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‘Qf pzpefme;system, ji:el stomges and va!ve nodes Aﬂer placzng orders the 0ptzmum p;pelme route

ition lagzstzcs, pzpelme networks, optzmum pipeline route, modellmg and
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1 UVOD

Doprava surovin, meziproduktii a produkti
ad vyrobce k zdkaznikovi nebo k dalsimu
zpracovani patfi mezi zakladni prvky
kazdého logistického systému. Specidlni
wwpem dopravy je potrubni doprava.
Pouziva se hlavné na pfepravu tekutych
aebo plynnych médii: ropa, zemni plyn,
pohonné hmoty, voda (pitna, uzitkova a
odpadni), chemické produkty a
meziprodukty. N&kdy se tento zpusob
piepravy pouzivdi 1 pro pfepravu
praskovych hmot nebo vodnich suspenzi

pevnych substratl.

Hlavni vyhody potrubni dopravy jsou
vysoka spolehlivost, moznost
kontinualniho nepfetrzitého vyuZivani,

setrnost k okolnimu prostiedi, silné
zabezpeteni prepravovaného média pied
vn&j$imi  vlivy a kradezemi apod.
Nevyhodami potrubni dopravy jsou vysoké
investi¢ni naklady a silna specializace na
prepravovand média. Distribucni sité, ve
kterych se provadi potrubni doprava, patfi
mezi statické distribuéni sité. DalSim
charakteristickym rysem potrubni dopravy
je skuteénost, Ze potrubi ma troji funkci: je
soucasné prepravni nadobou, dopravnim
prostfedkem i dopravni cestou.

2  POTRUBNI SITE

Potrubni sité pro piepravu praskovych,
plynnych a kapalnych médii vcetné
vodnich suspenzi pevnych materialii jsou
dilezité prvky nejen logistickych, ale i
technologickych systémtl. Pouzivaji se na
pepravu meziproduktd uvnitf vyrobniho
podniku na mensi vzdalenosti (lokalni sit¢)
a na piepravu surovin a produktii na vetsi
vzdalenosti. Pro zvySeni spolehlivosti
dopravy se potrubni sit& ¢asto buduji jako
zokruhované sité, ve kterych je mozné
provadét piepravu mezi libovolnymi
dvéma uzly alespoii dvéma nezavislymi
vétvemi. Je mozné vytvofit celou fadu
formalnich typt potrubnich siti (sit’ liniova
piimé nebo nepiima, it kruhova,
hvézdova, ... rozvodna nebo svodna atd.).
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1 INTRODUCTION

Transport of raw materials, intermediates
and products from manufacturers to
customers belongs among the basic
elements of every logistic system. A
special type of transportation is pipeline
transport. It is widely used for transport of
fluid or gas materials: oil, natural gas,
water (drinking, service and Wwaste),
chemical products and intermediates. This
way of transportation is also used for
transport of powder materials or water
slurries of solid materials.

Main advantages of pipeline transport are
high reliability, possibility of continual
uninterrupted  operation, greenness in
relation to environment, strong security
transported materials against outer effects
and thefts, and the like. Disadvantages of
pipeline transport are high investments
costs and strong specialization on
transported materials. Distribution
networks in which pipeline transport is
carried out belong to static distribution
networks. Another characteristic feature of
pipeline transport is the fact that pipes have
triple function: it is simultaneously
transport container, transport mean and
transport route.

