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Abstract 1 Introduction

A pipeline is a distributed system and its dynamics
An implementation of a lumped and 1-dimension@d described by partial differential equations. Most
pipeline model for simulation of fast pressure and floyf the methods to compute flow transients are based
transients such as water-hammer effects is presentgflg spatial discretization of the pipeline into small
It is an extension of the classical Transmission '—"l%gments. For accurate simulations of long ducts, a
Model (TLM), a transfer matrix representation of jgh discretization level is necessary, which leads to
pipeline, relating pressure and volume flow rates @he-consuming computations. When only pressure
the extremities of a pipeline. The proposed model hgsq flow at the extremities are of interest, it is possi-
extended previous work in different aspects. The &g to capture the pipeline dynamics with a low order
tensions were developed for the detailed operatioqwnped model. The paper presents the implementation
investigation of a pipeline for the transport of caif such a model, the Transmission Line Model, based
bon dioxide from a carbon capture plant to a suign the work presented in [5]. The original model has
able location for the geological storage of supercrifieen extended to include temperature dynamics, an
cal, dense phase carbon dioxide. A lumped tempgfproved dynamic friction model, the effect of static
ature model, derived as the TLM model by integrafead and some handling of turbulent flow conditions.
ing the distributed dynamics, has been added 10 €8e model presented in this paper captures the oscilla-
scribe the effect of heat losses in long pipelines. #yns of the wave equation accurately with a lumped
dynamic friction model that is explicit in the mediun}nodeL under the assumption of constant or slowly
and pipeline characterisitcs has also been included.\}%{rying fluid properties. For suitable assumptions, the
nally, it is shown that, with simple adjustments, thodel is both more accurate with respect to measure-
model can reasonably well describe the pressure gyants and has a much faster execution time than dis-
namics in turbulent flow conditions. Some simulasyetized models. It is suitable for simulation of larger
tions have been carried out to compare the perfeyiti-domain systems with variable time-step solvers,
mance of the proposed model to the one from the Maghq also for pipeline systems with long (hundreds of
elica Standard Library, and the results were also CORMometers) pipes. In contrast to discretized models
pared to measurement results from the literature. T&t include momentum dynamics, the TLM model
resulting model has become useful for a wide vagiorks fast and reliably also for zero-flow conditions.
ety of engineering applications: pipelines for gas andThe model is used in Modelon’s Hydraulics Library
oil, district heating networks, water distribution netsq e long-line model without the thermal effects, and

works, wastewater systems, hydro power plants ﬁﬂq\/lodelon’s CombiPlant Library including the ther-
more. In the lumped, constant temperature versiQRy| effects.

there are no discretization artifacts, and even in the dis-
cretized version taking into account spatial and tem-
poral changes in temperature, discretization artifagis

are much smaller than for the standard finite vqun?e Background

model. Moreover, the short simulation times make the )
model suitable for real-time applications. 2.1 Fundamental equations

Keywords: water-hammer; transmision line modene dimensional pressure and flow dynamics in a
dynamic friction; lumped model, CO2 transport circular pipeline is described at low Mach numbers
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(9/A < c) by coupled parrcflcg differentia eécdaué)t?c?ﬁesnzc ear{giﬁrcaﬁf{/n}ﬁé two dimensional Navier-Stokes equa-
tions for laminar flow, which resulted in the following

dp pctoq expression forf :
at A P @
0 Ao f(uy = f5(u)+ fy(u
a_?+50_5 fl@ =0 v 85[§V) L;I;(v) ou
?w—@/wa—r)ﬁdr (6)

whereq is the averaged flow rate at any sectipithe

pressurep the medium density; the speed of soundwhere the unsteady terfiy depends on the weighting
andA the cross-section area. The friction facfdq), function W with an analytical but irrational expres-
which describes the pressure losses per unit of len§if? in the frequency domain. It was approximated

is defined by: in the time-domain for transient simulations with the
method of characteristics. Zielke’s approach was later

f(q) = Twall @) extended to derive a dynamic friction model valid in

0.5 x pu? turbulent regime, for smooth pipes [7] and rough pipes

_ _ _ [2]. The resulting model is as in the laminar case de-
whereu = g/Ais the fluid velocity and the wall sheaiscriped by an irrational transfer function, which is in

