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schematic representation of the stuay area. They are, a
network of regular polygons and a network of regular recta-
ngles. The schematization involves 63 inﬁernal nodes and
26 external nodes. Accuracy of Gauss-Jordan elimination
method has been found greaterf However, Gauss-Seidel iter-
ation method with one iteration requires smaller computer
time. Reéults obtained from rectangular grid and polygonal
grid schematizations are almost identical.

..

The numerical model generates time history of water
level at the centreid of every polygon. The model has been
calibrated by several trial computer runs with changed para-
meters. The calibration is complete when computed water
level wvariation agréeé acceptably:with observed water level
variation in 54 observqtion'wellé in the year 1979-'80. It
has been found that the rechargé parameter dominates the
calibration process. Maximum déviation of computed water
ievel has been found to occur during irrigation season.
Higher computed water level suggestes an underestimation.
of withdrawal volume than the actual volume and this is
due to the lack of sufficien£ field data. Finally, ground-
water rescharge in the year 1982-'83 has been determined by
applving the model. Then the monthly recharge values in
every umazilla in the study area has been computed. Total

recharce values of 21.146 cm and 18.147 cm in the period

iii



1979-'80 and 1982-'83 recspectively have been found. Inves-
tigation of monthly récharée values shows that the highest
re;harges equai to 7.355 cm and 9.487 cm occur in July and
June during 1979-'80 and 1982-'83 respectively in the model

area.
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CHAPTER ONE <\ “(2.“4&.., =2 4
e ,..--JJ
INTRODUCTION _wrsrany,

Groundwater is an important source of irrigation dur-
ing dry season in many areas of Bangladesh. Extenéive exploi-
tation of this resource through tubewells started in 1972
({ MPO, 1984). Uplanned rap;d increase of irrigation wells

caused decline in g;oundwater level in the northwest and north-
eas£ regions. As a result, several -shallow tubewells (STW)
and hand pump tubeﬁells (HTW) becaﬁe incapable of pumping
(MPO,1984). In -the third five year plan installation of more
13000DTWs, 46,000 SEWQ and 150,000 HTWs have been planned
(Planning Commission, 1985) Successful implementation of
this plan is dependent on hoﬁffhoroughly the groundwater
system is understocd and;how accurately the availlable ground-
water resources is defermined. Numerical models are useful
tool in such investigatioﬁ ( Southern desert model, Jordan
(Thomas, 1973), vega de Granada, Spain.model ( Thomas,1973),
coastal plain of los Angeles county (Thomas, 1973), North-
west Bangladesh groundwater model ( Sir M. MacDonald &

Partners, 1982}).

Numerical modelling of groundwater system is at a very
early stage in Bangladesh. Seven applications of groundwéter
mgdels in different parts_of Bangladesh since 1976 have been
summarized by Master Plan Organization (1984). All those |

model studies have been done by expatriate consultants.



) + ig now utmost necessity to develop local expertise in .
this field. Development of computer facilities at BUET haé
.created opportunity to do groundwater model studies. None
of the seven model studies has included the Mymensingh-
Tangail area, which has a very high groundwater potential.

This encouraged me to take the present study.

Groundwater'table,fluctuationlin Bangladesh has an;
annual cycle. A good numerical model should be capable of
simulating thié fluctuatién. In order to be akle to use a
large time step of the order of 15 days in the simulaticn,
it was decided that iﬁplicit finite-difference model wouydf
be developed. Ngmerical modelling of groundwater involves
discretization of the éguifer and there are several ways of
doiné it. It has bkeen fglt'that tﬁé'diécretization techniques
should also be -investigated for_g%oundwater conditions in
Bangladesh. The waterx yeérs 1979~'80 and 1982-'83 have been
selected as simulation period for present study since amount
of data in these periods is better. It was further decided
that the main model application will be determination of
groundwater recharge. Then the main objectives of present

study may be summarized as:

i) to develop a numerical model for simulating groundwatexr

water movement in the agquifer of Mymensingh-Tangail area,




ii) to investigate accuracy and computational efficiency

of numerical solution methods and schematization techniques,

iii) to determine aquifer characteristics and groundwater

recharge in the study area.




CHAPTER TWO

CONCEPTUAL BASIS OF THE MODEL

2.1.0 MATHEMATICAL DESCRIPTION

2.1.1 Governing Equation

Basically two equations are reguired to represent
groundwater movement in an aqulfer. These are Darcy's. law
and equation of contlnulty. Darcy s law 1is used to compute

the subsurface flow in an aquifer ( Fig. 2.1). It can be

expressed as:

Vv=Ki @ caeaeenes sern (2.1)

<
1l

where velocity ( m/day )

K = hydraulic conductivity ( m/day)

i = hydraulic gradient

The equation of continuty is used to compute the change

of storage in the aguifer. It can be expressed as (Fig. 2.1):

SI - SO + R- E = A4S .. , (2.2)

Subsurface inflow

Il

where ST

S50 Subsurface outflow
R = Recharge

E = Extraction-

i

AS Change of storage




Recharge Ext“raction

N 2
\\ s
- Ve
N\ 9,
N /j
\ %
Subsurface NN 7 Subsurface
Inflow N ' = Qutflow
(a) An Aquifer Element -
_ - | R - £ " I=inflow
: O—Outi‘lowr
R—Recharge
E —Extraction
. S| —Subsurface Infiow
50 ~ Subsurface Outflow
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= ]
Si-ﬁ-—'"__] = S0
—

{b} Schematic Representation of an "Aquifer Element

" FIG. 2.1 REPRESENTATION OF FLOWS IN AN AQUIFER
ELEMENT




2.1.2 Assumptions

Groundwater modelling is based on some simplifyving

assumptions. These are as follows:

i) The medium through which flow occurs is porous.
'ii) Linearity between velocity and hydraulic gradient exists.
1ii) The flow is horizontal and uniform everywhere in a

vertical section.

'iv) The pressure- head distribution along any vertical is

hydrostatic.

v)'All variables in the equation are defined on the macros-
copic level i,e. in terms of volume elements..On this

basis, the flow is considered irrotational.

2.2.0 NUMERICAL MODEL

2.2.1 Schematization

Numerical modelling of groﬁndwater movement in an
aguifer requires schematization cof the model area by a net-
work of polygons ( Fig. 2.2). Each pelygon is represented
by a node at its centroid. Thén the equation (2.1) and (2.2)
are applied to each polygon. Sqmetimés rectangles ((Mercer
& Faust,1981), {(Fig. 2.2(b})}) and sgquares (( Thomas, 1973),
(Fig. 2.2{c) )) are also used which are alilso polygons., In

the present study a network of regular pelygons and a net-

work of regular rectangles have been used.
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2.2.2 Development of finite-difference equation

The velocity of horizontal subsurface fiow from an

adjacent node i to the solution node s (Fig. 2.3) is given

from equation (2.1) aé follows:

(hi Ths)
V. = K, T—_ .w e (2.3)
i,s

-Therefore, the subsurface inflow/outflow can be given by:

) (b, = h)
SF = K, = = D W
i.s i,s - L. i,sx 1i,s
“i,s
T. W.
_ i,s i (p - n )
L. i
Ti,s
B !"
=Y, 5 ;‘hi—hs) | BEERE (2.4)
.
N j
) where "V, _ = Yelocity df the subsurface flow from node i
’ ° ' ]
to riode s ( m/day) -
SFi s~ Subsurface inflow/outfiow from node i to node
- r
s ( w/day) .
1 . .
-Ki s~ Hydraulic conductivity of the path between
nodes i and s {(m/day}. T
Di s = Saturated thickness of the agquifer {(m).
r
wi s = Width of the side between node 1 and s (m).
r .




I, "= Distance between nodes i and s (m).

i,s
hi = Groundwater level at node i (m).
hS = Groundwater level at node s (m).
Ti,s = Coefficient of transmissivity of the path
between nodes. i and s (mz/dayf
: Wi s Ti é
Yl,$ = __fIT;‘L_

{a) POLYGONAL _ ¥

FIG. 2.3  TYPICAL NODES

The net subsurface inflow/outfliow to the node s from

'surrounding nodes 1 is given by { equation: 2.2):




§I - 80 =3 SFi
= E Y. ( hi -hs) . ( 2.5)

The net vertiéal inflow/outflow in node s { equation:

2.2) is:

R-E=A_(0Q0. -0

= R E . :
T. o : E vve (2.6)
where Ay T Area of node s (mz)
QR = Rechargé {m) in time intérval At

O
H

Withdrawal (m) in time interval At

e

Thus the rate of change of storage that occurs in node
- 'I )
s ( equation: 2.2) is given by:
- ‘

y !

;

th § I‘j'
AS = AS SS' T ' ! “ee _ (2.7)
where | SS = Storage coefficient in node s (dimensionless )

t = Time ( days)
Combining equations (2.5), (2.6) and (2.7) and using

these in equation (2.2) we get:

' R “E ., _ s
I Y. (hy=h) + A_ ( ) = 55 s —= . (2.8)

10




dhs_
-in egqua-

Applying finite difference technigue to 3T

tion (2.8), we get:

Where the superscripts j and j+1 indicate present and

forward time level respectively.

The'dependent variables hi-and_hSAOf the left hand side
may be definéd at éresent time level (j) and it results ex-
plicit expression. Explicit method imposes a restriction of
maximum size of time step. Aiternatively, the left hand side
may be defined at forward time level (j+1) and it results

implicit expression. It is given by:

Q -0 AS

JHL_ L 3+l L - o Op T 95 AS, J*L_ 3
i (hi hs ) Yi,s+ As ( At ) At ( hs hs)
.o (2.10)

The implicit method has the advantage that it does not
l . . 1
restrict the size of the timelstep_and hence requires less
computing time. In the present -study the implicit method

with a time step of 15 days has been adopted.

11



Equation (2.10) can be rearranged as

A5

_ nJt1 s s J+1
LPR G PR ¥2 )+§hi Yi,s
oA (2%, _AS
s At At

S nd ...

(2.11)

For n numbers of polygons, .n numbers of equations of

the type (2.11l) are obtaiﬁed. They may be expressed in matrix

form as:

(2] [ = [

where [A:l = all I! aalZ .......
azl Ha22 ...... -
K "l J' ;
a i=.|a112 .......
n Vil
N j+l _ |
h - o1 o f o=
J+1 .
h2
J+1
h
L]
12

(2.12)



There are different numerical methods to solve these
system of equations (2.12). In the present sﬁudy Gauss-Seidel
iteration and Gauss~- Jordan eliﬂinatiOn methods have been

used.

