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Chapter 1

Introduction

Note to the reader, in this text the y character is often used to denote a specific location x at
which a phenomenon takes place. This is simply for the sake of brevity. If the character has any

other meaning this will be explicitly mentioned.

Exercise 1.1

Quantity Al B C
a | Interception evaporation | - + | ++
b Interception storage - | ++
¢ Stemflow 0| ++ 0
d Throughfall - ++ -
e Infiltration - | ++ -
f Soil evaporation 0] + | ++

Exercise 1.2

P+ SWip, + GWiy, = Eq + SWout + GWoy + WD + (AS/AL)

Exercise 1.3

a Ice to water volume ratio is 0.9:1. 1mi3 = 4.168km?® which leaves us with 2565932km? =
2.566 « 101 5m?

b 5.985 % 1011m3 /yr = 598.5km3 /yr

2,566 % 10'5

= SO R0 gy
5.985 % 1011 years

Exercise 1.4

1ft = 0.3048m, 1 ft3 = 0.0283m? therefore 147m?3.



Exercise 1.4.1

a Assuming no change in storage the water balance stands as follows: P =Q + G + E

b 500mm/yr which equals 37.5 x 108m3 /yr.

Exercise 1.4.2

AS
P=WwW+ N After unit conversion we are left with P=20mm/40min and Q=15mm/40min.
The difference is the soil/surface storage. The depth times the area yields AS = 50m?>.

Exercise 1.5

P=Q+ E, + (AS/At) with no change in storage. 175 % 10°m3 /yr = 291.7mm /yr.



Chapter 2

Atmospheric Water

2.1 Exercise 2.1

a 0.1kPa = 1hPa = 1mbar. At 20°C the saturation vapour pressure is 23.4mbar which equals
2.34kPa.

b 0.6 x2.34kPa = 1.404kPa.

¢  When dew starts at the dew point the air is fully saturated e, — es. For the given volume
this occurs at T = 12.04°C.

Exercise 2.2

latm = 1013.25N/100cm?. Using F' = ma we find m = 103.29kg.

Exercise 2.3

The south-east

Exercise 2.4

R, |H|)E, |G
+ |+ ] + |-
- - 0 -

Exercise 2.5

a 0.linch/day evaporated from the pan which equals 2.48mm/day.

b 0.7%2.48 = 1.7mm/day.



Chapter 3

Groundwater

Exercise 3.7.1

a The flow is rightward parallel to the tube walls.

ho — h 100 — 120
b i=-2_"" - = —0,4, ne = 0,4, K = 10m/day, A = 600cm? = 0,06m?>.

As 50 )
Therefore Q = —iKA = 0,24m?/s

¢ ¢ = —iK = 4m/day, v. = K- 10m/day =, As = /124 (22 —21)%2 = 50cm, t =
Ne
0,5/1,157 10~ = 4320s = 1hr + 12min.

Exercise 3.7.2

1 0,005 456,25
=|Ki|=5% —. = = =0,0125m/day. t = . = 10yrs.
q = Kl =5x 3555- Ve = 5 g = 0,0125m/day. t = 5=50p = L0yrs
Exercise 3.7.3
K = 8640062 g. Ksoc = 0,28m/day. Kepec = 0,88m/day.
"
Exercise B3.2
% = 558, 159mm.
Exercise 3.7.4
P,
Al L+
Q=-K AT and Q = Tpg From this we can calculate the respective hydraulic conduc-

tivities as: K7 = 0,0625m/day and Ko = 0,0179m/day.



Exercise 3.7.5

Elevation(cm)
t\z

Energy(cm)

b Taking the bottom of the sample as z=0 then h=0 cm.

¢ Since there is no net flow over the water body above the sample hgyrface = Rtop = Tem.

. hiop — ho—o 7—0
d i=—">£ = =1,4
1 T 5 )

Q  0,01344
K= _ 20"y sm/d
¢ A~ 28.103  LSm/dwy

f Sandy loam, it has a much to high hydraulic conductivity for clay.

Exercise 3.9

a The confined flow equation applies, h(z) = Cyz + Cs. Filling in the boundary conditions we
1
find 7 = — and C5 = 10. Therefore: hos = 9,75m, hsg = 9,50m and h75 = 9, 25m.

100
dh 1
b '=KD— = — =0,4m?2/d
Q . 5*8*100 0,4m?/day
/
D
Ve = @/ =0, 15m/day
Ne
d 667days



Exercise 3.10.2

a h(z) = Ciz + Cy. applies here.

X (inm) | h (in m)
25 9,75
50 95
75 9,25
KD KsD 60 + 10 1
b K= 11+ Bols —;;— =8, 7om/day. Q' = KiotDi = 8775*8*@ =0,7m?/day.

D
With the first layer being the upper layer and the second layer the bottom one.

¢ ¢ =Kii=0,1m/day and g2 = Kai = 0,05m/day.

B _0,1/0,4 = 0,25m/day and ve_; = —2— =0,05/0,1 = 0,5m/day.