Stressrwa” iS related to the VeIOCity gradient in the rathat case a|so dependent on the Reynolds number.
dial direction:

du 2.3 Implementation
Twall = Ha— 3
y Time-domain methods

andp is the dynamic viscosity of the fluid. Fluid flow transients in a pipeline may be simu-
lated using equation (1) together with a friction de-
scription and boundary conditions. Powerful com-
mercial solvers implementing various Computational
The friction factor, which depends on the medium viglow Dynamics techniques such as Finite Element or
cosity and on the flow regime may be experimentalfyinite Volume methods, are available to numerically
derived or in some cases analytically computed enlve those equations. Most of the techniques are
physical considerations. In the case of steady sthtesed on a spatial discretization of the pipeline into
flow, f(q) is related to the Fanning friction facta(q) small segments. For an accurate result in case of long
by pipelines, many segments are required, resulting in

long computation times. Another limitation is the dif-
mDu? 4 ficulty to simulate multi-domain models with complex
@ time-varying boundary conditions.

) ] ) A simpler and well-established technique for fluid
When the flow is laminar, the Darcy-Weisbach equgg,, simulation is the method of characteristics

. o 64 .
E'(;)n A(9) = ge: Rebeing the Reynolds number, IeaOIfMOC), which transforms the PDE (1) into two sets

30y of ODE that can successfully be solved by fixed-step
fs(q) = —q (5 solvers. The fixed connection between the spatial and
_ _ the temporal discretizations is the main limitation of
and the equations (1) are therefore linear. In the cagg MOC technique: it results in many segments when

Of turbulent ﬂOW, the Fanning friCtion faCtOI’ can be dqhe pipeline iS |Ong and |t cannot be Connected to Vari_
scribed by the Colebrook-White equation and the rgpje step-solvers.

sulting equations (1) are not linear.

' It is commonly assu_med that. the steat_jy ;tate re}f’?’equency-domain methods

tions for f are also valid dynamically, which is actu-

ally not the case during fast transients such as watéhe second type of approach is based on a represen-
hammers. Indeed, under fast transients, the averggj@®n of the pipeline in the frequency domain. This
flow is influenced by 2D effects that the static frictiors a well-suited method for real-time simulations and
model does not capture well. In [8], the author derivddr system analysis such as control design or dynamic
a dynamic wall shear stress modgl (g) by solving optimization. The fundamental equations (1) are first

2.2 Friction model
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Laplace-transformed and theréafter analytically inte- ﬁ e [~ G [~ G?
P1 l &
-] o
92 ‘7

grated over the pipe length -
_ ; p1=2Zc1+C1 [¢1 p2 = ZcO2+C2
P(s) B co_sH'(s)L Z¢(s)sinh (s)L P(s)
(60), = (e e )(80),, @

€ P2
G% HG} H eisT
The equations involve non-rational terms and can-

not be efficiently implemented without approximatiorkjg re 1: Schematic representation of the Transmis-
Two approaches are found in literature: the modgh, |ine Model. Z. is the line impedanceR is the
description and the Transmission Line approach. HerauIic resistanceeST is a time-delay ancB}G%

the modal description, the irrational functions are agagcrines the effect on static and dynamic frictions on
proximated as truncated sum of low order linear filtefge travelling presure waves.

whereas the TLM approach makes use of both linear
filters and time-delays. As the TLM model describes o . o
explicitely the inherent delay of the wave propagation e pipeline. The temperature profile and its in-
it results in lower orders model than the modal descrip-  fluénce on the pressure wave dynamics need to
tion. be included in the TLM model.

