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Nadértovanje drevesne poti in dimenzioniranje prenosnega cevnega omrezja
na podlagi najmanjsih stroskov
Tree Path Design and Dimensioning of Transport Pipe Networks on the Basis
of Minimized Costs
ANDREJ KROPE - DARKO GORICANEC - JURIJ KROPE

V prispevku je podan postopek za optimalno izbiro drevesne poti cevnega omrezja in
dimenzioniranje cevovodov, ki se uporabljajo za transport nestisljive tekocine.

Matematicni model sestavijajo nelinearna namenska funkcija in sistem neenacb hidravlicnih
omejitev, ki jih resujemo implicitno z uporabo numericne metode Simpleks. StroSkovna primerjava je
izvedena po metodi kapitaliziranih stroskov, ki vkljucujejo vrednost nalozbe ter diskontirane stroske
obnove, obratovanja in vzdrzevanja.

Kljugne besede: ogrevanje, optimiranje, metoda Simpleks, primerjave stroskov, software

In this paper the process is given for optimum design of a network tree path and dimensioning
of pipes for the transport of incompressible fluids.

The mathematical model is composed of a nonlinear objective function and a system of hy-
draulic restriction inequalities which are solved implicitly by the use of a numeric Simplex method. The
cost analysis is made according to the method of capitalized costs which include the investment, oper-

ating and maintenance costs, taking into account the corresponding discount rate.
Keywords: heating, optimization, Simplex method, cost analysis, software

0 UVOD

ZmanjSanje zalog goriv in s tem v zvezi
vartevanje energije terja na podrocju toplotne tehnike
iskanje novih tehni¢no znanstvenih spoznanj z
uporabo razli¢nih matemati¢nih metod za optimalno
nadrtovanje in dimenzioniranje cevnih omreZij
daljinskega ogrevanja. Ker je transport tekocin
povezan s stro$ki, ki so med drugim odvisni tudi od
dimenzij in poteka drevesnega cevnega omreZzja, je
treba cevno omrezje optimalno nacrtovati. Nacin
nacrtovanja je lahko obicajen ali pa z uporabo
operacijskih raziskav. Pri obiajnem naértovanju
projektant dolo¢i dimenzije cevnega omreZja po
praktiénih izku$njah in priporocilih, nato pa z
izraCuni ugotovi, ali hidravliéni parametri, npr.: padec
tlaka, pretok in hitrost fluida, ne presegajo dovoljenih
vrednosti. Pri na¢rtovanju z uporabo operacijskih
raziskav opiSemo zakonitosti dogodkov v izbranem
cevnem omreZju matemati¢éno z namensko funkcijo
in neenacbami hidravli¢nih omejitev. Z dolo€itvijo
minimuma namenske funkcije dolo¢imo optimalno
drevesno pot omrezja.

Metode za dolodanje minimuma in
maksimuma namenske funkcije so znane Ze dalj ¢asa.
Ne glede na to, te bistveno nisc vplivale na postopke
nafrtovanja. Vzrok za to je bila omejitev uporabe v
praksi. Prva ovira je bil dolg radunski &as, druga
omejitev pa resljivost samih problemov. Npr.
Lagrangeova metoda je uporabna, e so funkcije, ki
Jih vklju€ujemo v matemati¢ni model, odvedljive.

Nalin nalrtovanja cevnih omreZij se je
korenito spremenil z uporabo ra¢unalnikov in
operacijskih raziskav. Za optimalno nadrtovanje
cevnih omrezij so bili izdelani:

0 INTRODUCTION

Reduction of energy supplies and conse-
uently the requirements for energy savings demand
the introduction of new engineering and scientific
know-how in the field of thermal technique, i.e. the
use of different mathematical models for optimum
design and dimensioning of district pipe heating. The
pipe network should be optimally designed, as the
transport of fluid induces costs which are, among
other factors, dependent also on the dimensions and
layout of the tree pipe network. The design can be
either conventional or operational research based. In
conventional design, the designer determines dimen-
sions of the pipe network by practical experience and
accepted recommendations. He then finds out by cal-
culations if the hydraulic parameters such as pres-
sure drop, fluid flow and velocity do not exceed the
allowed values. With operational research design,
the lawfulness of events in a selected pipe network
is described mathematically by the objective func-
tion and inequalities of hydraulic limitations. By
determining the minimum of the objective function,
we can determine the optimum tree path of the pipe
network.

