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Class : Basidiomycetes
Subclass : Holbasidiomycetidae
Order : Aphyllophorales

Family : Polyporaceae
Genus : Fistulina spp.
Keywords : Basidiomycetes, Fistulina hepatica, Tamariax aphylla (L.)
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Clas : Basidiomycetes
Subclass : Holbasidiomycetidae

Order : Aphyllophorales
Family : Polyporaceae

Genus : Fistulina spp.
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A2=P.b .7y
Where pump- station output P = p g Q h /n, b is unit first cost of the
station ; z is the annual depreciation rate of the pump station , Is the
overall efficiency of the installation.
The annual operating cost is: Bj= P.c.e.f
Where c¢ is operating time per year; e is specific power consumption (I
/1) for electric motor and Kg/J for internal combustion engines); f is the
price of electric power or fuel.
The annual cost of maintenance B, may be considered constant.

3.0. CONCLUSIONS

From the previous study the following points can be concluded:

* The special pipeline hydraulic issues are illustrated and discussed in a
comprehensive manner with illustrative case studies.

* Methods of pipeline capacity control and capacity increase are
presented and discussed using the case studies.

* A brief pipeline trace and size cost study is highlighted and it is
recommended that further analysis is provided.

* This work is a useful tool for pipeline engineers, particularly those who
deal with pipeline hydraulics programming packages.

4
\\
o . -
E‘ "‘\_‘__ 'S /,/
E ™ pey
s . e
& T 7
g T /L/
= //\I
<.
—— L |__\___\___Bh= BH_E2
d opt Diameter

Figure (16): Fixed and operating cost of transportation.
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¢. Optimum trace and size of pipelines:
As this paper is concerned with the hydraulic analysis only, the pipeline
trace and size issues are not considered. However, a brief overview on the
method of determines the pipeline trace and pipe size is given hereunder.
In the absence of arguments to the contrary, the economically optimal
trace for a pipeline is the straight line joining the two end points.
Arguments to the contrary include the following:

1. The straight trace would traverse country where laying the

pipeline would be too costly (swamp, lake, rock, etc.).
2. It would penetrate the safety zones of objects designated by
other authorities A
(Buildings, defense establishments), or intersect main roads,
railroads, etc.
3. Deviation from the straight trace would entail a substantial
saving by avoiding
damage to crops and the tying down of valuable land.
4, Tt is to be preferred to lay a line along a road or railroad, as this
will reduce laying costs and facilitate and accelerate repairs.

Optimum pipe size is that size permitting transport of liquid at lowest
cost. If the annual flow rate may be considered constant, then the
optimum pipe size for the line can be determined by the following
consideration. Cost of transport is a sum of two components,
depreciation plus interest on the investment (to be called depreciation for
short), and operating plus maintenance cost. Increasing pipe size will
increase first cost and decrease operating cost. Figure (16), shows plots
of depreciation A, operating cost B and total cost K v. pipe size for a
given flow rate. Optimum pipe size dop is seen to belong to the minimum
of the curve K = f(d).
The total annual cost of transportation is: K = A; + A+ By + B,
Here, depreciation A is:

A= (a1 +a d)l Z]
Where a; is a cost component independent of pipe size, e.g. ditch cutting
and supervision; a, d is the cost component depending on pipe size (pipe
price, transportation to the site, welding, painting, insulation, testing,
etc), z; is the annual depreciation rate of the ready — to — operate
pipeline, and [ is the length of the pipeline. The annual depreciation of a
pump station is:
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the flow rate Q;. The first pump station is installed at head end (1). A
pressure traverse of slope equal to the pressure gradient is to be drawn
starting from h,q, plotted at A, until it intersects the ground profile, this is
where the first booster station is to be installed. Now hpay is plotted
again at this point and the construction is repeated until the last booster
station will deliver the liquid to or beyond the delivery end (2) (See
Figurel5). Taking numerical values, let the capacity of the previous
pipeline be increased to 340m’/hr by installing booster stations. It is
required to find the location of the booster stations along the pipeline.
Qi= 340 mhr = 0.0945 m%/s
From Eq.(16) : S =0.0423

The maximum allowable discharge head is 1150m.

Performing the construction knowing S and hpax it becomes apparent
(Figure 15) that at station (III) a discharge head hpy,x would be excessive.
The discharge head required can be found by tracing a pressure traverse
backward from point (2), in which case the head in question is the height
difference at point (III) between the ground profile and the pressure
traverse. The discharge head required is 805 + 40 = 845m.

Figure 15 illustrates the construction of the pressure traverse and

indicates the location of the booster pump stations.

40 m

HER

hmax ~ i 150w

Pipeline length (km)

Figure (15): Pressure traverse with booster stations
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For complete loop:
Q; = 222 — 189 = 33m’/hr = 0.00917m’/s
From eq. (18)

d2=0.419 (7.5x107)""" (0.00917)**¢/(0.0147)*** =0.108m
For partial loop:

222 1.81
§,=0.0153 (7.5x10°9""Y(===) /(0.295)**' =0.0196
3600
Form eq. (19): S; = 0.285 X 0.0196 = 0.0056

The length of the new line (Eq. 20):

1, =72400 0019 -0.0147 ~_ 25340m = 25340

0.0196 - 0.0056

km

The pressure traverse of the loop is shown in Figure (14).

1
h —~

. 12 4 k,\ j
104m St
I - &
o | < T
. Y
\\
9 4 S
S
. N
- .

(0 |

Datun Z=0

30

40 B 70 %0
R Single line

10 20
Double line

Pipcline length , km

Figure (14): Pressure traverse of looped line
2. Booster pump stations: Each pump station delivers the liquid at the
maximum allowable pressure (except usually the last one). The slope of
the pressure traverse —which is likewise equal in all sections-depends on
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to deliver Q2 = Q; — O under the original input pressure hmax. Owing
to the identity of trace and of input and output pressures, the pressure
gradient of the new line is the same as the maximum feasible gradient
Smax Of the existing line. The task in hand is, then, to determine the size
of the pipe required to deliver Q, under the pressure gradient S,
From Eq.(16)

a’2 =0.419 V0‘0393 Q24376/S2;§)(()g ............ (18)

e Partial loop
If the new line is to have the same diameter as the existing one and Q; <
2Qmax, the length of the new line is less than that of the existing one.
The new line is usually laid beginning at either the tail or head end of
the old line. Figure (14) illustrates the method to determine the length of
the new line.
~For the single line S1 > Spyax (since Q) > Qmax ) and from Eq.(16)

Sl =0.0153 V04189Q:-81/d4.8]
In the double section, each line delivers Q; /2 and:

§,=0.0153 V0.189(Q1 /2)1..81/d4,81

Dividing the first equation by the second and solving for S,:
S;=0285S, . (19)

The length [, can then be obtained by tracing a pressure traverse of slope S,
forward from point A and another one of slope §; backward from point 2.
The point of intersection determines the length /,. Calculation of I, can be
also performed as follows:

h=S,.1=5 (l'lx) +8L,

Then
lx = S1— 8 max
S2— 52
Continuing on the previous case study and putting numerical values. Let
the capacity of the pipeline need to be increased to 222 m*/hr by building
a new line. So what will be the diameter of the new line for complete
loop and the length of the new line for partial loop?

e (20)
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The maximum allowable internal pressure:

The pressure can be determined from simple
mechanics calculation of the pipeline pressure as
shown in Figure (13 ) '

2t 2x4.78%107
P = O0u =T T 3

7 219.1%10°" X222><1()6=9.69MN/;7

Figure ( 13)

From the relationP=pgh=pgH |
_9.69%10° _

max =1190m
830x9.81
Let us reduce this value by 40m for safety, hence hpa,= 1150 m. Plotting
hnax at point (1) and joining with point (2) we obtain the HGL (Line II in
Figure 12).
The maximum gradient

g =083 4414
mx = 772400

From equation (17)

Qmax= 0.0525 m/s

= 189 m’/h > the design flow rate of 150 m*/hr.
b. Increasing the capacity of pipelines
Any pipeline design should consider the possible future expansion. To
illustrate this issue, we will consider that the designed pipeline has been
already installed, and we want to explore the possibility of increasing its
capacity. Therefore, it is required to increase the flow rate through the
designed pipeline to a value Q; higher than its maximum capacity Qmax.
Often this can be achieved by letting the pipeline stay as it is and by:
l. Laying a second one alongside (double line), or by.
2. Installing one or several intermediate pumping stations (booster
stations) along the existing pipeline.