Ne—1 Ne—2

d ve1=
e 1 =100/0,25 = 400days or t2 = 100/0,5 = 200days.

Exercise 3.10.3

As the layers are equally thick the formula’s simplify. Kior = (K1 + Ko + K3 + K4)/4 =
4
(14+5+10+50)/4 =16,5m/day and k = = 3,030m/day

1/]61 —|—1//€2 + 1/k3+1/k‘4

Exercise 3.10.4

Ah d
a i= - = —0,0375 and k = — = 0,0088888... Therefore ¢ = 1/3000m?/day and v, =
c
1/1000m/day. t = 8000days.
) 2Ah 2
b i=—— = -0,0375%2 and k£ = 0,0088888... Therefore ¢ = 2/3000m*/day and v, =
2/1000m/day. t = 2000days.

¢ v, doubles and t decreases by 75%.

Exercise 3.10.5

dy d
a c=—+-—2=25/5%10"3410/10"2 = 1500days.
ki ko

b Because there is no change in storage the continuity equation applies and -ki over the first

layer is the same as -ki over the second layer. Writing this out we find the following statement:
f5*1073M — 71072M

250 5.5 -2.5 from which hj 5 can easily be isolated as ha 5 = 17, 9m.

C Ve 1 =4%1073m/day, ve_o = 2 1073m/day, t = 5625days.



Exercise 3.10.6

K> = 5m/day
ne = 0.4

a Using the same formula as the one for the upward seep in figure 3.11 we can say that:
q1 = g2 = g3 and therefore ¢; = co = c3. To determine the hydraulic conductivity we can
Ly Ly Ls

L
substitute the latter as: = i + % + o Filling in the given values we get K = 6.25m/day.

Q' = —KDi = 0.15m?/day.

b Since the effective porosity n. is constant for all compartments we may say v, = 4 _
e

0.015625m/day and therefore At = 11£ = 32000days.
¢ Since g1 = ¢2 = g3 we must have —K1i; = —Ksis = —K3igs.
K (inm/day) i
5 —1.25%1073
10 —0.625 %1073
5 —-1.25% 103

d From c it can readily be seen that i and K are inversely proportional as 2:1:2.

Exercise 3.11.1

a From the piezometric heads at A, B and C we can derive two hydraulic gradients between A
and B and between B and C. iqap = —1,5% 1074 and igc = —2 % 10~%. These can be combined
using the Pythagorean Theorem to get the resultant gradient parallel to the flow direction which
iS i frow = —2,5 % 1074,

BA i o

———— From
|BAI|i f1ow|

b The angle between —AB— and i#;4,, can be determined by taking cosf =
which we find o = 53°.

Exercise 3.11.2

a P+Qscepage = Fat+Qpump. The actual evaporation E, = ((2/5)%600)+((3/5)*420)mm /yr =
492mm/yr.



2 % 109m3
b P =750mm/yr. E, =492mm/yr. There is no change in storage. Qpump = % =
m
0,4m/yr = 400mm/yr. Therefore using the water balance Qseep = 492+400—750 = 142mm /yr =

0,4mm/day.

AS AS AS
c (E)Su,«fwater = 200mm/yr. Also (E)watwmble = 80mm/yr. <E)wm = ((2/5) x200) +
((3/5) * 80) = 128mm/yr. Also taking actual evaporation from a and Qpump from b we can de-
termine using the water balance that Qgeep = 49244004128 —750 = 270mm/yr = 0, Tmm/day.

Exercise 3.12

_Q—Qa _ |Q[+]Q

T
2Li 2Li

= KD = 4320m?/day.

Exercise 3.15.1.1

h? — h2
a Using h = %x + h3 we obtain:
x (in m) | h (in m)
40 5,53
80 5,02
120 4,45
160 3,79
¢ Using the Dupuit-Forchheimer equation we obtain the volume flux Q’. Q' = —%K @ =
-0, 5% = 0,0675m?/day.

Exercise 3.15.1.2

6,252 — 6,752

65
water level in the right canal can be determined using the unconfined flow equation, h?(z) =

The water level in the left canal is given by hg = \/ z — 10+ 6,752 = 6,82m. The
Ciz + Oy, filling in the given piezometer heads to declare two formula’s and then combining
them as a system of equations as follows:

6,752 — Cy %10 = Cy

6,252 = Cy * 75+ 6,752 — Cy * 10

6,252 — 6,752

— =701
From this follows: Cy = 46, 563
thO = 6, 05m



Exercise 3.15.1.3

a For the left compartment: h?(z) = Cix + Cs. Filling in the boundary conditions: z = 0 —

h3, — 36
36

h2, —
Therefore h? = MT.I‘ + 36.
For the right compartment: h? = Cs3x + C,. Filling in the boundary conditions: x = 40 — C; =

2
h2, — 40Cs. = =200 — C = 9~ hio
9 — h3 10 9— h3
Therefore h? = ——20 7 4 p2, — 40——20,
erefore 60 * + hiy — 40 160

dh dh
;eft = Q;"ight - _Kl(h%)left = _Kr(h%)m‘ght
With K; = 1m/day and K, = 10m/day. If we now determine the derivatives of h and reorder

the terms in the continuity equation above we can find a value for hyg.

