
r

Q= 52
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Solution

e Given:D=03mH=50m;F40m, x=2.7m, =200 m, x= 1.2 m, Q = 4000 L/min.

D =0.3nm 2.7

0

1.2

50

40

200n

Findh=h-x=50-1.2=473m,andb h-%=50-2.7=48.8 m.

Use the following equation for both observation wells:
nk[Hz - hZ}
TR
Ln=>
Where:
Q = Flow through well at a distance r.
h = Depth below original water level.
R = radius of zero draw down.

k = coefficient of permeability.
H = depth of aquifer.

nk[Hz—hzj nk[Hz—hzj
LnR B LnR

r r
istwell 2ndwell

O

By substituting given values into the previous equation, then:

[502—47.32] [502—48.82]
I S — =~ 7
R R
Lo | LN 200
istwell 2ndwell

e Thisyields R =751.5 m.

» Find the permeability coefficient by using the data of one of the wells.
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Thus, forh=50m, ho =473 m,r=40m, R=7515m, Q = 400060024 = 5760
3
m°/day,
QR o 75L5
k= 1 " 40 x5 mid

n[Hz - hlj ;{502 —47.321]

» Depth of the water in the pumped well may be found as:

2_2
KHZ-h
Q :M Or 2=n? - QnR-g?2 - 57607515

k r nx20.5 0.15
0 LnR 0

o

This yields, h =41.7 m
Determine the draw-down at the well as:
lh=h-h=50-41.7=8.3m
« From table for a well diameter of 30 cm, yield is 2000 — 35¢/@.m
The amount of water abstracted is £4000 L/min = 4000*60%24/1000 = 5760°. A
better design would be selected a well of diameter of 40 cm (giving a yield of 5&b6fom
computed drawdown sat well (O.k. between 4500 - 7000).

% 20.5{502 - 4172}

Qo: 7515 = BB67 cubianeteperday

0412)

Example 5.2

A fully-penetrating well, with an outside diameter of 50 cm, discharges a constatimé m
from an aquifer whose coefficient of transmissibility is 0.0%snThe aquifer is in contact with
a lake 2 km away & has no other source of supply (B.Sc., DU, 2012).

i. Estimate the drawdown at the well surface. (TakeaR twice distance between
aquifer & lake).

ii.  Using expected well yield estimates as presented in table (1), comment about yield of
the well as related to its diameter, & suggest a more suitable well diameter. Explain
your answer.

iii.  Give a suggestion for type of aquifer soil with assuming an aquifer thickness of 20
m.

Solution
a) Data: Q = 3 m/min = 3*60*24 = 5760 rflday, R = 2xL = 2x2000 = 4000m, D = 0.5
m, I, = 0.5/2=0.25 m, T = 0.03%s = 1.8 M/min
b) Using equation

C)
S = Qo Ro Qo Ro s =—3 4000

o= 2 " T T "7 0 X187 025

Hence, drawdown at well face is 2.57 m
. 3From table of well yield this diameter (= 0.5m) gives 3 yield in range of 6500 — 10000

m /d. Nonetheless, needed constant flow ought to be 433/30 This suggests using a well
of diameter of 35 cm to have a yield between 3000 to 500f) thus satisfying need.
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. The actual well yield according to aquifer properties and computed drawdown for a well
diameter of 35 cm would then be:

Q=2 s == 2rx18%60%24%257_ 4157

3
R > 5000 /d between 3000and 5000 OK.

r 0175

. Determine perr%eability k=T/H = (1.8*60*24)/20 = 129.6 m/d

. From figure of range of permeability in natural soils, this value of k sugtingts
gravel soil description.

Example 5.3
A fully-penetrating well, with an outside diameter of 0.3 m, discharges a constatitihm
from an aquifer whose coefficient of transmissibility is 1.Zmm. The aquifer is in contact
with a lake 1.5 km away & has no other source of supply(B.Sc., DU, 2012).
i. Estimate the drawdown at the well surface. (Takaftwice distance between aquifer &
lake).
ii. Using expected well yield estimates as presented in table (1), comment about yield of the
well as related to its diameter, & suggest a more suitable well diameter. Explain your
answer.

iii.  Give a suggestion for type of aquifer soil with assuming an aquifer thickness of 25
m.
Solution
d) Theim's equation assumptions
» Aquifer homogeneous, isotropic & extended to infinity.
* Well penetrates thickness of aquifer carrying water & diverting water from it.
» Transmissivility (hydraulic conductivity) is constant in each place & does not depend on
time.
* Pumping is conducted at a steady rate for a period so that it may assume a stable
condition.
» Stream lines are radial (horizontal).
* Flow is laminar.
e) Data: Q=4 ni/min = 4*60*24 = 5760 rf{day, R = 2xL = 2x1500 = 3000m, D = 0.3
m, b= 0.3/2 =0.15m, T = 1.4%min
f) Using equation

B R_Q -__4 13000
g =<0 |50 - o|nRo S In

0 = 27kH T T 0 27x14° 015

Hence, drawdown at well face is 4.5 m

3
. From table of well yield this dia (= 0.3m) gives gyield in range of 2000 — 35@0 m
Nonetheless, needed constant flow ought to be 5760 3'[1fhis suggests using a well of

diameter of 40 cm to have a yield between 4500 to 700d), thus satisfying need.

. The actual well yield according to aquifer properties and computed drawdown for a well
diameter of 40 cm would then be:

_ oM o  __ 2mx14*60*24*45 _ 3
Q=2hs, = P =5929 m3/d > 57600K.
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. Determine permeability k = T/H = (1.4*60*24)/25 = 80.6 m/d
. From figure of range of permeability in natural soils, this value of k suggesttsse
sand soil description.

Example 5.4
The static level of water table in an unconfined aquifer was 30 m above the underlying
impermeable stratum. A 150 mm diameter well, penetrating the aquifer to its full depth, was
pumped at the rate of 20 litres per second. After several weeks of pumping, the drawdown in
observation wells 20 m and 50 m from the well were 3.5 m and 2 m respectively, and the
observed drawdowns were increasing very slowly (B.Sc., DU, 2012).
a) Assuming equilibrium conditions, estimate the hydraulic conductivity and transmissivity
of the aquifer.
b) Estimate the drawdown just outside the pumped well.
c) What will be the yield of a 300 mm diameter well which will produce the same
drawdowns just outside the well and at the 50 m distance observation well in (2)? What
would be the drawdown at a nearer observation well?

Solution
Determine Q = 20x1860x60x24 = 1728 fifd
k(H? — h?)
InE
r
wk(H? — h?) wk(H? — h?)

]1st well — R ]an well
In— In—
r r

307 — (30 —3.5)% 302 — (30 — 2)?

R R
Inm Enm

0O R=183.5m
Q.m§ 1728102
k= et — nE0r-(0-557]
T=kH=6.16x30 = 184.9 fd

5

= 6.16 m/d = 7.13x10m/s

28 1 2853 - 5038

b) Depth of water in wellh2 = H2 — L 1n% =302 -
k T Tx6.16 0.075

H=14.3m
Drawdown just outside the = 30 — 14.3 = 15.7 m.

c) Yield
Q = UL _ mx616[30°-(0-2)"] _ 395 8™3 _ 366 x 103 m¥/s
In; In o1s d
(2 _ g 3158 1835
- TX616 015
h=28m.

Drawdown at a nearer observation well=30-28=2m
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Example 5.5

A well of diameter 30 cm penetrates an aquifer, water depth in it 15 meters before pumping.
When pumping is being done at a rate of 3000 liters per minute, the drawdowns in two

observation wells 40 and 90 meters away from the well are found to be 1.3 and 0.7 meters,
respectively (B.Sc., DU, 2011).

I. Find radius of zero draw down.
li. Determine the coefficient of permeability, and
lii. Compute drawdown in the well.

IV. Give a suggestion for type of aquifer soil for the estimated permeability.

V. Comment on vyield of well compared to its diameter. Give suggestions for
improvement?

Solution
1) Data: Data on wells.
2) Use following equation for each well
r=40m,s=13m,h=15-13=13.7m
r=90m,s=0.7mh=15-0.7 = J,{k[arpa_h;}

Q = 7
0 LnB
r
2 2 2
2 2
- Tfk[H _ho] ) Tfk[H _ho] [152—1372] [152—14.32]

Ln rR Ln rR Ln R - Ln R
o istwall (0] 2ndwell 40 ) a0

i) Then: R can be found = 242.2 m

i) Find coefficient permeability from the equation to the data of the well about 40 m

away: H=15m,s=1.3m,h=15-1.3=13.7 m, R =254.9 m, Q = 3000 L/min
= 3 n/min = 3*60*24 = 4320 riday

R
QLny 4320.n-24229
K = o _ 40
rHZ h2  z15% 1377
iii) To find the depth of the water in the well, use equation with@.3/2 = 0.15 and k

=6636m/d

= 66.36 m/d:
2=H? - JinR=yg? - 1576812549 750

] r X249 015
From which: h=8.7m

Then drop in level = drawdown at well face—s15 - 8.7 = 6.3 m

iv) Suggest type of aquifer natural soil for a permeability of 66.36 m/day from given
diagram to be "coarse sand".

v) vyield of well for a diameter of 30 cm ought to be between 2000 to 3500 m3/d.