1. Double line: The double line is called (looped), it may be of two
types: a new line of the same length as old one but usually of
different diameter (complete loop), or a new line shorter than old
one but of the same diameter (partial loop).

e Complete loop
The two lines are independent. The size of the new line is chosen so as
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Maximum capacity of the pipeline
Assuming that pumping is concentrated at the head end (1), the greatest
flow rate through the pipeline can be determined by the following
procedure. Let us plot on the above ground profile at point (1) the
pressure head hpax corresponding to the maximum allowable operating
pressure of the pipe (see Figure 12). Joining this point with the tail end
point (2) (or with critical point M;) the (HGL) whose slope corresponds
to the maximum feasible pressure gradient S, is obtained. From the
obtained value of S, the maximum flow rate Q,.. is obtained as
follows.
For this particular case study, an empirical relation is derived for the
friction factor as a function of the Reynolds number (using the selected
pipe). Other empirical formulae which are well documented in literature
can also transformed to the derived equation using curve fitting
procedures [9-10]: -

f=aRe® ... (15)
Where "a" and "b" are constants characteristic of the actual value of
relative roughness and the Re - range involved. For selected pipe type in
this study, the curve fit equation with the values of the constants are

determined as
f=0.194 Re*'¥

Introducing this into Eq. 14 we obtain:
$=0.0153v°"¥ Q" a* ... (16)

and

Q = 10.1S*2d,2%/0 "1™ L (17)
Substituting in (17) the graphically determined value of S = Sy, We can
calculate Q = Quax, the maximum liquid flow rate of the pipeline if the
only pump station is at the head end of the pipeline. Furthermore, the
maximum capacity of the previous pipeline can be determined. If API
standard line pipe made of X-42 steel is used (maximum stress 289
MN/m?)[6]. Selected safety factor is 1.3. Then:
The allowable stress 6, = 289 /1.3 =222 MN/m>.
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Figure (12): Hydraulic gradient of a pipeline laid over
undulating terrain
Therefore, the Reynolds number Re = y—({ = 40 =3.38x10*

v o mdv

Using steel pipe average roughness, the relative roughness
eldi= 9.5x10™ [2].
870’
From Moody chart f = 0.0253 and From Eq. (14) S = > d; =0.009
T8

K =0.009 x72.4 x 10°+83 =735 m (83 m is the elevation difference Z2 — Z,)

As shown in the figure, the obtained (HGL) (line i) enters the ground and
therefore it should be displaced parallel to itself until it will be tangent to
ground profile at point M. Accordingly h; = 805m. For safety, let us
augment this by 40m giving: h; = 845m. The pressure delivered by the
pump installed at point (1) should then be: Py=p g h; = 6880 KN/m®.
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Since Uy = U; and denoting the pressure gradient P/y by "h", the
following relation can be obtained.

2
:&U_—igflx .

2
_ =S/
4 2 wed 20!

hf)(

8 2
;42
T 8d

S is the pressure gradient and is constant for a given pipeline. The
pressure head hjat head end (1) required to move the liquid at a flow rate
Q through pipeline of diameter d laid over a given terrain can be
determined as follows. Using Eq. (14) the gradient S is calculated. A line
with a slope corresponding to this gradient is drawn from tail end (2) to
head end which is shown as line I in the figure. If this line intersects the
ground profile, then the hydraulic grade line (HGL) must be displaced
parallel to itself until it touches the ground profile, line I in the figure. The
initial pressure head hyis the above- ground section of the ordinate at the
head end (1). It is recommended for safety to increase h; by 30-50 m. The
point M is called a critical point. This is where the pressure head is least.
Notice that the (HGL) between M and 2 is steeper than between 1 and M.
Consequently, if there is no throttling at the tail end 2, flow is free beyond
the critical point and fluid will arrive at atmospheric pressure at the tail
end tank. If throttling is applied at the tail end, the fluid will have a
pressure head h; at the end point. Another critical point, as far as pipe
strength is concerned, may be valley point M’. It is necessary to calculate
the pressure head 4, and find out whether pressure dose not exceed the
maximum allowable operating pressure of the pipeline.
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2.6. Hydraulic Analysis of Pipeline Flow (Practical case study)

Consider the pipeline shown in Figure (12) which is for a real case with
little modification to fully illustrate the pipeline hydraulic theory. From the
preliminary process and mechanical design, the pipeline outer diameter is
do= 219.lmm (Approx. 8" size) and inner diameter di= 209.5mm
(thickness t = 4.78 mm) and laid over the surveyed terrain shown in Figure
(12). The design flow rate is 150 m’/hr, density 830 Kg/m® and kinematic
viscosity 7.5 centistokes (Corresponds to local crude oil at 40 °C) [6]. The
length of the pipeline is 72.4 Km and the equivalent roughness of the
selected steel pipe is € = 0.2 mm [2]. The items discussed in this case
study are: the pressure required to move the fluid at a prescribed flow rate
through a pipeline, the maximum capacity (flow rate) of the pipeline,
methods of increasing the capacity, and the optimum trace and size of the
pipeline.

a. Hydraulic gradient and maximum capacity: Applying energy equation
between the head end (point 1) and a point at a distance Iy, and neglecting
minor losses:

P _ Ut P. U:

—t_—+tZi=—+_ —+Z.th

v 28 y 28 g
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D. Parallel and series operation of pumps: It is sometimes necessary to
use more than one pump in conjunction with a given pipe system. The
pumps could be arranged in series or in parallel, Figure (10). Figure (11)
shows the combined characteristics for two identical pumps operating in
series and in parallel against two pipe systems (S;) and (S,). For clarity,
systems with no static head are used. For S, the single pump will operate
at A, the two pumps connected in series will operate at B and when
connected in paralle] at C. Similarly for S,, the corresponding operating
points will be D for a single pump, E for parallel operation and F for series
operation. It can be seen that for S parallel operation yields higher flow
rate than series operation, while for S, series operation gives higher flow
rate. This shows that the choice of series or parallel connection depends
upon the shape of the pump characteristic and the system characteristic.
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This relation is called system characteristic or system curve, (Hy) is the
static head and the constant (K) depends on the characteristics of the
pipeline. In order to maintain a flow rate (Q) in this specific system, the
energy ( H ) ~which must be supplied to the system is given by Eq.13.
The system curve, Figure (6), is a parabola. It must be remembered that
if the pipe system is in any way modified or additional losses are
introduced (such as partially closing a valve) a new different parabola
will result because the value of (K) will be changed.
b. Pump operating point: Consider again the pump and pipe system
shown in Figure (2). The characteristic of the pipeline is shown in Figure
(6). The pump has its own characteristic. Figure (7) shows the pump and
system characteristics. The point of intersection of the two
characteristics is called (the operating point). At this point, the head
generated by the pump is exactly the energy required to maintain the
flow in the pipeline. This is the single point in the pump characteristic at
which the pump could operate when inserted in the pipeline of the
shown characteristic.
C. Capacity control: Pump matching means the process of selecting a
pump to operate in conjunction with a given piping system so that it
delivers the required flow rate and in the same time is operating at (or
near) its best efficiency point. The point on the system characteristic
which corresponds to the required flow rate is known as the (duty
required). Thus, for correct matching, the operating point should
coincide with the duty required.
Even if the matching is correct, it may be required to change the flow rate
for some practical reasons. Three methods are commonly used to control
the pump capacity.
i). Throttling: Partially closing the valve shifts the system curve until the
new operating point satisfies the required flow rate (See Figure 8).
Throttling wastes power due to the loss of energy in the valve and the
considerable drop of efficiency.
ii).Speed variation: As mentioned in section 2.4.b, the speed of the pump
could be changed such that the operating point coincides with the duty
required, Figure (9). This entails very little or no power loss but the pump
drive should be variable speed.
iii). By-pass: In this method for capacity control, the excess capacity is
by-passed back to the suction sump. It is commonly used with axial- flow
pumps.
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The required speed (N,) can be determined as follows:
e Plot the iso-efficiency curve passing with point (S) by the
following equation

H;

Q,
¢ Find out the point of intersection (A).
e Point (S) and (A) are dynamically similar points and thus
N._ Q.
N, 0O,
2.5. Pump — System characteristics
a. System curve: Consider the pump and pipe system of Figure (2).
Recall equation (8) for the pump head, the pump head is given by
H=H st hl
The energy loss (A) consists of the frictional loss (hy) and the separation
loss (hg). From Eqgs.2 and 6:

811 8K 80’ (ﬂ j
;= = = — K: 1 5 :K
h=h+h ,,2gd5Q2+,[2gd4Qz o d+§ C(K+K)O =KCG

H="2.¢

and
H=Hy+KQ® reeeevennnns (13)
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a. Effect of speed on the characteristic curves: The similarity laws
state that for dynamically similar points on the characteristic curves of
a pump Q is proportional to N; H is proportional to N% and 4 =
Constant.

These relations could be used to predict the characteristic curves of a
pump running at a given speed (N;) from the known curves at speed (Nj).
Consider point (x;), in Figure (4), on the known characteristic curve (H-
Q at Nj). The corresponding point (x;) on the characteristic curve at
speed (N3) is defined by:

2
N : N2 . -
QXZ:QXI_.]—\/?::: ’Hﬂ:Hﬂ[—]\T]zj b Hx2= Nx1
cerereenneen(11)
Notice that the line joining Xi, X2 ..c.eovennnnn etc is known as iso-

efficiency curve since all the points on this curve have the same
efficiency. The equation of the iso-efficiency curve is:

Ha
Q%
This equation is for a parabolic curve passing through the origin.