2 PIPELINE NETWORKS

Pipeline networks for transportation of
powder, gas and liquid materials including
water slurries of solid materials are
important elements of both logistical and
technological systems. They are used for
transportation of intermediates inside
enterprises for shorter distances (local
networks) and for transportation of raw
materials and products for long distances.
For increase in reliability, they are usually
built as circled networks. They are able to
perform the transport between two
arbitrary nodes using at least two
independent branches. It is possible to
create a whole range of formal types
pipeline networks (line direct or indirect,
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Struktura zokruhovanych potrubnich siti se
obvykle zaddva pomoci neorientovaného
grafu. Kazdd vétev sit€ je popsana
pritokem g; a tlakovym spadem Ap;. Plati
pro ni Bernoulliho rovnice g; = K Ap’®, kde
exponent a zavisi na stladitelnosti média a
typu proudéni a koeficient K na rychlosti
proudéni a mistnich odporech. Médium ve
vetvi proudi ve sméru tlakového spadu. P
vytvafeni matematického modelu potrubni
sit€ o m vétvich a n uzlech lze sestavit 2m
nezavislych rovnic pro nezndmé priitoky q;
a tlakové spady Ap;. Kazdy z n uzld je
popsan rovnici kontinuity, ale pouze (n —
1) téchto rovnic je nezavislych. K tiplnému
popisu sité je zapotiebi jesté dalsich k = 2m
—(n—1+m) =m-n+ 1 nezavislych
rovnic. Tyto rovnice se ziskaji pomoci
kostry grafu. Kazda kostra grafu ma n — 1
hran, zbylych m — n + 1 hran nepatii do
kostry. Viechny hrany nepattici do kostry
se doplni pomoci hran kostry na kruZnici
(toto doplnéni je vzdy dédno jednoznaing).
Ziskd se tak hledanych m — n + 1
nezavislych obvodd, jejichz matematicky
popis poskytne potiebny podet nezavislych
rovnic. Tento matematicky model je nutné
doplnit o rovnice pro koeficient K a
exponent a. Potfebné rovnice jsou ¢&asto
empirické a pouZitelné pouze pro urdité
podminky proudéni. Sestaveny
matematicky model se pouZiva obvykle pfi
navrhovych vypoétech, pro modelovani
provozu potrubnich siti je vhodné&jsi
vytvofit simula¢ni model a potiebné
informace ziskdvat pomoci simulacnich
experimenta.

3 S;MpLAc“:Ni MODEL POTRUBNI
SITE

Simulaéni model rozs4hlé potrubni sit& pro
modelovani pfepravy pohonnych hmot z
rafinérii do skladi a ze skladi do
vydejnich mist pro distributory se sklada z
téchto prvki:

1. potrubni vétve,
2. vstupni body do systému potrubni sité,
3. sklady pohonnych hmot,
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circular, star-shaped, distribution or
conduct, etc.).

The structure of circled pipeline networks
is usually described by means of an
undirected graph. Every branch of the
network is given by the flow rate g; and
pressure difference Ap;. The Bernoulli
equation g; = K Ap/” is valid for it; the
exponent o  depends on  both
compressibility of the flowing medium and
flow type and coefficient K on both flow
rate and local resistances The medium in
the branch flows in pressure difference
direction. Creating a mathematical model
of the pipeline network having m branches
and n nodes a set of 2m independent
equations for unknown flow rates g; and
pressure differences Ap; can be set up.
Each of » nodes is described by continuity
equation, but only (n — 1) of these
equations are independent. To describe the
network completely it is necessary to set
wk=2m-m-1+m=m-n+1
additional independent equations. These
equations can be obtained with help of a
spanning tree of the network graph. Every
spanning tree of the graph has 7 — 1 edges,
remaining m — n + 1 edges do not belong to
the spanning tree. All the edges not
belonging to the spanning tree are
completed with edges of the spanning tree
into a circuit. This completion is always
unique. Creating a set of m — n + 1
independent circuits gives independent
equations needed for complete
mathematical model of the pipeline
network. The model is necessary to
complete with equation for calculation of
both the coefficient K and exponent a.
These equations are often empirical and
they are applicable for specific flow
conditions only. Such a mathematical
model can be used usually for design
calculations. For modelling of pipeline
network operation is more suitable to
create a simulation model and required
pieces of information to obtain by means
of simulation experiments.
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4. armaturni uzly.

Ve vstupnich bodech se precerpavaji
dodavky pohonnych hmot z rafinérie do
systému potrubni sit€. Uzly potrubni sité
jsou dvojitho druhu: armaturni uzly bez
skladovacich kapacit (pouze vétveni
potrubni sit€ nebo zména primeéru potrubi)
a sklady pohonnych hmot. Operace Cerpani
pro uzly se sklady miize probihat dvojim
zpusobem: bud’ se médium Cerpa do skladt
tohoto uzlu nebo uzel slouzi pouze jako
tranzitni a Cerpa se do skladi jiného uzlu
sitt. Vzhledem k historickému vyvoji
systému potrubni sit€ je vétSina vétvi
obousmérna, ale nekteré vétve jsou
jednosmémné. Jednotlivé sklady v uzlech
jsou bud specializované na skladovani
pouze urCitého druhu pohonnych hmot
nebo univerzalni. V univerzalnich skladech
Ize skladovat libovolny druh hmot, ale
vzdy jen jediny.

Pfi tvorb€ simulaéniho modelu byly
pouzity tyto zékladni spojité simulaéni

prvky:

1. tekutiny Fluid pro jednotlivé druhy
pohonnych hmot (hlavné nafta NM a

benzin BA),
2. potrubi Pipe pro vétve potrubni sité
charakterizované pfedev§im

pritokem a objemem,

nadrze Tank pro sklady pohonnych
hmot charakterizované celkovym
objemem, pocateCnim mnozstvim a
pocatecnim druhem skladovaného
média.