Pumping done at a rate of 4320 m3/d which suggests a suitable diameter of 35
cm. Taking this diameter would yield a flow of:

ik HZ h?  7x 6636152 848
Q, = "= 5455 =432213/d
Ln 1o £74<
s 015
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Thus a well diameter of 35 cm is suggested for improvement to yield a flow rate of
4322 m3/d (within yield of 3000 to 5000, O.K.).

Example 5.6

A catchment area is undergoing a prolonged rainless period. The discharge of the stream
draining it is 140 rifs after 15 days without rain, and 7§/snafter 45 days without rain. Derive

the equation of the depletion curve in the forprQ@@Qy*e™ and estimate the discharge 90 days
without rain (B.Sc., DU, 2012).

Solution

1) Data: values of flow rate Q and Q, after one month and eight dayss®
140, Qs = 70 ni/s. Qg?

2) Find base flow hydrograph equation using the equation: Q; = Qg * ™
Insert given values in the equation as shown below in equations 1 and 2.
140=Q, x e (1)

70 = Q, x ™ (2)
Dividing equations 1 and 2 to find values of coefficient : a = 0.0231 /day

3) Substitute in one of the equations 1 or 2 to find the value of the primary
discharge Q, as follows:

Qo = 140 + e-15x0.0231 = 198 m*/s
Basal flow hydrograph formula becomes: =198 *

4) Find rate of the stream after a period of 90 days in the watercourse
compensation in the basal flow hydrograph equation obtained in step 4
above: Q; = 198 * ¢ 09231 "t L Qgp=198 * e 0700231 - 534 7 m3/s

;0.0231
e003t

Example 5.7
The static level of water table in an unconfined aquifer was 33.5m above the underlying
impermeable stratum. A 150mm diameter well, penetrating the aquifer to its full depth, was
pumped at the rate of 25 litres per second. After several weeks of pumping, the drawdown in
observation wells 20m and 50m from the well were 3.55m and 2.27m respectively, and the
observed drawdowns were increasing very slowly. (B.Sc., UAE, 1989).
a. Assuming equilibrium conditions, estimate the hyd#lcauconductivity and
transmissivity of the aquifer.
b. Estimate the drawdown just outside the pumped well.
c. What will be the yield of a 300mm diameter well whiwill produce the same
drawdowns just outside the well and at the 50m distance observation well in (ii)?
What would be the drawdown at a nearer observation well?
Solution
a) 0= nk(!:ngh )
wk(H? — h?) mk(H? — h?)
— 5 listweu = —R]an well
In— In—
r r

33.52 — (33.5—3.55)%  33.5% — (33.5 — 2.27)?

In R In R
nﬁ nm
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R _ 1]
225.24751?1% =146.9371n 20

R _ R
In% = 0.652317.?1%
R 106523

5= ()

1 | 0-6523
R0:34766 _ & (_)
20
OR=279m
R _3, 279 _3, 279
" Q.IRF 20 x 10 IHW 20 x 10 IHW

" 7(H?2— h?)  7m[33.5%2 — (335 — 3.55)2] 7[225 — (33.5 — 3.55)2]
= 7.45%x10 m/s = 6.44m/d
T =kH = 6.44x33.5 = 215.7 7

" . 2 _ g2 Q. R _ 2 20x1073 279
ii] Depth of water in wellh® = H — E"r =33.5 — 205 Moors
=419.7

H=20.49m

Drawdown = 33.5 -20.49 = 13.01 m.

2_p2 -5 2_ — 2
il a) Q = nk(!:‘ Rh ) _ mx7.45x10 [33.25?9 (33.5-2.27)%] _ 46 x 1073 m3/s
n 0.15
-3
b)h? = 3352 - =210 1, 20 _ 9743
mXx7.45x1075  0.15
h=31.2m.

Drawdown = 33.5 -31.2 =2.3m

Example 5.8
A well of diameter 0.3 m contains water to a depth of 50 m before pumping commences. After
completion of pumping the draw-down in a well 20 m away is found to be 5 m, while the draw-
down in another well 40 m further away reached 3 m. For a pumping rate of 2500 L/minute,
determine:

* radius of zero draw-down.

 coefficient of permeability, and

e draw-down in the pumped well (B.Sc., DU, 2013).
Using expected well yield estimates as presented in table (5.1), comment about yield of the well
as related to its diameter, & suggest a more suitable well diameter. Explain and validate your
answer(B.Sc., DU, 2013) . 5

nk[H —h2]

Q=

LnB
p
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Solution
e Given:D=0.3m,H=50m;F20m, %x=5m, p=40 m, =3 m, @ = 2500 L/min.

D =0.3nm

20

40mr

Findh=h-x=50-5=45m, andbl¥ h - % =50 -3 =47 m.
Use the following equation for both observation wells:
nk[Hz —hZ}
Q- LnR ﬂk[Hz—th nk[Hz—hZ]
r S i L

O

tn R
r
istwell 2ndwell

LnR
r

By substituting given values into the previous equation, then:

[502—452] [502—472}
[ [ ——4 =~ 7
R R
Lo | LN 2o
istwell 2ndwell

e Thisyields R =119.7 m.

* Find the permeability coefficient by using the datane of the wells.
Thus, forh =50 m, ho =45 m,r=20m, R =119.7m, Q = 25088024 = 3600
m*/day,

R
Qnrt 3600Lntlo7
k= 1= 20_=4.32 m/d

TC[HZ - hf} n{502 - 4512}
* Depth of the water in the pumped well may be fousid a
nk[Hz —hgl

_ 2_42 _ Q| R_g? _ _3600,,119.7
D= R Or  ho=H kT T mas s

r
This yields, h =27 m

60



Problem Solving in Engineering Hydrology Faris Gorashi Faris & Isam Mohammed Abdel-Magid

Determine the draw-down at the well as:
rh=h-h=50-27=23m.
From table for a well diameter of 30 cm, yield i©206- 3500 r¥d.
The amount of water abstracted is ©2500 L/min = 2500%*60*24/1000 = 3600 M. A
better design would be selected a well of diameter of 35 cm (giving a yield of 3&B®m

computed drawdown sat well (O.k. between 3000 - 5000).

o 432{502 - 272]

Q= 1197
(035/2)

=3683 cubianeteperday

Ln

Example 5.9
a) A well penetrates into an unconfined aquifer havangaturated depth of 100 m. The

discharge is 250 litres per minute at 12 m drawdown. Assuming equilibrium flow conditions
and a homogeneous aquifer, estimate the discharge at 18 m drawdown. The distance from
the well where the drawdown influence are not appreciable may be taken to be equal for

both cases. (UAE, 1990).

Solution:
a) — Pollutants. - Difficulty.

b) Q=""=— 0 =250= —
wk 250 250
In (100 + 88)(100 —88) 183 x 12
Q, = l—_,__-,r[luu- — (100 - 12)*] = ——[100° — 827]
250 -
—— ® 182 x 18 = 363 L/min
188 = 12
Q=?
[ Q =250 L/min
Q =250 L/min
[ L — }12m
/ 18 m L+
,
|18m ¢12m 100 m
H =100 m
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Example 5.10
A 0.3 m diameter well penetrates vertically through an aquifer to an impervious strata which is
located 18 m below the static water table. After a long period of pumping at a rate’/afith.m

the drawdown in test holes 14 and 40 m from the pumped well is found to be 2.62 and 1.5 m,
respectively.

i) Determine coefficient of permeability of the aquifer
i)  What is the transmissibility of the aquifer?
ii) Compute the specific capacity of the pumped welREJ1990).