A classic problem is to find out the speed at which the pump should run
to meet a given duty. Consider a pump whose H-Q curve at speed (Ny) is
shown in Figure (5). This pump is required to meet the duty (S) i.e. to
deliver a flow rate (Q;) at a head (H;). Notice that point (S) does not lie
on the H-Q curve at speed N;. The solution of this problem is to change
the speed of the pump such that the characteristic curve at the new speed
passes with point (S).

H = 0 S PPPPP 12)
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pump shaft, is greater than the fluid power (P) due to the hydraulic and
mechanical losses inside the pump. The pump overall efficiency (n ) is
defined as: "

n = y QH / SP
.......... creervenenen(10)

2.4. Pump performance

Characteristic curves: The variation of the pump head (H), shaft power
(SP) and efficiency (1) with the flow rate (Q) at constant speed (N) are
known as the pump characteristic curves or performance curves. The shape
of these curves depends on the type of the pump. The characteristic curves
are of considerable practical importance. The pump should operate near its
best efficiency point (bep). The shape of the power curve is important to
assure safe operation of the pump. In case 1, Figure (3), an electric motor
used to drive such a pump may be safely rated at the maximum power. In
case 2 for which the power is continuously rising, rating the motor for
maximum power would mean over rating while a smaller motor rated just
for the (bep) may be in danger of being overloaded should the pump be
operated by mistake at a flow rate greater than that corresponding to the
(bep) [2 & 5.
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Figure (2): Pump and pipe system
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Where, the value of the coefficient (K) depends on the nature of the
fitting.

2.3. Energy Line and Hydraulic Grade Line: The changes of energy,
and its transformation from one form to another, can be represented
graphically. In Figure (2), for example, the flow of a liquid from reservoir
(A) to (B) is assisted by a pump. At the surface of reservoir (A) the fluid
has no velocity and is at atmospheric pressure (which is taken as zero
gage pressure) so that the total energy per unit weight is represented by
the height (Z,) of the surface above the datum. The entrance loss is
U’ ,
%2— for sharp- edged entrance. As the fluid flows in the pipe there is a
8

continuous loss of energy due to friction and the energy line will slope
downwards. At (C), the pump will supply energy (H) to the fluid. The
energy line falls again due to friction and separation losses (loss in bends
and exit loss) in the delivery pipe until the fluid flows into reservoir (B)
where the energy is represented by the height of the surface above the
datum. The height, at any section, of the energy line (EL) above datum
represents the total energy at that section. The height of the hydraulic
grade line (HGL) above the pipeline represents the pressure head at that
section. If the pipeline rises above the HGL, the pressure at that section is
below the atmospheric pressure. Under reduced pressure air or other
gases may form and interrupt the flow. It is to be noticed that if the
velocity head is negligibly small, the EL and the HGL coincides.

The pump head (H), which is the energy supplied by the pump to the
fluid is:

H=Hqu+h

Where Hy is the elevation deference Zg-Z4
The power gained by the fluid is then:
P=yQH (watt)
....................... 9)

Where v is the specific weight of the fluid in N/m? (y = pg and p is the
density in Kg/m”). The shaft power (SP), which is the power input to the

58



3y -_‘_,ui*r‘;_/\’:-,j 4 >

4

Final energy
Initial energy s , ( ;\
o Energy supplied \ Z
‘L/ \ e Energy
Energy loss
loss
Figure (1): Energy change (Balance)
64
=27 4
f Re (4)
Where Re is the Reynolds number defined as
wlUd_s0 o

v v
Q is the volume flow rate (m3/s), and V is the kinematic viscosity ( m?/s
).

For turbulent flow the friction factor (f) depends on both Reynolds
number and the relative roughness (e/d) where (g) is the absolute
roughness of the pipe. Several relations for the friction factor (f) as a
function of (Re) and (e/d) are available [1-4 and 6-8]. One of the most
commonly used relations is the Colebrook equation:

1 £ 2.5
— =221 e PP 6
\/7 ogl0(3.7d v Re./fj ( )‘

The Moody chart offers a direct and easy way to obtain the friction
factor. Energy loss occurs also due to separation across the pipe fittings
such as valves, bends, junctions, etc. This separation loss (or minor loss)
(hs) can also be expressed in terms of the velocity head as:
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2.0. BASIC CONCEPTS OF PIPE FLOW

2.1. Energy Relations for Pipe-Pump Systems: Consider Figure (1)
which shows a system consisting of a pump and a pipe. Energy balance
between cross-sections (1) and (2) gives:

2 2
y_3+_PZ+ZZ=Q+%+ZI+H_hl ......... (1)

28 7 2¢g
Where U is the average velocity ( m/s), P is the pressure ( N/m* ), Z is
the elevation ( m), H is the energy supplied by the pump per unit weight
of fluid flowing (m), A; is the total head loss due to friction (h¢) and
separation (h,) in meters (m), g is the gravitational acceleration
( mz/s).
The total energy loss:  h;=hs + hg
.............. (2)

2.2. Energy Loss in Pipes: The frictional head loss (h¢), or energy loss

due to friction in a pipeline can be conveniently expressed in terms of the
velocity head (U? /2g) by:

_fL U 81,
T4 28 r'gd’
Where [ is the length of the pipe (m), d is the diameter of the pipe (m), f
is the friction factor

Q is the flow rate (m/s).

hy

The friction factor (f) depends on the flow ( laminar or turbulent). For
laminar flow
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pipeline diameter procedure is highlighted. A comprehensive case study
to illustrate the most important pipeline hydraulics is presented.
Therefore, this article serves as a good theoretical background to
engineers who deal with pipeline problems and also beneficial for
maintenance engineers, and operation engineers who deal with pipeline
problems.

Key words: Pipeline, Pump, System characteristics, Pressure drop, Fluid
mechanics.

1.0. INTRODUCTION

An extensive network of underground pipelines are existing in every city,
and country to transport water, sewage and crude oil, petroleum products
(such as gasoline, diesel or get fuel), natural gas and many other liquids
and gases. In-plant pipelines are also used extensively in most industrial
or municipal plants for processing water, sewage, chemicals, food
products etc. Despite the long history and widespread applications of
pipelines, pipeline engineering has not emerged as a separate engineering
discipline or field as for example have highway engineering [1-2 & §].
The fragmentation of -pipeline engineering can be seen from the number
of different equations used to predict the pressure drop along pipelines
that carry different fluids such as water and oil. Yet all these fluids are
incompressible Newtonian fluids which should be and can be treated by
the same equations. The fragmentation of the pipeline field has implied
the diffusion of the knowledge and transfer of manpower from one
pipeline to another, thereby creating and artificial barrier to technology
transfer and job mobility (Professional development). There is a strong
need to unify the treatment of different types of pipelines by using a
common approach, so that the next generation of engineers can be
educated to understand a broad range of pipelines for a wide variety of
applications. In this article, pipeline is considered to be a common
technology or a single transportation mode that has different applications.
The equations used are all developed from basic hydraulic principles
which are well published in text books. Therefore, this article is
considered to be beneficial for engineers who need to perform quick
estimation of pipeline components such as pipeline size and pumps. The
article also provides comprehensive approaches on how to manipulate the
various pipeline parameters with a clear vision.
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ABSTRACT

The aim of this paper is to provide a hydraulic analysis of the special
topic, which lies under pipeline engineering. An extensive network of
underground pipelines are existing in every city, and country to transport
water, sewage and crude oil, petroleum products (such as gasoline, diesel
or get fuel), natural gas and many other liquids and gases. However,
pipeline hydraulics has some special considerations which differ from in-
plant (relatively short) piping in many aspects. Various studies are
available in pipeline hydraulics in the literature. However, most of those
analyses are either tedious or complicated, or lack the case studies.
Therefore, this article is designed to provide a practical and simplified
analysis to pipeline hydraulics problem based on well known fluid
mechanics and hydraulics theory. The formulae presented in this article
are either derived form their first principles or are well known fluid
mechanics equations. In this article fluid energy equations are first
derived. Then practical equations are formulated to calculate the pipeline
system parameters such as: pressure losses, flow rate and the power
requirements. Pump performance characteristics are presented. Pump-
system characteristics are then presented and discussed. Analysis of
methods of increasing the pipeline capacity is presented. Optimum
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now if we compare (4 —7)with (4—15), we see that the left-hand-
side of both equations is the same, if we consider 6 =§ in (4-15) so we

have

Jl‘

(4-16)
we see that the right-hand-side of (4-16)is different slightly from the

n 1 <
_%ZVZ.V_‘zg[lH)(h)] {i3)Y
r=1

r=1

right -hand-side of (4 -7).

