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A LOS ASISTENTES A LOS CURSOS DEL CENTRO DE EDUCACION
CONTINUA

La Facul tad de Ingenieria, por conducto del Centro de Educacién Continua, oforga constan-
cia de asistencia a quienes cumplan con los requisitos establecidos para cada curso. Las per .
sonas que deseen que aparezca su titulo profesional precediendo a su nombre en el diploma,
deberdn entregar copia del mismo o de su cédula profesional a més tardar el Segundo Dia de
Clases, en las oficinas del Centro, con la Sefiorita Barraza, de lo contrario no serd posible.
El control de asistencia se efectuaré a través de la persona encargada de entregar notas, en
la mesa de énirega de material, mediante listas especiales. Las ausencias serdn computadas
por las autoridades del Centro.

Se recomienda a los asistentes participar activinnente con sus ideas y experiencias, pues

los cursos que ofrece el Centro estdn planeados para que los profesores expongan una tésis,
pero sobre todo para que coordinen las opiniones de todos los interesados corstituyendo ver-
daderos seminarios.

Al finalizar el curso se hard una evaluacién del mismo a través de un cuestionario disefiado
para emitir juicios anénimos por parte de los asistentes. Las personas comisionadas por al-
guna institucién debendn pasar a inscribirse en las oficinas del Centro en la misma forma que
los demds asistentes.

Con objeto de mejorar los servicios que el Centro de Educacién Continua ofrece, es impor-
tante que todos los asistentes llenen y entreguen su hoja de inscripcién con los datos que se

les solicitan al iniciarse el curso.

ATENTAMENTE

ING. SA LVADOR MEDINA RIVERO

COORDINADOR DE CURSOS. Tacuba 5, primer piso. México 1,
Teléfonos: 521-30-95 v 513-.27-95
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DIVISTON DE ESTUDIOS SUPERIORES
FACULTAD DE INGENIERIA, UNAM.

VNWEQﬁDAD?U£IOXAE CURSOS DE MAESTRIA Y DOCTORADO

AVERNPIA
La Divisidén de Estudios Superiores de la Facultad de Ingenieria, UNAM, ofrece las
siguientes Maestrias y Doctorados:

Maestrias Doctorados
Control Mecanica Estructuras
Electroénica Mecanica de Suelos Hidraulica
Estructuras Petrolera Mecénica de Suelos
Hidridulica Potencia Mecidnica Tebrica y
Investigacién de Planeacién Aplicada

Operaciones Sanitaria Investigacién de
Mecinica tédrica y Operaciones
Aplicada

Programa de actividades para el segundo semestre de 1976
Exdmenes de admisién: 10, 11 y 12 de mayo
Inscripciones: | 31 de mayo al 4 de junio
Iniciacién de clases: 7 de junio
Requisitos de admisidn
a) Cumplir con una de las siguientes condiciones:
1. Poseer titulo profesional en Ingecnicria o en alguna disciplina afin

a las maestrias que se ofrecen cn la Divisién, otorgado por la UNAM o -
por cualquier -institucidn nacional o extranjera.

2. Ser pasante de la Facultad de Ingenieria, UNAM

b) Aprobar los exdmenes de admisién que se efectuardn en las fechas sefialadas -
arriba. ‘

c) Presentar, dentro del periodo de inscripciones arriba mencionado, la documen-
tacidén que se indica en el folleto de Actividades Académicas 1975 de la DESFI

1
Mayores informes: Divisién de Estudios Superiores de la Facultad de Ingenicria,
Apartado Postal 70-256, Ciudad Universitaria,-México 20, D. F. Tel.: 548-58-77

"POR MI RAZA HABLARA EL ESPIRITU"
Cd. Universitaria, febrero 3. 1976

BT NTRECTOR NF LA FACULTAD EL JEFE DE LA DIVISION
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LUNES 15

8:00 - 9:00
9:00 - 9:30

9:30 - 10:30

10:30 - 11:00

11:00 - 12:30

12:30 - 14:30

14:30 - 16:00

16:00 - 16:30

16:30 - 18:00

PR O GRAMA

Inscripciones.
Apertura del curso. Pedro Martinez Pereda

I ntroduccién.