Solution:
a) r, Q, H, T, specific yield storage, lateral extehaquifer, well

|5 =R 0.3m
b) 0 =""F— 15
R o B 2.62 =
:EIILE-_'IIE__ °2 L (First well) = = .lE__'.lf_.l > ///
B H=18
n— = 0.5917in—
40 1
I 40
RETEEs = —— = 3.3%26 = R = 13321 n
14055 — — —
— 12— |
I 1
gint L i . 40m
i| Kk =——"% (firstwell) = —=5—=—= 156 x 107" m/s = 13.5m/d
mlH* —h* mh 18- —15.38°
il T = kH = 13.5x18 = 243 rfim.d
il depth in well = H* - = in==18° - ————In——=352.28
h=9.1m
drawdown (r) = H —h = 18-9.1 = 8.9m
. . .G 1
iv] specific capacity = = —— m’/s

&0x8.9

5.2 Theoretical Exercises

1) Outline main differences between confined and unconfined aquifer (B.Sc., DU, 2012).

2) Define the term Transmissibility of aquifer”.

3) Define parameters that may influengeld of wells.

4) Comment on yield of well compared to its diameter. Give suggestions for improvement?

5) Define factor that may influence yield of wells. (B.Sc., UAE 1989,, UAE 1990, B.Sc., DU, 2012).
Solution
Drawdown, Flow conditions, Depth of penetration, Transmissivity, Specific yield, Storage
coefficient, Lateral extent of aquifer-, Construction and condition of well.

6) Outline most important factors affecting productivity of a well (B.Sc., DU, 2013).
Solution

Most important factors affecting productivity of a well:
e Lowering of groundwater within aquifer (drawdown aspects).
« Dimensions of aquifer & its lateral extent.
¢ Ground water storage.
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Transmissivity & specific yield or storage coefficient of aquifer.
Conditions of flow (steady or unsteady).
Depth of well.
e Establishment of well & methods of construction,gedies & condition
7) In your opinion, what is the most significant source of groundwater pollution in this country?
Explain why is groundwater contamination so difficult to detect and clean up? (UAE, 1990).
8) Define parameters shown in Theims equation: (B.Sc., DU, 2012)
QO RO QO | RO

S = In—,=——In—=>
o T omH " r 2mm

9) Define terms used in the equation used to estimate rate of constant pumping from a well penetrating
an unconfined aquifer (B.Sc., DU, 2011)
ik[ H2- th

LnB
s

Solution Qo =
Q. = Steady state discharge from welf/sn

k = Coefficient of permeability, m/s.

H = Saturated thickness of aquifer, m.

h, = Depth below original water level at surface of well, m.

R = Radius of zero draw down (effective radius of drawdown), m.

r, = Radius of well, m.

10) Comment about Theim's equation (equilibrium equation) assumptions (B.Sc., DU, 2012).

11) Write briefly about groundwater in the kingdom of Saudi Arabia with reference to the following:
Occurrence, Distribution, Quantity & volumes of aquifers, Quality, Potential hazards & pollution
indicators.

12) What are the factors affecting groundwater flow within a basin?

13) What are Dubois’s assumptions? How to use them?

14) What is the difference between stable and unstable flow?

15) What is the difference between a water table well and an artesian well? (Draw sketches).

5.3 Problem solving in groundwater

Well yield, drawdown
1) A 30 cm well is pumped at the rate of G/minute. At observation wells 15 m and 30 m
away the drawdowns noted are 75 and 60 cm, respectively. The average thickness of the
aquifer at the observation wells is 60 m and the coefficient of its permeability amounts to 26
m/day.
i)  Find the coefficient ofransmissibility of the aquifer?
i)  Determine theate of pumping Q.
i) Computespecific capacityof the well.
iv)  What is thedrawdown in the pumped well? (UAE, 1989). (Ans. 65/hm, 1.5
m>/min, 0.73 M/min, 2 m).
2) A 30 cm well penetrates 45 m below the static wetble. After a long period of pumping
at a rate of 1200 Lpm, the drawdown in the wells 20 and 45 m from the pumped well is
found to be 3.8 and 2.4 m respectively.
a) Determine théransmissibility of the aquifer.
b) What is thedrawdown in the pumped well? (UAE, 1989). (Ans. 7.%/m, 13.5 m).
3) A 30 cm well serves a community of 1100 capita vatlvater consumption rate of 250
I/day. Under steady-state conditions the drawdown in the well was 1.83 m. The well
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4)

5)

6)

7

8)

penetrates to an impermeable stratum 32 m below the water table of a homogeneous-
isotropic unconfined aquifer. Compute the change in diseharge in I/s for a well
drawdown of 1.83 m if the diameter of the well was: a) 20.0 cm; and b) 50 cm. Assume that
the radius of influence in all cases is 760 m. (SQU, 1991).
A community of 15,000 capita and fire demand of 3% for six hours is to be served by a
50 cm diameter well. The well is constructed in a confined aquifer with a uniform thickness
of 15 m and hydraulic conductivity of 100 m/d. Two observation wells are installed at radial
distance of 50 m and 150 m. The drawdowns in the wells are 1.7 m and 1.3 m respectively.
Find:

a) thedischargeof the well.

b) waterconsumption(l/c/d).

c) the power needed to lift the water to the ground surfacénd original

piezometer level is 20 m below the ground surface. (SQU, 1991).

Gravity well is 50 cm in diameter. The depth of watethe well is 30 meters before the
start of pumping. Upon pumping at a rate of 2,100 liters per minute, Water level into a well
located about 10 meters away fell by 3 meters, and in another well 20 meters away it
reached 1.5 meters. Find: the zero draw down, permeability coefficient, and the drawdown
in the well. Draw cone of depression attributed to pumping of this well. @n&nm, 3024
m3/d, 5.2m).

30m

20m

The static level of the surface of the water in aoanfined aquifer is 33.5 meters above the
underneath impervious layer. Pumping is conducted at a rate of 20 liters per second in a 150
mm diameter well penetrating through all the depth of the aquifer. After a few weeks of
pumping in observation wells at 20 meters and 50 meters distance the water table decreased
by 3.55 meters and 2.27 meters, respectively and drawdowns increased gradually and
slowly. Assuming equilibrium conditions, find: hydraulic permeability coefficient,
drawdown directly outside the pumped well. Draw cone of depression attributed to pumping
of this well. How much is the yield from a 300 mm diameter well that can achieve the same
reduction in level outside it and at 50 meters from the observation well. Determine the
amount of drawdown in the neighboring observation wells?

A well of diameter of 0.3 meters was drilled to impeus base in the center of a circular
island of radius of one kilometer in a large lake. The well penetrates deeply in a sandstone
aquifer which have a thickness of 20 meters which lies below a layer of impermeable clay.
Permeability of sandstone equals 20 meters per day. Find steady flow on the assumption
that drawdown for the pezometic surface is equal to 2.5 meters in the well. (Ass@me R
twice distance between aquifer and lake). Comment about yield of well as related to its
diameter, and suggest a more suitable well diameter. Explain your answer

A fully penetrating well, with an outside diametdr@2 m discharges water at a constant

rate of 6 cubic meters per minute from an aquifer whose coefficient of transmissivility is
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120 square meters per hour. The aquifer is in contact with a lake 1.6 kilometer away and has
no other source of supply. What is drawdown at the well surfacge@afRbe estimated to
equal twice the distance between the aquifer and the lake).

9) Tube well 30 cm diameter penetrates an unconfinedfeaq Find the discharge from the
tube well on the assumption that the drawdown does not exceed 2 meters, the effective
height of the screen under conditions of the above mentioned drawdown is equal to 10
meters, the coefficient of permeability of the aquifer of 0.05 cm/s, and the radius of zero
drawdown Ro (effective radius of drawdown) is equivalent to 300 meters.

10)A gravity well of diameter 30 cm, water depth ir2@ meters before pumping is started.
When pumping is being done at a rate of 1800 liters per minute, the drawdown in a well 15
meters away is 2.5 m; and in another well 30 meters away is 1.5 m. Find:

* Radius of zero draw down.

» The coefficient of permeability, and

* Drawdown in the well.

» Give a suggestion for type of aquifer soil with cartgppermeability.

11)Find amount of water from a well of a diameter of &8 penetrating to the end of an
unconfined groundwater aquifer at a distance of 30 m from the ground surface, note that its
permeability is 3 meters/hour, and the level of drawdown in the well is 2.5 m, and radius at
which the level of groundwater vanishes is 400 meters.

12)A well of diameter 30 cm penetrates into groundwatgrifer. Water depth in it reaches 15
meters. The level of fall of water in two observation wells at distances 30 and 60 meters
from the well was found to be 1.2 and 0.5 meters, respectively, when the water pumping
rate is 4000 liters per minute. Find the permeability coefficient of the basin and the level of
drawdown in the well after pumping.

Aquifer recharge

13)A well was drilled an impervious base in center afraular island of diameter 1.5 km in a
large lake. The well penetrates totally in the sandstone aquifer which is 18 meters thick
located under a layer of impervious clay. Permeability of sandstone equals 15 meters per
day. Find stable flow if the decline in pesimoetric surface should not exceed 2 meters in a
well of diameter 0.3 meters.