The methods for determining the minimum
and maximum of the objective function have been
known for quite a time. Nevertheless, they have not
substantiallﬁl influenced the design processes. The
reason for this was the limitation of the use in prac-
tical applications. The first limitation was the long
calculating time, and the second the insolubility of
the problems. The Lagrange method, for example,
is usable, if functions included in the mathematical
model are differentiable.

The design of pipe networks has undergone
substantial change WitE the introduction of comput-
ers and operational research. For optimum design of
pipe networks the following models have been made:
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- Matemati¢ni model za optimalno nacrtovanje
cevnih omreZij z upostevanjem perspektive Siritve
cevnega omreZzja oziroma povecanja toplotnega
odvzema [9]. ReSitev temelji na uporabi
Fibonaccijeve metode.

- Matemati¢ni model za optimalno namestitev
¢rpalk v razli¢no oblikovana cevna omrezja [7].
Resitev temelji na uporabi meSanega
celostevilénega nelinearnega optimiranja.

1 MODEL SOODVISNOSTI PRETOKA IN
TLAKA

Pri prenosu teko¢in v cevnih omrezjih se
veckrat sreCujemo z nepravilnostmi, katerih vzrok
je napacna izbira elementov in naprav oziroma
njihova napaéna povezava, ki temelji na
nepoznavanju odvisnosti: pretok, tlak, upor,
zmogljivost ¢rpalk itn. Zato moramo med postopkom
optimalne izbire drevesne poti izvajati tudi analizo
medsebojnih vplivov med pretokom in tlakom [1]
do [3]. Tlaéne izgube pri pretoku nestisljive tekoCine
od vozli$¢a i do vozlii¢a j so funkcija premera cevi,
pretoka, hrapavosti cevovoda, fizikalnih lastnosti
tekoCine ter lokalnih uporov in jih dolodimo z
nelinearno Darcy-Weisbachovo enacbo [4] in [5].

Pri zasnovi modela soodvisnosti pretoka in
tlaka moramo upostevati:

- zveznost pretoka skozi vozlisée (vsota tokov, ki
pritekajo v vozli§¢e, mora biti enaka vsoti tokov,
ki iz vozlis¢a odtekajo);

- ohranitev energije v sklenjeni zanki (vsota
padcev tlakov, v katerikoli sklenjeni zanki
cevnega omreZja, mora biti enaka nic);

- zveznost pretoka v cevnem omreZju (vsota
tokov v cevno omrezje mora biti enaka vsoti tokov
iz cevnega mrezja).

2 GOSPODARNOST TRANSPORTA FLUIDOV
2.1 Vrednost naloZbe in stroski obratovanja

Vrednost naloZbe v cevno mrezo

Cena predizoliranih cevi na teko¢i meter je
funkcija premera cevi (d), dolo¢imo jo z zvezo v
obliki polinoma druge stopnje [6] in [7]:

C,=A+B-d+C.d°

Vrednost nalozbe v ¢rpalke

Vrednost ¢rpalk se veca s pove¢ano moéjo
Crpalk (P) in je odvisna od cene &rpalk/W (C,),
prostorninskega pretoka (g, ), padca tlaka (Ap) in
izkoristka ¢rpalke (7) [7]:

C,=C,-P=

Stroski ¢rpanja

Stroki ¢rpanja so odvisni od cene elektri¢ne
energije (C,), prostorninskega pretoka (g,), padca
tlaka v cevnem omreZzju (Ap), izkoristka &rpalke (1)
in ¢asa obratovanja (¢) [7]:
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- Mathematical model for optimum design of pipe
networks with consideration of the future exten-
sion of the pipe network and increase of heat con-
sumption respectively [9]. The solution is based
on the use of the Fibonacci’s method.

- Mathematical model for optimum pump location
in the pipe networks of different designs [7]. The
solution is based on the use of mixed integer non-
linear programming.