Antecedentes 'y -estado actual

del conocimiento del Método

de Anélisis por Elementos Fi- ‘

nitos. Porfirio Ballesteros B.

Receso (café y réfrescos)

Fundamentos de Al gebra Ma-
tricial. Porfirio Ballesteros B.

Receso (comida por cuenta participantes)

Propiedades de rigidez del -
elemento. Porfirio Ballesteros B.

Receso (café y refrescos)

Método directo de las rigideces. Porfirio Ballesteros B.




MARTES 16
9:00 - 10:30 Método directo de las rigideces. Porgirio Ballesteros B.
10:30 - 11:00 Receso (café y refrescos)

11:00 - 12:30 Aplicacién tridimensional del
elemento viga. Porfirio Ballesteros B.

12:30 = 14:30 Receso (comida por cuenta participantes)

14:30 - 16:00 Fundamentos de teoria de elas-
ticidad. ! Porfiric Ballesteros B.

16:00 - 16:30 Receso (café y refres cos)

16:30 - 18:00 Fundamentos de teoria de elas-
ticidad. Porifrio Ballesteros B.




MIERCOLES 17
9:00 - 10:30

10:30 - 11:00
19:00 - 12:30
12:30 - 14:30

14:30 - 16:00

16:00 - 16:30

16:30 - 17:00

17:00 - 18:00

Método directo en la formulacién
de lo rigidez del elemento. Richard H. Gallagher.

=

Receso (café y refrescés)
Principio del trabajo virtual. Richard H.' Gal lagher.
Receso (comida por cuenta participantes)

Trobajo virtual y energia poten-
cial en la formulacién de la ri-
gidez de! elemento. Richard H. Gallagher.

Receso (café y refrescos)

Resumen de las closes del dia
y preguntas.’ Porfirio Ballesteros y
Richard H. Gallagher.

Sesién de aplicacién. Solucién
de problemas bidimensionales
el dstico-lineales. Porfirio Ballesteros B.




JUEVES 18

9:00 - 10:30

10:30 -

11:00 -

12:30 -

14:30 -

16:00 -

16:30 -

17:00 -

12:30

14:30

16:00

16:30

17:00

18:00

Seleccién de campo de despla-
zamiento del elemento. Richard H. Gallagher.

Receso (café y refrescos)

Elementos isoparamétricos. Richard H. Gallagher.

Receso (comida por cuenta participantes)

Esfuerzos planos y consideraciones
graficas de andlisis. Richard H. Gallagher.

Receso (café y refrescos)

Resumen de las clases del dia
y preguntas. Porfirio Ballesteros y
Richard H. Gallagher.

Sesion de aplicacién. Andlisis
de conduccién de calor, Tim J. Dwyer




VIERNES. 19

9:00 - 10:30

10:30 - 11:00

11:00 - 12:30

12:30 - 14:30

14:30 - 16:00

16:00 - 16:30

16:30

Anélisis tridimensional. Richard. H. Gallagher
Receso (café y refrescos)

Flexién de placas y andlisis

de cascarones. Richard H. Gallagher

Receso (comida por cuenta participantes)

Anélisis practico. Ejemplos .
Subestructuraci én y condiciones

‘de apoyo. | Richard H. Gallagher

Receso (café y refrescos)

Clausura y entrega de diplomas.




O

TENTATIVE OUTLINE ~ COURSE IN FINITE ELEMENT ANALYSIS: FUNDAMENTALS

O

Note: Proposed schedule is four lectures per day of 1 1/4 - 1 1/2 hour
duration. Indicated sections refer to sections of text:
Finite Element Analysis: Fundamentals by R. Gallagher.

Monday, March 15. ( In Spanish ) P. Ballesteros.

L. Introductory remarks and background of finite element method.
2. Introductory matrix algebra.

3. Element stiffness properties. ( Section 2.1-2.4, ).
4. Direct stiffness method. ( Section 3.1~3.2) ™

Tuesday, March 16 ( In Spanish ) P. Ballesteros.