2.2.3 Gauss—-Seldel Iteration

‘In'fhe Gauss—Seidel iteraﬁion method, the system of
finite—différence equatidns {2.12) afe solved by iteration
procesé wifh successive approﬁimation. The wvalues ©f the
dependent variables i.e. groundwater levels ( h; and hs ) are
dassumed for the interior nodes. Improved values are then cal-
culated with the known init%al and boundary conditions. The

'

discrepancy between the 'successive values of water table

i
i

elevations which exists, caﬁses a #esidual flow rate. For
satisfactory solution . .of the dependent variable the residual
is gradually diminished by the process known as relaxation

{ Scarborough, 1966).

Initial water table elevations are prescribgd to all the
nodes 1in equatién (2.11). Bounéary conditions are also given
in the external-nodes for each time steps. Ali flows are
balanced at each node by setting their sum egual to.thelresi—
dual term. After each iteration the sum of all the residual
flows for all the nodes is calculated ( TOTRES) to compare

with a maximum tolerable value (TOLER). The iteration process

is repecated to get improved values if the sum (TOTRES) 1is



equal to or less than the prescribed threshold vélue. For
the present model the thresheld value has been estimated as
10% of the average absoclute values of net vertical flow
(Boonstra and Ridder, 1981l). Alsc a toerable limit of dis-
crenancy between consecutive iterations can be used as the
threshold value. In the present study this has also been

tested.

From equation (2.10) and referring to F;g; 2.3 the resi-

dual at s is

_ J+1l_ L+l S s Jj+1_ . ]
RES z (hi hS } Yl's AT ( hs , hS )
Q-0 .
' R E
+ AS { AT ) - (2.13)

Adding 'Ahs to h;+l:;iniequationf(é.10) results in

{(Jamilur, 1981):

) A S . )
J+1 _ 0+l ‘. _S 8 J+1 - nJ
i ( hi hs Ahs ) Yi,s At ( hs + Ahs hs)
0. -0
R ~E .
- B, (=% ) e (2.14)

From equations (2.13) and (2.14}, Ahs is:

1

14



Ah f 7S .o (2.15)

k.

This coefficient of residual (RES) is termed as the

relaxation coefficient and written as:

. 0 :
\RELAX = ‘ A S Tt ‘, {2.16)

Thus the.water‘table elevation at node s for the new

time step £t = j + 1 is:

r

hs ( new) = hS {cld) + RELAX *¥ RES . e {(2.17)

v /
This sdlution is dong simuléanéously for all nodes at

t =3 +-l which is uncon%itioﬂall& stable. In‘this model,

the wafef—table e1evatiQ£s at thé end of a time step serves

as the starting conditions for the next time step. The flow

chart of the iteration process is given in Fig. 2.4.

i

Boonstra and Ridder (1981) .used this method for solution
of groundwater flow eguation and observed that the method

requires less computing time.

15
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Read: parameters of schematiza- COmpute net subsurface flow’
tion, hydrogeological data, re- Fj 1_ Ly (h3+1 h3+l)
charge and withdrawal data, S i r
initial and boundary condition {
data. Compute change in storage
+
ASJ = AS SS (q; h:l
=0 *'
— — - -
] REs) Tlagpl Tl pgd*tl o3+l
my——y s s ; S s
_ — s .
_ 1. : nd*"le w3 rrs It larprax
RELAX ~-2 A /At s s s [
yl,S s ) . . b ‘_.
- oy e
| rorrRES I L=TOTRES I L4 ABS (REST Y,

Yes

I*1 S TOLERANCE™

TOTRES

ST

1 .
<one year =

Compute net vertical flow:
j+1 cAJtl_ 3+l
Q- = AS(QR QE ) /At

Flow chart of Gauss-Seidel iteration method,

le

Fig.2.4:




2.2.4 Gauss—Jordan elimination

In the Gauss-Jordan meth#d the coefficient matrix [A]
in equation (2.12) is reducedito a diagonal matrix. In this
process the ith row is used tg eliminate the coefficients
above and below it in the ;thicolumn. Thus at the end of
the solution the diagonal ?lements of [A] become unity with
* zero values in the xgmainiig eléments. The elimination pro-
‘cess to make zero iﬁ the ith column of CA] with the corres-

ponding operations in the right hand side .column voctor [f]

can be given by:

{i)
. a, X
a(l+l) = _‘Lll . ’ J =i s I
1, a(l)
: i1
. ‘ o)
a}(;l;l) - a]ilgn _a}il)l ¥ :L:(r;) K= Lnm o= ink £ i
. ! 7 | k
' - Fi,i
{1i)
(i+1) £/
£ - T (1)
a. .
i,1
€Y
(i+1)  _  _(d) _ (i) i . .
fk _ = fk ak,i [? _::CI)' I,n, kK # 1
i,i

17




Rearrangement of rows and colums called pivbting is
performed when a diagonaljelement is nearly zero to ansure
numerical stability ( Dahﬁquist & Bjorck, 1974). The finite
difference equations (2.ld) retain large values of the dia-
gonal elements at each stgp of elimination. Hence no such
rearrangement or pivoting Es required in thisfsolution at

any step. The flow chart of the elimination pProcess is given

in Fig. 2.5.
Boonstra and Ridder (1981) obtained solution by this

method and found that the method required more computer

memory which is due to the storing of large matrices.
ra

18




( Start )
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diagonal elements of

Compute elementgs of the ccoeffi-

cient matrix [A]

matrix [A] into unity.
[==0]
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Fig. 2.5: Flow chart of Gauss-Jordan elimination method.
U
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CHAPTER! THREE
COMPARISON WITH ANALYTICAL SOLUTION

3.1.0 INTRODUCTION

i
This chapter evaluath the performance cof numerical
: |

solution techniques. Analytical solution exists for unsteady

radial flow to a pumping well. Performance of numerical solu-

" tion is evaluated by comparing the numerical solution reésults

"with the aﬁalytical solution. Analytical derivation 1s diffi-

cult to obtain for the complex groundwater flow equation
including all components of flow condition. However, some
confidence in numerical modelling is gained if it can repro-

duce analytical sclution.

3.2.0 THEISS EQUATION

;
{
H

Théiss solution for unsteady radial flow to a pumping

well is given by‘the-nonQequiliBrium equation (Walton,1970):

: 2 3
L r_ - _u
o [ 0.5772 = Imu + u = 5— + 32—

The derivation of this equaﬁion is based on the assump-

tions as follows ( Walton,1970):
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i) The aquifer is homogeneous, isotropic, infinite in

areal extent and is of the same thickness throughout.

ii) The wells completely penetrate the aquifer and flow

is radial.

iii} The diameter is infinitesimal and the water removed
from storage is discharged instantaneously with the

decline of head.
iv) The production .well is pumped at a constant rate.

v) The values of étorage,coefficient for'upward and
downward movement of_ﬂhe Watertable are equal and the
gravity vield is instantaneous.

e

3.3.0 NUMERICAL EXPERIMENT

H .
A !

3.3.1 Nodal Configuration .
o /

An area of influence of a pumping well is schematized
to obtain analytically and numerically computed values of

water level at different distances. Schematization is shown

in Fig. 3.1. There are 61 nodal areas involving 49 internal

and 12 external nodes. i ¢

e

External boundary of fhe scheme is considered head
controlled with constant heads at each external node. For
analytical and numerical computation of drawdown at each

internal node a tubewell of 2 cfs capacity is pumped at
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the central nede 1. Owing to steep hydraulic graﬁient a
fine mesh‘of network of smaller areas is constructed arcund
this point. The area of nodes increases with increasing
distance and diminishing hydraulic gradient. A total of 144
connecting lines exist which indicates schématically the

subsurface flowpath from node-to-node.

.3.3.2 Accuracy

Acéufacy is interpreted as‘tﬁe‘ability of the numeri-
cal model to repréduce the analytical solution. To obtailn
the numerical and theiss solution, assumed values of trans-
missivity and storage are taken as 33.38 ft2/ min and 0.1
respectively for the whole area. The computation was carried
6utlfof'a total time'périod of 1000 minutes at a time inter-

£

val of 50 minutes. '\ .
: o i

P /

Analytically and numericailf computed variations of
drawdowns at two points are shown .in Fig. 3.2. Variations
of drawdown as obtained from the numerical and analytical
solution at two different tim?s are shown in Fig. 3.3.
Errors involved in-numefical'golution are also shown in
Fig. 3.2 and 3.3. Fig. 3.2 shows that the error increases

with time. In the case of Gauss- Jordan elimination rate of

increase is very small, Maximum error of 0.07435 ft and
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0.05388 ft occurs at a distance of 300 ft at time 1000
minutes which are only 1.58% and 1.15% with respect to
drawdown at the well in case of Gauss-Seidel iteration and
Gauss—-Jordan eliminapion methods respectively. These devi-

ations are negligible and accepted for all practical purpose.

The analytical solution is based on a point sink at
the central nodal point i, while it is assumed in the num-
erial model that discharge Q is distributed over the central
nodal peint 1. Hence the analytical solution represents
point drawdown which in numerigai models represent average

drawdown. This is the main reason behind the discrepancy.

3.4.0 CONCLUSION - !

Conclusion of thisichapter;can be made as follows:

1) The numerical model give acceptable results in comparison

with Theiss analytical solution.

2) The numerical solution obtained by the Gausg- Jordan
elimination method has dgreater accuracy compa;ed to

that obtained by Gauss-Seidel iteration method.

26



CHAPTER FOUR
DATA COLLECTION AND ANALYSIS

4,1.0 INTRODUCTION

Data defining the physical framework and hydrogeolo-
gical characteristics of the aquifer have been analysed. The
total data may be classified into four groups as listed in

ﬁTable 4.1. The source of various types of data are given in
Table 4.2. This chapter briefly explains the collection and
processing of the data required for the mpdels. The calibra-
tion parameters are coefficient of transmissivity, storage'
coefficient and recharge., An initial estimate of these para-
meters have been made which are subjected to change during

calibration.

Table 4.1 Data keqﬁ;red for'ﬁhe model.

o
i
i

Aquifer characteristics| Coefficient of transmissivity,

storage coefficient.