1 FLOW - PRESSURE MODEL
INTERDEPENDENCE

In fluid transport through pipe networks we
are often faced with the incorrectness which is caused
by wrong choice of elements or devices respectively,
or their wrong connection based on unknown rela-
tionships: flow, pressure, friction, pump capacity, etc.
This is the reason why we must perform flow-pres-
sure analysis during the process of optimum tree path
choice [1] to [3]. Pressure drops in the incompress-
ible fluid flow from node i to node ; are a function of
the pipe diameter, flow, pipe roughness, physical
properties of fluid, local friction, and are determined
by the nonlinear Darcy-Weisbach equation [4] and

5].

“ In planning the flow - pressure model we

must consider:

- continuity of node flows (the sum of flows which
flow into a node must be equal to the sum of those
which flow out of a node);

- preservation of energy around closed loop (the
sum of pressure drops in any closed loop of the
pipe network must be equal to zero);

- continuity of the pipe network flow (the sum
of flows into the pipe network must be equal to
the sum of those out of the pipe network).

2 ECONOMICS OF FLUID TRANSPORT
2.1 Investment expenditure and operating costs

Pipe network expenditure

The costs of preinsulated pipes per running
metre of the pipe are a function of the pipe diameter
(d) and can be defined by the pipe costs polynomial
of second grade [6] and [7]:

(1).
Pump investment expenditure
The pump costs increase with the increas-
ing necessary pump power (P) and depend on pump
price/W (C,), flow volume (g,,), pressure drop (Ap)
and pump efficiency (#7) [7]:

qy -4p
o
P o (2).
Pumping costs
The pumping costs depend on the price of
electrical energy (C,), flow volume(g, ), pressure drop
(Ap), pump efficiency (77) and operating time (7) [7]:
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CysCpibot =

Vrednost nalozbe v gradbena dela

Vrednost gradbenih del na trasi, po kateri
potekajo predizolirani cevovodi, je odvisna od
premera cevi v dolodenem cevnem odseku in od
sestave trase (asfalt, zelenica, pesek, kamenje itn).
Doloéimo jo z enacbo:

C,=D+E

2.2 Primerjava stroskov

Kadar je doba trajanja posameznih naprav,
ki jih uporabljamo v prenosnem omreZju, razli¢na,
je za stroskovno primerjavo najprimernejSa metoda
kapitaliziranih stroskov [8]. Kapitalizirani stroski
pomenijo sedanjo vrednost naloZbe, ki jo ponavlja-
mo. Predstavljamo si jih lahko kot vsoto denarja, ki
mora biti poloZena na racunu na dan zacetka projekta
in obrestovana z obrestno mero, ki zagotavlja placilo
vseh stroskov, potrebnih za dobo obratovanja. Pri
izralunu kapitaliziranih stro§kov (CC) je treba
upostevati naloZbo (B,) in vse stroske, ki nastanejo z
obnovo (B, - L ), obratovanjem in vzdrzevanjem (C,)
v obdobju obratovanja:

{05,
(1+

1 8

B,
3 MATEMATICNI MODEL

ZareSitev matemati¢nega modela, ki dolo¢a
optimalno drevesno pot cevnega omreZzja, so
najprimernej$e numeriéne metode linearnega
optimiranja [9], med katerimi se najpogosteje
uporablja metoda Simpleks. Geometrijski potek
metode Simpleks prikazuje slika 1.

4
x?

h

By i -Co
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qy -Ap
n

Construction expenditure

The constructing costs of the preinsulated
pipe network layout depend on the pipe diameter (d)
in the fixed pipe section, and on layout specifics (as-
phalt, oasis, sand, rock, etc). They are calculated by
the equation:

YRS

2.2 Cost comparison

Cer 1 @3).

(4).

