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ABSTRACT

a4 new model for the Sesion of the city
cas distribution network has been presen-
ted.0n the basis of mass flow rates and
pressure balances a nonlinear system of
ecuation 1s obtained.A method for sol
ving the latter is outlined which gives
accurate results.plso,this method,when
compared to the other acc¢essible ones,
takes less computer time.Finally in this
method the actual length of network ang
pire diameter can be congsidered.This is
in contrast to the other methods in which
certain guantities called "equivalent
length"” for different pipe size should

b used.

[HTRODUCTIDHN

Determination of pressure,pipe diame-
ter and location of gas sources are the
main problems in the design of gas dis -
tribution networks.There are different
methods for calculating the above men
tioned parameters.Almost all of them make
ugse of the first and the second kirchoff's
laws.amonyg these methods, Hardy Cross is the

most famous one.

The iatention of this report is first
to review the above procedures and then
present tihe mathematical model based on

mass and pressure palance.

1-Numerical Methods for Design Calcula
tion of Gas Distributicn Netwark.
Methods which are used L[or the design
calculation of gas distribution system
are based on kirchoff's laws for steady

state flow in a network.As a result of app -

lying these laws,a system of equations is
obtained.Kirchoff's laws for a network
arc:

1-1-Kirchoff's Taws:

Tirst law:The rate of flow into each
junction or node must be egual to the
rate of flow out of the junction.In other
words, the algebraicsum of all flow rates
must be equal to zero.The first law is

applied to node) in Fig(l)
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as following.
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Fig(l)

Second law:The

algebraic sum of the
pressure differences across the pipe sec-
tions which form a closed loop must be

equal to zero.This law when applied to

Fig (2) will bpe,
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Figi(2)
For loop N:
(P3—P2)+(P4—P3)+(P5—P4)+(P6—P5)+
- P_- =
(P7 P6)+( 2 P7) o} 3
For source connection 51-52
(PZ—P1)+LP7—%)+(PB~P7)+(P9—P8)+
- = -7
LTRSS 4

In a gas piping rvstem,the pressure
guantity obtained through the use of the flow
eguation is expressed as A(Pz).Therefor&
in Fig(2) kirchoff's second law is also
expressed in terms of difference in the

squares of the pressures across each pipe

section. Thus equation 3 and 4 «c¢an be
rewritten as:
2 2 2 2 2 2 2 2
P.-P_ )4+ (F «P_ )+ {F -P )+ (P -P )+
¢ 3 2) ( 4 3) ¢ 5 4) { B S)
2
o2 -2y B2 -6 ) =0 3
7 06 2 7

2 2 2 2 2 2 2 2
(Bo=B))+(PI-P3)+(Pg-PJ)+(PS-P )+
2 2 2 2
(Plg:Pg) = (P 5By) &

Therefore, the conditions imposed by kir-

choff's laws results in a systemof equ ~
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ations whicn can be solved by following
procedures.

1-2-Simultanous soluticn of the systemot
fauatinans.

1-2-1-Trial-and-Error Solution:

For many yYears the only method used to
solve necvwork fiow problems was the trial
- and - error procedure.Although twe in-
vesticators will never follow exactly the
same path in the trial-and-error solution
of a network problem,almost every one uses vari
atrons of the following steps:

a-A specific flow rate is assumea for
each pipe section such that they satisfy
kirchoff's first law at all nodes.

b-Pressure drops in the wvarious pipe
sections are calculated by use of a flow
eguation,

c-Pressure drops around closed loops
and along continuous pipe sections bet -
ween sources are summed.The values of
these summations are then checked through kir -
choff's second law.

d-The flow rates in step {(a) are modi-
fied in response to the findings in step 'c'.

e-Pepeat steps 'b',‘c' and 'q’.

f-Modification of the flow rates is con-
tinued until the calculated pressure droops

satisfy kirchoff's second law within ac-
ceptable tolerances.hlthough the trial -
and-errcr procedure is very tedious and
errors are difficult te avoid,it is still
widely used in the manual sclution of network
flow problems.
1-2-2-Systematic solution procedures

Several orderly numerical methods of
solving gas distribution network flow
problems have been developed.These meth-
0ds solve the simultanous eguations ob -
tained by the application of kirchoff's
laws to a specific gas distribution net-
work problem.Two of the systematic.solu-
tion procedurecs are as follows.
a-Hardy Cross Method{1,2}