1 1 h3, — 36
hi(z) = 5 =
2 [h3,—36 40
A0+ 36
40 ,
1 1 —h
hi(z) = 5 3 2 : 16040
D Moy 4 g3, — 402 L0
160 160
These can be combined as stated previously:
1 1 hio—go‘:_lo; 1 9 — h3,
2 [h3, - 36 40 2 [9—h3 9—h3, 160
\ Xz +36 \/ 405 + A2, —40—-20
40 160 160
1 [9—h3, 9 — h2, h3, — 36 1 [h3,—36 9 — h?
_ = B2 40 40 — _10= 40 40 6 40
2\/ 40 40 40 40 2 40 3050
1. h2,—36 1, 9—h
ey A | R ' st 40
2070 031050

hi, —36 9 —h%

80 32
h3, = 16, 71429
hao = 4, 088m.

c Since there is no change in storage within the two compartments the continuity equation
applies. Therefore we only have to calculate the flow through one compartment. The Dupuit-
Forchheimer 2equautzion can be used to calculate the flow:

Q = f% u with hy = hyo and L being the width of the first compartment. Filling out
the terms yields: Q' = 0,241m?/day.

d Yes, it does change. The degree to which it changes can be derived from the proof in

h2, — 36 9 — h?
paragraph a from the forth last line as follows: K;—22 =K, 40

80 320
320K, (h2, — 36) = 80K,(9 — h2,)




320K,h2, — 320K, % 36 = 80K, 9 — 80K, h2,
320K,h3, + 80K, h3, = 80K, * 9 + 320K, * 36
. [SOK, %9+ 320K+ 3

40 320K, + 80K,

Lo [9K, T IK,
TV TUK ¥ K,

The lower the conductivity the steeper the hydraulic gradient becomes.

Exercise 3.15.1.4

a For the left compartment the confined flow equation applies: h(z) = Cia+ Cs. For the right
compartment the unconfined flow equation applies: h?(x) = C12+Cs. In this exercise subscripts
3 & 4 will be used for the right compartment instead of 1 & 2 to prevent confusion. Filling in
the boundary conditions for the left compartment yields: Co = 10m as = 0. C; can then be
solved for as: C; = — with x being the distance x from the origin where the left compartment
is separated from the right compartment by the transition from confined to unconfined flow.

With both constants of the confined flow equation known it takes the following shape:

-2
hy(z) = —az+10 (3.1)
X
The same can be done for the right compartment. C; = 64 — xC5 as h equals 8 at the
left boundary. Similarly C5 = 3616004. By substituting the former in the latter as follows:
36 — (4
“ =100
36 — 64 + xC3

5= 100
10003 = —28+ XC?,

3 =

100 — x
Then by filling in the C'5 and Cy in the unconfined flow formula we obtain:
—28 —28x
h2(z) = 64 — 3.2
) = o=t 100 — (3:2)

The previous two equations for the hydraulic heads in the compartments can now be linked to

each other through the continuity equation.

dh dh
KD(%)(left) = K(hﬁ)(right) (33)

Filling in this equation with the derivatives of the in this section aforementioned equations for
the respective hydraulic heads yields an equation solvable for x. Note that on the right hand
side of the continuity equation the central term of the derivative and h cancel out. This yields:

—14 —16
= ——. Therefore xy = 53,333
100 — x X

b From the continuity equation can be seen that the location of the change from confined to

unconfined is placed irrespective of K. With Q’ given as 1, K = 3, 33.

10



Exercise 3.15.2.1

X h(z)inm | q.(z)inmm
10 43.98 1.98
100 43.77 1.77
a 250 43.46 1.46
500 43.07 1.07
1000 42.57 0.57
1500 42.31 0.31

c See paragraph a

d Horizontal Solution
h(z) = hq + C1e*/* + Cye~*/*with A = VK D¢
o= —KD(T )@,y = —KD()
Q. = |Q4—ol + Qo]
X —T
aver X 2N

L L
—Cle)\ + Cye -A

/ —_
=L — KD A
L L
—016)\ —I—Cge_)‘
A

Q=p| = —KD

L —L

KD - -

QL = Qoo +1Qop| = ——~(C1 —Cred —Cy+Cae A )
KD

A =KDc= é = —

c A\

L —L L —L

A - - KD - —

Q' (01—016/\—02+026)\ )z—T(Cl—CleA—Cg—I-Cze A )

z c

Vertical Solution

h(z) = hq + C1e*/* + Cye %/ with A = VK Dc
L

Q. fo q-dx

11



q. = —d
e —X

hy —h=—CleX —Che A
e

—Zx

L —CleX —CgeT k .L € - 1 z - :
Q.= [, -k y dr = Efo Cied —Che A dx = - ACieA — \Che A
L —L 0
Q, = i(—C1 + C1€X +Cs — CzeT)
¢ L )
le = —K—/\D(Cl — 016X - CQ + CgeT)