14)Suppose there are two canals, at different levelsarated by a strip of land 900 meter
wide, of permeability that reaches 0.3 m/hr. If one of the canals is 1.3 m higher than the
other and the depth of the aquifer is 15 m below the lower canal to an impermeable base,
find inflow into, or abstraction from, each canal per unit width. take annual rainfall as 2.1
m/annum and assume 85 percent infiltration.

15)A rain gauge in a particular area showed that tlegame annual rainfall was 610 mm. 75
percent of this rain seeps into the ground. There are two channels separated by a piece of
land of width 1 kilometer and permeability 0.35 m/h, one of the canals is higher than the
other by about 1.2 meters. Geological surveys in the region pointed out to the presence of a
groundwater basin under the piece of land with an average depth of 10 meters. Find the rate
of outflow from each channel to the aquifer.
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Chapter Six

Surface runoff

6.1 Runoff

Runoff is that part of the precipitation, as well as any other flow contributions, which appears in
surface stream of either perennial or intermittent form. It is the flow collected from a drainage
basin or water shed, and it appears at an outlet of the basin. Specifically, it is the flow, which is
the stream flow unaffected by artificial diversions, storage or any works of man in or on the
stream channel, or in the drainage basin or water shed.

Runoff divisions according to source of flow [1,2] 1clude: surface flow (runoff), sub surface
flow (interflow, sub surface storm flow, storm seepage) and groundwater flow (groundwater
runoff).

Example 6.1
An unregulated river has monthly mean flows (iffehas presented in the table (B.Sc., DU,
2013).

Table: Monthly records of stream flow.

Month Monthly mean flow, riis
January 5.4
February 8.3
March 9.1
April 8.8
May 6.3
June 6.9
July 10.2
August 13.7
September 194
October 16.7
November 11.0
December 21.9

i) Allowing compensation water of 4.0°fm and reservoir losses of 0.5/s) what storage
capacity of reservoir is required to ensure that, on average, no water is spilled? Assume
30-day months.

i) What would the average net yield of the reserva@gntbe? (Hint: average net yield of
reservoir = demand — compensation — losses).

Solution

. Data: regular consumption of 23G/min, & data of monthly water flow.

. Find cumulative total flow as shown in the followitable:

. Draw mass curve for data by plotting cumulative fiealues as a variable with time.
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Month | Flow, m%s Flow, m*/day Accumulated flow
1) (2) () in month, m®
= col (2)*60*60*24*30 (4)
Jan 5.4 13996800 13996800
Feb 8.3 21513600 35510400
Mar 9.1 23587200 59097600
April 8.8 22809600 81907200
May 6.3 16329600 98236800
June 6.9 17884800 1.16E+08
July 10.2 26438400 1.43E+08
Aug 13.7 35510400 1.78E+08
Sept 19.4 50284800 2.28E+08
Oct 16.7 43286400 2.72E+08
Nov 11 28512000 3E+08
Dec 21.9 56764800 3.57E+08

e Determine monthly flow (column 3) by multiplying éaosalue in column (2) by

60*60*24*30 to obtain flow in Mper month, taking a 30day month as assumed.

Find accumulated flow as shown in column (4).

Draw mass curve of reservoir.

Draw demand line for no water spillage on curve.

Find storage for no spillage as maximum ordinateveeh mass curve and demand =

66*10° m® = 66 Mn7.

+ Determine demand = 356.9*¥02 = 29.74*16 m*month = 29.74*18/(30*24*60*60) =
11.5 nils

. Comput% average net yield of reservoir = demandmpemsation — losses = 11.5 — 4 —
0.5=7nils.

Accumulated flow in month, Mm3

400

350

300 /
250

200

150 /

100 //
50

6.2 Flow mass curve (Ripple diagram, S-curve)

This is a graph of the cumulative values of hydradalgquantity (such as: runoff) plotted against

time or data. Mass curve represents studying the effects of storage on the regime of a stream and
of determining the regulated flow by means of a flow summation curve. Mass curve is a curve on
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which the ordinate of any point represents the total amount of water that has flowed past a given
station on a stream during the length of time represented by the magnitude of the abscissa to the
same point on the curve.

accumulative inflow

accumulation of stofage '\ draft line
“d
Volume, |V depletion of storage .~ servoir full
[~ required storage, S
reservoir full
c
Accumulated dischgrge b * .~ ~

point of e#tical/period \

reservoir empty

slope repfesepmfing constant outflow rate (demand)

i ty t,

time,t ——
Fig. 7.7 Mass curve or Rippl diagram

Example 6.2

1) Outline benefits of a mass curve (flow duration euov Rippl diagram).

2) A water reservoir is designed to collect water frtdme adjacent catchment basin & to
regulate water use across an average regular flow of 230 cubic meters per minute. The table
below shows the monthly records of the stream flow. Find amoustoodge needed to
keep up with regular consumption assuming no loss of water (B.Sc., DU, 2013).
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Monthly records of stream flow.

Month Volume of water, million cubic meter
January 8
February 65
March 45
April 35
May 25
June 12
July 2
August 3
September 9
October 45
November 67
December 77

Solution
+ Data: regular consumption of 23G/min, & data of monthly water flow.
e Find cumulative total flow as shown in the followitaple:
« Draw mass curve for data by plotting cumulative fkalues as a variable with time.

Month Volume of Cumulative Volume

water (million of water (million cubic
cubic meter) meter)

1 8 8

2 65 73

3 45 118

4 35 153

5 25 178

6 12 190

7 2 192

8 3 195

9 9 204

10 45 249

11 67 316

12 77 393

e Find the value of the annual use rate (for the momth December) =
230 (n/min) x 60 (minutes/hour) x 24 (hours/day) x 365 (day/year) = 120.8%°x 10
m>/year = 121 million Myear.

e Draw draft line of uniform use from the point of@n to the point (a) on the mass curve.

» Draw a line parallel to the draft line from the poivhere the reservoir is full (b), & then
find the value of minimum required storage for the reservoir to keep pace with
consumption = 20 x fan’.

Example 6.3
The peak water consumption on the day of maximum water usage as follows: (B.Sc., UAE,
1989).
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Time L/s Time L/s
Midnight 220 13 640
1 210 14 630
2 180 15 640
3 140 16 640
4 130 17 670
5 120 18 740
6 200 19 920
7 350 20 840
8 500 21 500
9 600 22 320
10 640 23 280
11 700 Midnight 220
Noon 660

I. Calculate hourly cumulative consumption values.
ii. Plot (i) to a mass diagram curve.
iil.  What is the constant 24 hour pumping rate.
iv. Compute required storage capacity to equalize demmaadthe 24 hour period.
Solution
a) A graph of cumulative values of hydrologic quansitiwas plotted against time or
data: Reservoir condition, Demand, Spillage

b)
Time Hourly consumption Comulative consumption
Lis Lx10° Lx10°
Midnight 220 792 0.792
1 210 756 1.548
2 180 648 2.196
3 140 504 2.7
4 130 468 3.168
5 120 432 3.6
6 200 729 4.32
7 350 1260 5.58
8 500 1800 7.38
9 600 2160 9.54
10 640 2304 11.844
11 700 2520 14.364
12 660 2376 16.74
13 640 2304 19.044
14 630 2268 21.312
15 640 2304 23.616
16 640 2304 25.92
17 670 2412 28.32
18 740 2664 30.996
19 920 3312 34.308
20 840 3024 37.332
21 500 1800 39.132
22 320 1152 40.284
23 280 1008 41.292
Midnight 220 792 42.084
11590/24= 487
42084
Average—ux&500 =487 L/s
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6.3 Hydrograph
A hydrograph is a graph showing change of runoff volume (or stage, flow or discharge, velocity,
or any other properties of water flow) w.r.t. time.

b) Peak of hydrograph

(a) Concpntration cutve

¢) Recession flood

-

-
-
_____
_—
LZ-="

Fig. 6.2 Divisions of hydrograph
Example 6.4

The ordinates of discharge hydrograph measured on a 1-hour interval at Lahat Bridge. Pari river, Ipoh.