Bn 1nitial flow rate in each pipe sec-
tion consistent with kirchoff's first law
1s assumed:then pressure losSes are cal-
culated for the assumed flow rate.The
pressure losses must satisfy kirchoff's sacond
law.Any unbalanced in the pressure drops
is corrected by & modificatior. in the low

rate at each loop.Thls correction 1is sub-

tracted from the flow rate for each pipe
section in the loop.With successive app -
lications of this correction procedure

to loops and scource connecticens in a gas

distribution network,a EFlow discribution
that satisfies both ©0f kirchoff's laws is
gradually approached.
t-Pressure Balancing Method

In contrast to Hardy Cross method,in
this method a pressure at each node in
the gas distribution nmetwork 1s assumed.
Then the flow rate for each pipe section
is calculated.The flow rates must satisfy
kirchoff's first law,0Otherwise,they are
correéted by successive calculation and
application of pressure corrections until
a set of pressure 1s obtained that satis-
Fies both kirchoff's laws to the desired
deagree ¢of accuracy.Since the pressure
assumption requireé by this method are much
easier to make than .the flow rate assump-
tions of the Hardy Cross method,the de -
siqn engineers favoxr the pressure-balan-
cing method over the Hardy Cross.It is
particularly preferred for the digital com-
puter solution of very large gas distri-
bution network problems.
2.Matnematical Mode!l for the Design Cal-
cvelation of Gas Distribution network

The mathematical mecdel which is pro -
posed here is based on steady state mate
rial balance in a gas distributwon network
By this method a system of non-linear
egquations with respect to unknown pre -
ssures at each node is cbhtained 1n the
fellowing manner.
2-1-Generation the system of non-linear
Equations

Consider a pipe section in a gas dis-
tribution network which connects node i ke

node j.The flow rate in the pipe section

15 related to pressure losses 3 accor-
ding to the following relation:
2 2.M
Lo=C. (P, =P,
Qlj 13( i Pj) !

Where M is aocuantity less than one.
In order to show the direction of cas

flow rate equation 7 can be rearranged

such that:
= M M-1
L =CL (P —P_){P, 4P - 8
Ql) ij i 3]( i j) lpi Pﬂ
In the above edguation,af Pi> Pjthen Qj.j >0

and gas flows from node 1

Pi<Pj

to node j. If

then Qij<0 and gas flows from
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node j to node 1.Material balance for

each node j will be:

n n
M
Q. .= C. . (P +Pp, - _
Z ij Z i35 P]) (Pi Pj) 'Pi P, 0
i=2 i=1

,M—l_
3

9

In where sources are connected to

case,

node j,these sources are called zj and

then equation 9 will be changed to:
o] m —= 10
> e .- 37 (z) =F_(p)=0
= Y TR D
Where
e Pt
P—(PlP2P3 ...... "
Substituting equation B into 9 yields:
n
— . M M-1
= . P ) (P.+P, |P.—P. -
Fy(pys 30 €y (R mPyd (By¥Py) Py i
i=1
m
= 11
> (zj)k 0
k=)
Bpplying equation 11 to a gas distraibutlon net

work with n nodes,a system of non-linear
egquations is obtained in which node pre-
ssures are the unknowns.

2-2-50lution to system of non-linear equ-
ations

let the general form of system of equ

—

ation 1| be such tnat:
. _
Fi(py=0 3=1,2,3,-..- n 12
Or
P P_....P )=0
FlP PoPy )
F_(P,P.P,....P_)=0
2'71%273 13
F (PP P, ..P })=0
it % “(pp e 1%is the solution to the
n

equation 13 then'g is the pressure at the
Proper node.

—
2-2-1-Procedure to calculate p

A suitable rearrangement of cthe system

of equation 13 can basically constitute
—
the n functions fj(P) such that
-— —
p.=f. (P} 14
p] ]

one can search for ualues-B that will ge
nerate a solution that y:elds

—_—- 2=
=f.p.)
pJ J pJ

This 1s accomplished by assuming a pre

15

ssure vector.