When the service life of individual devices
which are used in a transport pipe network is differ-
ent, the method of capitalized costs is the most ap-
propriate for cost comparison [8]. Capitalized costs
represent the present worth of costs for a period of
infinite duration. They may be interpreted as the sum
of money that must be deposited in a fund at the date
of purchase at the stipulated interest rate just to pro-
vide all payments for perpetual service. In the calcu-
lation of capitalized costs (CC) we must consider all
costs which arise with investment (B,), renewal (B -
L,), operation and maintenance (C,) in an infinite
period:

i il

3 MATHEMATICAL MODEL

For the solution of the mathematical model
which determines the optimum tree path of the pipe
network the numeric methods of linear optimization
are most appropriate [9]. Generally the Simplex
method is used. Geometric presentation of the Sim-
plex method is shown in figure 1.

zaéetpa tocka
starting point

A

minimum

bt

Sl 1. Geometrijski prikaz metode Simpleks
Fig. 1. Geometric presentation of the Simplex method
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Linearne (Simpleks) omejitve moZnega
podro¢ja so v “n” dimenzionalnem prostoru.
Postopek reéevanja lahko za¢nemo na kateremkoli

stiis€u omej itev s postopmm izlo€anjem sosednjih
sti¢is¢ in izboljSevanjem vrednosti namenske
funkcije. Glede na sliko 1 se izradun za¢ne v tocki A
in se nadaljuje skozi to¢ko B do minimuma v tocki
C.Ker imajo lineame omej itve vedno konéno Stevilo
optlmuma doblmo resitev po konénem Stevilu
iteracij.

Kapitalizirane stroske posamezne cevi (CC, )
dolod¢imo s sestevanjem vrednosti naloZbe ter
diskontiranih obratovalnih in vzdrzevalnih stroskov
po metodi kapitaliziranih stro§kov.

Optimalno drevesno pot dolod¢imo z
iskanjem minimuma nelinearne namenske funkcije
kapitaliziranih stroskov:

M
minC(g,) = »,CC, -q,,

ki je omejena z enatbami omejitev, te pomenijo
zveznost pretoka skozi vozliséa:

gy, 20

Optimalne premere cevi dolo¢imo z
odvajanjem funkcije kapitaliziranih stroskov po
prem em cevi () in enaenjem odvoda z ni¢ za vsako
cev posebej Izracunani optimalni premer cevi (d)
primerjamo z najbliZjim manj$im (d)) oziroma
najbliZjim ve¢jim standardnim premerom cevi(d +1)
Izberemo standardni premer cevi, pri katerem je
odvod JCC/ @ manjsi.

Algoritem za dologitev optimalne drevesne
poti je prikazan na sliki 2.

lFIZEE(ALNI IN i

EKONOMSKI PODATKI
O CEVNI MREZI ‘

IZPIS

S1.2. Algoritem za dolocitev optimalne drevesne
poti

(=
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Linear (Simplex) restrictions of a possible
field are in “n” dimensional space. The procedure of
solving may be started at any contact of restrictions
with gradual elimination of the neighbouring con-
tacts and improvement of the objective function
value. According to figure 1 the calculation begins
at point A and continues through point B to mini-
mum at point C. Because linear restrictions always
have a finite number of contacts which are defined
by restrictions without local optimum, we get the so-
lution after the finite number of iterations.

The capitalized costs of an individual pipe
(CC)) are determined by summing up the discounted
mvestment operating and maintenance costs by the
capitalized costs method.

The optimum tree path is determined by
minimizing the nonlinear capitalized costs objective
function:

: (6,
J=1

by restriction equations which represent continuity
of nodes flow:

7).

N-1;j=1,2,3, ..., M)

Optimum pipe diameters are determined by
differentiation of the capitalized costs function per
pipe diameter (d) and equalizing the derivative by
zero for each pipe extra. The calculated optimum pipe
diameter (d) is compared with the closest smaller (d)
and the closest bigger standard pipe diameter (d +I)
respectively. The standard pipe diameter which has
asmaller 2CC / &l derivative is than chosen.

The algorithm for determining the optimum
pipe network layout is shown in figure 2.

PIPE NETWORK AND
ECONOMIC DATA

OPTIMUM
SOLUTION

| YES

v

WRITE

Fig. 2. The algorithm for determining the optimum
pipe network layout (tree path)
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4 PRIMER

Kot izhodi§¢e za dolo&itev optimalne
drevesne poti smo izbrali zankasto cevno omrezje,
ki predstavlja vse moZne poti, kjer bi cevovodi lahko
potekali (sl. 3). OmreZje sestavlja 20 cevnih odsekov
in 10 vozlis¢. Teko€ina, v obravnavanem primeru
vro¢a voda, vstopa v cevno omrezje v vozliséu 1,
izstopa pa v drugih vozli§¢ih. Znani podatki so v
preglednicah 1 do 3, rezultati optimiranja pa v

preglednicah 4 do 6 in sliki 4.