Boundary data Water level (R.L) of Jamuna and
' Brahmaputra.
Hydrological data Groundwater table elevation,

Rainfall, Recharge.

Artificial withdrawal Number of deep tubewells, shallow
datsa . ‘ tubewells, hand pump tubewells and

manually operated shallow tubewells

for irrigation.
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Table 4.2

Source of data

Data

Name of the
Organization

Year

Recharge

Coefficient of Bangladesh Water 1982

Transmissivity Devlopment Board

Storage ~-do- 1984

"Coefficient ’

Weekly value- -do-~ 1979-'80 and 1982-'83

(R.L.} of ground-

water level

Daily value(R.L) ~-do- 1979-'80 and 1982-'83

of water level ,

of Jamuna and

Brahmaputra

Rainfall . =do- 1979-~'80 and 1982-'83
1984

Nos. ©f deep and
shallow tube-

Bangladesh Agricultu—
ral Development Corpo-

1979-'80 and 1982-'83

wells ration, Bangladesh
Krishi Bank and Mas-
ter Plan Organization
Nos. of hand Department of Public |1979-80 and 1982~'83

pump tubewells

Health Engineering
and Bangladesh Bureau
of Statistics.

Manually opera-
ted shallow tube-
wells for irri-
gation

Bangladesh Rural Deve-
lopment Board and
Bangladesh Krishi

Bank '

1979%-'80 and 1982-'83
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Zone~wise monthly |Master Plan 1985
withdrawal rates Organization

District map of Office of the Land 1968
Mymensingh, Tang- Records and Surveys

ail, Dhaka and

Jamalpur

Maps showing loca- |Bangladesh Water Dev-| 1983 and 1984
tion of ground- elopment Board and

water observation [Master Plan Organi-
|wells,river gauge |zation

stations and zone- '
wise divisions

for different with.
drawal rates

f 4,2.0 DESCRIPTION OF THE MODEL AREA

The model area lies between the rivers Jamuna flowing
in a br;ided course in the western side and old Brahmaputra
in the eastern side. The area invoives Tangail, part of -
Mymensingh situated on tﬁeueégﬁm;jside éf Brahmaputra and
small portions‘of Jamalpﬁr and Dh%ka as shown in Fig. 4.1.

It lies between 89°45' to 950°40' latitude and 24°10' to

24°55' longitude.

The model area is composed mainly of alluvial flood
plain sediments, deposited by Brahmaputra - Jamuna river
. " consists
system ( UNDP,1982). The surface deposit/of mostly red and

arrange clay deposits at a higher altitude in Madhupur °

‘arda. The rest of the maximum area comprises of silt, sand
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and gravel deposits (BWDB, 1978). The lithological secﬁions
of the model area are shown in Fig. 4.2 ( BWDB ,51979). It
is observed that the aquifer is composed of water bearing
formation having thckness greater than 25 m. It has been
reported ( BWDB, 1980) that the rise of water table in this
region continues according to intensity and duration of
rainfall. The monthly values of rainfall for the model
region has been estimated by the Thiessen method (Linsley,
Kohler and Paulhus, 1958) from the data of BWDB gauge sta-
tions. The rainfall histograms.prepared'from thése monthly
values for 1979-'80 and 1982-'83 are shown in Fig. 4.3.
Variation of groundwater level for two observation wells

of Tangail and Myménsingh disfridts are also shown in Fig.
4.3ﬂ From the hydrographs of observation wells it is obser-
ved that in the model region water table starts rising in
May and reaches its maximum in Augu#t at the rate of approxi-
‘mately 0.56 m per monthé It is aléo observed that the water
level begins to recede from October at the rate of approxi-
mately 0;33 m per month and reaches its minimum in April,
From the hydrographs it is observed and also reported by
BWDB (1980) that groundwater level remains almost in the

same level in the month of August and September.

From the long term hydrograph analvsis of some selec-
ted observation wells in Tangail district a slight declining

tendency of water level with the fluctuation of highest and
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T

lowest wafer level ranging from 3 to 4.5 meters is obser--
ved ( BWDB, 1984). Such analysis for Mymensingh district

feveals the same declining tendency with a range of fluc-
tuation varying from 2 to 8 meters. The declining tendency
ag found is reported to be due to the exorbitant extraction

of groundwater by tubewells in the dry period.

!

the
The study of/physiographic units of Bangladesh (Karim,

1984) reveals that the part of the model area remains deep

|
flooded at a depth of flooding greater.than 2 meter. Low
lying area exists in Mymensingh-district at a depth of flood-

ing less than 2 meter. This indicates that aquifer is also

recharged through percolation of floodwater.

'

i
4.3.0 SCHEMATIC REPRESENTATION OF THE AREA

:

. o [ .

Two types of schematization have been used in the
present model study. These are a network of regular hexagons
and a network of regular rectangles as shown in Fig. 4.4.
The following criteria were considered to be fulfilled in

the schematization of the model area: l

i) Number of internal and external nodes should be same for
both types of schematization. There are 63 internal and

26 external nodes in each of the two types of networks.
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FIG. &-4a POLYGONAL GRID SCHEMATIZATION -
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ii) Area of internal nodes should be sanme in the two types
of networks. The area of internal nodes except those
:1 hear the boundaries are same for both the networks and

is equal to 86.603 kmz.

iii) Effort has beem made to 'coincide centroid of the maxi-
mum number of internal ﬁodes of the two networks. The
éentroid'of a total of 39:internal nodes coincides in
both types of networks.

}
4.4.0 INITIAL ESTIMATION OF CALIBRATION PARAMETERS

’

4.4.1 Coefficieﬂt'gf Transmissivity

e
T

)

-

Most reliable valﬁe-of transmissivity is obtained from
pumping.test data. Unitea'Nations Development Program (1982)
carried ouf pumping tests on-BADC irrigation tubewells in
Bangiadesh. The test sites and the values of transmissivity
the%g}n have been put to the purpose of drawing transmissi-
vity contour map of the model area as shown in Fig. 4.5(aj.
For the model network geometry, transmissgivity yalue at each
polygonal side is required. This was achieved by superim-
posing the model network map upon transmissivity contour map
as shown for a typical-configuration in Fig. 4.5(b). A ﬁeigh—
ted mean'value at the polygonal sides were obtained as'follows.

T, S U R
it By F Ty Ay 4 Tyl A

a issivi t d =
Transmissivity at node 1 Area of node 1

ee.(4.1)
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These transmissivity values for adjacent nodes were avera-
.ged to.represent the transmissivity value of the common
side of the two neodes. In this way, initial estimates of the

transmissivity values at the poiygonal sides have been made.

4.4.2 Storage Coefficient

Storage coefficient can be determined from the aqui4
fer test data. Karim (1984) summarized upazilla-wise values
of storage coefficient detérmined from lithologic and aqui-
fer test data. These values were employved to draw a storage
coefficient coﬁtour map of the model area as shown in Fig.
4.6. The polygonal network map of the model area was super-
imposed upon this map.lA weighted:ﬁean storage coefficient

over the nodal area was- then calculated for each node as an

initial estimate. -

4.4.3 Recharge

For the existing conditions of Bangladesh recharge
to aquifer occurs mainly by pércolation of‘réinwater,see—
page from rivers and return flow from irrigated lands.
Karim (1984) summarized upazilla-wise annual recharge
values determined from annual groundwater table fluctuation.

The monthly recharge values of this annual recharge was

estimated from the percentage of annual rainfall occurring
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at that month. From the monthly values, recharge for eaéh
time interval was obtained. Due to the unavailability of
monthly recharge vélues, this rough and very approximate
estimate was made. This estimate was subJected to change

during calibration and then improved values were obtained.

4.5.0 ESTIMATION OF WITHDRAWAL

The appliances'for abstraction from the agquifer com-
prise deep tubewells (DIW) and shallow tubewells (STW).
These are installed mainly by Bangladesh Agricultural Deve-
lopment Corporation and Bangladesh Krishi Bank. Manually
operated shallow tubewells for irrigation (MOSTI) and hand
pump tubewells (HTW). also play role in the withdrawal of
groundwater in the model area. The MOSTIs are set up by
Bangladesh Rural Development Board and Bangladesh Krishi
T Bank. The Hst are estiablished mainly by the Public Health

Engineering Department.

Upazilla-wise number of DTWs, STWs, MOSTIs and HTWs
were arrayed for @ifferent organizations and added up to get
the total number of each typg'of tubewells as given in Table
4.3 for 1979-'80 and 1982-'63. DTWs and STWs are operated
12 hours per day for 150 days in each year (BWDB,1979).
MOSTIs are operated 7 hours per day ( MPO, 1984) and‘;onsi—
dered to be used for the purpose of irrigation from Novem-—
ber to May {(MP0O,1985). To find out extraction by HTW,Farocoque

(1981) showed that one tubewell is working approximately
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for 260 people and collection| from each tubewell is:

For dry season : 4.02 gallons/capita/day

For rainy season : 3.07 gallons/capita/day

t

These data were used to obtain the discharge rates of HTW.
By means of these available information the abstraction
characteristics of DTW, éTW, MOSTI ané HTW were estimated
and given in Table 4.4. The upazilla-wise values of annual
extrac;ion has been estimated and g{vén-in Table 4.5 for

the period 1979-'80 and 1982-'83.

>

The model area has beeq

-2

divided into three zones to

T

obtain the percentage of mOn%hly distribution of total
annual abstraction (MPO,1984) as shown in Fig. 4.7. The

. R . , , ‘
zone-wise percentage of monthly distribution of annual ex-
. H : : :
traction by DITWSand STWs are given in Table! 4.6. These

i

values were used to determine’ extraction for different time

intervals.

In the model network a certain node may fall in more
than one upazilla. The volume of extraction for different

portion of the area of node lying-in differen£<upazillas
were estimated and added up to get the model extraction.