Filling in the length, time, conductivities and thicknesses in either of the two aforementioned
methods yields: Q. = 584000m3 /yr

e Q.= 188m3/day = 68620m3 /yr

Exercise 3.15.2.2

a The leaky flow equation applies here: h(z) = h, + C1e*/* 4+ Coe~*/*. The leakage factor
d
can be calculated from the given values as follows: ¢ = 7= 1500days and then A = VK Dc =

600meters. Furthermore the boundary conditions given can be used to calculate C; and C5. At

2 = 0 the leaky flow equation reduces to 16 = 13+ C7 4+ Cs. At the right boundary (at = 1200)

it reduces to 15 = 13 + C1e? + Cye~2. Solving the former for C and substituting it in the last

formula we get 2 = Cre? + (3 — C1)e 2 . Rearranging this for Cy yields a value C; = 0,22.
x —x

Therefore Cy = 2,78 and h(z) = 13 + 0,22¢600 + 2, 78¢ 600

1200
b Q.=[," ¢qdz

k
= [ —(ha = hy)da
k = — 2
= (129 _2(13+0,22¢600 + 2,78¢600)dz — [** Z13da
0 0 d
=1,524m?/day

dh
c The separation of flow sources is a region of zero flow. So Fr 0. The derivative therefore
x
—x x

x
0,22 —— 2,78 — —
(;00 €600 + 760806600 = 0. Then taking the logarithm to solve for x:In(0,22¢600) =

—T

In(2, 786@), yields x = T61meters.

is

12



Exercise 3.15.2.3

7
77
77777777777 777777 777777777777 7777777777777777777777772772772772722772772777)

a The leaky flow equation, h(z) = h, + C1e*/* + Cye=*/*, applies here. The vertical flow

d
resistance ¢ equals: ¢ = T = 1/0,002 = 500. Therefore A = v/T¢ = 500. Filling in the
right boundary condition gives us Co = —1 — C;. Then using the left boundary condition
and substituting the value of Cs in the leaky flow equation we get C; = —0,2689. Therefore
Cy = —0,7311.

b With the constants of the leaky flow equation known we can now derive the following results:

X h
50 | 26,041
100 | 26,073
150 | 26,095
200 | 26,109
250 | 26,113
he —h
C ¢ = _kaT
27 — 26,11
— —0,0022 20113

—1,774 10f%m/day

d Method 1 - horizontal
le = 27:0 = —K.Diw:()
dh c s oo —
Gy Lo 2200
e B W
want h(zx) = hg + Cre®/> 4 Che—/A
dh Ci — Oy
Hioy=L— 2
" 500
im0 = — o0 * (026894 0,7311) = —0,4622m? /day
At the right boundary i,—500 = 9,244 * 10~% and Q’, = 0, 4622m? /day

le,total = 0,9244m? /day

ia::O = (

Method 2 - vertical Q) = 0500 q.dzx
k
q> = _E(ha - h)

x —X

hy —h = —CieX —Cye A

13



x —z
, Kk (s500 , T -
szg 0 CreA + Coe A dx
x —z |L

Q. = (ACreX — ACoe A ) *g
Q. = 0,9244m? /day

e Pumping with precipitation should equal leakage. Q.p = P x 1 = 0,5m?/day. Q! =

z—pump

0,4244m? /day must be transferred by pumping.

. —1,774 %1073
f Choosing the effective as 0,3 we get a velocity of v = Z— = 0—;: = —5.9133 %
10~3m/day

Exercise 3.15.2.4

d 3
a This exercise is in essence the same as the previous one. A = /240 * ¢ with ¢ = %= 0002

Therefore A = 600. If we use these values and apply them to the leaky flow equation along with
the boundary conditions we get expressions for C;(C5) and vice versa. Using this to substitute
either C or Cy we get C; = —0,3764 and Co = —1,6254.h(0) = 11,998 = 12metres.h(1200) =
10,999 ~ 11metres.

b Both horizontally and vertically the seepage can be expressed as:

L —L
KD ¥ N
QL=-—"(C1=Creh ~Co+ Cae X)) (3.4)

with L = 1200 and A = 600 and with 7" = 240 this yields Q, = —1,524m?/day.

dh
¢ The water divide lies at — = 0.
T
h ) = hg + Clex/A + C’ge“‘/’\
T

(z
dh le CQ —T
_7)\ —_— e =
s AT ooy 0
—T

1

dx
@
)

@
> 8

C
= 726 )\
r
0,23157eA =¢e A
T —Z
—1,4628 + — = —
5 3

x = 0,73\ = 438, 86metres

14



Exercise 3.15.2.5

Y Y Y ey

27777777777777277777777777777277277778 7777V 7407777777777 770777777727777777777|
77 77777787777 ey 77777777
277777777777777777777772777772777777747777 ey 77
2777 s vy 777777 17777777777 7777