4 AN EXAMPLE

As a starting-point for determination of the
optimum tree path a loop pipe network model is
chosen, which represents all possible paths where
pipes could be laid (Fig. 3). The pipe network is composed
of 20 pipe sections and 10 nodes. The fluid, in treating
the example of hot water, enters the pipe network in
node 1 and comes out in the remaining nodes. Known
data are shown in tables 1 to 3, and results of
optimization are given in tables 4 to 6 and figure 4.

S1.3. Zankasto cevno omreZje
Fig. 3. Loop pipe network model

Pregl. 1. Fizikalni in ekonomski podatki
Table 1. Physical and economical data

Pregl. 3. Podatki o ceveh
Table 3. Pipe data

temperatura vroce vode

110 °C i
hot water temperature pipe I'm k mm 4
gostota vroce vode

3 1 300 0,4 5,0
hot water density b a1 2 310 0,4 5,0

kinematiéna viskoznost : ;
s 0,357x10° ms 4 20 L %
s viscosity 4 300 0,4 5,0
diskontna stopnja . 5] 220 0,4 5,0
interest rate ga 6 470 0,4 5,0
¢as obratovanja 7 410 0,4 5,0
S 8760 h/a g 310 0,4 5,0
doba trajanja predizol. cevi 10 zgg g'i gg
service life of preinsulated pipes 424 11 310 0’4 5’0
doba trajanja ¢rpalk 12 480 0,4 5,0
service life of pumps 19a 13 300 0,4 5,0
izkoritek ¢rpalk 14 370 0,4 5,0

0

efficiency of pumps 65 % 15 450 0,4 5,0
eiall 16 260 0,4 5,0
. 450 SIT/W 17 400 0,4 5,0
pump price 18 410 0,4 5,0

cena elektri¢ne energije 19 ’
: i 16,65 SITAkWh ol 9.4 o
price of electrical energy 20 490 0.4 5.0

povpre&na cena gradbenih del
average construction price

12000 SIT/m

koef. polinoma stroskov cevi

coeff. of pipe costs polynomial
A

B
(85

5,2680 SIT
1601,3 SIT/m
124,36 SIT/m?
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Pregl. 2. Podatki o vtokih in iztokih (+ vtok, - iztok)
Table 2. Input and output data (+ input, - output)

vozlisée
+q m'/s
node f
1 0,150
2 0,009
3 0,011
4 0,014
§ 0,012
6 0,023
7 0,015
8 0,037
9 0,018
10 0,011

Pregl. 4. Tlak tekocine v vozlis¢ih
Table 4. Fluid pressure in nodes

vozlisce
p Pa

- node
1 1000000
2 981041
3 979433
4 993229
5 960504
6 985504
7 965418
8 976094
9 962225
10 948559

Pregl. 5. Rezultati optimiranja - optimalni standardni premeri cevi (DIN 2448, DIN 2450)
Table 5. Optimization results - optimum standard pipe diameters (DIN 2448, DIN 2450)

cev od do

; d m q. m/s v m/s Ap Pa
pipe from to 5

1 1 3 0,1317 0,011 0,807 20567
) 1 - 0,4327 0,130 0,866 6771
3 1 2 0,1190 0,009 0,809 18959
7 4 5 0,1317 0,012 0,881 32726
8 4 6 0,3888 0,104 0,876 7726
11 6 7 0,1500 0,015 0,849 20085
13 6 8 0,3097 0,066 0,876 9409
16 8 54 0,1678 0,018 0,814 13869
18 8 10 0,1317 0,011 0,807 27535