A SUBROUTINE was used for the purpose.
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il :
Table - 4.3: Upazilla-wise total number of tubewells

Name of . Total number of tubewells
Upazilla - w
DTwW STW | MOSTI HTW
1979-80 | 1982-83 |1979-80| 1982-83 | 1979-80 | 1982-83 | 1979-80 1982-83
Jemalpur 126 230 . | 154 12@@ 266 461 1592 | 1980
Sarishabari | 54 66 94 -5#? 37 145 882 | 1096
Machupur 217 209 299 | 1105 | 583 604 1487 | 2104
Gopalpur 141 157 163 105% 3439 3449 697 1029
Bhuyanpur 12 29 79 517 46 58 823 1215
| chatail 139 173 34 | 1176 | 980 1000 | 1428 | 2108
Kalihathi 54 89 207 | 1035 | 655 668 974 | 1438
Sakhipur 107 139 102 | 556 80 100 1436 | 2108
Tangail 150 152 87 916 1321 | 1339 | 1268 | 1872
| Basail 65 90 53 778 131 138 546 | 806
Mirzapur 121 165 98 852 166 182 1184 | 1736
| Kaliakair 175 213 a5 | 287 146 155 1531 | 1996
Sreepur 204 210 56 179 | 68 80 2234 | 2912
Bhaluka 34 51 62 168 63 206 1525 | 1894
Gafargaon 88 159 78 108 256 386 1372 | 1703
Phulbaria 75 - 251 84 241 74 242 1787 | 2219
Trisal 62 112 48 69 247 354 1137 | 1412
Mymensingh | 58 9 65 258 54 178 1317 | 1636
Muktagacha | 84 190 88 134 245 348 1092 | 1356
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Table - 4.4: Abstraction rates of tubewells.

Unit Rated Actual |Duration Collection Actual annual
dischar-| discha-| of opera- per day abstraction
ge({l/ rge(l/ | tion 3 3
see) see) (m™) (m™)
bTW 57 43 12 hrs per 1857.60 278640.00
: ' : day for 150
days per
year
STW 21 14 ~do- 604.80 90720.00.
MOSTI | 0.85 0.5 212 days 12.60 2671.20
(Mid.Octo-
ber to Mid
May.) ;
' /
HTW - 0.30 |whole year |/ 4.751(Novem- | 1527.58
: | ber to April}
i 3.6285 (May
' to October)
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Table - 4.5:

Upazilla-wise

annual extraction

Name of Total extraction per year ( million m3J
Upazilla
DTW STW MOSTI HTW
1979-80 1982-83 1979-80 1982-83 1979-80 1982-83 1979-80 1982-83

Jamalpur 35.10864 | 64.0872 13.97088 | 111.5856 0.71055 1.23123 2.43178 3.0242
Sarishabari| 15.04656 | 18.39024 8.52768 46.08576 0.099 0.38789 1.34692 1.6738
Madhupur 60.46488 | 58.23576 27.12528 | 100.2456 1.55738 1.6133 2.27105 3.351124
Gopalpur 39.28824 | 43.74648 14.78736 93.8952 9.18589 9.21268 ~ 1.06506 1.571713-
Bhuyanpur 3.34368" | 8.08056 7.16688 46.90224 0.1223 | 0.1549 1.25682 1.8558383
Ghatail 38.73096 1 48.20472 28.48608" | .106.68672 2.6174 2.6711998 2.180945 3.219435
Kalikhathi 15.04656 | 24.7989%6 18.77904 93.8952 1.74958 1.784294 1.487848 2.19654
Sakhipur 29.81448 | 38.73096 9.25344 50.44032 0.213165 0.26675 2.193652 3.219435
Tangail 41.796 42.35328‘ 7.89264 83.09952 3.52829 3.57674 1.937206 2.859372
Basail 18.1116 25.0776 4.80816 70.58016 0.34945 0.36867 1.065059 1.23117
Mirzapur 33.71544 | 45.9756 8.89056 77.29344 0.4438 0.48620 1.808983 2.651673
Kaliakair 48.762 59.35032 4.0824 26.03664 0.39022 0.41398 2.338047 2.730721
Sreepur 26.84256 | 58.5144 5.08032 16.23888 0.18171 0.21375 3.412347 4.44795
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Table-4.5 (contd.)

Name of Total Bxtraction per year (million m3)
upazilla
STW MOSTI‘ HTW
1979-80 | 1982-83 | 1979~80 | 1982-83 1979-80 1982-83 1979-80 | 1982-83
Bhaluka 9.47376 14.21064 | 5.62464 15.24096 0.167736 0.550268 | 2.32938 2.892987
Gafargaon | 24.52032 44.30376 | 7.07616 | 9.79776 0.683758 1.03111 2.095463 2.601308
Phulbaria: - | 20.898 69.93864 | 7.62048 | 21.86352 0.198022 | 0.6465 2.729647 2.389475
Trisal 17.27568 | 31.20768 | 4.35456 | 6.25968 0.659207 10.94585 1.736208 | 2.156687
Mymensingh | 16.16112 26.74944 | 5.8968 | 23.40576 0.14444 0.47525 | 2.00998 |  2.498961
Muktagacha | 23.40576 | 52.9414 7.98336 | 12.15648 | 0.654637 - | 0.92954 . | 1.668053 | 2.071205
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Table- 4.6: Zone - wise percentage of annual extraction
by DTW & STW}for different months (MPO,1985)

Unit Jan.| Feb.| Mar. |Apr.| May|June July| Aug.| Sep. Oct.| Nov.| Dec.

DTW |17.0 [19.9 | 30.6/23.9 |5.4%0.0 [0.0 {0.0 |0.0 | 0.0 [0.0 |3.2
Zone-1 :

STW [19.9 [19.1 | 31.1{20.5 |0.7 0.0 {0.0 |o.0 0.0 | 0.0 { 0.0 |8.7

DIW |13.1 }17.8 | 30.4(25.8 9.9 {0.3 |0.3 |0.0 | 0.0 | 0.0 0.0 | 2.5
Zone-2 _ .

S |17.2 |22.9 | 28.2]24.0 |2.6 [0.1 (0.0 {0.0 | 0.0 | 0.0 | 0.0 5.0

DIW |14%9 |19.5 | 29.9(26.1 |7.9 |0.0 0.0 |o0.0 0.0 [ 0.0 |0.0 |1.8
Zone-3

S [16.2 [24.6 | 27.0(23.4 |1.5 0.0 |0.0 |0.0 | 0.0 | 0.0 | 0.0 | 7.2

e

fya
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5.1.0 PREVIOUS MODEL STUDIES

Till now seven groundwat

CHAPTER FIVE

|
SIMULATION OF GROUND%ATER MOVEMENT

IN BANGLADESH

cer model studies have been done

in Bangladesh. These studies have been discussed in the second

interim report of Master Plan Organization (1984). Various

parameters of these models age given in the Table 5.1. It

is observed that all of the model studies have been done by’

foreign consulting firms.

Table- 5.1: Parameters of model studies in
Bangladesh.

Model T&éel

Location of

Project | Year Model|Represen-| Grid Objective
model app- |area |tation of| system
! 11cat;on (kmz) aquifer-
BADC/IDA | 1977 | Finite di- |North of " 29500| Semicon- | Regularl Forecast
Tubewell fference the Atrai ' find, hexago- ©f DIW
project single la- |basin of Or uncon=| ..o develop-
yer model |the North- find " | ment.
west region
and the .
area bet- |
ween the

rivers Atrai

and Ganges.

49




!

!

i

Takble 5.1 (contd.)
Project Year | Model type Location of Model | Representa- | Grid Objective
- ) model appli- -areg ;ligfgi system
3 cation (km™) 4
ADB tubewell 1980 | Finite dif- | Part of Dinaj- - Unconfined Polygons | Forecast of DTW
project Noxth ‘ fference pur and Rang- varying development and
Bangladesh single la-~ pur districts. in size, |refinement of North-
yer model : ‘ shape and|west region model
orienta- |studies.
tion
Rajshahi,Pabna 1980 | Two layer Rajshahi and - confined -do- Forecast of DTW
groundwater finite-dif- | Pabna dis- aquifer over development
system ference tricts. lain a semi-—
model : confining
™ ~ layer

Development plan| 1980 | Single laver Dhaké metro- 5380 Semicon=- Regular Assessment of piego-
for water supply finite-dif- |[politan area fined network metrig¢ declines under
and waste water ference different future abs-
systems for model traction for period
Dhaka metropoli- 1980-2010
tan area \
ADB 2 DTW 1982 | Single cell |Areas of - - - To simulate aquifer
project model Northwest response and to test

region the effect of river

level fluctuation on
the aguifer,
. v
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Table 5.1 {(contd.)
Project Year Model type Location of Model Representation| Grid Objective
' model appli- area of aquifer system
cation ' 2
{km™)
Southwest ru- 1984 Finite dif- | Jessore, 14,500 | Semiconfined sguare Forecast of sTw/
ral develop- ference Kushtia and polygons [DTW development
ment project layer model | Faridpur potential
Northwest - Two layer Rajshahi - Single aqui- Polygons {To obtain estimates
Bangladesh finite-dif- | division fer overlain varving |of STW development
groundwater - ference by a semicon- in size, |levels
- system 1 model fining layer shape &
orienta-
tion.-
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5.2.0 INITIAL CONDITION |

il

- An unsteady state préLlem is solved numerically for
simulation of groundwater ﬂgvement. This requires initial
conditicns to be defined in the nodal configuration. The
initial conditions are the'values of.the dependent variable

.i.e. groundwater level specified at the centriod of nodes

at the start of the computation.

Watér tabie-observatfon wells serve the purpose of
establishing water table e%@vation for each node of the model
network gecometry. The observatioﬁ wells installed by Bang}é—
desh Water Development Board and lying within the the model
area are shown in Fig. 5.1. From thé existing data fort-
nightly water table elevations wefé computed by interpolation
for each observation wefl.iihis Wés done after each 15 days

- time interval for the whole year of the data of 1979-'80 and

1982-"'83.

Groundwater 1eve1-contour maps were drawn representing
isoéwatef table elevation ;ines with the help of the obser-
vation wells groundwater level. Groundwater level contour
map on Ist April, 1979 and-1982 are shown in Fig. 5.2,
Superimposing the nodal network map upon these maps a weig-

hted mean value with respect to each of the nodal areas were

computed from isc-water table elevation lines. These comﬁuted
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values represent initial groﬁndwater table elevation at

each node.