1. Direct stiffness method (continued) (Section 3.3 = 3. 4).
2, Application on tridimensional beam element.

3. Theory of Elasticity. (Section 4.1~4.3).

4, Theory of Elasticity. (Section 4. 4~4.5).

Wednesday, March 17 ( In English ) R. Gallagher.

1. Direct method in element stiffness formulation. (Section 5. 1-8. 3).
2. Principle of Virtual work. (Section 6.1-6.2).
3. Virtual work and potential energy in formulation of element
~ stiffness (Section 6.3-6. 4). 7
4, Summary of day's'lectures, in Spanish, and questions.

Thursday, March 18 ( In English ) , R. Gallagher.

1. Selection of element displacement fields. ( Section 8. 1-8. 4).

2. Isoparametric elements. (Section 8.8). |

3. Plane stress and practical analysis considerations. (Section 9.1~9.3).
4. Summary of day's lectures, in Spanish, and questions.

Friday, March 19” ( In English ) R. Gallagher.

O

1, Three~Dimensional analysis. ( Section 10.1-10. 4).
2. Plate bending and shell analysis. (Section 12.1~12.3).
3. Practical analysis. Examples. Substructuring, constraints.
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Over the past two decades, the finite-
slement method has been increas-
ingly used in a variety of engineering
fieids including structural analysis,
solid mechanics, and scil mechanics.
The method uses the relationship be-
tween the basic properties of each
discrete eiement to define the
behavior of that element. A solution
for the responss of the overall
syetem, subject to a set of boundary
conditions, Is provided by solving &
sot of compatible simultaneous
equations by matrix solution tech-
riques.

The equivalence of structural systems
and pipe networks has long been recog-
nized, and there are many examples of
concurrent application of solution tech-
niques or the exchange of solution meth-
ods. The system of cquations for struc-
tural problems is normally hlinear and
hence suitable to matrix solution.

Although a specific pipe-network prob-
lem can be defined using a finite-element
approach,! the actual solution of the net-
work problem becomes very difficult
because of the nonlinear constitutive
equations relating the flow and head loss
in each pipe or element. Indeed, matrix
solution of the ‘pipe-network probiem? has
been achieved using extensive numerical
analysis and graph theory but without
recognition of the advantages of the
finite-element method -~

The successful application of the finite-
element method to pipe-network prob-
lems shows that the method is not only
superior to conventional Hardy Cross
solution techniques but that the further
advantages of complete network repre-
sentation, simplified input data, and un-
limited network size can be obtained.
Although not specific to a finite-element
solution, the program developed allows
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for solution by either the Hazen-Wiliinms
or the Darcy-Weisbach flow-head-ioss
relationships The program aiso can con-
sider the effect of temperature variations
on head loss throughout the network

The computational algorithm used to
arrive at the unique solution for an easily
solved hinear system equivalent to the true
nonhinear system for the pipe networks
was maintained in an extremely simple
form 1n this article so that the advantages
of the finite-element method could be
readily observed. Undoubtedly, further
apphcation of numerical-analysis tech-
niques would improve the efficiency of
the method

There are two specific reasons for the
development of this method. First, a com-
puter program, PAWDS,2 ¢ which uses the
Hardy Cross solution’ method of balanc-
g flow for pipe-neiwork problems, is
used 1a vndergraduate courses at Lehigh
Univ in Bethlehem, Pa This Hardy Cross
method or various refinements of the loop
method (balancing heads in loops) were,
in 1973, still used extensively in under-
graduate education, engineering practice,
and research b7

The Hardy Cross approach to pipe-net-
work analysis uses as a boundary condi-
tion either the fact that the algebraic sum
of flows at any joint s zerc (balancing
flows) or that the algebraic sum of the
head loss around any loop is zero (balanc-
ing heads) These are simply adaptations
of the ciassical conservation of mass and
conservaiion of energy, respectively. De-
pending upon the criteria used, a correc-
tion is applied to the assumed pipe flows
or assumed piezometric heads until con-
vergence to a solution is obtained. This
classical iteration procedure is quite
satisfactory for most well-conditioned
pipe systems. However, 1t has been
pointed out that convergence to a solution
is not necessarily guaranteed.
There appears to be nothing inherent in either
the electric analyzer with ordinary resistors or
the Hardy Cross method which wifl consistently
produce convergence of the errors toward zero
with subsequent adjustments . 8