— t .
= . as a starting guess
P5o7EP10P20P30 Phol

and substituting 1t into euuatisn 14 whach

gives a new pressure vector.By successive
iteration,finally a pressure veckor

— i t . hed
pjl‘[pllpzlp3l"' pnl] will be reac

that satisfies tne following condaition
— ——

Piip" Pl

where h is a small value

—
Then pressure vector pii is the solution

to the system of equation 13 or 14
Now consider equation 11 and rearrange
it in the form of equation 14
n m
M M=l e
C. . - . -P. = (Z.)
Y, CiyP R (B er T Ry 3 20550k
i=1 k=1
16
or
n
M M-1
+P. P.-P. -
PILTELTALISLEY jl 3]
i=1
n m
M-1
PPN IR IR I N i WY C ST &
£ 15 T B S | i3 bop 3
i=1 -
then
S, P, (P 4P )M |p - ]“'l-i(z }
PRRCERERERES LN A S| B R s L
p === i ==f (P}
J n N J
C M M-
ZCi; P.+P.) |P.-P.
& t3te ety -e 13

When equation 18 is applied to gas dis -
tribution network with n nodes a system
of equation in the form of eguation 14 or
18 is obtained.Soclution to the system of
equation is outlined in 2-~2-1 section and
gives the pressure at each node of gas
distribution network,.

3- DISCuUsSSIOoN

Several different gas distribution net-
works have been studied by the mathematical
model.Since the results of a networks with
70 nodes were available,it is considered
here for the sake of comparison.

The network with 70 nodes has 5 sour-
ces Fig{3).These scources are connected to
nodes 2,8,38,54 and 6l.Load in each node
expressed in M_P/hr .In table{l)network
specifications and in table }Z)actualnet—
work load and calculated load are presented|
(3)

the calculated pressures through

Columns 2,3 and 4 in table represent

mathe

matical methnd using Spitzglass ,Weymouth
(4) and Monem Sofreqas* flow equations
respectively.Colemns 5 and 6 represent
pressure values obtained by means of Mo-

nem Sofregas and Hardy Cross methods boti
of which are being used by National Ira-
nian Gas Company.

In Monem Scfregas method,systemof non-

*Monem Sofregas

410

15 the name of computer pregram which is sold te Iranian Maticnal Gas Company.
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lineay eguations are linearized while in use of eguivalent length-in Hardy Cross
the mathematical model such approximation method is another advantage of the mathe-
is avoided.Thus it is expected that the results matical model.
given in column 4 must be more accurate when To continue this work,one can consider
compared with results in ceolumn 5 on table other flow eguations such as panhandle,modi -
(3. fied panhandle,etc,and compare the results
The use of actual pipe length in setting with those given in table (3).A Newton-Raphson
up the system of non-linear equatien in method canalso used to solve the system of
the mathematical method in contrast to the equations 13 ]

‘Table(l):Specafication of 70U nodes net -

work.

branch Diameter{Inch) , Length(foot) branch Diameter (Inch) Lenygth(focol) branch Diameter {Inch} length{foot)
o3 4,11 49 31-37 6.3 1083 a1-44 6.3 582
1-4 6 3 ceg 32-39 6.3 1411 42-45 4.13 1083
1-5 6.3 1542 33-34 4.13 722 43-46 6.3 1033.5
2-5 15.3 990 33-57 4.13 1509 44-27 6.3 o84
. 4 13 yop4 16-42 4,13 1083 45-48 5.1 1033.5
a-5 6.1 1214 36-47 6.3 853 45-60 4.13 853
47 411 1640 37-42 6.3 1033.5 46-53 6.3 853
5-10 6.1 1640 37-43 4,13 853 47-52 6,3 1083
6-11 6.3 1542 3g-3yv Jo.3 f92 4%-5¢9 g.23 853
7-13 4.112 1640 39-55 4,13 $1%,86 43-33 6.3 1033.5
g-o 10,3 1a2 40-41 6.3 820 49-50 [ 705.4
9-14 5.3 1378 40-51 4.13 1247 49-57 6.3 705 .4
6-16 8.2 1312 ] S1-58 4.13 o84

l0-20 6.1 Leao Fig(3):70 nodes network map. {52-60 6.3 1083

1i-12 6.3 351 oo 53-54 19.2 3‘?_8

11-21 6.3 2854 \ 23-ed o3 853

12-13 6.3 623.4 | 228 6.3 1247

13-20 6.3 1148.3 1z Lo 56-57 6.3 1247

13-22 6.3 1706 s Zz:z? ioli jz:

14-17 6.3 804

14-18 6.3 1509 59=62 4.13 1083

15-16 6.3 1312 60-63 6.3 1033.5

15-24 6.3 1279.5 60-65 4.13 B53

16-18 6.2 1312 38 | g2-65 4.13 1083

17-23 6.3 BOA4 17 56 G3-64 6.3 1033.5

18-19 6.3 1033.5 ‘s 65-66 4,112 853

18-29 4.13 a53 66-067 4.13 1033.5

19-21 6.3 1033.5 68-12 4.13 1837

21-31 6.3 1083 [e9-12 4,13 1837

21-36 6.3 853 70-57 4.13 3281

22-39 6.3 1706

23-32 6.3 1411

23-33 4.13 755

24-25 4,13 984

24-28 5,3 656

25-29 4.13 oG4

26-27 4.13 1640

26-34 4.13 722

26-35 4.13 1840

26-50 6.3 1503

27-28 4.13 1640

28-35 4.13 1640 &4

28-40 G.3 525

29-30 4.13 584

29-41 a.112 853

30-138 4.13 1033.5
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Takle{2):Real

and Calculated load for 7C nodes

network.

NODE MO.  PRESSURE(FSI) ACTUAL FLOW CALCULATED FLOW
LOAG (NCF/HR, LGAD (NCF/HR)
1 S6.276 19.67% 19.651
2 60.000 a.o -423.995
3 55.846 122.470 122.465
4 57.104 25.310 25.206
5 59.600 0.0 -0.002
3 56.057 65.820 66,779
7 55.973 79.700 79.699
[ 50.000 0.0 -700.645
9 59.500 0.0 ~D.005
10 58.054 58.800 58.797
1t 56.081 -0.0 ~0.04%
12 56.064 92.000 91.959
13 56.834 0.0 -p.010
14 56.20% 0.0 -0.025
15 56.611 57,000 66.99)
16 57.78% 115.600 115.5%5
17 56,111 74.200 74,153
19 56,795 0.0 ~0.008
19 56.382 90.550 90.515
20 57. 239 c.0 -0.003
21 56,373 0.0 -a.031
22 57.719 66,570 66.568
23 56.131 6.0 -0.028
24 56.176 0.0 ~0.019
25 56.020 12.170 12.165
26 53.632 0.0 -0.022
27 53.798 44.400 44,392
28 56.025 0.0 -0.029
29 55.119 0.0 -0.007
10 s6. 222 103.400 103,395
31 55.109 114.350 114.338
32 57,114 96.9 98.898
33 53.402 0.0 -0.103
34 52.767 28.900 98.896
15 52.760 105.900 105.899

Negatlive sign shows

ACTOAL PLOW

CALCOLATED FLOW

NODE WO. PRESSURE (PSI) LOAD {MCP/HR) LOAD (MCF/HR)
386 56.525 0.0 -0.008
a7 56,174 0.0 -0.0%12
I8 60,000 a.0 -568.804
39 59.658 0.0 -0,001
40 56.090 74.340 74,319
a1 SE.244 21.200 21,188
42 53.240 132.570 132.5867
43 56,697 109,300 109.296
a4 56.663 78.720 78.215
45 54.068 Q.0 -0.014
46 58.410 0.9 ~0.001}
a7 57.794 a.0 -0.086
ay 53.398% 142.740 142.692
49 52.164 95.900 98.729
50 52.355 70.630 70,609
sl 57.836 0.0 -0.001
52 56.833 117.530 1LL7.521
53 59.794 T0.630 70.628
S54 60.000 0.0 -538.575
53 53.274 a.0 -0.014
56 52.297 98. 900 98.859
57 52.177 35,300 35.221
58 59.185 62.790 62,789
59 59.603 0.0 -0.002
&0 56.745 0.0 -0.010
&1 60.000 0.0 -77L.517
62 96.443 97.540 27.537
63 $6.985 114.000 111.997
64 58.234 0.0 -0.002
&5 56.471 0.0 -0.003
1] 56,276 71.12¢0 71.119
a7 97.355 0.0 -0.000
59 54.987 13.000 17.000
69 53.424 60.000 60.000
70 50.286 35,300 15.299

the feed sources that thelr pre:sures are 60 psig.