5.3.0 BOUNDARY CONDITION

5.3.1 Head Contrelled Boundary

¥
The head controlled boundaries, defined by the river

Jamuna to the west and Braﬁmaputra to the east aré shown
in ﬁig. 5.1. River water levels were ailogated_tq external
boundary nodes. Thé daily records of. the water level varia-
tion of the rivers Jamuna and '0ld Brahmaputra were avail-
;ble at the stations as shown in Fig. 5.1. The annual water
level variation of the rivers Jamuna and cold Brahmaputra

at two seleéted stations are_éhown in Fig. 5.3 and 5.4. It
is observed that the‘yeérly wéter:ievel fluctuation is

6.7 m aﬁd 5.18 m for Jamuna énd oid Brahmaputra respectively.
Fréﬁi the data of gauge stations, the water level pro-

files of the two riveré at each time step were drawn for

the years 1979-'80 and 1982-'83. That required'a total of

100 profiles of the two rivers. Of them, Fig. 5.5 and 5.6

show the observed profiles of the two rivers representing

variations in. dry and wet season. SuperimpOsing the nodal

network map upon the station map (Fig. 5.1) the position

of the external nodes in respect of the gauge stations were
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found out. Knowing this, the value of water level for each
external.node was Obtained from the river profiles at each

- time step,.

2.3.2 Gradient Specified Boundary

The north and south bo%der of the model area are
considered as gradient specified boundaries ( Fig. 5.1 ).
.They were defined by the slope of the flow 1inela550cia£ed
with the boundary node. The:-liso-water table elevation lines

nE

those pass through these bounidaries were drawn for each time

step. Then the slope of the flow lines passing through eéach

i
ted as gradients for each of the- boundary nodes at each

of the boundary nodes were computed. These values were alloca-

-

time step.

5.4.0 SENSITIVITY TEST

A sensitivity analysis has been done by making arbi-
tary changes in calibration ﬁarameters. Four tests have Been
made. They inﬁolved-lo% decreaée in coefficient of transmi-
ssivity, 10% increase in coefficient .of storage, 10% decrease
in recharge and 10% change simultaneously in each of the
three parameters. The resulting changes in computed water

level in polygen 1 and 76 have been compared@ in the Fig, 5.7.

4
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It shows that the groundwater table is mést sensitive to
vertical recharge while it is least sensitive to the coeffi-
cient of transmissivity. Boqnstra and Ridder (1981) also
observed that recharge reacts ﬁore sharply than the para-
meters’ § and T and this was alsb found to be true for most

groundwater basins.

5.5.0 CALIBRATION

The calibration process involved adjustment of §,T
and R until reasonable agfeemént between groundwater level
contours drawn from observed and computed water levels in
April'79 to.March‘SO was obtained. It was observed that the
compute& groundwéter level was mainly higher than the
. cbserved value when the“model wasfrun wtih preliminary

i . -
estimated values of §,T and R. The difference was large in
the period September'79-tg March'80 when most of the withdrawal
takes -piace. Adjustment in T and S has been made to obtain
agreement during October to March ( no ¥Yecharge season)
in the year 1979-~'80. Then the recharge has.,been adjusted
at évery time step at every polygon to obtain agreement

during the period April to September ( recharge season) in

the year 1979-'30.

Comparison between computed and Observed water level
variation at polygon 1,14,6Z and 76 are given in Fig. 5.8.
Comparison of water levelfcontours drawn through observed

and computed water levels are shown in PPig. 5.9. These
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comparisons show that the simulations are acceptable for
all practical purpose. Contours drawn through calibrated
values of T and § are shown in Fig. 5.10. Upazilla-wise

values of T and S are also given in the Table 5.2.

Monthly recharge values }n each of the 19 upazillas
in 1979-'80 are determined‘froﬁ calibrated values of recharge
in the pélygoné. They are given in Table 5.3. A typical
comparison of monthly rechargézand'monthly-rainfall in
Bhaluka upazilla i$ given in Fig. 5.11:. The observed ground-
water level variation in that upazilla. is also shown in the
same figure. The annual recharge in each of 19 upazillas in
1979-'80 are also determined. They are given in the Fig. 5.12.
Then total monthly recharge in the whole model area is deter-
miﬁed, A comparison of monthly rééhérge values and mbntly

rainfall for the whole model area is shown in the Fig. 5.13.

§

It is impossible to detérmine the groundwatér with-
drawal accurately in each of the polygon. Groundwater with-
drawal was estimated by collecting information on the
number of deep,-shallow, hand. pump tubewélls and manually
operated shallow tubewells for irrigation. Next, an withdra-
wal rate is obtained. MPO suggested pumping hours 1000 for
DTW and 900 for STW éer season while BWDB suggested pumping
hours 1800 §Or DTW and STW per season. The model was run
separatel? using MPO values and BWDR values of withdrawal
rates. It was observed tﬁat model results corresponding to

BWDB withdrawal rates agree closely with observed values.
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A typical comparison of computed water level with obser-
" ved water level is given in Fig. 5.14. It shows that computed
water level corresponding to MPO withdrawal rates is much

higher. This indicates under-estimation in the MPO suggested

. withdrawal rates.

-
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Table 5.2: Upazillawise values of storage coefficient and

transmissivity.
|
[_Name of Area (kmz) ‘Storage coefficient | Coefficient,of Tran-
upazillia : ! missivity m”/day
Total Under mo-| Initial [After cali-| Initial After caliq
del ’ estimatelbration estimate |bration
region from from
Karim UNDP
(1984) (1982)
Jamalpur 456.0 |- 231.0 0.105 0.100945 2736.354 1782.268
Sarishabari|252.0 169.50 0.414 0.12194 1944.01 1824.257
Madhupuay 458.0 |- 458.0 0.07 0.08%9 2723.503 1875.070
Gopalpur  |215.0 | ..215.0 '0.15 0.11338 2100.503 | 1734.111
. Bhuyanpur |252.0 114.25 0.10 0.10768 2252.209 1627.309
Chatail 437.0 437.0, 0.08 0.10697 2045.671 1547.781
Kalihathi [300.0 251.11 0.10 0.11253 2058.911 11485.742
Sakhipur 441.0 441.0 0.064 0.09i9l 1743.635 1530.142
Tangail 391.0 335.77 O.lQ 0.11146 2466.8353 1476.013
Basail 168.0 167.13 0.07 0.10375 ;472.605 1255.732
Mirzapur  |364:0 | 90.14 0.08 0.09473 1247.210 | 1103.641
Kaliskair [314.0 51.06 0.05 0.0?854 2206.158 1669.219
Sreepur 460.0 277.14 9.04 0.06051 2066.654 1555.901
Bhaluka 437.0 | 437.0 0.04 0.06811 1317.921 1122.474
Gafargacn [392.0 | 216.43 0.04 % 0.06195 2034.682 1586,943
Phulbaria 513.0 513.0 0.05 0.07774 2664.331 1821.913
Trisal 326.0 200.32 0104 0.06727 3108.733 1999.079
Mymensingh {378.0 137.74 0}05 0.07824 2394.919 1731.202
Muk?agacha 313.0 313.0 0505 0.09120 2477.957 1755.355

i
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Table 5.3: Upazilla-wise monthly recharge values in 1979-'80.

Name of the - Area (km?) ' Recharge in mm
upazilia Total Under mo- Apr. | May June | July Aug. Sep. |Oct. Nov.|, Dec.} Jan.
del region
Jamalpur 456.0 231.0 6.20 | 21.18 |47.47 |92.15 | 10.98 0.31 | 0.11 0.0
_ Sarishabari. 252.0 169.30 - | 8.35127.45 {58.89 | 136.75 | 21.47 0.49 | 0.20 0.0
| Madhupur 458.0 458.0 1.10 | 4.9~ |62.46 | 58.19 45.10 | 0.37 0.2s |  |0.0
Gopalpur 215.0 215.0 0.97 {5.30 |135.88¢117.14 | 103.09 0.80 0.57 ~|o.0
Bhuyanpur 252.0 114.25 0.0 |[2.24 |[134.59 1b7,p9 106.37 -0.78 0.58 | 0.0
Ghatail 437.0 437.0 0.35 {3.04 [88.41 |71.90 68.79 0.51 | 0.37 0.0
Kalihathi 300.0 251.11 0.0 |1.80 |108.63 | 86.43 85.85 0.63 0.47 0.0
Sakhipur 441.,0 441.0 0.49 | 3.51 |80.73 | 65.52 62.47 0.47 0.34 0.0
Tangail 391.0 335.77 0.0 |1.87 |112.30{89.35 88.75 . 0.65 | 0.48 0.0
Basail 168.0 167.13 0.0 {1.52 |91.77 | 73.01 72.52 0.53 0.39 0.0
Mirzapur 364.0 90.14 0.12 | 2.11 |94.52 |75.26 74.41 0.55 0.40 0.0
Kaliakair 314.0 51.06 6.28 | 29.34 |71.81 | 60.58 41.97 0.41 | 0.21 0.0
Sreepur | 460.0 277.14 4.53 | 21.05 |46.22 | 40.85 25.58 . 0.26 0.13 0.0
Bhaluka 437.0 437.0 4.82 |22.30 |48.64 |59.02 23.92 0.27 0.10 0.0
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Table 5.3 {contd.)

Name of the Area (kmz) Recharge in mm
upazilla ‘
Total Under mo-~ Aprily May June July Aug. Sep. Oct. | Nov.,Dec.,Jan.
' del region . 3
Gafargaon 382.0 216.43 1'3.83 lf.63 35.06 “44.81 16.05 ;0.19 0.06 0.0
Phulbaria 53.0 | 513.0 5.19 27.33 | 58.94° | 73.04" - T 28.55 |0.32- | 0.12 0.0
Trisal 326.0 200.32 . 5.18 23.86 47.45 60.65 21.72 0.26 0.08 0.0
Mymensingh 378.0 137.74 6.30 28.87 57.37 74.18 25.93 | 0.31 0.10 0.0
Muktagacha 313.0 313.0 6.03 27.17 56.60 74.02 25.70 (0.31 0.11 0.0
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5.6.0 DETERMINATION [0OF GROUNDWATER RECHARGE IN 1982-'83

Groundwater réﬂqarge in the year 1882-'83 was deter-
mined by adjusting refharge reates in each of the polygon

until close agreement| between observed and computed water

level was obtained.?&alues of T and S were constant. The
t

monthly values of raiﬁfall, recharge and the percentage

of rainfall causing recharge in the model area in 1982-'83
|

- are shown in Fig. 5.j15. The rainfall, recharge and ground-

of Bhaluka upazilla in 1982-'83 have

water level variatiﬁﬁ
been studied and are %shown in Fig., 5.16. The rainfall from

o .
. BWDB rainfall'statlonrR—S cf Bhaluka upazilla and ground-

water level data of ﬁﬁjacent cbservation well My-83 have

been plotted. The hi@hest recharge 1is found to occur in

: |
. June which is 19.42%&%f-rainfall in that month. During

recharge pexriod it isiobserved that the increase of recharge
is followed by the inkreése of groundwater level.