5 Conclusions
We established the connection between the finite element method and

the box method for the 2™ order elliptic problem and the Poisson

equation. It turns out that the left-hand-side of the finite element solution

to the 2" order elliptic problem is differs slightly from the left-hand-side
of box solution and concerning the right-hand-side this is true if and only if

8=2. For the Poisson equation, we found that the left-hand-side for both

methods is the same matrix with 0 = % Therefore, the simplest variant of

the finite element method applied to the 2" order elliptic problem
preserves the property of the exact solution that is it satisfies the balance

equation.
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Now the integral in (4-9) is

QQue

=0 IVZ vids
BBe

= Gi lJ.dsVZ- v

=1 g

- J‘VZvv‘ds=— J.VZ-V’ds
e

—->VZY (4-12
r=1

The right-hand-side of (4 —8)is given by

> [fdxdy=Y med Q)

r=l ’I:: r=1
= 6'meqT, ) (B)[1+0(h)]

92

== 4-1
5 4-13

[1+0(h)] f(Po)i:‘Jr

Jl’

where mes(T;) = 8’ (mes(T,)) = %62 , Q, is the centre of gravity of the

triangle T, .

Therefore from (4-12)and (4—13)the box method solution is

given by

n 92 n

—0> VZ-v' =3[1+0(h)] f@YD I, 4-14
r=l r=1

If we divide both sides of (4—14) by 26 we have

1 & . 0 n

= 2 VZV = IO @ Y, (4-15

r=1 r=l
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— W = @3
r=1

r=1l

foreachP, e Q 4-7)

4.2 The Box Method

The box method for (4 -1)is given by
— [VZ-vids= [fxdy 4-8)
i Tf;
where Z is the box solution and v* is the unit outward normal vector. We
first consder the left-hand-side of (4 —8)
- jvz-vfdsz— jvz-v'ds 4-9)
Gir

QirQrH
To compute this integral, we use the trapezoidal rule

1
L(G)= Emes(q)(G1 +G,), where

p(P.P. )= \/ Rim =X, + (¥ —V,)* is unit and is perpendicular to

P.P.. , as PP, is parallel to Q,Q,, , V" is also perpendicular to

QirQir+1 and

PP )\ =Ky +X;,
And
Vrp(Qit ’ Qir+1 )dS = evrp(Plr ’ Pir+1 )dS = e!ids (4_1 1)

Where V_r :[ yir+1 - Yir j

- Xir+1 + Xir
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iIT,, (VU- W)= i IVU- Vvidxdy

r=1 r=1 T,

=3 [Vu-vdgan

=1 ¢

Jl‘

=11 > vuwy
2 r=1

%, +7,
where J_ ;(_ oo j
Xt T Yient

Now, Vv' =J7'V{¥', where V' =1-§-n1.

Therefore,

Vf)i :—J”l 1 :_i S’im ——yir 1
' 1 Jr _)_(ir+l )—(ir 1
_____i yirﬂ —yir
Jr _)_(ir+1 +.)_(ir

from (3-3)and (3—-4)we have

n

aUV)=— YV

=1

NI _( yim _yir J
o _iir-#l +iir

The right-hand-side of (4—2)is given by
Yl (v =) [vidxdy
r=l r=l T,
=~ Y fidm
2 r=l ' e

:éf(Po)i[Jr

r=]

(4-3)

(-4

(4-5 where

(4-6)

therefore from (4 —5) and (4 —6), the finite element solution is given by
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If we divide both sides of (3—16) by 26 we have

— L+ OIS ARVZ-Y =140 E BT, 3-17)

r=l

now if we compare (3—-9) with(3—-17), we see that the left-hand-

side of (3—17) is different slightly from the left-hand-side of (3-9), if we

consider 6 = % in (3—17) so we have

Jl‘

SO+ ARVZ v =140 1P, (3-18

r=l r=l
we see that the right-hand-side of (3—18) is different slightly from the
right -hand-side of (3—-9).

4 The Poisson equation

In this section we cosider the modal problem

—AU=f inQ U=00ndQ (4-1)

4.1 The Finite Element Method

The finite element method for (4 —1) is given by

Y1 (U W)=Y T, () 4-2)

r=l

we first consider the left-hand-side
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- jAVZ-v‘dsz— IAVZ-vrds
i QirQirs1
=-9 jsz-vfds

PP,

irtir+l

n 1
=—0)" [AdVZ-v'

r=1 ¢

—egé[MQkHA(QM WZ-v'

_GZ'_IZ‘[A(PO) +AQ;) - A(Po) + A(Po) +AQ) — AR, IVZ- Ve
r=1

= 63 (AR, +00)VZ- V'

=—0[1+ O(h)]i A(P)VZ-v"

(3-14)
r=1
The right-hand-side of (3—10)is given by

i [fdxdy = imes(T; (Q,)

=l

= i92mes(Ti, )E(P)[1+0(h)]

r=1

=2 om) £ Y (3-15)
r=]

where mes(T;) = R (mes(T,)) = %GZ‘J .1, Q, is the centre of gravity of the

triangle T, .

Therefore from (3—14) and (3—15)the box method solution is
given by
n 2 n

001+ OIY AR, VZ-" = {1+ 0] £(P) Y
r=1 r=1

Jl’

(3-16)
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29 qir 26 Q\rQir+]

To compute this integral, we use the trapezoidal rule

[,(G)= %mes(q)(G1 +G,), where

p(PirPirH):\/(iiH1 -X,)* +(¥;y, —V,)* is unit and is perpendicular to

P. P as PP 1is parallel to Q,Q

ir ™ ir+l 2 ir™ ir4l

Q;Q;., and

v' is also perpendicular to

ir+l °

Vr — 1 Y_ir+] - y—l—r (3 _ 1 2)
PR P )\~ Xy +X,,
And
v'p(Q,,Q,,, )ds=0V'p(P,, P, )ds=6v'ds (3-13
where v’ = ( y_ir“ - y_ir j .
- Xir+l + Xir

Now the integral in (3—11)is
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Now, Vv' =J-'V{', where ¥' =1-§-n.

Therefore,

W =—J 1 ____i Vit~ Yir 1=_i Yiet ~Yir (3-6)
‘\ T\ Koy X Al J. Xy T X

from (3-5)and (3-6)we have

a(UV) =2 S ARV 6-7)
r=]
where yj_z( y_im —_y_ir j
— X T Xy

The right-hand-side of (3-2) is given by

ST @)=Y [vidxdy

r=1 r=1 T,

1< N
=— > ||V
22 r\ej den
1 n
=gf(Po>ZJ, (3-8)
r=1
therefore from (3—7)and (3 —8), the finite element solution is given by
—%ZA(PO)VU\L' =éf(PO)Z\Jr] foreachP, € Q 3-9
r=1 =1

3.2 The Box Method
The box solution for (3-1)is given by
| ; 1
—— [AVZ-vids=— [faxdy (3-10)
20, 20

where Z is the box solution and v* is the unit outward normal vector. We

first consder the left-hand-side of (3—10)
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UEM =UK, +X,E+X,uMY; + 5,6+ T 3-4)

Where X, =X;-X;,¥;=y;~Vy;,j=rr+land use the formula

I,(G) = %mes(T)(G1 +G, +G,). Therefore

N Ux +U Y. X. +¥. N
VU= o YZ“ ={_ " Z" VU. Or VU=JVU, where
U.X, +Uinr+1 Xieet T Yirna

X ir+l

Xir + yir . :
J.=|_ . 1s the Jacobean of the transformation.
Xir+l + yir+1

Therefore, VU =J7'VU.

N A U. -U
Now, U(é’n)zUi(l_&_n)+Uir§+Uir+ln’ VU:( B IJ,

U U.
VU = J—l Uir _Ui ] = —iir +yir
' Uir+1 - Ui T —iir+1 + yir+l

From the discussion above, the integral in (3 - 3) can be computed

ir+l

as follows.

a(Uv')= iIT“ (AVU-W') =i J.AVU- W dxdy

=] r=l1 T,

:i jAVU-Vvidc’;dn=iVU-Vvi jAcgdn
1 n
_EZ‘JJT

r=1

A(P)VU-W | (3-5)

Where |J

is the determinat of the Jacobian J_, e is the triangle

lying in the £~n plane having the vertices R,(0,0),R,(1,0),R,(0,1) and

P, is the center of gravity of the triangle T, .
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3 Second-Order Elliptic Problem

In this section we consider the second-order elliptic boundary value

problem

~V(AVU)=f inQ 3-1)
'U=0 indQ

Where Q is a bounded polygonal domain in R*, 9Q is its

boundary and the real-valued function f(x,y) and matrix funcion
A, y)= a,(x,y) 0
- , are given, a.(j=12) are Lipschitz-
0 az(xa}’) g NG ) p

continuous and positive on Q and f € H*(Q).