(V8]

4 SYNTEZA OPTIMALNI CESTY
PRO  CERPANI  DODAVKY
POHONNYCH HMOT

Funk¢nost vytvofeného modelu potrubni
sit¢ byla testovana na problému nalezeni a
syntézy nejkratSi cesty pro cCerpani 12
moznych dodavek pohonnych hmot mezi
vSemi kombinacemi uzli. Kazda dodavka
byla popsand pomoci té€chto udaji:
zdrojovy uzel, cilovy uzel, druh pohonné
hmoty a doddvané mnozstvi.

2

3 SIMULATION MODEL OF A
PIPELINE NETWORK

Simulation model of a large-scale pipeline
network for modelling of fuel transport
from refineries to stores and from stores to
output nodes for distributor consists of the
following elements:

1. pipeline branches,

2. input nodes of pipeline
system,

3. fuel stores,

4. armature nodes (valves and fittings).

network

Fuel deliveries are pumped from refineries
into pipeline network system at input
nodes. There are two types of the pipeline
network nodes: armature nodes without
storage capacity (only branching of
pipelines or changes of pipe diameter) and
fuel storages. Pumping operations for
nodes with storage capacity can run by
different ways: either the medium is
pumped into storages of the node or the
node serves as a transit one and the
medium is pumped through the node into
stores of another node. Considering the
history of pipeline network system, most
branches are two-way but some branches
are one-way only. The storages in nodes
are either specialized in storing of a certain
type of fuels or universal. In universal
storages can be stored arbitrary type of
fuels but always the only one, fuels cannot
be blended.

The following basic continuous simulation
elements were used in the simulation
model:

1. elements of the Fluid type for different
fuels (especially diesel oil NM and
petrol BA),

2. elements of the Pipe type for branches
of the pipeline network described by
flow rate and capacity,

3. elements of the Tamk type for fuel
storages described by capacity, initial
volume and initial fluid type.
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Optimalni cesty byly hleddany pomoci
modifikovaného Dijkstrova algoritmu.
Tento algoritmus je zaloZen na vytvareni
kofenovych stromi nejkratSich cest. Pro
grafy s nezapornymi délkami hran, coZ je u
grafli popisujicich realné potrubni sité vzdy
splnéno, lze jeho vypocetni slozitost
odhadnout jako kvadratickou v zéavislosti
na poc¢tu uzli grafu. Patii tedy mezi rychlé
algoritmy. Jeho vypocetni sloZitost lze
jesté pouzitim vhodnych datovych struktur
zlepsit, ale to se vyplati pouze pro
rozsahlejsi grafy, které obsahuji vice nez
100 uzli. To ale neni ptipad realnych
potrubnich siti pro pfepravu pohonnych
hmot. Vzhledem k tomu, ze nékteré vétve
sit& jsou jednosmérné, musela byt potrubni
sit’ popsana pomoci orientovaného grafu,
ve kterém obousmérna vétev vytvarela
dvojici opaéné orientovanych hran,
zatimco jednosmérna vétev pouze jedinou
hranu.

Pfi optimalizaci optimdlni cesty pro
¢erpani byla optimalni cesta
transformovéana z orientovaného grafu do
potrubni sité na optimalni potrubni cestu.
Piitom se ur¢ila i orientace toku v potrubi.
V simulaénim prvku Pipe neni smér toku
uren vstupnim a vystupnim pravidlem, ale
znaménkem  pritoku. Po  nalezeni
pofadovych ¢&isel jednotlivych rour byla
sestavena jména vSech potrubi tvoficich
nejkratsi posloupnost potrubi — optimalni
potrubni cestu pro uskute¢néni dodavky.
Tato jména pak byla dosazena do
proménnych Pipeln a PipeOut typu Name
uvedenych ve vstupnim pravidle Connect
with Pipeln, a vystupnim pravidle
Connect with PipeOut; potrubi tvoficich
optimalni potrubni cestu podle schématu
(Obr. 2).
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4 SYNTHESIS OF THE OPTIMUM
ROUTE FOR FUEL DELIVERY
PUMPING