Ordinate Number | Accumulated Time | Discharge (m>/s)
1 9 pm 16.15
2 10 pm 13.22
3 11 pm 19.34
4 12 pm 28.00
5 lam 16.55
6 2am 15.11
7 3am 14.05
8 4 am 13.00
9 5am 11.00
10 6 am 11.59
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28

25 A

20

0 1 T 1 T T T 1 1 T

9:00 10:00 11:00 12:00 1:00 2:.00 3:00 4:00 5:00 6:00
PM PM PM PM AM AM AM AM AM AM

Time

CONSTANT DISCHARGE METHOD

30

25

20 A

1.59

ts

9:00 10:00 11:00 12:00 1:00 2:00 3:00 4:00 5:00 6:00
PM PM PM PM AM AM AM AM AM AM

Time

Constant Discharge Method

Fort<ts
Forts<t<te
Fort>te

Qb=Q
Qb =gs
Qb=Q

Direct Runoff = Total Runoff - Base Flow
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Ordinate Number

Accumulated Time

Discharge (m3/s)

Base flow (m?/s)

Direct Runoff (m?/s)

1 9 pm 16.15 16.15 0
2 10 pm 13.22 13.22 0
3 11 pm 19.34 10.29 9.05
4 12 pm 28.00 7.36 20.64
5 lam 16.55 16.55 0
6 2am 15.11 15.11 0
7 3am 14.05 14.05 0
8 4 am 13.00 13.00 0
9 5am 11.00 11.00 0
10 6 am 11.59 11.59 0

Equivalent Runoff Depth

Equivalent runoff depth = Total Direct Runoff X Time (s) + Area

Equivalent runoff depth

0.36x10°m

=0.04 cm

Example 6.5

0.36 x 10 m x 100 cm/m

(26.95 x 60 x 60) m* / (271 x 10°) m?

Solve the previous problem using the Concave Base Flow Method
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DISCHARGE HYDROGRAPH
30

25 1

20 1

15 1

Discharge

10 1

0 T T T T T T T

9:00 10:00 11:00 12:00 1:00 2:00 3:00 4:00 5:00 6:00
PM PM PM PM AM AM AM AM AM AM

Time

CONCAVE METHOD

30

28
25

20 -

Discharge
o

tr

¥
I I I I I I

9:00 10:00 11:00 12:00 1:00 2:00 3:00 4:00 500 6:00
PM PM PM PM AM AM AM AM AM AM

Time

Important data taken from the hydrograph

T, =10.00 pm Q, =13.22m?%/s
T, =1.00 am Q, =16.55m?/s
T, =9:00 pm Q, =16.15m?%/s
T, =12:00 pm

Notes: Q, at tp is taken as q,,
) q fort<t,

Ay = ) AsHt=tJ[(qs - qo)/ (ts— tp)]for t< t <1,

qm+(t_ tp)[(qr - qm)/ (tr_ tp)] for tp < t—<tr
’ q fort. <t
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Example of calculation at 11:00 pm

Qy, =13.22 +(11-10)[(13.22-16.15) / (10-9) ] =10.29 m*/s
Example of calculation at 1:00 am

Q, == 7.36 + (lam — 12 am) [(16.55-7.36)/(1am — 12 am)] = 16.55 m?/s

Ordinate Number | Accumulated Time | Discharge (m3/s) | Base flow (m?/s) Direct Runoff (m>/s)
1 9 pm 16.15 16.15 0

2 10 pm 13.22 13.22 0

3 11 pm 19.34 10.29 9.05
4 12 pm 28.00 7.36 20.64
5 lam 16.55 16.55 0

6 2am 15.11 15.11 0

7 3am 14.05 14.05 0

8 4 am 13.00 13.00 0

9 5am 11.00 11.00 0

10 6am 11.59 11.59 0

Equivalent Runoff Depth

Equivalent runoff depth = Total Direct Runoff X Time (s) + Area
Equivalent runoff depth

= (26.95x 60 x 60) m® / (271 x 10%) m?

0.36x10°m

0.36 x 10° m x 100 cm/m

=0.04 cm

The general shape of the hydrograph of any ri

Example 6.6

A rain of 35mm fell on a drainage basin during a one-hour period beginning 01-00 hr. The
drainage area is 78.2 knirhe Following table lists the measured discharge from the area
with respect to time: (B.Sc., UAE, 1989).

Hour Discharge (m3/s Hour Discharge (m3/s)
0 0 10 2.83
1 1 11 2.38
2 1.2 12 2.02
3 2.97 13 1.76
4 24.1 14 1.64
5 515 15 1.47
6 32.3 16 1.39
7 11.2 17 1.27
8 5.95 18 0
9 3.77

I. Develop a one hour unit hydrograph.
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il. Compute and plot the hydrograph of surface runaftie periods of heavy
rain occurring:
First storm: of 100mm rain between midnight and 02-00 hr; and 40mm rain
between 02-00 and 03-00 hr.
Second storm: of 89mm rain between 04-00 and 05-00 hr. Assume a constant loss
rate of 18mm and a constant base flow of/8m
Comment about your graph.
Solution
a) A hydrograph of direct runoff resulting from 1mm effective rainfall generated
evenly over the basin area at a uniform rate.
»=  Uniform effective rainfall.
=  Uniform distribution over area.
= Constant time duration
= Ordinatea Q
» Reflects physical characteristics of basin.

b) Average Q = 14875 _ 8.264 m3/s

18

Total runoff = Q.t = 8.264x18 (hr)x3600 = 535500°'m
Measured discharge is to be divided by 6.85 to obtain UH

_ UH _ Effective rainfallxUH Base thal
Time | nfls ol Time 82xUH 22xUH 71xUH flow, rainfall,
m’/s/m 3 3
m°/s m°/s
0 0 0 24 0 8 8
1 1 0.15 1 12.3 8 20.3
2 1.2 0.18 2 14.76 0 8 22.76
3 2.97 0.43 3 35.26 3.3 8 43.56
4 24.1 3.52 4 288.64 3.96 0 8 300.6
5 51.5 7.5 5 615 9.46 10.65 8 643.11]
6 32.3 4.7 6 385.4 77.44 12.78 8 483.95
7 11.2 1.6 7 131.2 165 30.53 8 334.73
8 5.95 0.87 8 71.34 103.4 249.92 8 432.66
9 3.77 0.55 9 45.1 35.2 532.5 8 620.8
10 2.83 0.41 10 33.62 19.41 333.7 8 394.44
11 2.38 0.35 11 28.7 12.1 113.6 8 162.4
12 2.02 0.29 12 23.78 9.02 61.77 8 102.57
13 1.76 0.26 13 21.32 7.7 39.05 8 76.07
14 1.64 0.24 14 19.68 6.38 29.11 8 63.17
15 1.47 0.21 15 17.22 5.72 24.85 8 55.79
16 1.39 0.2 16 16.4 5.28 20.59 8 50.27
17 1.27 0.19 17 15.58 4.62 18.46 8 46.66
18 0 0 18 0 4.4 17.04 8 29.44
19 4.18 14.91 8 27.09
20 0 14.2 8 22.2
21 13.49 8 21.49
22 0 8 8
Example 6.7

Draw the Unit Hydrograph for a river which flows in a midsize catchment of 120 km”. After a 3-hour
storm, the following flow hydrograph was recorded at the catchment outlet flow station. Assume a
constant base flow of 10 m*/s
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Time (hr) Flow Hydrograph (Q) (m>/s)
0 10
3 20
6 35
9 50
12 70
15 50
18 35
21 10
Time (h) Flow Base flow (m3/s) Ordinates Ordinates
Hydrograph of DRH of 3-hr UH
(Q) (m*/s) (m*/s) (m?/s)
0 10 10 0.0 0.0
3 20 10 10.0 5.0
6 35 10 25.0 / ER 12.5
9 50 10 40.0 20.0
12 70 10 60.0 30.0
15 50 10 40.0 20.0
18 35 10 25.0 12.5
21 10 10 0.0 0
S DRH = 200 m*/s
Volume of Direct Runoff Hydrograph (DRH) = 60 X 60 X 3 X 200 = 2.16 Mm?
Drainage Area = 120 km* = 120 X 10° m?
Runoff Depth = Effective Rainfall (ER) = rainfall excess =
= Volume of DRH / Area = ( 2.16 X10°) / ( 120 X10°) 0.018 m = 1.8 cm
Approximately 2cm
80 Graph of flow hydrograph
70 1
60 -
50 -
451
£
Sg—
28 /(
1@ & © © < ©
0 - . . . . |
0 5 10 TIME (h}5 20 25

Check Area under UH =1 cm over catchment area
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S DRH =

Ordinates
of 3-hr UH
(m*/s)
0.0

5.0

12.5

20.0

30.0

20.0

12.5

0

100 m3/s

Volume = 60x60x3x 100 km* = 1.08 x 10° m*

Drainage area = = 120 km?> = 120x 10° m?