Upazilla-wise leues of annual recharge computed in the
present study in the|§ear 1982-'83, potential and available
annual recharge estiu%ted by Karim (1984) are given in Table
5.4. Recharge varies'from year to year-due to the variation
of hydrological céndi}ions. The values of recharge in 1982-'83
is found to be deérigégd from the recharge values in 1979-'80
{Fig. 5.12). This isihue te the smaller amount of annual
rainiall in 1982—‘83J1Upazilla—wise monthly recharge values

i :

in 1982-'83 are also|given in Table 5.5.
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Table 5.4: Upazilla-wise annual recharge in 1982-"'83

T2
Area (km™)
Name of Total | Under mo- vertical annual Potential annual Available
upazilla - del recharge 1in recharge estima-| annual
_ region 1982-'83 compu-| ted by Karim recharge
g ted in present { (mm) estimated
study (mm) . by Rarim
{mm)
Jamalpur | 456.0 | 231.0 154.10 | - -
Sarishabir | 252.0 | 169.30 1209.74 - -
Madhupur | 458.0 | 458.0 144.16 _ 212 147
Gopalpur 215.0 | 215.0 301.75° 660 360
Bhuyanpur | 252.0 |114.25 290.90 . 500 368
Ghatail 437.0 | 437.0 193.96 320 160
Kalihathi | 300.0 | 251.11 234.79 447 281
Sakhipur 441.0 | 441.0 178.05 - -
Tangail 391.0 | 335.77 242.73 - 440 _ 240
Basail 168.0 | 167.13 198.34 300 128
Mirzapur 364.0 | 90.14 205.06 421 288
Kaliakair 314.0 [ 51.06 ©195.42 290 200
Sreepur 460.0 | 277.14 129.59 164 113
Bhaluka 437.0 | 437.0 143.87 186 106
Gafargaon | 392.0 |216.43 106.89 124 92
Phuibaria | 513.0 |513-0 175.46 240 144
Trisal 326.0 | 200.32 144.66 171 : 73
Mymensingh | 378.0 | 137.74 175.27 230 130
Muktagacha | 313.0 313.0 171.43 214 148
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Table 5.5: Upazilla-wise monthlf‘recharge values in 1982-'83.

Name of the ‘ Area, ka - Recharge in mm
upazilla ' '
‘ Total Under mo- April| May June July |Aug. Sept.| Oct. [Nov.,Dec.,Jan
A del region . Feb. & lMarch
Jamalpur’ 456.0 231.0 ' 7.44 | 28.75 | 62.07 | 50.26(5.49 0.06 0.02 0.0
Sarishabari 252.0 169.30 10.02[ 37.25 | 77.01 | 74.59|10.73} 0.10 0.04 0.0
Madhupur 458.0 458.0 1.32 | 6.75 81.68 | 31.74!22.55| 0.07 0.05 0.0
Gopalpur 215.0 215.0 "1.16 | 7-19 177.69| 63.89 51.54| 0.16 0.11 0.0
Bhuyanpur 252.0 114.25 0.0 |3.03 176.01| 58.41(53.18] 0.16 0.12 0.0
Ghatail 437 .0 437.0 1 0.42 | 4.13 115.6139.22134.40| 0.10 0.07 0.0
Kalihathi 300.0 251.11 0.0 2.45 142.06| 47.14142.92| 0.13 0.09 0.0
Sakhipur 441.0 441.0 - 0.58 14.76 105.56( 35.74(31.24 0.09 0.07 0.0
Tangail 391.0 . 335.77 0.0 2.53 146.86| 48.74|44.38( 0.13 0.10 ¢.0
Basail L68.0 167.13 0.0 2.07 120.00| 39.83(36.26! 0.11 0.08 0.0
Mirzapur 364.0 90.14 0.14 | 2.86 123.60: 41.05(|37.21| 0.11 0.08 - 0.0 .
Kaliakair 314.0 51.06 7.54,139.82 |93.91 |33.04|20.28| 0.08 0.04 0.0
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Table 5.5 (contd.) h

Namme of the Area km2 Recharge in mm
upazilla

Total Under mo- April May June July Aug. |Sept. |Oct. Nov,Dec,Jan.

del region : ‘ ' Feb. & March

Sreepuk 460.0 277.14 5.43 28.56 60.44 | 22.28 f2.79 0.05 {0.03 0.0
Bhaiuka 437.0 437.0 5.78 | 30.26 63.60 32.20 | 11.96 | 0.05 [ 0.02 0.0
Gafargaon 392.0 216.43 4.59 23.93 45.85 24.44 | 8.02 0.04 {0.0L 0.0
Phulbaria 513.0 513.0 7.09 37.09 77.07 39,84 | 14.28 | 0.06 | 0.02 0.0
Trisal 326.0 200.32 6.21 32.39 62.05 33.08 1 10.86 | 0.05 [0.02 0.0
Mymensingh 378.0 137.74 7.56 39.18 75.02 40.46 | 12.97 ] 0.06 |0.02 0.0
Muktagacha 313.0 313.0 7.23 36.87 74.02 40.37 | 12.85 | 0.06 [ 0.02 0.0
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5.7.0 EFFECT OF SOLUTION TECHNIQUE

5.7.1 Numerical Solution

Two numerical techniques have been used to solve
the discretized groundwater flow equation ( equation 2.10).
This was intended to investigate the effect of solution
‘techniques upon model;results. The techniques are Gauss-
Seidel iteration and Gauss-Jordan elimination methods.
Gauss-Seidel iteration involves iteration and effect of
iteration upon model results was also investigated, Applica-
tion of Gauss-Seidel i?e;ation method reqguires a convergence

criteria. Two criteria are investigated here. They are,

p

63 A
I |RES.[<0.1 ( R'~W)/T"
i=1 1 :
63 - L :
and I - |ah.| < 0.0315 - ;
1 . . . !
i=1
< 0.063
_ . 3
Where R' = Annual recharge in m

W = Annual withdrawal in m3

T' = No. of days in the year
h, = nf - pFL
1 1 1

k = No. of iteration
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. Number of iterations required in each of the conver-
|

gence criteria are shown in Fig. 5.17. Fewer number of iter-

ations are cbserved for the convergence criteria %? IAhi |

i=1
< 0.063. For each of the convergence criteria it is obser-
ved that the maximum number of iterations are required in
the period of maximum vertical flow.
Applying Gauss-Seidel iteration method in polygonal
network computed-results for one, two, three iterations and

satisfying convergence criteria %?' | RESi] < 0.1 (R'-W)/T'

were observed. The results for thrézlnodes and at four dates
are given in Table 5.6. It is observed thaé the results
obtained by sétisfying the convergence criteria requires
large ﬁuﬁber of iterations (Fig. 5.17) and does not differ
significantly compared with the reéults obtained by one, two
and three iterations. 5o it is evident'that the results do
not increase or decrease-significantly with the increase of
the number of iterations. A maximum absolute difference of
0.094 m is observed between the results obtained from one:
iteration and satisfying convergence criteria for polygon
14 on the 11th Jaﬁ‘SD.‘These differences'are negligible for
all practical purpcse. SO Gauss-Seidel iteration method

with one. iteration can be considered as reasonably accurate

for solution,.
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Table 5.6: Computed results for different iterations

*

Computed water level in m.

satisfying converge-
Time Node { 1 itera-| 2 itera-| 3 itera- nce criteria
no. tion tion tion
water Ne., of itera-
level m,| tion
1 7.353 7.355 |7.355 7.355
15th :
June'79 |14 9.428 9.452 [9.458 9.453 141
62 10.501 10.499 [10.499 10.499
1 8.804 8.819 [8.820 - ‘i - 8.82
tath 14 | 10.903 10.987 [10.990; 10.990 149
Aug.'79 -
62 12.021 12.043. |12.043 12.043
1 - 8.957 8.976 |8.977 8.977
11th 14 10.695 10.786 {10.789 16.789 | 29
Jdan'80
62 12.067 12.087 {12.087 12.089
1 8.463 8.480 |8.480 8.480
1ith , .
varen'so| L4 10.222 10.301 [10.304 10.304 78
62 10.915 10.920 [10.921 10.923
: , : 63 ey s
Note: Convergence criteria = T [RESi|< 0.1 (R*-W) /T
i=1 ‘

=]
0

= Annual recharge in m~, W =

3 Annual

withdrawal in m3

No. of days in the year;
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Table 5.7: Computed results based on Gauss-Seidel iteration and

oo Gauss—-Jordan elimination methods.

computed water level in m
Node no. 1 Node. 14 | Node no. 62

Date : '

G.S.I. G..J.E G.5.1 G.J.E. G.5.1. G.J.E
16th April'79 7.063 7.063 9.069 X 9.069 .. .10.50 _ '10.500
Ist May'79 6.935 6.935 - 8.930 ~ 8.930 10.182 10.182
leth May'79 6.949 6.949 8.982 8.982 ©10.135 10.135
3lst May'79 : 6.977 6.977 ‘9.092‘ 9.092 10.090 10.090 |
15th June'79 7.355 7.355 9.453 9.453 10.499 10.499
30th June'79 T.730 7.730 9.802 9.802 | 10.909 10.909
15th July'79 8.093 8.093 10.280 ‘ 10.280 11.257 11.257
30th July'79 8.427 8.427 - 10.726 10.726 11.575 11.575
l4th August'79 8.820 8.820 10.990 .10.990 12.043 12.043
29th August'79 9.076 9.076 11.127 11.127 12.357 12.357
13th Sept.'79 9.092 9.091 11.103 11.102 12.375 12.375
gath Sept. '79 9.097 9;097 11.071 11.071 12.381 12.381
13th Oct.'79 9.101 | 9.101 11.040 11.040 12.386 12.386
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Table 5.7 contd.