Functionality of the created model of the
pipeline network was tested on the
problem of finding and synthesis of the
shortest route for pumping of 12 fuel
deliveries between suitable combinations
of nodes. Every delivery was defined by
the following items: source node, target
node, fuel type and transported fuel
quantity. The optimum routes were
calculated by means of modified Dijkstra
algorithm. The algorithm is based on
creating of root trees for the shortest
routes. For graphs with non-negative edge
lengths, which is always valid for graphs
described real pipeline networks, the
computational complexity can be estimated
as quadratic depending of the number of
graph nodes. Therefore, it belongs to quick
algorithms. Its computational complexity
can be improved more by use of suitable
data structures, but it pays only for
extensive graphs containing more than
100 nodes. However, this is not the case of
real  pipeline networks for  fuel
transportation. Considering the fact that
some branches of the network are one-way,
the pipeline network must be described by
means of directed graph. The two-way
branches created in it a pair of reversely
oriented edges while the one-way branches
one edge only.

During optimization of pumping the
optimum route was transformed from
directed graph into pipeline network as the
optimum pipeline route. At the same time
the direction of flow in pipeline was
determined. In the simulation element Pipe
direction of flow is not determined by
input and output rules but by the sign of
flow. After finding serial numbers of pipes
the names of all pipes creating the shortest
sequence of pipes — the optimum pipeline
route for realization of the order were put
together. Thereafter these names were
inserted into variables Pipeln and PipeOut
of the Name type. The name variables are
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Skilad02

v01S01

| 4523350

01504

ZasobaNafty C

used in the input rules Comnect with
Pipeln; and in the output rules Connect
with PipeOut, for all pipelines creating the
optimal pipeline route according to the
following scheme (Fig. 2).
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LR85

Vstup02

V02503

08211 0 Soaso4
Zdroje Nory

Vstupd!  S01S04

NONE NONE

NONE NONE

V01801 S04505

e G $04505

S01504 Skiad0501

2536.63

Potiubi  Prutok Mnozstvi Obsah
300.00 V01801 100.0 4523350 233263
VO1S802 0O 2503.46 2503 46
w2803 00 979.20 1979.20
501504 1[]00 2671453 141372
S03s04 00 2187.70  2167.70
504305 1000 253663 33576
Sklad01

Stav  Objem Mnozstvi Cas
Sklad0101 7000.0 7000.00 5500.00 2391
Sklad0102 7000.0 7000.00 3700.00 40.00
Sklad0103 7000.0 7000.00 3100.00 5348
Sklad0104 5000.0 5000.00 1400.00 5957
Sklad0105 5000.0 5000.00 3900.00 76.52

Skladod

Stav  Objem Mnozstvi Cas
Skladoapy 10000.0 10000.00 7100.00 138.26
Sklad0402 100000 10000.00 3100.00 165.22
Sklad0403 10000.0 10000.00 6000.00 217 39
Sklad0404 5000.0 500000 3100.00 244 35
SkladD405 5000.0 5000.00 3800.00 277.39

Sklad05

Stav  Objem Mnozsni Cas
Sklad0501 55008 7000.00 2200.87 0.00
Sklad0502 2000 700000 000 000
Sklad0503 24000 500000 OO0 0.00
Sklad0504 4300.0 500000 0.00 000

Obr. 1 Simulacni model jednoduché potrubni sité
Fig. 1 Simulation model of a simple pipeline network

k Pipeln; PipeOuty
1 Source Pipe,
2 Pipe, Pipe,
n Pipe,., Sink

Obr. 2 Formy dopravnych retazcov v sieti FV
Fig. 2 The forms of transport chains in the FV network

Pfi syntéze optimdlni potrubni cesty se

také ovéfovalo, zda dodavku Ize
uskuteénit.  Dodavku  bylo  moZzné
uskutecnit, jestlize:

1. ve zdrojovém skladu nebo vstupnim

bod¢ potrubni sit¢ bylo k dispozici

dostate¢né mnozstvi potiebného druhu
pohonnych hmot,

bylo mozné vytvofit volnou potrubni

cestu,

3. vcilovém skladu existovala nadrz se
stejnym druhem pohonné hmoty a
dostate¢nou skladovaci kapacitou nebo
prazdna univerzalni nadrz.

o
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During the synthesis of the optimal

pipeline route, it is also checked if the

delivery 1is realizable. The conditions
necessary for realization of a delivery are
the following:

1. sufficient quantity of fuel is available
in the source store or input node of
pipeline network system,

2. creating the free pipeline route is
possible,

3. in the target store there is either a tank
for the same type of fuel with sufficient
storage room or an empty universal
tank.



V.Hanta, J. PoZivil — Simulation of fuel deliveries in large-scale...