The PAWDS program used at Lehigh
Univ. was plagued by convergence prob-
lems typical of the Hardy Cross method.
Dillingham and Cleasby® point out that
when using the balancing-heads method,
a pipe or pipes with high resistance to flow
compared with others in the network can

-result in calculated flow corrections larger

and in the opposile direction to the cur-
rently assumed flow. This will often cause
a divergence 1n the computations, and no
solution can be obtained. When the meth-
od of balancing flows is used. Dillingham?
points out that if a large pipe of short
length and relatively low flow exists,
many iterations are necessary before an
appreciable change in piezometric head is
obtained if the value of the assumed
piezomet:ic head is incorrect. These situa-

tions are very practical in their nature.

Typical pipe-distribution networks!? have
these exact conditions

An extensive discussion of the con-
vergence problems of the Hardy Cross
method and the PAWDS program in par-
ticular 1s not intended 1n this article, but
the existence of these probiems should be
noted

The second reason for developing the
solution technique was because of the ex-
istence ol a very efficient finite-element
program, GENFEM, developed by
Desai.!! The advantage of this program is
its completely general nature and hence
easy adaptation for the p'pe-network
problem The mathematical basis and the
mcthod of application of the finite-ele-
ment method 1s descnibed n detail to
allow easy adaption of other existing
finite-element programs for use in solving
water-distribution-network problems

Applicaticn of the Finite-Element
Method

Mathematice! basis. When the finite-
element method 15 applicd to a structural
problem, the structure 1s subdivided 1ntc
discrete elements Each of these elements
must satisfy three conditions

1 Equilibrium of forces must be main-
tained.

2 Compatibility must be maintained.

3 The force-displacement relationship
specified by the geometric and elastic
properties of the discrete element must be
satisfied

The force F in the member or element
is related to the displacement u and the
element properties or stifiness X by Eq

F=Ku (1)
The sum of the forces in the members at
each node of the structure is zero except
where an external force 1s applied By
combiming Eq (1) for all the elements in
the structure into an equation of identical
form to Eq (1) and solving for displace-
ments, the equiltbrium of the system is
satsfied
An equivalent set of conditions for a
pipe network exists; hence, the ability to
draw the analogy"

1. The algebraic sum of the flows at any
joint or node must be zero

2. The value of the piezometric head at
a joint or node is the same for all pipes
connected to that joint

3. The flow-head-loss relationship
(such as Darcy-Weisbach or Hazen-
Williams) must be satisified for each ele-
ment or pipe
The conditions for a pipe network deai
with scalar quantities, whereas the struc-
tural conditions deal with vecior quan-
tities. The analogy 1s drawn between the
magnitudes of the equivalent quantities as
the vector aspects of the flow have no
meanming for the network problem.

For a direct application of the finite-ele-
ment method involving a matrix solution,
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a lincar relationship 1s required to define
the clement or pipe Hence at thes point g
relationship of the form of Eq (2) between
flow g. head loss and the hydraulic prop-
erties of the pipe ¢ wil! be assumed
g = ch (2
The method of solution to make Eq (2
equivalent to established nonlincar flow-
head-loss relationships will be described
subsequently
The head loss # in Eq (2) s the
difference between the piczomeiric head
H of the nodes or joints at each end of the
element or ptpe contributing to the sum of

the flows @ at that joint The pipe-system-

malnx s assembled by wnting the equa-
tions for the sum of the flows ( at each
joint since this value 1s known to be either
zero or equal to the smposed external fiow
or demand. Alternatively, 1f the
piezometric head is specified at a joint, the
sum of the pipe flows 1s imphcitly defined.
The resulting set of simultaneous equa-
tions can be combined into matnx form
defining the entire pipe system in terms of
the sum of flows Q at a joint and of the
piezometric heads A at the joints This
matrix has the form
Q=CH 3