L ﬁat@— Node nof 1 : Node no. 14 . Node no. 62
G.5.1I G.J.E G.5.1 G.J.E G.S.I G.J.Ek
28th Oct.'79 9.106 9.106 11.010 11.010 12.391 12.392
12th Nov.'79 9.107 9.107 10.979% 10.979 12.392 12.392
27th Nov.'79 _ 9.107 9.107 10.949 10.949 12.390 12.390
l2th Dec.'79 9.085 - 9.085 10.910 10.910 12.340 12.340
27th Dec.'79 . 9.055 9.055 10.868 10.868 12.273 12.273
1lth Jan.'80 - 8.977 8.977 10.789 - 10.789 12.089l 12.089
26th Jan.'80 8.875 8.875 10.693 10.693 11.847 11.847
10th Feb.'80 8.762 8.761 10.579 10.578 - 11.581 11.582
25th Feb.'80 _ §.641 8.641 10.453 10.453 11.300 11.300
1lith March'8go0 8.480 8.480 10.304 10.304 10.923 10.923
26th March'go 8.306 8.306 10.148 10.147 10.513 10.513
Note: G.S5.I. = Gauss-Seidel .dteration
| G.J.E. = Gauss—jorder elimination.
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Ccomparison was made for the computed results obtaiﬁed
for Gauss-Seidel iteration and Gauss-Jordan elimination
methods. The results are given in Table 5.7. No significant
difference of the results are observed. A maximum variation
of 0.001 m is observed between the results of the two methods
at a very fewer number of time steps. Therefore it is evident

that the two methods give almost the same results.

5.7.2 Schematization

Tn order to examine the effects of nodal configuration
upon model results, variation cof computed water lévels were
studied for rectangular and polygonal network. éhe computed
water level variation for these two networks by Gauss—-Seidel
'iteratién méthod for polygoﬁll and 14 are shown in Fig1 5.18.
It is observed that in pélygon 14 computed results for ‘the
rectangular netwcrk shows mbre deviation from the polygonal
network. The deviatioﬁ gradually increases with time and a
maximum difference of 0.4 m is observed in March'80. However

in polygon 1 the difference between the computed results using

polygonal and rectangular network-is not found significant.

Effect of schematization upon iteration required in
Gausz-Seidel iteration method have been investigated and is

shown in Fig. 5.19. The rectangular grid schematization is
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found to require less iteration than the polygonal grid
schematization. A ma%imum of 149 iterations are required
for polygonal grid sLhematization to obtain results on 14th
Aug.'79 whereas a maximum of 98 iterations are required for
rectangular grid schematization to obtain results on 30th
June'79. So it is evident that the solution by Gauss-Seidel

iteration technique converge earlier in rectangular grid

schematization. 1

5.8.0 COMPARISON OF COMPUTER TIME AND STORAGE

The model was run on the IBM 4331 MODEL KOL Cbmputer
system available at’ BUET Compu£er Centre. A c?mﬁarison of
CPU time corresponding to the two solution techniques and
-two schematizations is_given in Table 5.8. It is observed-
that for peolygonal grid schematization moré CPU time is
required than the rectapgular grié schematization in case of
both the Gauss—Seidel iteratioﬁ énd Gauss-Jordan elimination
methods. However, for Gaﬁss-Se;del iteration technigue
with one and two iteraticn the same CPU time is requifed
for both the schematizations.

!

Mueﬁ less CPU time ;s required for'the Gauss-Jordan

elimination method than the Gauss-Seidel iteration method

satisfying convergence criteria %? {RESi| < 0.1 (R‘;W)/T.

i=1
However less CPU time 'is required for one iteration in the
Gauss~-Seidel iteration method than the Gauss-Jordan elimi-

nation method.

99




At

Table 5.8: Compérison of CPU time

CPU Time in Secs.

Gauss-Seidel iteration

L
Type of |1 iter—-| 2 iter-|3 iter-|Satisfying Convergnece|Gauss-Jordan
network ation - |.ation ation | Criteria elimination
a b C
Polygo- 47 54 60 373 108 63 89
nal ‘
Rectangu- 47 54 56 262 93 58 83
lar ‘ : ‘
— 63 : ' '
Note: a= ¢ |RES,| « 0.1 ( R'"-W}/T
i=1
b= % |ah.| < 0.0315
i=1
c= £ |an.| < 0.063
. i
i=1 '
R' = Annual recharge in m3

W ==
T'= No.
Ah.= nf - pkl
i i i
k = Nec.

100

cf iteration.

Annual withdrawal in m3

of days in the year




A greater sﬁorage of 280.151 Kilobytes are required
when Gauss-Jordan elimination method is applied whilethé
storage of 179.319 Kilobytes are required when Gauss-Seidel
iteration method is applied. Boonstra and Ridder (1981)
also found the greater storage requirement for Gauss-Jordan

elimination method.

5.9.0 CONCLUSION

'
Conclusicn following this chapter may be drawn. as

below:

1) The model result is most sensitive to vertical recharge
while it is least sensitive to the coefficient of

transmisgivity.

. A |

2) The difference in results obtained by Gauss-Seidel
. ! '

iteration and Gausstordan elimination methods is

negligible,

3} Two convergence criteria, 10% of net vertical flow and
difference of consecutive iteration wére tested in the
Gauss~Seidel iteration method. The latter requires fewer
number of iteration‘aﬁdflqsskcompﬁﬁé:”tim”. The former reg-
uires greater computer tiﬁe comﬁared to the Gauss~Jordan eli-

. mination method.

4) Results obtained by polygonal grid schematization and
rectangular grid schematization in Gauss-Seidel iteration

method are almost identical. The latter requires fewer

number of iteration and less computer time. So, it is evi-

dient that the solution converge earlier in the latter.

ig1




CHAPTER SIX

DISCUSSTION, CONCLUSION AND RECOMMENDATION

6.1.0 DISCUSSION

One of the main objectives of the present study. is to
simulate the groundwater movementzln the Mymensingh-Tangail
area by applying numerical model., The achievement is judged

'llby comparing computed waﬁer level variation with observed
variation. The model computes groundwater level at 15 days
interval during'a yearly‘cycle in each of the 63 nodes.
Results have been compared with observed groundwater level
variation from 54 observation wells (F;g. 5.1) . Average of
absolute deviations over a yearly cycle in model results
varies from 0.12 m to 0.283 m in the model area which is only
4.99% to 12.59% of the range of groundwater level fluctuation.

This indicates that the present numerical model successfiully

“simulated the groundwater system ir the study area..

Fig. 5.8 shows that maximum deviation of computed
water level from-observed water level occurs during irri-
gation period and the computed water level is higher. This
sugéests that the estimated éroundwater withdrawal is lower
than the actual. It is impossible to estimate the withdrawal

accurately mainly because of data oi privatesly cowned tube-

1]

wells are not known. An important finding ©I this study

L - . - O




is that pumping hours ©f 1000 for DTW and 900 for STW

| .
per season suggested by MPO is an underestimate. Whereas
satisfactory results have been obtained USiﬁg pumping

|
hours of 1800 suggested by BWDB for DIW and STW per season.
! )

An important ou%come of present numerical model study
is the determination oﬁ groundwater recharge as a function
of time in the year 1979-'80 and 1982-'83 as shown in the
Fig. 5.13 and 5.15. It is seen that maximum recharge occuré
generally in the month of June or July. The recharge values
in the model area are 21.24% ana 19.42% of rainfall in the
year 1979-'80 and 1982-'83 respectively. The recharge stops
when groundwater level reaches its maximum value., Table 5.4/
further ShOWS-the upazilla-wise available annual recharge
values estimated by Kafim ({1984) substantially differs from.

. ~
model results. !

Another useful result of present study is the determi-
nation of aquifer characteristics in the moedel area. Con-
tours presented in Fig. 5.10 shows the variation of storage
coefficient and transmissivity in thekstuay area. In some
places radical variation of the parameters is observed.

These results will be of great ﬁelp in the future groundwater

development plans in the study area.

)
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Several numericdl experiments have been performed

.in order to investigatle how numerical aspects affect simu-

lation results. Gaussteidel iteration and Gauss-Jordan
elimination methods have been used to investigate the effect

§
of numerical solution technigue. Rectangular grid schemati-

zation and polygonal grid schematization have béen used to
investigate the effect of schematization process. Results are
summarized in Table 5.7 and Fig. 5.18. It is found that both
gsolution techniques;give aimost identical results while app-
.lication of‘the Gauss-Seidel iteration method with one iter-
ation requires least computer time ( Table 5.8). It is also
seen that there is no substantial variation in model resuits
from the two types qf/schematization. However, the rectangu-
lar grid schematization needs smaller computer time.
' i
The models are based on numerical solution of two
dimensional unsteady groundwater flow equation. Accurac&
) of the sclution has been‘;nvestigated by making compari-
son with Theiss analyticél solution as shown in Fig. 3.2.
and 3.3. It is observed that the maximum error is less than
1.6% of drawdown at the pumping well. Although the Theiss
sélution is for a speéial flow condgition yét the comparison
reflects high degree of accuracy in the numerical sclution.

It further shows that Gauss-Jordan elimination method gives

better accuracy comparsd to Gauss-Seidel iteration method.
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The lithology of the model area ( Fig. 4.2) suggests
ﬁhat the aquifer is multilayered. Mathematical formulation
in the present model study-is based on the single layer
aquifer. Although the model does not consider variation of
aquifer properties along vertical direction, it does con-
sider variation along the two horizontal directions. Ih the
absence of data on vertical variation of aguifer parameters,
thesg limitations are acceptable for practical purposes.-

In fact, single layer aguifer model has been applied succ-
essfully in several places ( Northwest region model (MPO,

1984), Varamin groundwater basin mcdel ( Ridder and Eresz,

1977), ADB tubewell project, North Bangladesh ( MPO, 1984))

Permeability aloﬁg a river boundary has been aségmed
equal to that in the adjacent aquifer. In actual considera-
tion, the permeability ﬁay be significantly low due to the
deposition of fine silty material on bank and river bed
during recession of flood flow. This error in boundary con-
dition may affect the model results along adjacent nodes.
\ In the absence of data, this has been accepted in the pres-

ent study.

In the present computer model there is no sequential
restriction on sequence of indexing the nodes. This permits,:
without reindexing, inclusicn of new nodal points or deletion

of some ©f the existing nodal peoints. A SUBROUTINE is used to
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compute extraction at each node from the upazilla-wise values
of the number of tubewells and their withdrawal rates. This
saves substantial amount of effort by not requiring prepara-
tion and punching of node-wise withdrawals. Upazilla-wise
values of recharge, storage coefficient and transmissivity
are obtained from the nodal values with the help of another
SUBROUTINE. This has been done with én objective of making

the model useful to upazilla plannihg studies.