Runoff Depth = Effective Rainfall (ER) = rainfall excess =

= Volume of DRH / Area = (1.08 x 10°) / ( 120 X10°) =0.01m = 1.0 cm (OK)

Ordinate of 3-hr unit hydrograph

35

30 4

0 5 10 TIME (h} 20 25

6.4 Theoretical Exercises

1)
2)
3)
2)
5)
6)
7)

8)
9)

Write at length on each of the following: surfacew| subsurface and base flow,
catchment area and use of radioactive materials.

Indicate ways used to measure surface flow? Whiehwauld be preferred?

What are the assumptions included in the ratiorrahtita to estimate surface runoff?
Define mass curve “Rippl diagram”. What informatidoes it provide? (B.Sc., UAE,
1989).

Outline benefits of a mass curve (flow duration euor Rippl diagram) (B.Sc., DU,
2013).

What is meant by “Unit Hydrograph”? Indicate assuons involved in the hydrograph
theory. (B.Sc., UAE, 1989).

Write briefly about each of: calibration curve, Ripprve, and unit hydrograph.

How do you calculate peak flows upon availabilitglamavailability of measurements?
Write at length on each of the following: peak flowad hydrograph.
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10)What are the sections of a hydrograph? Indicate @dstbf its analysis?

11)What are the ways used to separate base flow id@@raph?

12)Write a detailed report on each of: unit hydrograpistantaneous unit hydrograph,
artificial water curve.

6.5 Problem solving in surface runoff

1) Suppose that the gauge shows a rise at the rate2oimthr during a discharge
measurement of 100%s and the channel is such that this rate of rise may be assumed to
apply to 1000 m reach of river between the measurement site and the reach control. let
the average width of the channel in the reach be 100 m, find the rate of change of
storage, and discharge measurement to be plotted on the rating curve

2) A river discharge measurement made during a floditated Qa = 2500 cubic meters
per second. During the measurement, which took two hours, the gauge height increased
from 30.2 meters to 30.4 meters. Level readings taken at water surface 340 meters
upstream and 260 meters downstream of the observation site differed by 100 mm. the
river was 350 meters wide with an average depth of 3 meters at the time of
measurement. At what coordinate should the measurements be plotted on the rating
curve.

3) A water reservoir is designed to collect water frihra adjacent catchment basin and to
regulate water use across an average regular flow of 8000 cubic meters per hour. The
following table shows the monthly records of the stream flow. Find amount of storage
needed to keep up with regular consumption assuming no loss of water

Month Volume oiwater Month Volume of water (millior
(million cubic cubic meter)
meter)
Januar 7 Februar 21
Marct 15 April 14
May 10 June 5
July 1 Augus 1
Septembe 4 Octobe 14
Novembe 26 Decembe 32

4) A water reservoir is designed to collect water fritve adjacent catchment basin and to
regulate water use across an average regular flow of 250 cubic meters per minute. The
following table shows the monthly records of the stream flow. Find amount of storage
needed to keep up with regular consumption assuming no loss of water.

Month \olume of water Month \Volume of water
(million cubic meter) (million cubic meter)
January 5 February 10
March 10 April 10
May 10 June 20
July 30 August 40
September 60 October 80
November 10 December 5
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1) A catchment area is undergoing a prolonged raiqgdessd. The discharge of the stream
draining it is 140 riis after 15 days without rain, and 7&/snafter 45 days without rain.
Derive the equation of the depletion curve in the fors Q,*e™® and estimate the
discharge 90 days without rain. (ang=Q98 * €921 24.7 ni/s).

2) A catchment area is undergoing a prolonged rairdessd. The discharge of the stream
draining it is 100 rifs after 10 days without rain, and 58/snafter 40 days without rain.
Derive the equation of the depletion curve and estimate the discharge 120 days without
rain. (ansa = 0.0231 /dayQ; = 126.€°3" Q, = 7.9 nils)

3) A catchment area is undergoing a prolonged raiqdessd. The discharge of the stream
draining it is 4100 rfimin after ten days without rain, and 1208/mrin after one month
without rain. Find:

* The equation of depletion curve.

» Estimate the discharge after a period of four mqrahd a period of six months
without rain.

» Draw depletion curve to scale.

4) A reservoir of water is built to collect the amowfitrain water falling in the neighboring
basin and to organize a regular supply at a flow rate of 9000 cubic meters an hour.
Records of stream flow indicated the monthly data listed in the following table. Find
amount of storage required for organizing consumption (assuming no loss of water).

Month Volume of water, million m
January 10
February 24

March 18

April 17

May 13
June 8
July 4
August 4
September 7
October 17
November 29
December 35

5) Definemass curve‘Rippl diagram”. What information does it providée peak water
consumption on the day of maximum water usage as follows:

Time L/s Time L/s
Midnight 220 13 640
1 210 14 630
2 180 15 640
3 140 16 640
4 130 17 670
5 120 18 740
6 200 19 920
7 350 20 840
8 500 21 500
9 600 22 320
10 640 23 280
11 700 Midnight 220
Noon 660
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v. Calculate hourly cumulative consumption values.
vi. Plot (i) to a mass diagraourve.
vii.  What is the constant 24 hopumping rate.
viii. Compute requiredtorage capacity to equalize demand over the 24 hour
period. (ans. 487 L/s).
6) A reservoir is designed to collect water preciptatethe adjacent watershed basin adjacent
to regulate supply with an average regular flow equal to 284 cubic meters per minute. The
following table shows monthly capacity records of the stream in millions cubic meters. Find
amount of storage needed to cope with regular consumption assuming no loss of water.

Month volume of water|  month volume of water

(million cubic (million cubic
meters) meters

January 7.4 February 49.4

March 31.1 April 34.6

May 29.6 June 8.6

July 2.5 August 1.2

September 18.5 October 58

November 76.5 December 82.7

13)Measuring the flow of a river during the flood h&a®wn that Qa = 2700 cubic meters per
second. During the measurement, which lasted for two hours, the level increased from
40.48 meters to 40.36 meters. Readings on the surface of the water level at distances of
390 meters and 310 meters upstream and downstream from the observation site differed
by about 100 mm. the river width is 400 meters, and its average depth is 3.5 meters
during the instant of measurement. Find coordinates of the point that should be taken for
measurements in the calibration curve. (Ans. 40.42, 2639).

14)Flow rate in a stream discharging water shed ruisdb0 cubic meters per second after
five days without rain. The flow rate in the stream reaches half that amount after 20 days
without rain. Determine the equation of basal flow hydrograph. Find the amount of flow
rate after a period of six months in the watercourse.

15)The rate of flow in a water course discharging amewahed is 3950 ffmin after ten
days of no rain, and the flow rate is 119¢min after one month with no rain. Draw the
time hydrograph for base flow baseband; and find the amount of flow rate after three
months and a five-month period in the watercourse. (Ans. 0.54, 045 m

16)Calculate and draw one-hour unit hydrograph for dage area and noting that the
discharge area is 70 square kilometers and the runoff from one peak for a precipitation of
the 20 mm as represented in the following table:
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Time, hr Measured runoff, rifs

0 0

1 3.8
2 11.2
3 12.3
4 11.1
5 8.2
6 5.2
7 3.6
8 3.2
9 2.8
10 2.6
11 2.3
12 2.2
13 2.1
14 2.0
15 1.9
16 1.8
17 1.7
18 1.6
19 1.5
20 1.4
21 0

17)Calculate and draw one-hour unit hydrograph for te@ain area noting that 35 mm of
rain fell in a discharge area of 78.2 square kilometers over a period of one hour started at
01:00. The following table shows the measured runoff through the area in the unit of

time:
Time, hr | Measured flow, nfis | Time, hr | Measured flow, nis

0 0 10 2.83
1 1 11 2.38
2 1.2 12 2.02
3 2.97 13 1.76
4 24.1 14 1.64
5 51.5 15 1.47
6 32.3 16 1.39
7 11.2 17 1.27
8 5.95 18 0
9 3.77
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Chapter Seven

General exercises

7.1 Complete missing titles
a) Complete missing titles by using the following words and phrasegCyclonic
precipitation. Relative humidity. Residence time. Unconfined aquifer. Depression

storage. Speed. Detention storaéB.Sc., DU, 2012)

1) When rainfall is more than infiltration, evaporatiand evapotranspiration, ponds gather
in low-lying areas representimtgpression storage

2) Filling of ponds and depressions Leads water todflom the surface of the earth
representingletention storage

3) Residence timas the average duration for a water molecule t@ pamough a subsystem
of the hydrologic cycle.

4) Relative humidity describes the ability of air to absorb additionaisture at a given
temperature.

5) In absence of other factors tending to influencedwih should be expected that its
direction would be from areas of high pressure towards areas of low pressure and that its
speedwould vary with the pressure gradient.