When the matiix is solved, the piczomet-
ric heads ai al! joints are obtained Tha
difference in piezometric heads between
two joints, which is the head loss, can be
substituted into Eq (2) to calculate the
flow 1n the pipe between those two joints.
The direction of flow 1s automatically
preserved by taking the sign of the
difference of the piezometric heads into
account

The finite element representipg the
pipe 1s of the simplest form possibie Each
element 1s one dimensional and has one
degree of frcedom at each node or joint
To apply the summation of the flows at a
joint successfully, a convention must be
adopted Flow into a joint is taken as posi-
tive, and flow out of a joint is negative

The analysis of a simple pipe network,
Fig. 1, is used to show the application of
the finite-element method Using the con-
dttion that. the sum of the p:pe flows
(4,.4p - - - . } 10 or out of a joint must satisfy
the equilibrium flow criteria (Q), Gy, ...)
(i.e., the boundary conditions) at that
joint, one can wrnte the following equa-
tions:

Ql =qa+qd (4)
02=qa+qb (5)
O=q+a.+q (6)
Q=9 +qs+4q, %))
O=q,%+q (8)

The individual pipe flows can be ex-
pressed by Eq (2) noung that the head
loss h is equal to the difference in the
piezometric heads of the joints at each
end of the particular pipe.

g,= =% CH(HI - Hz) (9)
gp==% Cb(Hz - HJ) (10)
g.==% Cc(H3—H4) (‘l)
q4=:tC,,(H,—H4) (12)
qe= =t Ce(H4 - H;) (13)
q==x CI(HJ_”S) (14)

1) 20 g
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Fig. 1. Example Problem — Analysis of a
Simple Pipe Network
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tyuations (4-8) can now be wntten in
terms of the pipe coefficients (C,.C,, . )
and the piezometric heads (H,.H,,. )
(onsistency of flow directions is taken
into account by assurming the flow is away
from the joint being considered, that is,
the piezometric head at the other joints is
subtracted from the piezometric head at
the joint being considered.

Q,=C,,(H|—H2)+C4(H|—H4) (lS)

0; =C,(Hy~ Hy) + C(Hy — H,) (16)

03=Ch(Hj"H2)+Cr(H3—'H4) (17)
+ Cr(Hy — Hy)

Q4=C.("I"—H1)+C4(H4—H|) (18)
+ Cf(H4 - Hs)

Qs = CAHs — Hy) + C;(Hs — Hy) (19)

Equations (15-19) can be combined
into the matnx form of Eq (3) to yield Eq
(20). (See below)

For this particutar example, the follow-
ing boundary conditions are given.

H, =100

0, =700 gpm
Q; =400 gpm
Q,=0gpm ,
Qs = 600 gpm

Substituting these values into Eq (20)
gives Eq (21) as the final form for soiu-
tion (See below)

The values of the coefficients
(C,C,,...) for each pipe are determined
by the procedure to be outlined The
unknowns, H, H; H, H;and Q,, can be
obtained by solving the matrix Eq (21).
The flows in the individual pipes can be
found, as previously stated, by substitut-
ing into the defining equations (Eq. [9-14]
for this example) after the piezometric
heads have been found for each joint

Method of application. For the suc-
cessful application of the finite-clement
method, the constitutive equation; used to
reiate flow and head loss must be linear or
the matrix solution cannot be apphled. In
reality, the relationship is nonlinear and
varies with the equation chosen. The ap-
plication of the finite element method is
accomplished by using a linear equation
(Eq {2]) as the defining flow-head loss re-
lationship and the successive correction
of the pipe coefficient ¢ until a unique
solution 1s found satisfying both the
eguivalent linear relationship and a real
nonlinear relationship such as the Haz-
en-Williams equation or the Dart-
cy-Weisbach equation. When this unique
solution has been found for all pipes the
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network distribution has been solved.
The program, GENFEM, allows a
choice of the Darcy-Weisbach equation
or the Hazen-Willhams equation The
Hazen-Wiihams equation will be used for
purposes of explanation, although the
method is identical for both equations.
The relationship used to define flow ver-
sus head loss 1s shown in Fig 2 The tran-
siion from laminar to turbulent condi-