3.1 The Finite Element Method

The finite element solution for (3—1) is given by

iln (AVU-Vvi)=iITh (f.v) 3-2)

r=1 =1

where v' is the basis function associated to the node P, 1, means

integral over a triangle T, . We first consider the left-hand-side of (3-2)

a(U,v) =7 [AVU-Wdxdy (3-3)
=,

To compute this integral, we transform it into ({,n)- plane by the

transformation
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The discretization of (2 —2) has again the form (2-4).
Now, we define az the box methd solution of (2—1)the function
Ze 'V, ={VIV\eisalinearpolynomialVe,V e Co(ﬁ),V IT, =0},
satisfying the equation (we divide (2-4) by 20)

1< 1
-——>1 (AVZ-v')=— > 1_(f) Vf.e QUIL 2-5
29§ qxr( ) 26; 1;( ) i 2 ( )

The finite element solution Ue V, is determined by

a,(U,v)=(f,v), VeV,

a, (U,v)= HZIT" (AVU-Wy), (f,v), = iIT" f,v) (2-6)

r=1 r=1

The ith equation of the linear system arising from (1-6) is

a,(Uv)=(f,v), 2-7
Where v' € V, is the basis function associated to the node P.(2-7)is

equivalent to

D1y (AVU-W) =3I (f,v)) VP e QUIT, 2-8)
=]

r=1

It turns out that the left-hand-side of (2-8) differs slightly from the
left-hand-side of (2-5). Concerning the right-hand-side this is true if and

only if © =% If, in addition (2 —1)is the Poisson equation, then the matrix
of the system (1-8) is the same as the rhatrix of the system (2-5) with
0 = 2. Therefore, the simplest variant of the finite element method applied
to (2—1) preserves the property of the exact solution that is it satisfies the
balance equation.
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where T is the triangle with vertices P,,Q,,Q, ;. The discretization of
(2 —3)consists first in approximating U by the interpolant U, which is a

piecewise linear function assuming the same value at the nodes P, as the

solution U and in computing the integrals IGds by the Trapezoidal rule
q

[,(G)= mes(q).3(G, +G,) and the integrals Idedy over a triangle T,
T

by the formula I,(G)=2imes(T}G,;+G,+G;). The discretization of
(2-3) is

—anlq“ (AVU, -v) =D 1.() 2-4)

r=1

if PeT,, the corresponding box B is bounded by the segments,

P.Qu Q8- QipPr a5 [AVU-vids= [AVU-v'ds=0. (see fig 2-
PQ;, (7

2).

)y T
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=y
4
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Further let Q, =(x; +6(x, —x,),y, +08(y, -¥,)), 0<6<1.The
box corresponding to the node P, will be the closed domain bounded by

the segments q,,,...,q;, , (see fig 2-1).

Pi,3
Q.. 93
Qi,3
P
qi.2
d;s
Q1 1 ql,l Ql 2
Qi,z Pi
Fig (2-1)
Therefore (2 —2) has the form
- [AVU-vids =" [fdxdy (2-3)

r=l g, r=l ¢
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2 Preliminaries
Let us consider the following boundary value problem
~V(AVU) =f inQ) U\T, =0, AVUV\T, =0 2-1

here Q is a bounded domainin R?,I' =T, UT,,T, # 0 is its boundary, v
is the unit outward normal vector, A = diag(a,(x,y),a,(X,y)),

a,(j=1,2) are Lipschitz-conntinuous and positive on Qand fe H (Q).

Let Bbe any closed domain with a Lipschitz boundary oB lying in Q.

Then integrating (2—1)in B and applying Greens formula we get the so-

called balance equaton

- [AVUds = [fdxdy (2-2)
JB B

(Here vis the unit outward normal vector to dB), (2—2) is the
starting point of the box method (see, e.g. Heinrich [3] and the references
given there). It consists in choosing suitably the boxes and in discretizing
2-2).

For simplicity, let T be polygon and consider a family of

triagulation satisfying the minimum angle condition (see [4]). Such that

h —0 where h is the length of the greatest side of the given triangulation.

We shall describe simple boxes and a simple discretization of (2-2).
Let first P =()g,yi) be a node lying in Q and Pir=(>gr,yir),

r=12,...,n be its neighbors. We denote by '];r the triangle with vertices

P,P.,P

i Dis i,r+l’(Pi =PB,)).

o+l
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1 Introduction

The finite element method is a numerical technique which gives
approximate solutions to differential equations that model problems arising
in physics and engineering. As in simple finite difference schemes, the
finite element method requires a problem defined in geometrical space (or
domain) to be subdivided into a finite number of smaller regions (a mesh).
In finite differences, the mesh consists of rows and columns of orthogonal
lines, in finite elements , each subdivison is unique and need not be
orthogonal. For example, triangles or quadrilaterals can be used in two
dimensions, and tetrahedrons or hexahedrons in three dimensions. Over
each finite element, the unknown variables (e.g., temperature, velocity,
etc.) are approximated using known functions, thes functions can be linear
or higher-order polynomial expansions that depend on the geometrical
locations (nodes) used to define the finite element shape. In contrast to
finite difference procedures (conventional finite difference discretizations,
as opposed to the box method, which is integrated), the governing
equations in the finite element method are integrated over each finite
element and the solution summed ("assembled") over the entire problem
domain.

In the classical box method, the difference equations are formulated on
the dual mesh of boxes without explicit reference to the underlying
triangular mesh. As a consquence of these operations, a set of finite linear
equations is obtained in terms of a set of unknown parameters over each
element. Solution of these equations is achieved using linear algebra
techniques.

The box method is closely related to the control volume finite element
method , which was introduced by Baliga and Patanker [1]. A technique
with basically the same approach is the generalized box method, which
was analyzed by Bank and Rose [2].

In this paper we studied the connection between the finite element
method and the box method. To do that, we applied the both methods to

the 2" order elliptic problem and the Poisson equation.
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Connection between the Finite Element Method

and the Box method

Khalid Farag Alesawi

University of Garyounis

Faculty of Science

Department of Mathematics

Abstract

In this paper we studied the connection between the finite element method and the box

method. To do that, we applied the both methods to the 2" order elliptic problem and
the Poisson equation. For the boundary value problem, we found that the left-hand-side of
the finite element solution is differs slightly from the left-hand-side of box solution and

concerning the right-hand-side this is true if and only if o =%. For the Poisson
equation, we found that the left-hand-side for both methods is the same matrix with
[ =%. Therefore, the simplest variant of the finite element method applied to the

boundary value problem preserves the property of the exact solution that is it satisfies the
balance equation.

Keywords: Finite element method , box method, balance equaton,

boundary value problem, Poisson equation.
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Conclusion

We have attempted to clarify some of the conceptual problems that
characterize agreement — c.f §1.0. Based on typological work carried out
by Barlow and Ferguson (1988) and Corbett (2003), we have presented a
working definition and framework of terms that clarify the elements that
make up this phenomenon (domains, controllers, targets, features and
conditions) — c.f. §2.1. Following Corbett (1979), we have resolved the
different views on domain locality (local versus non-local domains) in
favour of a hierarchy of domains: attributive, predicative, relative and
personal pronouns — c.f. §2.2. And in order to be able to cater for the
cross-linguistic diversity of the phenomenon, we have followed Corbett
(2001, 2006) in adopting a canonical approach - c.f. §2.3. We
demonstrated the use of these descriptive tools with examples from Arabic
(mainly) and English, but the system should be applicable to other
languages. If we are to have any fruitful interdisciplinary/ cross-linguistic
collaboration in the study of agreement phenomenon, we need to be more
consistent in our use of terms, and to be clearer about our analytical

decisions. This descriptive frame brings us closer towards that goal.

28



P U“f-/é FUER(

M ! - '’ Uw‘

Controller Subject 'a3-zimal-u ( )
[3M,PL]

Target Verb "na:m( -t} (Laali)
[PERSON: 3]

Features [GENDER: F] (-at)
[NUMBER: SG]

Conditions Non-human controllers

Criterion - 18

Some non-human controllers allow a choice of alternative
.agreement values as in (19). Such situations are less canonical than
agreement where there is no choice of alternative feature values (all
previous examples).

(19) al-zamif-a:t al-maftu: b-a da gidall Claalall

DEF-university-3F.PL  DEF-open-3F.SG
the open universities

(20)  al-zamif-a:t al-maftu: h-a:t Gila gidall Cilaalall
DEF-university-3F.PL DEF-open-3F.PL
the open universities

2.3.5 Conditions

Criteria - 19 No conditions > conditions

Table 6: Criteria related to feature

Agreement conditions are particularly prevalent when agreement is
non-canonical in some other way. We have seen collective nouns and
conjoined subject as condition on agreement in English, and in Arabic the

major conditions have to do with word order and non-human controllers.
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Criteria - 16 Feature is lexical > non-lexical
Criteria - 17 Features have matching values > non-matching values
Criteria - 18 No choice of feature value > choice of value

Table 5: Criteria related to features

Criterion - 16

Features that are based at least in part on lexical semantic
properties are more canonical than those that are grammatically based.
Agreement of lexical features (e.g. PERSON, NUMBER, GENDER) is
considered more canonical than non-lexical features (e.g. CASE) — c.f.
examples (11) and (15). The reason is that a lexical target could not be
marked with a feature independently, the presence of a controller bearing
matching features is required — c.f. the first difference between agreement
and concord in Table 2. Thus, this criterion is also linked to the

directionality of agreement (Criterion ~ 14 asymmetric > symmetric).
Criterion — 17

This generally claims that syntactic/formal agreement (e.g. The
committee has decided.) is more canonical than semantic (e.g. The
committee have decided.). But, in Arabic we find a slightly different kind
of non-matching features. Non-human controllers trigger default feminine,
singular [F,SG] agreement regardless of their actual GENDER or NUMBER.
This agreement mismatch also occurs in NP-internally (attributive

modifiers and relative pronouns) and non-locally with personal pronouns.