2777 z 2 777777
7777777777777 777777777777777277777778277 K47 707707777707777777777777777777777777,

a Inzone A h(x) = Cyz+Chapplies. In zone B h(z) = hy+C1e*/*+Cye*/*applies. Cy = 30m

hio — hio —
and C7 = H)TCz. Therefore hq = ngox + 30
00

In zone B we can then say: li_>m hp = h(x) = 26 + C’3e7 + C4e° and C3 = 0. Using that and
—10
filling the left boundary condition for zone B we get: hg(10) = hig = 26 + C4e A . Therefore
—x

th — 26 th — 26

Cy = ——10 and hg = 26 + _71067. h1o can be determined by equating the derivatives

e >\ e )\
of the two formulas for the hydraulic head and calculating the only remaining variable hig at

x=10m. Simply equating the two formula’s for the hydraulic heads themselves leaves a null

statement hig = h1g. We are allowed to do this because of the continuity equation of course.
dh dh

—)a(10) = (=—)pB(10

(G410 = (=010)

x
hio — hio —26 -1 ——
1010 30 = 10710676 A with x=10m and A = vV KDc = 200

e A
The power terms cancel out and leave us with:
h1o —30 26 — hig

10 6260
= ——=129.81
hio 510 9.810m
X (inm) | h (in m)
5) 29.826
b
15 29.562
25 29.389

¢ Horizontal solution.

29.81 — 30
Q,=Q,—o=—KDi=—20%25x (T) = 9.50m?/day
Vertical solution.
Q. = [ ¢-dx
—k
y = —(hg —h
¢z = —( )
< -

ha —h= —Clt?)\ —Cge A with Cl =0

;a: oo —k
Q= (Care N)| 7

0 d

15



—10

—k
Q/z = _(C’QAGO - CQ)\@ A )
Filling in all the known variables yields: Q’, = 9.52m?/day
xz(inm) | q.(inmm/day)

5 0
d

15 46.5

25 44.1

Exercise 3.15.3.1

T = KD = 50m?/day and Ah = 0,09metres and N = 0,01metres. By using the Hooghoudt

equation we can solve for b, the distance between the two canals. N = 0 . 0,01 =
0 09 (2KDaverage )

’L2 . L = 30metres and therefore b = 2L = 60metres.

100

Exercise 3.15.3.2

The recharge equation for unequal water levels applies here: h?(z) = —%xQ + Cix + Co
Filling in the boundary conditions we get at x = 0 h? = h3 = Cy. Then at z = L we get
C1:—h2L_h(2) —|—E.

L K
The water divide lies at @ = 0. So first we need to find the derivative of the recharge equation.
This is done as follows:

N
h?(x) = — =22+ C1z + Cq

dh? JI\§ dh

—9

@ oy =2

dx, K 4G dx

dh _-—N G

%_ Ig\f B2 —h2  NL
dh _ N~ hy—hy NL _
dr }{gm; 5. ok Y
UK k2 -h} NL
=55 ok

16



K(h? —h3 L
(1 ~13) , L

X~ 7Na2L 2

hmaz lies at the water divide therefore: hpa, = h(x) = \/h% +

Exercise 3.15.4.1

a This exercise assumes that the aquifer is isotropic, infinite, steady state, and has homogeneous

flows. There is no correlation between the data points in the y-direction. However the data

1
follows a negative linear formula in the x-direction. The formula is h = 8,45 — 10003:. with
1
1= 1000 The 8metre and Tmetre equipotential lines lie at x = 450metres and x = 1450metres
respectively.

-10
b K =10m/day. Q" = —-Ki= o0 = lem/day
Q" 0,01

C T, T 0.4

= 2,5m/day in the x-direction.
d y=625metres

e Q=Q"WD =0,001x250 %20 = 50m?/day.

Exercise 3.15.4.2

a Following the continuity equation both are obviously the same as all water that flows into

radius 71 must flow through radius r5 to be pumped out by the well.

b The flux densities follow the same reasoning. At any point in the aquifer the flux densities
are equal if assessed perpendicular to the point source. It is the same argument as a but with

equal sectors # taken instead of a full circle.

Exercise 3.15.4.3

a R =1000metres

b AR=0,1m

h(z) =hgr+ o In= for ry <7 <R
2rKD R Yo

—0,1= 4

2710 %50 1000
r = 606, 38metres

Exercise 3.15.4.4

2 2 Qo r

=0, =

a h I'g K nR
2 2 Qo r
_ 2
h "'k 7K R

17



—141 = @ In 0,2
000

720
Qo = 874, 85m3 /day

QO T
= —_ <r<
b h(z) hR+27rKDlnR forr, <r<R

Qo = 930,69m3 /day

50
¢ There is a difference of e as 2D =50 and h+ hr = 47.

Exercise 3.15.4.5

a As per the continuity equation we have: |Qo| = |@Qw|. Therefore: Q@ = Qo = WDKi. The
3

width can be determined with W = <2 = — 2= _ 628metres

Ti  10%50 0,001

—Qo —314
b = - — —99,95met
" 9xTi 27500 % 0,001 s Jommeres

P(x;y)=(-99,95;0) P(x;y;2)=(-99,95;0;0-50), the stagnation point a line along the z-direction with
length D.