-tions for pipe flow occurs at a Reynolds

Number Ry of approximately 2 000. Ry is
defined by the pipe diameter D, and the
dynamic viscosity u. the density p and the
flow velocity V of the fluid flowing.

pVD
Ry= —~ (22)

The flow gy at which transition occurs;
corresponding to a Ryof 2 000, is given by

2000 A

T oD

(23)

For flows less than ¢y, the flow vs head-
loss relationship is linear. To avoid a dis-
continuity in the defining relationship be-
cause of the transition region between
laminar and turbulent flow, the linear re-
laticnship is obtained by simply joining
the origin to the point (h.q7) with a
straight line. The coordinate A;is found
from a substitution of the flow g, into the
turbulent flow equation The linear por-
tion of the graph, the laminar region, does
not enter into the calculations of a practi-
cal problem The value of g;ranges from
05 to 5 gpm for 6-16-in. diameter pipes
whereas typical flows range from 200 to
5000 gpm for these size pipes, well into
the turbulent range. ’

The Hazen-Wilthhams equation relates
the head loss /1o the pipe diameter D, the
pipe length L, the Hazen-Williams coeffi-
cient Cyw, the flow ¢ and a coefficient ¢’
for unit conversion.

g 185

D 4% Cyy (249)

This equation can be rewntten for a par-
ticular pipe by grouping terms into one
constant cr.

h=c

25)

THe solution technique can be divided
into three steps. The first step is to select
an initial value of the pipe coefficient c for
each pipe and combine these to yield the

h=crq'#s

o) C,+Cy  —C, 0 -G, 0 H,

o -, C,+G, -G 0 0 H,

Q= 0 -, G+C+G —, - H, (20)
Q% -, 0 < c+c+¢, < m‘

Os L 0 0 —Cf -, C + Cu Hs

[0 [C,+C; =G, 0 —C; 0 100

1700 -, C,+G -G, 0 0 H,

400} = 0 —Ch Cb +C‘. +C, “q —C H3 (21)
0 <, 0 -< c+cvc, <€ H,

60| L o 0 -, -, Ce +C Hs

matnx pipe coclhcients ¢ The system
matrix s then solved for the value of the
prezometnic head at each joint Secondly,
the individual pipe flows q are calculated
by use of Eq (2) using the differences be-
tween the determined piezometric heads.
These flows are then substituted into Egq
(25) and since (c;) for each pipe is known,
the pipe head losses are calculated. If the
pipe head losses obtained from Eq (25)
correspond to those obtained from the
matrix solution, then the unique solution
satisfying both the Hazen-Williams equa-
tion and the hinear Eq (2) has been found
The third and final step required 1s to
change the value of ¢ to converge the
problem to a solution if there 15 a
difference between the head losses calcu-
lated by the two methods

A more detailed explanation of each of
these steps follows. The inttial value of the
pipe coefficient ¢, is chosen to correspond
to Ry of 200000 1n each pipe, a typical
value for a practical problem The flow
(qy) is then calculated from the Reynolds
Number relationship, Eq (26):

200000 puA
pD (26)
The value of the head loss h, correspond-

ing to this flow g, is calculated fiom Eq
25):

q =VA

an

The pipe coeffictent is then found from Eq
(2) as shown in Fig 3
aQ
o= E

h=crq!%

(28)

This imitial vatue of the pipe coefficient ¢
for each pipe 1s then combined. according
to the geometry of the network into the
pipe coefficients C, used in the matrix
description of the network system. The
matnx is then solved to vield the first esti-
mate of the piezometric heads at each
joint

The allowable deviation between a pipe
head loss determined from the matrix
solution of the joint piezometric heads
and the corresponding value from the
Hazen-Williams equation is a variable and
can be specified for a particular case tak-
ing into account the type of problem and
the degree of precision desired for the
solution.