T&L —12/07

Useky potrubi, které tvofily optimalni
potrubni cestu pro aktualni dodavku, byly
pro syntézu optimélni potrubni cesty pro
dalsi dodavku zablokovany systematickym
pfidélovanim a odebiranim pracovnich sil.
Kazdy tusek potrubi mélo k dispozici svou
vlastni pracovni silu.

5 VYSLEDKY SIMULACE
POSTUPNYCH ~ DODAVEK
PODLE OBJEDNAVEK

Plan &erpani se skladal z viech moznych
dodavek riznych pohonnych hmot ve
stejném mnozstvi ze vSech moznych
zdrojovych skladi nebo vstupnich bodi
systému potrubni sit¢ do vSech cilovych
skladi, pro které bylo mozné sestavit
potrubni cestu. Rychlost erpani byla pro
jednoduchou kontrolu spravnosti feSeni
stanovena na 10 m’ za jednotku
simula¢niho casu. Vzdalenosti
jednotlivych uzli orientovaného grafu

popisujictho potrubni sit odpovidaly
parametrim jednotlivych potrubi.

Vysledky simulacnich experimentii byly
v Giplném souladu s vysledky numerickych
vypocCtl.

6 ZAVERY

Potrubni sité pro pfepravu spojitych médii
patii mezi ddlezité prvky technologickych i
logistickych systémii. Matematické modely
jsou obtizn&¢ pouzitelné zejména pro
problémy souvisejici s vypocty nebo
odhady parametrii potrubi a proudiciho
média. Navic tyto modely jsou pro
praktické pouziti pfili§ podrobné, pro
vétinu  ekonomickych a provoznich
vypodtd uredlnych siti sta¢i predpoklady
pistového toku a laminarniho proudéni a
kvalifikované odhady rychlosti proudéni.

Vytvofeny model jednoduché potrubni sité
a snim spojené simulaéni experimenty
prokazaly, Ze prostiedi simulacniho
programu Witness a jeho spojité prvky
jsou vhodnym néstrojem pro modelovani
téchto systémd. K vypoftu nejkratsich
potrubnich cest mezi uzly grafu byl pouZit
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5  RESULTS OF SIMULATION OF
SUCCESSIVE SUPPLIES
ACCORDING TO ORDERS

Plan of pumping consisted of deliveries of
different fuels in the same quantity from
selected source stores or input nodes of
pipeline system into selected target stores
for which pipeline routes were possible to
create. Rate of pumping was set to 10 m’ in
the simulation time unit. Distances of
nodes of the graph describing the pipeline
network correspond to the parameters of
the real pipelines. Results of simulation
experiments are in full agreement with the
results of calculations.

6 CONCLUSIONS

Pipeline networks for transportation of
continuous media belong to important
elements both logistical and technological
systems. Mathematical ~models  are
applicable only  with difficulties
particularly because of problems with
determination of parameters of both
pipelines and flowing media. Besides,
these models are for practical application
too detailed. For most economic and
operating calculations of real pipeline
networks, assumptions of plug and laminar
flow and qualified guesses of flow velocity
are sufficient. The described simulation
model of the pipeline network and
simulation experiments with it prove that
Witness 2007 simulation program and its
continuous elements are a suitable tool for
modelling of such systems. For calculation
of the shortest pipeline routes among graph
nodes, a complicated graph algorithm is
applied. Implementation of complex
abstract algorithms is proved possible in
Witness simulation program with poor
means of its WCL language (data
structures, control commands). However, it
is recommendable to debug and verify
algorithms in more suitable surroundings.
That is why all graph algorithms were
prepared in MATLAB computing system.
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relativn€  slozity grafovy algoritmus. Results of simulation experiments are in
Ukazalo se, ze i spomé&mé chudymi the full agreement with the results of
prostiedky jazyka WCL (datové struktury, numerical calculations. In the large-scale
fidici ptikazy) je mozné implementovat pipeline networks it is necessary to use the
vtomto prosttedi 1 slozité abstraktni push medium. The pipeline system in
algoritmy. Naproti tomu je vhodné pouzité inactive state and with no pumping is filled
algoritmy predem odladit a ovéfit ve up with this medium.

vypocetné vhodnéj$im prostredi. Pro ladéni
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médium, tedy potrubni sit, pokud je
v klidu a neprobiha v ni 74dné &erpani, je
naplnéna timto médiem. Ur¢ité problémy
se objevily v souvislosti s vizualizaci toku
média v rozsahlé siti, protoZe rozsahlé sité
Jiz vyzaduji moZnost zobrazovat potrubi i s
diagonalni orientaci, ne pouze vertikalni
a/nebo horizontalni.
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