(18)  a3-zimal-u na:m-at Cald Jlaall
DEF-camel(M.PL)-NOoM  slept-3F.sc
The camels, they slept. (literally)
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controller and target the more canonical is the instance of agreement. So if
we ranked domains on the basis of this criterion we would get the

following scale.

(16)  Attributive/relative pronoun > predicative > personal pronouns

Criterion - 15

In canonical agreement, a given domain will be one of a set of
domains. So that agreement with a given controller ‘al-bint-u' (<) may

be expressed by different targets — for instance a demonstrative 'hadihi’

(s34), a relative pronoun ‘allati’ (), a verb 't-takallam’ (+55), an adjective
‘'wa: Gig-at-un’ (A&5) and personal pronoun ‘nafsu-ha’ (&) as in the

following example where it is all happening simultaneously.

(17) gt was:\,‘us::g\ &80 oha

ha Gihi al-bint-u allati t-takallam  wa: Gig-at-un min nafsi-ha
this(3F.SG) DEF-girl-NOM who(3F.SG) 3F.SG-speak confident-3F.SG-NOM in self-3F.SG
This girl who is speaking is confident in herself.

This is a more canonical situation than where, for instance, there is only
one agreement domain. This criterion highlights the fact that agreement is

essentially redundant.

2.3.4 Features

There are three criteria relating to features: one to features as a

whole, and two relating to their values.
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Criteria - 13 Asymmetric > symmetric
Criteria - 14 Local > non-local
Criteria - 15 Domain is one of a set > single domain

Table 4: Criteria related to domains

Criterion - 13

This criterion fits with the view that syntax typically deals with
hierarchical/dependency relations. If canonical agreement is typically an
asymmetric relation (as suggested by the use of the terms 'controller' and
target'), that focuses attention on the problem of 'agreement in CASE' that
was raised in §1.3. In the following example, the adjective and the noun
share the same CASE [ACC], but is this an instance of agreement?
(15) gqabal-tu  af-fa:lib-a an-nafit-a Ladall Ul s

meet-1SG  DEF-student-ACC  DEF-active-ACC
I met the active student.

If we adopt a view of syntax based on the notion of constituency,
then the CASE matching within the NP in (15) is not a canonical agreement.
In this view the matching CASE features results from government by the
same element the verb ‘meet’ (<L) which governs the entire object NP
(symmetrically). However, if we accept a dependency view of syntax, then
the opposite conclusion follows. If the noun is the head of the phrase and
the adjective is its dependent, then the CASE matching in (15) is agreement

in CASE (an asymmetric relation).

Criterion - 14
This criterion is related to the differences between agreement and
cross-reference (c.f. §1.2). It implies that the 'smaller' the domain the more

canonical it is. In other words, the smaller the structural distance between
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Criterion — 12

It is more canonical to be able to specify targets at a high level, as a
general part of a domain, rather than having to stipulate for subtypes. For
instance, in the case of auxiliary constructions, we find that in Arabic both
verbs (auxiliary and lexical) agree with the controlling subject as in (14).
This is more canonical than in English auxiliary constructions where only

the auxiliary (the operator) agrees.

(14)  kanna-t al-bint-u t-alSab Gaali il ils
was-3FEM.SG  DEF-girl-NOM  3FEM.SG-play[NON-FINITE]
The girl was playing

Subject  ‘al-bint-u’ (il
Controller [3F.SG]
T Aux. kannai -1}’ (ils)
arget Lexical /- jalfab’ (k)
[PERSON: 3]
[GENDER: FEM] (-t) suffix
Features [NUMBER: SG]
[PERSON: 3]
|GENDER: F] (t-) prefix
[NUMBER: SG]
Conditions Auxiliary constructions

2.3.3 Domains

There are three criteria relating to domain, but they are all
significant. First, we view asymmetry of domain as a property of canonical
agreement (rather than a defining characteristic of agreement), then we
consider the possible structures within domains (local versus non-local),
and finally we shift from looking at individual domains to looking at

domains as part of a system.
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N-head ‘an-nisa:7-u’ (eluclh
[DEF,NOM,3,F,PL]

Target modifier ‘al-gasir (-a:t-u)' (&I i)
[DEFINITENESS: DEF]

[CASE: NOM]

Features [PERSON: 3] (-a:t-u)

[GENDER: M]
[NUMBER: PL]

Conditions NP-internal, head-modifier structures

Controller

Criterion - 11

Targets with single controller (all of the previously mentioned
examples) are more canonical than targets with more than one controller as

in the following example from Arabic OVS word order.

(13)  at-tufah-at-u Zakal-a-ha: al-walad-u Al gl IS datal

DEF-apple-F.sG-NOM  ate-3M.SG-3F.SG  DEF-boy-NoMm
The apple, the boy ate it. (literally)
Subject ‘al-walad-u’' (Al
C 1 [3M,5G]
ontroller Object ' at-tufah-at-u' (Aalaslh
[3F,8G]
Target Verb 'Pakal(-a-ha: )’ (elsh
[PERSON: 3]
[GENDER: M] (-a)
Features [NUMBER: PL]
[PERSON: 3]
[GENDER: F] (-ha:)
[NUMBER: PL]
Conditions OSV word order
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(10)  al-Zawlad-u  (..) hum g (...) N5y

per-boys-Nom  (...)  they ...

The boys ... .They...
The example in (10) represents an antecedent-anaphora relationship
between 'hum' (a free-standing pronoun) and a controlling NP. The
bracketed dots ( .. ) represent a distance spanning over sentence

boundaries.

According to Criterion — 5', as an expression of agreement, the affix
-a [3M.SG] is more canonical that the pronominal clitic -u: [3M.PL = they],

which intern is more canonical than the free-standing pronoun hum [they].

Criterion - 7

The canonical marking of agreement is by regular inflectional
morphology (affixation), but we also find instances of agreement expressed
by suppletion as in the following examples. On these grounds, the
agreement marked on the adjective in the NP in (11) is more canonical

than that in (12) where the agreement features are covertly expressed.''

(11)  an-nisa: 7-u al-qasir-a:t-u & pealall ploall
DEF-women-NOM  DEF-underage-3F.SG-NOM
the underage women

(12)  an-nisa: 7-u al-qussar YO | AT
DEF-women-NOM  DEF-underage(3F.SG.NOM)
the underage women

11 am grateful to Dr. Mohammad Layas for providing me with these examples.
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Criteria - 5 Bound > free

Criteria - 6 Obligatory > optional

Criteria - 7 Regular > suppletive

Criterion - 8§ | Alliterative > opaque (given the domain)

Criterion - 9 | Productive > sporadic

Criterion - 10 | Always agree > agree only when controller is absent
Criterion - 11 | Target agrees with a single controller > more than one
controller

Criterion - 12 | Target's part of speech irrelevant > relevant (given the
domain)

Table 3: Criteria related to targets
Criterion - 5

This criterion, which deals with the nature of the expression of

agreement on the target, is expanded into:
Criterion — 5' inflectional marking (affix) > clitic > free word

Lets re-examine examples (6) and (7) from a different perspective.

(6') na:m-a al- Zawlad-u WY AL
slept-3M.sG  DEF-boys-NOM
The boys slept.

In this example the verbally bound form -a # 'they’ (i.e. the boys) and so is

an inflectional affix.

(7')  (al-Zawlad-u)  na:m-u: | gali 3Y Y1
(DEF-boys-NoM)  slept-3masc.pL
(The boys) they slept. (literally)
In (7'), however, the verbally bound form -u: = 'they’ and so is a

pronominal clitic.
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Controller Subject ‘al- Zawlad-u (¥ 5Y)
[3M,PL]

Target Verb ‘na:m(-u.:)' (15eL)
[PERSON: 3]

Features [GENDER: M] (-u:)
[NUMBER: PL]

Conditions SV word order

According to Criterion 1, we may conclude that controllers in VS word
order are more canonical than controllers in SV word order. In (8) we
present similar examples from other domains. The bracketed controller

may be deleted.
(8)  a. This (man) is my friend. or (uda(dal) 1 Jattributive]
b. AlSh Y pany ¥ (53 (OW\J‘) [relative pronoun]

c. deictic use of third person pronoun

Criterion)— 2

This criterion can be demonstrated quite straightforwardly with an
example from English. In (9), the controller The boy(s)’ exhibits overt
[SG/PL] NUMBER. It is therefore more canonical than The sheep’ which

expresses NUMBER covertly.