The third step, adjusting the value of ¢,
was developed with two criterta in mind.
The solution should converge reasonably
rapidly, yet the technique should remain
simple During the checking procedure,
the flow q, for each pipe calculated via Eq
(2). and the matnx solution 1s used to de-
termine the head loss h from the
Hazen-Withams equation. The first pro-
cedure used 1in the development of the
program was o obtain the correction of
the c value for each pipe by assuming that
the point h, ¢, was the unique solution
and thus the correct linear relationship
was defined by a straight line joining this
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point to the ongin and defined by Eq (29).

N (29)
h= (h q

(4

The new value of ¢ was then set equal fo
4

. When all the pipe coefficients were
corrected in a similar way, the flow dis-
tribution obviously was altered, and this
method proved to be an overcorrection
when the matrix was resolved To dampen
this overcorrection effect, an averaging
technique was introduced. The corrected
value of ¢1s taken to be the mean of the ¢
value defined by Eq (29) and the value of
¢ used to obtain the matrix solution This
method of correcting cis shown in Fig. 4.
The averaging method reduced the num-
ver of cycles required for convergence by
approximately one third

Example Problems

It is not the 1ntent of this article to pre-
sent extensive comparison of different
network problems since any comparison
of computer progiams must take into ac-
count ease of input data and flexibility of
use as well as efficiency of computer time.
Two example problems are discussed to
point out some apparent potentiat advan-
tages of the finite element approach.

An example problem?shown in Fig. 5,
consisting of nineteen pipes and thirteen
joints, was solved using the PAWDS pro-
gram and the GENFEM program. The
PAWDS program solved the system in
eighteen iteration cycles and 1.07 s. The
GENFEM program solved the network in
fifteen iteration cycles and 4.73 s. Ob-
viously, this example does not indicate a
preferential method, but is included so
that it can be considered with the next ex-
ample to show the effect of increased sys-
tem size ‘

The second example problem with 75
pipes and 57 joints was also solved with
both programs. The particular problem
had been submitted by an undergraduate
student and would not converge in the
allowed time using the PAWDS program.
Both the time limit and the iteration cycle
limit were increased, and the problem
eventuaily converged by the use of the
PAWDS program after 16 048 iteration
cycies and 768 s The same problem was
solved with the GENFEM program after
twenty iteration cycles and 22.2 s This
problem highlights the apparent lack of
convergence problems for the finite-ele-
ment method and also shows, when com-
pared with the first example problem, that
for the finite-element method, the num-
ber of iteration cycles to convergence ap-
pears virtually independent of the num-
ber of pipes and joints.

Discussion

The finite-element method is not re-
stricled to a pipe as the only elemént. Any
type of hydraulic elemeht can be inciuded
that can be defined by a flow-head foss re-
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laticnship When the pipe network is
relatively small, such as in an industnal
plant piping system, the fitings may
become major head loss contributors. The
head loss Aacross any of these elements is
usually considered to be directly propor-
tional to the velocity head by a coefficient
k corresponding to the type of element.
y?
h=k
2

3o

This can be easily converted to the re-
quired form, that 1s, in terms of flow ¢
knowing the area 4 of the element.

k

25 A2

A pump can be included in the system
since a pump merely provides a “head
gain™' or negative head loss The use of a
pump element requires a flow-head loss
relationship (the head-capacity curve for
the pump). If the information is not
available as an equation relating discharge
and head, the pump information could be
provided in tabular form In this form the
program would use linear interpolation
between any two data points,

The basic finite-element method is not

q? 31

restricted to pipes flowing full In practice,1

contain

often

water systems
nels in the headwater sections. These
open channels or even pipes flowing par-
tially full can be included for analysis. The
only requirement for an element is that
the flow can be related to the head loss.