Table(3):Comparing the results of various '

methods with the mathematical me-

rhod.
new method models that use in Ira-
nian Gas Co

ﬁ with spitz-| with wey-| with monem-| monem sofre-| hardy cross
z giass mouth gofre gas gas

equation equation equation model model
1 56.27% 52,814 53.407 55.%38 52.5
2 &0. 80. 80, 60. 80.
3 55.848 51.8586 52.773 54.71 51.7%
4 57.104 54.214 54.865 56,215 54.1
5 59.6 59.206 59.006 59.427 39.1
-3 56.07 52.26% 53.038 55.119 52.1
7 55.6873 52.354 53.042 34.654 52.3
8 60. 60. 60. 60. 80,
@ 59.5 58.941 59.027 59.277 58.8
10 $58.0%4 56.169 56.54 57.423 56.1
1) 56.081 52.298 59,092 55,327 52.2
iz 36.064 52.27% 53.058 55,322 52.1
13 56.834 53.867 54.414 56,087 53.7
14 56.20% 52.% 53.403 55.499 52.3
13 56.611 53.001 53.828 56.743 52.8
16 57.743% 55.243 55.823 54.663 EE]
37 56.111 52.344 53.128 55.31a 52.2
18 56.79%5 53.328 54.103 54,443 531.1
12 56.382 52.587 53,403 54.3174 52.4
2u 57.332 54.824 55.297 56.639 54.7
2] 56.373 52.577 §3.393 54,665 52.1
2 57.716 55.495 $5.954 57.087 55.4
23 56.13 52.369 53.204 55.2342 52.2
24 56.176 52.252 $3.107 54.977 52
25 56.02 52.053 52.9 54.254 51.8
28 53.633 52.57 4%.183 52.931 47.4
27 53.798 47.88 49,452 52.48%98 47.1
28 56.025 51,996 52.854 54.41 S1.5
29 56.119 §2.192 53.064 594.246 52
30 55.222 50.7902 51.743 53.088 50.5
31 56.109 52.151 $2.461 S54.648 51.9%
32 57.114 54.185 54.918 56.253 54.1
33 53.403 47.481 43.901 53.225 47
14| 52. 767 46.268 47.912 52.359 45.9
35 52.76 46.202 47.413 51.002 46.1

The relatcive

relations

are in appendix.

42

mode r

. new method ;j"l::tr‘::ec;n fra-
E with spitz- with wey-|with monem-|menem sofre- |lhardy cross

glass mouth sofre gas gas

egquatlon eguation equation madel model
36 56.525 52.812 53.657 55.00 52.6
37 56.174 52.2686 53.101 55.387 52
i el. B0, 60. 60. 60.
39 59.658 59.287 59.30% $59. 366 59.2
40 59.09 52.116 52.988 54.4 s1.9
41 56.244 53.357 531,242 54.549 52.1
42 53.24 47.157 4B8.845 52,748 46.9
43 56.697 $3.248 54.089 55.775 53.1
44 56.661 53.079 53.945 55.13 52.9
45 54.068 48,682 50.111L 55 797 48.3
a5 58.43 56.779 57.142 57.776 56.7
a7 57.794 55,259 55.881 56.854 55
45 53.396 47,481 48,886 56.346 47
9 52.164 44.83 46.809 532,362 44.6
50 52.15% 43,14 47.091 52.362 44.9
51 57.83¢6 55.616 46.147 55.016 5%.5
52 56.8212 51.549 54.31& 55.871 5.4
53 59.794 59.567 59.584 59.388 59.5
54 60. GO, 50. 60. 0.
55 53.273 47.013 19.137 57.089 46.9
56 52.297 4%.05% 47.159 53.878 44.39
57 52.176 44.86 46.061 52.824 44.7
EE:) 59.185 SB.29%4 SB‘.543 55.498 58.2
59 59.601 59.132 59.203 59.422 59
60 56.7453 93.4532 54.206 535.87% 53.3
6l &0, 60, 50. 60 €0.
62 56.443 53,192 54.-21 55.302 53.1
63|  s6.985 53.863 54.631 55.995 53,7
64 58.234 56.347 56.832 57.542 56.2
CE $6.471 53.2 54,021 55.369 53.1
(1 56.276 52.3983 53,79 §5.027 52.9
67 57.355 54.846 55,473 56.366 54,7
68 54.982 50.606 51.453 53.838 50.5
69 5§3.423 47.493 49.145 52.2743 47.8
70 50.286 41.769 43.952 56.366 1.6
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