(9)  The boy(s) is/are playing. > The sheep is/are feeding.
2.3.2 Targets

The largest number of criteria relates to the target (Figure 4). This

makes sense, since it is the target which is the locus of agreement.

19



AR I s MM o A g e
> Jv.//u\_/vw;,:VLV/,Q»S/WA;//MA/~9WW5 =R

Criterion - 1 controller present > absent’

Criterion - 2 controller has overt features > covert features

Criterion - 3 consistent controller > hybrid controller®

Criterion - 4 controller part of speech irrelevant > relevant (given the
domain)’

Table 2: Criteria related to controllers
Criterion -1

(6) Non-Pro-drop VS word order

na:m-a al- fawlad-u PN IAE
slept-3M.sG  DEF-bOys-NoM
The boys slept. '°

. 1] ! 3y S“

Controller Subject ‘al- Zawlad-u'  (3¥ 5¥)
[3Mm, PL]

Target Verb ‘na:m(-a)’ (?Y)
[PERSON: 3]

Features [GENDER: M] (-a)
[NUMBER: §G]

Conditions VS word order

(7)  (Pro-drop) SV word order

(al- Zawlad-u)  na:m-u: gali 3Y 4Y1
(DEF-boys-NoM)  slept-3m.pL
(The boys) they slept. (literally)

"The symbol > means 'more canonical than'.
¥ A hybrid controller controls different values on different targets.
° In the case of subject-verb agreement (predicative domain) some languages have different
agreement pattern depending on whether the subject is a NP or a pronoun.
' VS order does not allow pro-drop. Although there is a grammatical form ‘na:m-a’ (3Y), it is
singular, and thus would distort the meaning in (6). It must be the case then that 'na:m-a’ (34) is the
pro-drop form of the SV sentence in (i) where the subject is singular — c.f. Criterion 5 in §2.3.2.
) (al-walad-u) na:m-a (L 3

(DEF-boys-NOM)  slept-3M.PL

(The boy) he slept.
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In the framework of terms outlined in §2.1, collective nouns and conjoined

NPs would count as conditions on agreement (c.f. Criterion 19 in §2.3.5).
2.3 Canonical and non-canonical agreement

In order to be able to cater for the wide range of cross-linguistic
variation in the agreement phenomenon, Corbett (2001) proposes a
canonical approach to the problem of defining agreement. Canonical
instances are the best and clearest examples which most closely match the
'‘canon’. Corbett (2001) spells out a series of 19 criteria that are grouped
into five sets, a set for each of the elements which makeup the framework
of terms in Figure 1. The typological significance of these criteria is that
they provide us with a principled way of situating agreement data within a
theoretical space. It gives us a point from which we can calibrate particular
examples from Arabic or English, or indeed any other language. Given the
typological nature of these criteria, it is not necessarily the case that all of
them will apply readily to every language. It also follows that canonical
instances may well not be the most common. They may actually be

extremely rare.
2.3.1 Controllers

Several criteria relate to the controller (Table 3). They will be
discussed below with relevant examples from Arabic and/or English

wherever possible.
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agreement phenomena in Arabic and English in terms of the framework of
term that we have just outlined (i.e. in terms of domains, and in terms of
controllers, targets, features and conditions that operate within them), we

should explain what is 'hierarchal' about the Agreement Hierarchy.

In languages, such as English, which allows with certain controllers
(collective nouns and conjoined subjects) alternative agreement forms
(syntactic versus semantic agreement), the possibility of syntactic
agreement decreases monotonically from left to right. The further left an
element is on the hierarchy, the more likely that syntactic agreement will
occur; conversely, the further right, the more likely that semantic
agreement will occur. Thus in the case of collective nouns and conjoined
subjects in English (c.f. the examples in (3) reproduced below for ease of
reference) only syntactic agreement is possible in attributive position, and
either agreement (syntactic or semantic) is possible in all other positions.
The condition of monotonic decrease requires that if syntactic agreement
occurs in a given position on the hierarchy, it will also occur in all other
positions to the left; conversely, if semantic agreement is possible in a
given position, it will also be possible in all other positions to the right.

This generalisation is assumed by typologist to be cross-linguistic.®

3" a. (i) The committee has / have decided.

(ii) This / *these committee has / *have decided.
b. This / *these man and woman *was / were on their way to

the shop...

® This view is upheld in Corbett (1979, 1983, 1987, 1991, 2000, 2003), Cornish (1986), Barlow
(1988792, 1991), Kirby (1999) to name but a few.

16
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agreement features. Finally, there may be conditions on agreement (i.e. a
particular type of agreement may occur provided certain other conditions
apply). This framework of terminology is illustrated in Figure 1, which has
been taken from Corbett (2003: 110) and Corbett (2006: 5).

domain
controller target
the system . works

? <—— condition

feature: number
value: singular

FIGURE 1: Framework of terms

2.2 A typology of domains

With respect to domain, typological studied have shown that there
are four distinct domains for agreement, related in hierarchical fashion

(Corbett 1979: 204).

y LSRR

attributive < predicative < relative pronoun < personal pronoun

FIGURE 2: The Agreement Hierarchy

For the purpose of this paper, this hierarchy simply identifies possible
agreement domains that exist in natural languages. Although both English
and Arabic exhibit agreement phenomena in all four domains, cross-
linguistically it is not necessarily the case that all languages will exhibit

agreement in each of the four domains. Before we go on demonstrating
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neither: it is assigned by an external governor (usually a verb or
preposition). The puzzling question is whether CASE is assigned onto the
entire NP, in which case there is no CASE agreement (the constituency
view), or is it assigned to the head which then agrees with its modifier (the

dependency view)?

2.0 Defining agreement

We have just argued for a need for clearer terminology. Agreement
Is a quite intuitive notion which is nonetheless surprisingly difficult to
define. Though we may disagree about its nature and what its importance
is, there are basis facts and cross-linguistic typological tendencies which
we must be aware of and accept whatever our scholarly

affiliation/denomination.

2.1 Framework of terms

As a working definition, we will follow Barlow and Ferguson

(1988/92: 1) in assuming that the phenomenon of agreement involves

“...a grammatical element X matches a grammatical element Y in

property Z within some grammatical configuration...”

This definition will be augmented by the descriptive terminology discussed
in Corbett (2003, 2006). Following Corbett, the element which determines
the agreement is referred to as the controller. The element whose form is
determined as a result of the agreement is the target. The syntactic
environment in which the agreement takes place is the domain. The

properties in which the controller and target exhibit co-variation are called

14
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(5) a. Agreement b. Government
3 !
He likes her. He likes her.
. T T
[3sG] [3sG}] [NOM] [acc]

First, the agreement controller (He) has the feature specification required
of the target (i.e. the subject bears features [3sG]), while the governor does
not (the verb does not bear any CASE features). Second, the controller of
agreement is usually nominal, while the targets can be of various sorts
(demonstrative, pronoun, verb...); conversely, the governor can be varied
(verb, preposition, noun), but the items which they govern are nominal.
Third, features involved in agreement, typically gender, number, person...
have direct semantic relevance (to varying degrees), while government
typically involves CASE, which is not directly involved in semantic
interpretation. These differences are summarized below.

Differences Agreement Government

How is feature
specification of
target/governee
determined?

- by feature - by the presence of the
specification of the | governor (likes)
controller (He)

- No, governor bears

Is there a match in feature - Yes, both are [35G] neither a [NOM] nor

specification? [ACC] feature
. Which element is nominal? | - the controller - the governee
4.  What is the nature of the - lexical, - grammatical,
features involved? interpretable uninterpretable

Table 1: Summary - canonical agreement versus canonical government

The problem of distinguishing the two phenomena arises when we
deal with NP-internal head-modifier CASE-matching (c.f. example (15)
'CASE agreement' in Arabic). In such constructions, the head and the

modifier have matching CASE features, but CASE is ironically a property of

13
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phenomenon occur range from within the NP to antecedent-anaphora

relations — c.f. §2.2 and Criteria - 14 §2.3.3.

1.3 Agreement and government

The term government is used in grammatical analysis to refer to a
kind of syntactic linkage whereby a verb or preposition (the governor)
requires a specific morphological CASE inflection [NOM, ACC, or GENITIVE
(GEN)] to occur on another word (the governee). For example, in a language
that uses the CASE-assigning strategy to mark grammatical functions (e.g.
Arabic, Latin and Romance languages), a Vefb typically assigns [NOM]
CASE to its subject (a2.) and [ACC] to its object (<), while a preposition
assigns [GEN] to its complement (u>). Since English marks its grammatical
functions primarily by configuration (as opposed to CASE-marking), with
subject occurring pre-verbally and object post-verbally, government (or at
least overt government) is not such a widespread phenomenon. It is visible
only when the governee is a pronoun. And even then, configuration seems
to take precedence over government: native speakers of English listening to
a learner produce an ungrammatical sentence such as *Him saw she.’ are
more likely to interpret it configurationally as 'He saw her.’ than 'She saw
him." which would be the case-marking interpretation (Borgjars and
Burridge 2001).