6) Cyclonic precipitation is linked to passage over low temperature areaaltiiude,
resulting in lifting of hot air masses over cold masses.

7) Dupuit assumptions are used to get an approximéico for uni-dimensional flow in
anunconfined aquifer.

7.2 True/false sentences

b) Indicate whether the following sentences are trueT() or false §): (B.Sc., DU,

2012)

1) The intensity and frequency of the hydrological eyd independent of geography and
climate. )

2) The role of applied hydrology is to provide guidarioe planning and management of
water resource:T()

3) Earth's rotation affects movement of wind and rotabf seasonsT

4) Trees reduce wind speeds and cool the air as tseynhmisture and reflect heat upwards
from their leaves.T)

5) Frost or ice is dew falling from the sky and freeaaghe ground.T)

6) Rate of evaporation decreases as the specific griaciteases.T)

7) Infiltration devices estimate quality of infiltratfiarather than the quantityT )

8) A confined or artesian aquifer is one that is seedrfom the surface by an aquiclude or
aquitard. T)
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c) Indicate whether the following sentences are trueT() or false F): (B.Sc., DU,
2011)

1)
2)
3)

4)
5)

6)
7)

8)
9)

Hydrology concerns quantity and quality of movingtevaaccumulating on land, soil &

rock adjacent to the surfacé.)(

At night, treetops act as radiating surfaces, ared 9bil beneath is protected from

excessive heat losse¥.)(

In a large city, the amount of heat which is produeeanually roughly equals the solar

radiation reaching an equivalent ardg. (

Winds are mainly the result of horizontal differeno@ pressure.T()

Thiessen method is suitable to find number of mednaight to a particular area served
by a network of fixed stations in number and position$. (

Method of isohyets maps give results close to thaigained by the Thiessen network
method. T)

Intensity of rainfall indicates quantity of rainffag in a given time.T)

Clouds slow up the process of evaporatidr). (

Rate of evaporation is more for salt water tharfriesh water. i)

10) The role of applied hydrology is to provide guidafmeplanning and management of

water resource.()

7.3 Underline the best answer

d) Underline the best word or phrase (between brackets) to offer a useful sentence.
(B.Sc., DU, 2011)

1)
2)
3)
4)

5)
6)

7
8)

9)

(Residencetime/Time of concentration/Rainfall duration) Averagavel time for water
to pass through a subsystem of the hydrologic cycle.

(Relative humidity /Dew point/Humidity) is the ratio of amount of miuige in a given
space to the amount a space could contain if saturated.

A (psychrometerbarometer/desiccant) is an instrument used to méterthe value of
humidity..

Actinometer and Radiometer are general names faruments used to measure
(intensity/duration/frequency) of radiant energy.

Winds are mainly the result of (vertidabtizontal /direct) differences in pressure..

An instrument for measuring the speed or force of thind is called (wind
vaneAnemometefpyranometer).

One of the most important reasons leading to coradiemsof vapor is (heating by air
masses mix/ Dynamic or adiabatic heat@mitact and radiational cooling).

Moist air moving up the side of a mountain facing tbrevailing wind causes
precipitation to fall in a process known as(conventi@mafiraphic/Cyclonic) lifting.

One of the factors that influence the measurememtiofall, especially solid part, is
(wind/pressure/latitude).

10)Of appropriate recommendations to determine the eambmonthly rain gauge stations

those proposed bBleasdaléBuys Ballot/Thiessen).

e) Underline the best word or phrase (between brackets) to offer a useful sentence.
(B.Sc., DU, 2012)
11)(Orographic precipitation_/ Conventional precipitation / Cyclonic precipitat)

occurs due to obstruction of topographical barriers (mountains, natural hills) for
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winds laden with moisture and its mechanical lifting to top layers and then its
expansion & cooling resulting in rainfall.

12)(Horton/ Penman / Agot) equation shows a mathematical ndetbheestimate the
infiltration capacity curve.

13)® - index / W-index / Antecedent Precipitation Index) is thate of rainfall above
which the rainfall volume equals the runoff volume.

14)(Water-bearing layers / Man-made reservoirs / Cones of depression) are
geological features with permeability and they have components that allow
significant movement of water through them.

15)(Meteoric water / Juvenile water /Magmatic water) denotes wateorimecently
from the atmosphere.

7.4 Rearrange groups
f) Rearrange group (I) with the corresponding relative ones of group (ll) in the area
allocated for the answer in table (1)(B.Sc., DU, 2012)
Table (1) Matching of relevant words or phrases..

Group (1) Rearranged group (I1) Group (1)
Hydrology Water science Radiometer
Holton Infiltration Baric
Psychrometer Humidity Penman
Connate water Fossil water Unconfined
Condensation Contact cooling Water science
Perched aquifer Unconfined Limestone
Actinometer Radiometer Fossil water
Evapotraspiration Penman Infiltration
Karst Limestone Contact cooling
Buys-Ballot Baric Humidity

g) Rearrange group (I) with the corresponding relative ones of group (ll) in the area
allocated for the answer(B.Sc., DU, 2011)

Group (1) Rearranged group (1) Group (1)
Humidity Psychrometer Rainfall depth
Contact cooling Dew Convective precipitation
Acinometer Radiant energy Anemometer
Convectional Convective precipitation Hygrometer
precipitation
Wind speed Anemometer Frontal precipitation
Wind direction Wind vane Dew
Orographic precipitation Windward slopes Radiant energy
Relative humidity Hygrometer Wind vane
Cyclonic precipitation Frontal precipitation Psychrometer
Rain gauge Rainfall depth Windward slopes
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7.5 Complete missing titles
h) Complete missing titles by using the following woraisd phrase¢Dew point, Storage,
Speed, Humidity, Temperature, Runoff, Actinometer, Water, Science, Wing (B.Sc.,
DU, 2011)
1) Hydrology is derived from the Greek words: hydro gmegwater) and logos (meaning
dealing withsciencg.
2) When rainfall is more than infiltration, evaporatiand evapotranspiration, ponds gather
in low-lying areas representing Depressstorage
3) The water cycle consists of precipitation, evaporgtevapotranspiration amdnoff .
4) Earth's rotation affects movementvahd and rotation of seasons.
5) Relativehumidity is the percentage of actual vapor pressure toatatarvapor pressure.
6) Dew point denotes the temperature at which space becomeatsdtuwhen air is cooled
under constant pressure & with constant water vapor pressure.
7) Shading effect of trees tends to keep daily maxinemperature somewhat lower.
8) Actinometer and Radiometer are general names for instrumergg @ measure
intensity of radiant energy..
9) Speedwould vary with the pressure gradient.

7.6 Match the words or phrases
Adiabatic Snow Orographic Precipitation Convective
Rain gauge Cyclone Dew Winds Baric

1) Match the words or phrases above with the definstioslow. (B.Sc., DU, 2011)

1. Are mainly the result of horizontal differences megsure..\(Vinds)

2. Baric wind law is also known as Buys-Ballot's la®afic)

3. In this type of cooling heat is not added from algssources Adiabatiq

4. It forms when cloud droplets (or ice particles) louds grow and combine to

become so large that the updrafts in the clouds can no longer support them, and

they fall to the groundRrecipitation

Represents frozen water pouring from clouds in spaties. $now)

Denotes water vapor that condenses in the colddayfethe atmosphere during

the night and falls to the ground in small dropldisew)

7. In this type of precipitation most rain is deposited the windward slopes.
Other parts are located under the rain shadow and remaiOdogréphig

8. This type of precipitation results from lifting ofraconverging into a low
pressure areaCf/clong

9. This type of precipitation is local, and its intdgsvaries from light rain
showers to dangerous and destructive thundersto@osvéctive

101t is a hydrological instrument used in measurements to calculate rainfall for the

region. Rain gaugg
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NOMOGRAM FOR DETERMINING EVAPORATION E, FROM A FREE WATER SURFACE ACCORDING TO THE FORMULA OF PENMAN
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Appendix (B) Agot’s values of short-wave radiation flux R at the outer limit of the
atmosphere in g cal/crfyday as a function of the month of the year & latitude.