Exercise 3.15.5.1

a h(zx)=hr+ 2;20 lni for r, <r <R
hy =10 — 0,26m with Ah = 0,26m

ho =10 — 0, 15m with Ah = 0,15m

hs does not exist as r > R.

hiot = 9,59Tmetres

b hy =10—0,26m with Ah = 0,26m
honew = 10 — 0, 15m with Ah = —0, 14m
hs does not exist as r > R.

hiot = 9,89metres

Exercise 3.15.5.2

a Tip=T1+1T>
= D1K1 + D2K2 = 1100m2/day

b Ah= Qo In =, With all values known Ah = —0, 25metre.

2rT " R’

¢ The lowering will decrease because the aquifer gets replenished from the canal.

d A mirror recharge well is used at distance r from the centre of the nature reserve. The mirror
recharge well lies at 50 metres from the canal. It lies across from the real pumping well and the
line connecting the two wells lies perpendicular to the canal. By superposing the two drawdowns
the effect of the real well on the nature reservoir can be calculated.

7= /(400 + 2 x 50)2 + 3002 = 583, 10metres

18



Q2
Alimirror 2T n( R)

Ahior = —0,03metres

So yes the result corresponds fully with c as the drawdown decreases although it does not become

= 40, 22metres

Zero.

e Since the layers are both fully saturated their fluxes depend solely on their ability to conduct
water, the transmissivity T. T} : T as 200 : 900 or as 2 : 9.

f Since v = ni and ne; = ney and i1 = o v only depends on K. Therefore vy : vy follows
K, : Ko which is 10: 30 or 1 : 3.

Exercise 3.15.5.3

a Ah = —0,1metres, Qo = 314m?/day, » = 1000m. Therefore Ah = f—;ln% is used.
T
- T - - Qo 400 -
R= m = 1105,23met7‘es. Ah400m = ﬁ In 1105’23 = —170167’71

e QO

Qo 400 _
T 1105,23

b The drawdown at y (at the barrier), on the pumping side is: Ahy = 2Ah400m =

—2,03metres.
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Chapter 4

Soil Water

Exercise 4.1.1

1 atm
b 1atm

1 atm with latm = 10°Pa
d 2atm

3 atm
f lcm

=2. K =2%10"3m/day. ¢ = —Ki = —4%x1073m?/day. v =

Ah -4

Exercise 4.1.2

Pf = 2 and therefore as Pf = log —W the value of ¥ equals 1 metre. Ah = Zsgturatea + ¥ =
Az 2

= —8%1073m/day. Time t after which all water on top of the semipermeable

—3—1 = —4metres. 1 =
q  —4x 1073

ne 0,5
layer has infiltrated is t = 250days.
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Exercise 4.2

Energy(cm)

80 70 60 50 -40 -30 -20 -10 O 10

\ —60
z h g =70

a Wgo=2—Uy —|Az| =—-60+ 90 — 20 = 10cm
Wgo = —80+4+90 — 20 = —10cm

|Az|go = 80cm and |Az|gg = 100cm

heo = 2 + U + [Az| = —60 — 90 + 80 = —70cm

hso = 2 + W + |Az| = —80 — 90 + 100 = —70c¢m

b Depth of the watertable is at ¥ = Ocm which is at z = —70cm.

Exercise 4.4.1

A% x d = 15% * 20cm = 3cm
A% x d = 10% * 20cm = 2cm
Adding these two together yields a sum of 5 cm.

Exercise 4.4.2

pF v Ona | Oup

0 —10° 42 57
—10! 39 55
2 —10? 12 51
4 —103 5 47
42 | —10%2 2 35
5 | —10° | 15 25
6 —106 1 9
b sand, clay

¢ 10% and 16%; d = 40cm.
A%d, = 4em
A%dy = 6,4cm

Clay can provide more water than the sandy soil to the plants.

21
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Exercise 4.8.1

Zf — ho + U
zf ’

a K = 20mm/hr, S —¥ = 60mm, ©; = 20%, n, = 45% = Ouu, i =
ho(zo0) = 20mm, hy =z + ¥, F = AO,_; x 2

zy(mm) i q (mm/hr) | F (mm)
-20 5 100 5
-40 3 60 10
-80 2 40 20

-160 1,5 30 40
320 | 1,25 25 80
-640 1,125 22,5 160
-1280 1,0625 21,25 320

b As i decreases q decreases accordingly.

Exercise 4.8.2

Je = fe=(fo— feo)e™, fo=bmm/hr

ft"rAt_fc — e—aAt

ft_fc
ln1
or 1
4; 2 =700 o= — 2 =0,0231
155 _
X—9

x = 85 = fy, With these answers known we can use the Horton equation to produce the following
table:

t ft

0 | 85
30 | 45
60 | 25
65 | 22,8
75 | 19,1
90 | 15
120 | 10

Exercise 4.8.3

Determine K as the asymptotic end value: K = 0,4mm/min. fis known op t = 1, therefore the

following formula applies at that time:
1

1 -=
f= §St 2 + K
With all values known the Sorptivity S = 4, 2mm/+/min.