The notion of government is often contrasted with agreement. In the
clearest cases, the two notions can be distinguished rather easily. Consider

the following examples.

12



N

/
N ME@;JEM <

In the (a) examples, which involve the collective noun ‘committee’, we see
that in (i) there is a choice between grammatical and semantic agreement of
the verb with subject. In (ii), where the noun-head ‘commirtee’ agrees (NP-
internally) with the determiner this’, only syntactic subject-verb agreement
is permissible. We get yet a different scenario with conjoined subjects: the
determiner agrees grammatically with the first conjoin and the verb agrees

semantically with the entire conjoined subject.

The second problem is that personal pronouns occur both within the
sentence and beyond it, with no significant difference between the two in
terms of agreement — essentially antecedent/anaphora relationship in both
cases. Consider the pronouns ke and himself and their antecedent John in

the following examples.

4 a. John; cut himself; shaving. [same sentence/clause]

b. John; promised he; would Stay.5 [same sentence, different clauses]

c. John; left this morning. He; left without saying goodbye.

[different sentences]

Barlow (1991: 140) concludes that there are no good grounds for dividing
agreement domains in two: local and non-local. More specifically, there are
no principled ways of distinguishing the anaphoric agreement pronouns —
c.f. (2) and (4) - from that of other targets — c.f. verb and determiner
agreement in (1) and (3). Therefore, this supports the non-local view of
agreement. On this view, there is no reason to treat cross-referencing as

radically different from agreement. Rather the domains in which agreement

5 The pronoun 'he' is co-indexed with its antecedent 'John' to rule out any other interpretation of ‘he'.

11
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grammatical configuration of a NP or a sentence and generally involves the

matching of lexical features, typically PERSON, NUMBER and GENDER.

1 a [_’_That j_man]NP b. [Thatman is ...]*""
PERSON
[sG] [sG] [NUMBER] [3sG]  [3sG] [ ]
NUMBER

Anaphoric agreement may occur across sentence boundaries (but not
exclusively) and involves closer feature matching. Agreement of this sort is
generally referred to as semantic agreement: a term used in contrast with

grammatical agreement — c.f. (1).

2 John is my best friend. He is a linguist.
(2) Jopn is my L ffe g

[3M.5G] [3M.5G] GENDER

PERSON
NUMBER

There are two problems with this view. First, it is possible to find semantic
agreement in local domains (3), what's more is that the dividing line
between where grammatical agreement and semantic agreement are found
in a given language are not clear-cut. As demonstrated by these examples
from Corbett (2003: 114).* “

3) a 1) The committee has / have decided.
(ii) This / *these committee has / *have decided.

b. This / *these man and woman *was / were on their way to

the shop...

*In these examples the asterisk is used to indicate that the sentence is ungrammatical.

10
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The most obvious difference between these two definitions of
agreement lies in the subset relation that they uphold: for Bloomfield
concord is a subset of agreement, while for Greenberg agreement is a subset
of concord. But the criteria on which the relationship is based differ too.
Bloomfield and several of his followers draw a distinction according to
domain: concord existing in a smaller domain than cross-reference. For
Greenberg the distinction is based on the type of features involved:
agreement involves lexical features (e.g. NUMBER), while concord can

involve matching of non-lexical features (e.g. CASE).
N

Thefé are yet other ways in which the terms are used. Lehmann
(1982: 249-50) also distinguishes agreement from concord: agreement is
the core syntactic phenomenon, while the term 'concord' is used for
instances of semantic compatibility, for example certain classifier-noun
relations. But still others use both terms as synonymous without definition.
For example in a survey of the topic, Moravcsik (1978:333) gives
"agreement (or concord) phenomena’. Similarly Trask (1997:10) has
"agreement (also concord)”. Somewhat earlier, Lyons (1968:239) has
"concord (or ‘agreement’)", and Anderson (1992:103) “. just what is

‘agreement' (or as it is often called in the traditional literature, ‘concord')?"

1.2 Agreement and cross-reference

There is also a popular distinction between local agreement and
anaphoric agreement. "This distinction is widely held — though rarely

discussed.” (Barlow 1991: 139). Local agreement occurs within the
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canonical specifier-head type: agreement theory as developed
in Chomsky 1993 and related work accounts only for the
latter. (Carstens 2000: 323)

Note the distinction; what for Bloomfield counted as concord is cut down to
agreement within NP, and part of what he treated as concord is treated as
the canonical type of agreement. The difference in the definitions depends
on what is considered the domain of agreement: noun phrase vs. subject-

verb.

In contrast to the position of Bloomfield, and developments from it,

Greenberg (1978: 50) treats concord as the wider term:

It would be useful, then, to distinguish the wider notion of
concord from agreement, the latter being a subtype in which
the choice of alternative concord elements depends on the
class to which the stem of the governing item belongs, whether

marked by an affix-or not.

In this view, agreement is a subtype of concord. The choice of matching
elements depends on a lexical property of the head e.g. this/these boy(s). In
this example it is the [SINGULAR (SG)/PLURAL (PL)] NUMBER of the head
noun. This would rule out instances of NP-internal head-modifier CASE-
matching (c.f. §1.3 and example (15) 'CASE agreement' in Arabic), simply
because CASE is not a lexical property of the head-noun: it is assigned to it
by a CASE-assigning element. Thus, Greenburg would include NP-internal

head-modifier CASE-matching as an instance of concord but not agreement.

* Abney (1987) reanalyses Noun Phrases (NP) as being functionally headed by determiners.

8
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1.0 Muddled terminology

1.1 Agreement and concord

Some linguists, following Bloomfield, treat agreement as the
superordinate term. According to Bloomfield (1933: 191), "In a rough
way, without real boundaries, we can distinguish three general types of

agreement.” These are:

a. Concord, which include agreement within a noun phrase (NP) e.g.
this/these boy(s) and the agreement of a predicate verb e.g. The boy(s)
want(s)... .

b. Government, which involves a relationship between a head element (the
governor) and its complement (the governee) as with the assignment of
grammatical CASE e.g. [NOMINATIVE (NOM)/ACCUSATIVE (ACC)] in He
likes her.

c. Cross-reference, as in the relationship between the subject and object

element in e.g. He cut himself?

However, as one would expect, this system of terms has not survived
unchanged. One development has been to restrict the use of the term
'concord' to the noun phrase, while using the term 'agreement' to refer to

canonical subject-verb agreement. For example:

The term 'concord’ traditionally distinguishes this pattern of

agreement within DP [Determiner Phrases’] from the

? Bloomfield puts certain pronominal constructions and pro-drop together as cross-reference, and
includes them with concord and government under 'agreement’, but he treats antecedent-anaphor
relations separately.
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Abstract

The notion of agreement is one that has been notoriously difficult
to define. At least two factors have contributed to this difficulty. First,
there is the problem of separating agreement from other allied but different
phenomenon, mainly concord, and co-reference and to a lesser extent
government. These terms have led to considerable confusion which "goes
back to the Medieval Latin grammars" (Mel'¢uk, 1993:308) and which has
transpired in contemporary literature since Bloomfield (1933). Secondly,
the interest that agreement has attracted not just from core linguistic areas
of enquiry (morphology, syntax and semantics), but also from applied
disciplines such as language acquisition/learning, computational linguistics
and translation has complicated the matter even further (Corbett, 2003). As
a result, researchers from different backgrounds could look at the same
instance of the phenomenon and see different facets as the essential ones,
and often end up confusing their colleagues by using terminology which
embodies particular traditions. Because of these two factors, the term
‘agreement’ has come to mean different things to different groups of
researchers with different sets of research interests; both in terms of the
phenomena that it covers, and in terms of the theoretical frames and the
terminology they use to refer to it.

For those of us who are working in the area of
comparative/contrastive English/Arabic studies, whether it be in a purely
theoretical linguistic context or in an applied context such as language
acquisition/learning or translation, disagreement on what agreement is,
what phenomena it covers and on the terminology used to describe it is
unfortunately common place. Given our different academic backgrounds
and research interests and the differences in the grammatical tradition of
the two languages (English and Arabic), disagreement of this sort is
inevitable. However, if there is to be any meaningful cross-linguistic
and/or inter-disciplinary research exchange, we must first agree on what it
is that we are disagreeing about. To this effect, this paper aims to guide us
towards a consensus on what agreement is by proposing a working
definition and framework of terms bases on typological work carried out
by Barlow and Ferguson (1988) and Corbett (1979, 2001, 2003, 2006).
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