' 6.2.0 CONCLUSION

The conclusion of the present study may be drawn as

e

follows:

1) The groundwater system in the Mymensingh-Tangail area
‘has been simulated successfully by-applying the numerical

model.

2} Coefficient of transmissivity,in the study area varies
from 785.323 m2/day to 4763.293 m°/day while the storage

coefficient varies from 0.04199 to 0.12981.

3} Highest recharge wvalues of 5.355 cm and 9.487 cm occur
in July and June during 1979—180 and i982—'83 respectively.
Total recharge values.pf 21.146 cm and 18.147 cm in the
period 1979-'80 and 19?2—‘83 respectively are obtained.

Present numerical model is a reliable tool for determining

both spatial as well as time variation of recharge. 1
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4} Gauss-Jordan elimination technique gives better results
than Gauss-Seidel iteration technique when compared with

Theiss analytical sclution.

5) Both Gauss-Jordan elimination and Gauss-Seidel iteration
methods give almost identical simulation results. However,
application of Gauss-Seidel iteration method with one iter-

ation requires least computer time.

6) Both rectangular grid and polygonal grid schematizations
also give close results although adoption of former schema-
tization results less computer time.

6.3.0 RECOMMENDATIONS FOR FURTHER STUDY '

Fs

As an extension of present investigation the follow-

ing studies are recommended:

1) Present single 1ayerﬂaquifer model may be exténded to

multilayer aquifer model.

2} A recharge submode 1 may be developed sc that it can

provide vertical recharge input to the present model.

107

e em e s e ey m— . B e e e . v -




REFERENCES

Abnish C. Amar, 1975.Ground-Water Recharge Simulation,

BWDB,

BWDB .

BWDE

EWDB

BWDEB

Bear

BWDB

Journal of the Hydraulics Division, ASCE, Vol.101,
No. HY9, September.

1983, List of Observation Wells, Automatic Water level
Recorders & Groundwater Sampling Stations under
Groundwater Division-1, Groundwater Investigation

Circle, Dhaka.

Water Supply Paper-448, 1984, Groundwater Investigation
in Dhaka, Tangail,,.Mymensingh and Jamalpur Districts
for the year (1979-81), Grouﬁdwater Data Processing
and Research Circle, BWDB,Dhaka.

Water Supply Paper-423, 1980, Report on depth and fluc-
tuation of groundwater level in Bangladesh (for the
yvears of 1968-1980), Groundwater Circle ,BWDB,Dacca.

Water Supply Paper - 415, 1979, Report on "Revised Hydro-
geoclogicali; Map of Bangladesh" and Suggested Distri-
bution of Tubewell Among Different Districts of

Bangladesh, Groundwater Circle, BWDB,DacCa.

Water Supply Paper-455, 1984, Trend of Groundwater 1evé1
in Bangladesh, Groundwater Circle-II, BWDB,Dhaka.

Jacech, 1978, Hydraulics of Groundwater, McGraw-Hiil Inc.,

Israel.

Water Supply Paper - 404, 1978, Groundwater Investigation
in Dacca, Tangail, Mymensingh, Sylhet, Comilla,
Noakhali,; Chittagong and Chittagong Hill Tracts
Districts for the year 1975 and 1976, Groun&ﬁater
Circle, BWDB,Dacca.

108 . t



BWDB Water Supply Paper-386, 1974, Report on Preparation of
{
"Hydrogeological Map of Bangladesh" and suggested
distribution of Tubewells &Among Different Districts

of Bangladesh, Groundwater Circle, BWDB, Dacca.

Beoonstra J. and Ridder de N.A.,, 1981, Numerical Modelling of
Groundwater Basins, International Institute for
Land Reclamation and Improvement/Ii?I P.0O. Box 45,
6700 AA Wageningen, The Netherlands.

Dahlguist Germund and Bjorck ike,;l974, Numerical Methods,
Prentice-Hall, Inc., U.S.A.

Daniel D. Mc. Cracken and Dorn S§. William, 1964, Numerical
Methods and Fortran Programming, John Wiiey and
sons, Inc., New York, London, Sydney.

Domenico Patrick A., 1972, Concepts and Models in Groundwater
Hydrology, McGraw-Hill, Inc., U.S.A.

Faroogue Ahmed, 1981, Design Parameters for Rural Wéter supp-
lies in Bangladesh, M.Sc. Engg. (Civil) Thesis "
Bangladesh Uniﬁersity of Engineering and Technology,

' Dhaka. '

Hans Hyd®n, 1977, Simulation of the behaviour of Groundwater
Aguifers, Seventeenth Congress of the International
Association for Hydraulic Research, Eydraulic Engi-
neering for Improved Water Management Proceedings,
volume 6, August. |

Jensen Karsten Hggh, 1983, Simulation of Water Flow in the
Unsaturated Zone Including Root Zone, Series Paper
Ne. 33, Institute of Hydrodynamics and Hydraulic

Engineering, Technical University of Denmark.

109



Jamilur Rahman, 1981, NW Groundwater Modelling Study,

Training Model Report, Cambridge.

Jacquez John A., 1970, A First Course in Computing and Numeri-
cal Methods, Addison-Wesley Publishing Company, Inc.,
U.S.A.

Karim M.A., 1984, Upazilla-wise Groundwater Recharge Condi-
tions of Bangladesh, Groundwater Investigation
Circle, BWDB,Dhaka.

Linsley Ray K. JR., Kohler Max A. and Paulhus Joseph L.H.,
1958, Hydrology for Engineers, McGraw-Hill Inc.,
: Kosaido Printing Co. Ltd., Tokyo, Japan.
Mercer James W. and Faust Charles R., 1981, Ground-Water *
Modeling;. National Water Well Association, Geo trans,
Inc., P.O. Box 2550, Reston, Virginia 22090.

MPO, 1984, Naticnal Water Plan Project, Second Interim Report,
volume I1I- Groundwater Availability, Ministry of
Irrigation, Water Development and Flood Control,

Government ©Of the Peoples Republic of Bangladesh.

MPO, 13984, National Water Plan Project, Second Interim Report,
o "
Volume v-Water use and Infrast;pcture, Ministry of
Irrigation, Water Development and Flood Control,

Government of the Peoples Republic of Bangladesh.

MPO, 1985, Draft Final Report, Volume II, Resource Availability
and Demands, Alternative Investment Plans Recommenda-
tions, Ministry of Irrigation, Water Development and
Flood Control, Government of the Peoples Republic

of Bangiadesh.

110




Perez~Franco D. and Perez-Monteagudo F., 1977, A Mathemati-
cal Model of Ndn—steady Nonlinear flowin aPhreatic
Aquifer with Pumping andéd Recharge, Seventeenth
Congress of the International Association for Hydrau-
lic Research, Hydraulic Engineering for Improved

Water Management Proceedings, Volume 2, August.

‘Planning Comm15510n, 1985, The Thlrd Five Year Plan, 1985—'90;,
Mlnlstry of Planning, Govt of the Peoples Republlc
of Bangladesh Dhaka, December.

Ridaer De N.A. and Erez A., 1977, Optimum use of Water Rescur-
ces, Internaticonal Institute for Land Reclamatlon and
Improvement/ILRI P.0. Box-45 Wageningen, The
Netherlands.

Remson Irwin, Hornberger George M. and Molz Fred. J., 1971,
John Wiley & Sons, Inc., U.S.A. .

Sir MacDonald M. & Partners, 1977, BADC/IDA Tubewell Project,
Consultants Report, Groundwater, Vol. III, Peoples
Republic of Bangladesh Agricultural Development

Corporation.

Sir MacDonald M. & Partners, 1977, BADC/IDA Tubewell Project
Consultants Report, Appendices-Groundwater, Vol IIT
A, Peoples Republic of Bangladesh Agricultural Deve-

lopment Corporation.

Sir MacDonald M. & Partners Ltd., 1982, Northwest Bangladesh
Groundwater Modelling Study, Final Report, BADC,July.

Scarborough James B., 1966, Numerical Mathematical Analysis,

Oxford and IBX publishing Co., New Delhi, India.

111




Southworth Raymond W. and Deleeuw Samuel L., 1965, Digital
Computation and Numerical Methods, McGraw-Hill
Bocock Company, USA.

Sir MacDonald M. and Partners Ltd., 1981, Northwest Bangladesh
Groundwater Modelling Study, First Phase Model Report,
Cambridge, England, t

Shah C.R., 1977, Assessment of Groundwater Recharge by
Mathematical Model; Seventeenth Congress of the
International Association for Hydraulic Research,
Hydraulic Engineering for Improved Water Management

Proceedings, Volume 2, August.

Sonneville de J.L.J., 1977, Analysis and Simulation of River
Basin and Groundwater Basin System, United Nations
Development Program, OTC/SF Project- Ins- 70/527, UN.

Statistical Yearbook of Bangladesh, 1983-84, Bangladesh
Bureau of Statistics, Government of the Peoples

Republic of Bangladesh.

Todd D.K., 1959, Groundwater Hydrology, Jchn Wiley & Sons,
Inc., Printed in Singapore by Toppan Printing Co.
{s) Pte. Ltd.

Thomas R.J., 1973, Groundwater Models, FAD Irrigation and
Drainage Paper, Food and Agricultural Organization

of the United Nations, Rome.

Trescott P.C., Pinder G.F. and Larson 5.P., 1976, United
States Geological Survey, Finite-Difference Model for
Aquifer Simulation, United States Government Printing

Office, Washington.

1

112




Tompkins Charles B. and Walter Wilson L. JR., 1969,
‘ Elementary Numerical Analysis, Prentice-Hall,
Inc., U.S5.A. '

UNDP, 1982, Groundwater Survey, The Hydrogeclogic Conditions
of Bangladesh, UN. '

- Walton William C., 1970, Groundwater Resources Evaluatlon,

McGraw Hill, Inc., Tokyo, Japan.,

Whortér David B. Mc and Sunada Daniel K., 1977, Groundwater
Hydrology and Hydraulics, Water Resources Publications,
P.0. Box 303, Fort Collins, Colorado 80522, USA.

113




	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107
	00000108
	00000109
	00000110
	00000111
	00000112
	00000113
	00000114
	00000115
	00000116
	00000117
	00000118
	00000119
	00000120
	00000121
	00000122
	00000123
	00000124