Exercise 4.8.4

K is the slope between t=60 and t=30 so

~ 60 —30

= 0,3mm/min, F=2,0 mm at t=1, therefore:
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S=F—-K=1,Tmm/vmin

Exercise 4.8.5

S = 20/v/2cm /v hr = 20072

t(hr) | L(cm)
0 0
2 20
6 34,64
24 69,28

1
V60

Exercise 4.8.6

50 -40

mm/v/min = 36, 51mm/vmin. ©; = 10%. ©, = 35%.

Energy(cm)

80 -70__-60 -30

-60cm

¢ -20cm

20 210 40
-10 4
-20 +

-30

d Hydrostatic and constant head — ¢ = Ocm/day.
. Ah =50 - -30 1
e Ze = — =
Az -20
- =504 -10
f U= + = 30
K (¥,.) = 248,6/30>! = 0,19cm/day
g q¢=1i.K.=0,19cm/day
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Ah -
h i, = 3= = % = 0,75. Therefore i, : i, as 0,75 : 1. But K,(¥,) = 248,6/5>11 =
< _
8,33cm/day. So we must conclude that K,(¥,) : K. > iy : ic

Exercise 4.8.7

K, i
a The continuity equation: ¢, = q¢ = —Kyi, = —K;i;. Therefore — = g = Z—l
l Ty
h602260+\1’60:60+10:70 and h():Z()+‘~I/0:0+0:0
_ hao —heo _ frao — 70
b 240 — 260 —20
i - ho — hao _ hao
! Z0 — 240 40
40
i 3 ()
iw 8 ha—70
= 30 — 70 30 3

Now hyg is the only unknown and therefore hyg = 30cm, i, = 7_20 =2and i = 01

70 - ,

60 -

50 e
\g 40 T ///

S 130
S 7
U 20 h K
101 /7
-10 0 10 20 30 40 50 60 70
Energy(cm)

b

1. The pressure head in the drainage pipe must be equal to zero.
2. The matric suction must be lower than the air-entry suction for both layers.
3. The continuity condition applies.

-30

c | = 40em = Az, K = 1,2mm/min, Ah = —30cm, i = 0

qg=—Ki=0,9mm/min.

= —0,75 and therefore
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Exercise 4.9

a The two flow domains have the following characteristics:

Matrix flow | Preferential flow
fr=0,8 fr=0,2
ne =0,5 ne =0,4
K=3mm/hr | K=100mm/hr
i=1 i=1

g =3mm/hr, t = 1lhr
D:iaslongasq)é:K:K*t
n

D, = %mm and D,, = 7,5mm.

b D,, =6mm and
0,8

fr*m
QPT‘+q7n(m) 6+3(0 2)
Dyr = o T = 074’ = 45mm

¢ Overland flow starts as both domains are draining at capacity. So when Ky, = P+ (P —3)x4,
a water depth P of 22,4 mm/hr. With K, = 100mm/hr.

d n.=1(0,8%0,5)+ (0,2%0,4) =0,48

K =(0,8%3)+(0,2%100) = 22, 4mm/hr

P 3
i = 2

e e 0,48 6, 25mm
P 6

f —= =12
me 048 13 omm
P 224
_——= ? = 4

g me 0,48 6, 7mm

h The maximum infiltration depth will be underestimated.
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Chapter 5

Surface Water

Exercise 5.1.1

Ho =0,7m, w=10m, Q = wHc\/gHc = 10 % 0,7 % /9,81 % 0,7 = 18,34m>/s.

Exercise 5.1.2
v: P V2 P
71+71— 2 +72

29 pg 29  pg
Pl P2 V22 V12

P9 pyY _p2g 2g
P —-P= 5(‘/22 - V3)

p Q5 Qf
AP _o==(—= — ==
212 2 42
_P 343 — Q143
AP1—272( A%A% )
Q1 =Q2

2APLaABAY oo oo

p
_ 2AP, ,A2A2

Q* =
p(A} — A3)
. 2AP;_o
Q=44 p(A3 — A3)

QED. This can still be rewritten further to a form without the pressure term making the formula
contain only directly measurable observables.
2g(h1 — h2)
Q=453
At — A3

Exercise 5.1.3

A = H3tan0,50
2
H2 - ng

12
V2 = gng

4
A= §H12 tan 0,50
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Q= —gH1 * §H1 tan0, 50

4 2 5
Q= 6‘/59H12 tan 0, 50
5

Q = CHZ tan0,50

Exercise 5.2.1

=y, (At o iy )

d Ocm | 20cm | 40cm | 60cm | 80cm
H 0 15 23 17 0
Vat0,8H 0 18 26 20 0
Vat0,4H 0 13 20 15 0
Vat0,2H 0 8 14 10 0
Vat0,0H 0 0 0 0 0
v 0 12,7 | 19,2 15,5 0