Pregl. 6. Kapitalizirani stroski CC * 1.000.000 SIT
Table 6. Capitalized costs CC * 1.000.000 SIT

cev CC -cevi CC,-¢rpalk CC,-¢rpanja CC -gradb. del | CC-skupni
pipe CC.-pipes CC,-pumps CC,-pumping | CC -construct. | CC-total
1 91,97 12,31 4,23 33,70 142,21
2 317,40 47,88 16,46 34,83 416,57
3 66,59 9,28 519 26,96 106,02
7 125,70 21,36 7,34 46,06 200,46
8 281,50 43,71 15,02 34,83 375,06
11 108,07 16,39 5,63 34,83 164,92
13 216,17 33,78 11,61 33,70 295,26
16 101,31 13,58 4,67 29,21 148,76
18 125,70 16,48 5,66 46,06 193,89
5 1434,40 214,76 73,83 320,17 2043,16
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Sl. 4. Optimalna dre:resna pot cevnega omrezja
Fig. 4. Optimum tree path of the pipe network

5 SKLEP

Pri dologitvi optimalne drevesne poti
cevnega omreZja za transport teko¢in je gospodarnost
poleg funkcionalnosti edini vplivni dejavnik, ki ga
moramo upostevati pri optimiranju. Z dolo€itvijo
optimalnega premera cevi in optimalne drevesne poti
cevnega omrezja lahko znatno znizamo vrednost
nalozbe in obratovalne stroSke. ReSitev
matemati¢nega modela je izvedena z numeri¢no
metodo Simpleks, stroskovna primerjava pa z metodo
kapitaliziranih stroskov (po nacrtovanih cenah cevi,
elektriéne energije, ¢rpalk in gradbenih del).
Racunalniski program omogoca poleg dolocitve
optimalne drevesne poti prenosnega omreZzja tudi
oceno vpliva variacije ekonomskih in hidravliénih
parametrov na vrednost naloZbe in obratovalne
stroske cevnega omrezja. Optimalna drevesna pot
pomeni najcenejso transportno pot teko€ine od vtoka
v cevno omrezje do vozlis¢, kjer omrezje zapusca.

5 CONCLUSION

In the design of the optimum pipe network
tree path for fluid transport, the only influential factor
which besides functionality, must be considered in
optimization is economics. By determining the
optimum pipe diameter and optimum pipe network
path we can reduce investment and operatlnF costs
considerably. The solution of the mathematical model
is realized by the numerical Simplex method, and the
cost comparison by the methodp of capitalized costs
(on the basis of the assumed prices of Eliﬁes, electrical
energy, pumps and construction). The computer
program enables, in addition to the determination of
the optimum transport pipe network tree path, also the
estimation of the infﬁence of changes in the
economic and hydraulic conditions on the investment
and operating costs of the pipe network. The optimal
tree path represents the cheapest fluid transport path
from flow input in the pipe network to the nodes
where fluid leaves the network.

6 UPORABLJENE OZNACBE
6 SYMBOLS

konstanti A,D SIT constants
konstanti B.E SIT/m constants
konstanti C,F SIT/m? constants
vrednost nalozbe B SIT investment costs (first costs of asset)
vrednost naloZbe v obnovo (lg -L) SIT costs of the assets renewal
kapitalizirani stroski ¢ SIT capitalized costs
cena Crpalke % SIT/W pump price
cena elektriéne energije A SIT/(kWh) price of electrical energy
obratovalni in vzdrZevalni stroki SIT operating and maintenance costs

namenska funkcija

notranji premer cevi

diskontna stopnja

hrapavost cevi

neodpisana (rezidualna) vrednost
dolZina cevi

Stevilo cevi

Stevilo vozli§¢

doba trajanja naprav, Stevilo let
mo¢

tlak fluida

tla¢na izguba

prostorninski vtok oz. iztok
volumski pretok

¢as obratovanja cevne mreze
hitrost fluida

izkoristek &rpalke

koeficient lokalnih izgub

=]

TR RAEYE) 6.0 ()
n°
<

£ e 2

(\®]
=

%t

TR 1 ol >

objective function
m inner pipe diameter
interest rate
mm pipe roughness
SIT salvage value
m pipe length
number of pipes
number of nodes

a service life of devices, number of years
W power
Pa pressure
Pa pressure drop
m?/s volume input / output
m?/s flow volume
h operating time of pipe network
m/s fluid velocity
efficiency of pump

coefficient of local losses
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indeks: index:
vozli§te 1 node
cev i pipe
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