The range of hydraulic elements that
can be included is limitless, provided a
flow-head loss relationship for each ele-
ment'is known. An exact system repre-
sentation can be obtained by introducing
a combination of all the hydraulic ele-
ments“causing head loss ‘or gain in the
system. While discussing this point one
should remember that methods such as
the Hardy Cross method of balancing
heads technique’’ require that all pipes
are part of a loop. Typically, reservoirs or
elevated tanks have one pipe connecting
to the distribution system and an artificial
pipe must be introduced to make a loop so
that the: Hardy Cross balancihg heads
solution method can be applied.

The use of high-resistance artificial
pipes in the network has, in fact, often
contributed to convergence difficulties.
To simulate the actual conditions, the ar-
tificial pipes introduced io form'loops are
often of smail diameter and high resist-
ance so that they carry an insignificant
flow and hence can be neglected As was
pointed out earlier, this is the exact condi-
tion that creates convergence problems.
The finite-element method does not re-
quire the use of artificial pipes to complete
a loop since the connectivity of the ele-
ments is defined explicitly by the system
matrix. Consequently, tree-type systems
are readily solved with this procedure. In
fact, the GENFEM program was used
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very successfully during the 1974 spring
semester at Lehigh Univ to analyze a
transmission system problem that was
almost entirely tree type with approxi-
mately ten loops included

The input data required for the program
is equtvalent to other solution techniques
with the major exception that loop data
does not need to be included. The dis-
tribution network ts defined by input of
the number of the pipe and the joints to
which it is connected Another advantage
over some solution methods 1s that any
number of points of known pressure can
be preselccted

With loop-solution methods, all pipe
and joint information must be available to
the program at the same time This puts a
definite limit on the size of the system that
can be solved. The finite-element pro-
gram, GENFEM, however, can operate
on blocks of data. Thus, there is virtually
no limit to the size of the netwerk that can
be solved. The element and nodal infor-
mation can be stored on magnetic tapes or
other devices and then read from the
storage device in blocks, operated upon,
and returned to storage on the tapes This
feature must gain greater S|éh|ﬁcance as
water-distribution networks become
larger and more interdependent

As stated previously, although not
being spectfic to a finite-element program,
the program developed has two additional
features worth noting. First, the program
GENFEM provides a choice of two estab-
lished’ flow-head loss relationships. The
Hazen-Williams equation has already
been stated as Eq (24). The Dat-
cy-Weisbach equation relates the same
variables and includes the friction factor £,

L

= —— 2
h ({)2“2) q 32)
An explicit expression'? for the friction
factor fis used rather than the classical
implicit Colebrook and White equation!?
that requires an 1terative solution. The
friction factor fis expressed in terms of
the Reynolds Number Ry and the relative
roughness k where « is the ratio of the ab-
solute roughness e to the pipe diameter D
S=0094k0255 + 0 53 + BBx0 4 Ry1 62-"”(‘33)
Second, allowance for changes in tem-
perature has been inctuded since temper-
ature appreciably affects the viscosity and
to a negligible degree, the density of
water The viscosity of water over a tem-
perature range of ST-30C varies from
0.0152 posse 1c 0.8004 centipoise. An
algorithm!? in terms of temperature T in
degrees Celsius is used to define the

viscosity u in poise.

‘ll=z 1482 ({T - 8.435) + /BOT84 +

[T —84352] - 120) (34
The program is written so that the tem-
perature can be specified for each pipe
Any set of temperature conditions can be
investigated for a particular circumstance.
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fractical adaptation of the finite-ele-
ment method should require a minimum
of computer programming since most
engineering firms and universities have
finite-element programs readily available.
The ease of modifying these programs de-
pends upon the generality of their nature.

Summary

The many advantages of the finite-ele-
ment method have been documented.
Most of these advantages hold true in a
comparison of any loop method to the
finite-eifement method The major advan-
tage is the speed of convergence and the
apparent fack of convergence problems of
the proposed method over the Hardy
Cross balancing flows method Other im-
nortant advantages are the ability io in-
clude in the analysis all types of hydraulic
elements, the choice of flow-head loss re-
lationships, the lack of artificial loops, the
ease of adaption of existing finite-element
programs, the unhmited network size, and
finally, the ability to account for tempera-
ture efiects.
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