Qoo = 20(( 2 (E2) = 952, 5em?s

(
12, 7+19 215423
Q20—40 = 20(( 5 )( 5 )) = 6061cm? /s

19,24+ 15,5 ,23 4+ 17
Qa0—60 = 20(( 5 )( 5 )) = 6940cm? /s

Qoo_so = 20((12: 52“))(1”0)) 1317, 5em? s

Qrot = i1 (Qs) = 1527cmg/5 =15,27L/s

Exercise 5.2.3

Q= Qz Qz - Qz , with C, = 6,486 107 5EC — 2,871 % 1073, in which EC =
Cra
765/¢S/cm Since Q; = 0, 1L/s this yields @ = 47,8L/s

Exercise 5.2.4

Q; 18,5

= (Crg — Crp)dt =

ftta( a=Cn) 0,405
1

Qi = 18,5L. Qriver = = 45,68L/s.

Exercise 5.2.5

%Ql + %Qz = C3(Q1 +Q2) and Q1 + Q2 = Q3 — C1(Q3 — Q2) + C2Q2 = C3Q3 — Q2 =
% =7,5L/s. With all values now known Q1 = Q3 — Q2 = 10L/s.
2 —C1

Exercise 5.2.6

C30Q1 — C1@Qq _

CiQ1 + C2Qy = C3(Q1 + Q2) = CoQ2 — C3Q2 = G301 — C1Q1 = Q2 = Cy — Cs

0,42m3/s. And therefore Q3 = Q1 + Q2 = 3,32m?/s.
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C3Q3 + C4Qs = C5(Qs + Q3) — Q4 =

C5Q3 — C3Q3

= 0,98m>/s. And therefore Q5 =

Cy—Cs
Q3+ Q4 =4, 3m3/5.
Exercise 5.2.7
2007 2008
H (cm) | Q(L/s) | In(H(em)) | In(Q(L/s)) || H (em) | Q(L/s) | In(H(cm)) | In(Q(L/s))
43 29 3.76 3.37 59 65 4.08 4.17
33 7 3.5 1.95 34 0.5 3.53 -0.69
29 3.37 1.39 37 2 3.61 0.69
26 1 3.26 0 38 2 3.64 0.69
63 151 4.14 5.02 63 103.5 4.14 4.64
52 78 3.95 4.36 47 20 3.85 3
y = 0.0783e0-1275x 2007 & 2008 y = 0.00280-1715x
RZ =0.9334 R2 = 0.9478
300
250
® Both Years
200 ® 2007
150 ie ® 2008
--------- Expon. (Both Years)
100 e
.:. .-:' ......... Expon_ (2007)
R
50 T teesceee Expon. (2008)
Ry B y = 0.0307¢0134
0 00 Qg R2=0.7956
0 20 40 60 80
y=0.1799x +3.1811 2007 & 2008 y =0.118x +3.5617
R?=0.9743 R?=0.9725
4.5

-1 0 1 2 3 4

® Bothyears

® 2007

® 2008
......... Linear (Both years)
......... Linear (2007)
~~~~~~~~~ Linear (2008)

y =0.1354x + 3.4129
R?=0.78

5 6

HO09007 = 24,07cm and H0200s = 35, 22cm. R? does not permit the use of HO over both years

since it is lower than 0,8.
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Exercise 5.3.1

a A=2km? Asream = 1%A, P =5mm
b P =10000m3
Cc Qbase = 5L/S

d  Qquick = (0,520, 5220) + (220, 5220) = 18 + 72 = 90m®

Q uick 90 - -
e ‘JT = Qquick.mm = 3100 =4,5%10"%m = 4,5 x 10" 2mm

Qquick 43 5 * 1072
f = =0,9
P -5 9%

g  Priver = 100m3 (i.e. the volume that falls on the river itself), and therefore Py = 0,05mm.
Priver Z Qquick- This means that only rainfall on the river itself contributes significantly to

quickflow.

Exercise 5.3.2

Qquick o 10000
P 250000

a %quick == 4% =

b & c Qoverland = 0, dSmm = 5 * 103m3

Exercise 5.4.1

a Qo= 100m3/s and E=* = 0,9. « = 4,0648 x 10”8 with t now in seconds. S,z = @ =
Q

2,460 % 10°m3.
b Qbasel,S = QOe_at = 85, 38m3/5 Qbasel,o = QOe_at =90, 00m3/5

Qoe ™" 9, 3
¢ Si5=—"—"—=2,10%107m3 = 85,47%0f Stot
o

Exercise 5.4.2

Q__u

— =
aQ = —adt

1
J @dQ =—at+C
In@Q+Co=—at+C4
Q+ Cy = e 2tth
Q¢ = e~ (with Cy = 0)
Qi = Qoe™**
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Exercise 5.5
70

e& f i

3
<

60

50

40

30

f(mm/hour)

20

10

0 2 4 6 8 10 12 14 16 18 20 22 24 26

t(minutes)

30