Latitude Jan | Feb. | Mar | April | May | June | July | august | Sept. Oct. Nov. | Dec. | Year
(Degrees)

N90| 0 0 55 518 903 1077 | 944 605 136 0 0 0 3540

80| O 3 143 518 875 1060 | 930 600 219 17 0 0 3660

60| 86 234 424 687 866 983 892 714 494 258 113 55 4850

40 | 38 538 663 847 930 | 1001 941 843 719 528 397 318 6750

20 | 631 795 821 914 912 947 912 887 856 740 666 599 8070

Equator 844 963 878 876 803 803 792 820 891 866 873 829 8540

20 | 970 | 1020 | 832 737 608 580 588 680 820 892 986 978 8070

40 | 998 963 686 515 358 308 333 453 648 817 994 | 1033 670

60 | 947 802 459 240 95 50 77 187 403 648 920 1013 4850

80 | 981 649 181 9 0 0 0 0 113 459 917 1094 3660

S 90| 995 656 92 0 0 0 0 0 30 447 932 1110 3540
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Appendix ( C ) Soil descriptions with permeability coefficient.
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Appendix (D) Saturation vapour pressure as a function of temperature t
(Negative values of t refer to conditions over ice; 1 mm Hg = 1.33 mbar)

Cy

t 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
(°c)
—10' 2715
-9 232 230 229 2.27 226 224 222 221 219 217
—8 251 249 247 245 243 241 240 238 236 2.34
-7 271 2.69 2.67 2.65 2:63 . 2610 250 35T 0255 0y 253
—6 293 291 289 286 284 282 280 2.77 2.75 2.3
-5 3.16 3.14 3.11 3.09 3.06 3.04 3.01 299 297 2095
—4 341 339 337 3.34 332 329 327 324 3.22 3.18
-3 367 3.6{1 362 359 357 354 352 349 346 344
-2 397 394 3091. 3.88 3.85 382 379 376 373 3.70
—1 426 423 420 4.17 4.14 4.11 4.08 4.05 4.03 4.00
—0 4,58 455 452 449 446 443 440 436 4.33 4.29

0 4.58 4.62 4.65 4.69 471 4.75 4.78 4.82 4.86 4.89
1 492 496 5.00 5.03 5.07 5.1 S5.14 5.18 521 5.25
2 529 533 3537 540 544 548 553 5.57 5.60 5.64
3 568 572 576 5.80 5.84 5.89 593 597 6.01 6.06
4 6.10 6.14 6.18 6.23 6.27 631 636 640 645 649
5 6.54 658 6.54 6.68 6.72 6.77 6.82 6.86 6.91 6.96
6 7.01 7.06 7.1 7.16 7.20 7.25 731 736 741 746
T 751 756 761 7.67 772 177 7.82 788 793 798
8 8.04 8.10 8.15 8.21 8.26 832 837 843 848 854
9 861 B8.67 873 8.78 884 890 896 9.02 9.08 9.14
10 9.20 926 933 939 946 9.52 9.58 9.65 9.71 9.77
11 9.84 990 9.97 10.03 10.10 10.17 10.24 10.31 10.38 10.45
12 10.52 10.58 10.66 10.72 10.79 10.86 10.93 11.00 11.08 11.15
13 11.23 11.30 11.38 11.75 11.53 11.60 11.68 11.76 11.83 11.91
14 11.98 12.06 12.14 12.22 12.96 1238 1246 12.54 12.62 12.70
15 12.78 12.86 12.95 13.03 13.11 13.20 13.28 13.37 13.45 13.54
16 13.63 13.71 13.80 13.90 13.99 14.08 14.17 14.26 14.35 14.44
17 14.53 14.62 14.71 14.80 14.90 14.99 15.09 15.17 15.27 15.38
18 1546 1556 15.66 15.76 15.96 15.96 16.06 16.16 16.26 16.36
19 16.46 16.57 16.68 16.79 16.90 17.00 17.10 17.21 17.32 17.43
20 17.53 17.64 17.75 17.86 17.97 18.08 18.20 18.31 18.43 18.54
21 18.65 18.77 18.88 19.00 19.11 19.23 19.35 19.46 19.58 19.70
. 22 19.82 19.94 20.06 20.19 20.31 2043 20.58 20.69 20.80 20.93
23 21.05 21.19 21.32 21.45 21.58 21.71 21.84 21.97 22.10 22.23
24 2227 22.50 22.63 22.76 2291 23.05 23.19 23.31 23.45 23.60
25 23.75 2390 24.03 24.20 24.35 2449 2464 24.79 24.94 25.08
26 2531 2545 25.60 25.74 25.89 26.03 26.18 26.32 26.46 26.60
27 26.74 26.90 27.05 27.21 27.37 27.53 27.69 27.85 28.00 28.16
28 28.32 2849 2866 28.83 29.00 29.17 29.34 29.51 29.68 29.85
29 30.03 30.20 30.38 30.56 30.74 30.92 31.10 31.28 31.46 31.64
30 31.82 32.60 32.19 32.38 32.57 32.76 32.95 33.14 33.33 33.52
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Appendix (E)
Some Physical Properties of Water at Various Temperatures.

Temperature’ C Density, kg/m Dynamic viscosity | Kinematic viscosity
px10°® Ns/nf vx10® m?/s

0 999.8 1.793 1.792
5 1000 1.519 1.519
10 999.7 1.308 1.308
15 999.1 1.140 1.141
20 998.2 1.005 1.007
25 997.1 0.894 0.897
30 995.7 0.801 0.804
35 994.1 0.723 0.727
40 992.2 0.656 0.661
45 990.2 0.599 0.605
50 988.1 0.549 0.556
55 985.7 0.506 0.513
60 983.2 0.469 0.477
65 980.6 0.436 0.444
70 977.8 0.406 0.415
75 974.9 0.380 0.390
80 971.8 0.357 0.367
85 968.6 0.336 0.347
90 965.3 0.317 0.328
95 961.9 0.299 0.311
100 958.4 0.284 0.296

106



Problem Solving in Engineering Hydrology Faris Gorashi Faris & Isam Mohammed Abdel-Magid

Appendix (F)
Conversion Table

Multiply by to obtain
Area
acre 43560 ft*
acre 4047 m?
cn? 0.155 in?
ft? 0.0929 m?
hecatre, ha 2471 acre
in? 6.452 cm?
km? 0.3861 mile?
m’ 10.76 ft?
mn? 0.00155 in?
Concentration
mg/l 8.345 Ib/million USA gal
ppm 1 mg/L
Density
glent 1000 kg/m®
glcm? 1 kg/L
glcm? 62.43 Ib/ft®
glcm?® 10.022 Ib/gal (Br.)
glcm?® 8.345 Ib/gal (USA)
kg/m® 0.001 gl/cnt
kg/m® 0.001 kg/L
kg/m® 0.6242 Ib/ft®
Flowrate
ft/s 448.8 gal/min
ft’/s 28.32 L/s
ft%s 0.6462 M gal/d
M gal/d 1.547 ft%s
gal/min 0.00223 ft%/s
gal/min 0.0631 L/s
L/s 15.85 gal/min
m/hr 4.4 gal/min
m’/s 35.31 ft¥s
Length
ft 30.48 cm
in 2.54 cm
km 0.06214 mile
km 3280.8 ft
m 39.37 in
m 3.281 ft
m 1.094 yard
mile 5280 ft
mile 1.6093 km
mm 0.03937 in
Mass
g 2.205*10° lb
Ib 16 ounce
kg 2.205 Ib
tonne, t 1.102 ton (2000 Ib)
Power
Btu 252 cal
Btu 778 ft-Ib
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Btu 3.93*10" HP-hr
Btu 2.93*10* KW-hr
HP 0.7457 kw
Pressure
atm 760 mm Hg
atm 29.92 in Hg
atm 33.93 ft water
atm 10.33 m water
atm 1.033*10 kg/m?
atm 1.013*1G N/m?
in water 1.8665 mm Hg
in Hg 0.49116 Ib/in?
in Hg 25.4 mm Hg
k Pa 0.145 Ib/in?, psi
mm Hg 0.01934 Ib/in®
mm Hg 13.595 kg/m?
Ib/in® 6895 N/m?
Ib/in? 0.0703 kg/cnf
Temperature
Fahrenheit, F 5*(F — 32)/9 Centigrade, C
Centigrade, C (9C/5) + 32 F
C C +273.16 Kelvin, K
Rankine F + 459.69 F
Velocity
ft/s 30.48 cm/s
ft/s 1.097 km/hr
ft/min 0.508 cm/s
cm/s 0.03281 ft/s
cm/s 0.6 m/min
m/s 3.281 ft/s
m/s 196.8 ft/min
Viscosity
centipoise 0.01 g/lcm.s
centistoke 0.01 cn/s
Volume
ft® 0.02832 m°
ft® 6.229 gal (Br.)
ft® 7.481 gal (USA)
ft® 28.316 L
gal 0.1337 ft®
gal (USA) 0.833 gal (Br.)
gal 3.785 L
L 0.001 m’
L 0.03532 ft®
L 0.22 gal (Br.)
L 0.2642 gal (USA)
m° 35.314 ft®
m° 1000 L
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