The pipeline model that is described in the cur- ¢ static head, in the case of non-horizontal
rent paper is based on [5]. A block diagram of the pipelines.
pipeline model is shown in Figure 1. Every block in . - e
the schematic representation has a well-defined inter” an improved description of the dynamic friction
pretation: e turbulent flow

e Z.istheline impedance describing the immedial 1 Turbulent flow condition
and local effect of a flow change on pressure. Tt
is modelled by a static gai% Linearity of the continuity and momentum equation is

. . . essential assumption in the derivation of the trans-
e R(s) is the hydraulic resistance of the duct an?{] . . :
er matrix representation. The turbulent flow regime

determines the pressure drop to the flow at sta: . L -
tionarity. It was described bR(s) — R where Introduces a nonlinearity in the frlctlon_terrh and

" ape KTstl the coupled PDEs (1) can no longer be integrated ex-
Ro= O plicitely. It is still possible to consider small devia-
L is the delay associated to the timgons from an equilibrium point and linearize the equa-

° efsT — eS¢ : '
it takes for a pressure wave to travel through ghigns (1) around a stationary point:

pipeline at the speed of sourd dAp pc2anq
——+—— =0 8
e G¢(s) = G}(s)G%(s) is a dynamic filter that mod- ot A 0x ®
els the attenuation of the pressure disturbance 9Aq  Adhp of
when the wave goes from one extremity to the ot  p Jdx 0dq
1_ s/wptl 2 i
other. G¢ = w+1 andGy(s) describe the eﬁec‘[Moderate pressure and flow deviations from a sta-

of static and dynamic frictions, respectively. Th

ﬁonar oint can therefore be simulated by typicall
frequenciesv, andw, are given byw; = ¢/(kL) y pol imu y typically

R, I changing the hydraulic resistand®) in the TLM
andw, = we” Z. Gf needs to be optimized for model with the linearized resistanBg, which is a pa-
every medium and pipeline charcateristics. rameter used in botR(s) andGi(s):

n_ P _pLof
3 A novel lumped pipeline model dq A 0qq,

The transmission line model [5] has been implementga get correct stationary pressure drops under larger

in Modelica and further developped to describe the fdiressure or flow changes, thepParamét@rip R(s)
lowing characteristics: has not been linearized aiRg = qO—Af(qo) has instead

been used. Note that the changes for handling turbu-
e heat loss. When heat loss cannot be nent flows do not affect the orginal model in the lami-
glected, temperature is not constant throughaudr flow regime.

(9)
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3.2 Dynamic friction o098 edelica ton erencetﬁgesrﬁgssewgv\ny|saf|cme-vary|ng or low. The pipeline
- needs somehow to be discretized into segments, each
In the original TLM model from [5], the transfer func- . . : 9 .
. 2 . ._.._segment being characterized by uniform but possibly
tion G§ —describing the frequency dependent frICtIOI’}.— : . . o .
ime-varying medium properties. The variations in

needs to be tuned for the considered pipe and medu.[l : . :
S A . € medium properties are however slow because the
To avoid this optimization, the friction model from [4 . .
) o : ) edium properties depend to a larger degree on tem-
that is explicit in both the medium properties and the

. - . erature than pressure and temperature dynamics is
pipe characteristics has been implemented. In this
model, the transfer functioB? is expressed as a sum

Pdw.
. . T . To incorporate the temperature dynamics into the
of k linear filters, approximating the analytical solu-
tion:

pipeline model, a similar approach as in the TLM
gyl K model derivation has been used: the energy balance
2 vL mas . . : o
Gi(s)=1— D2 Zl n T oS (10) is explicitely integrated along the pipeline to get a re-
=1 lationship between the inlet and outlet temperature of
wherea = 4D2/v and my and n; are medium- and every segment. In that way, the pipeline can be dis-
pipe-independent constants that affects the frequetgtized into a moderate number of segments, each
range in which the approximation should be mosegment being the combination of a TLM model and a
accurate. Compared to [5] better agreement wigmperature dynamic. The segment length is typically
experimental data has also been reported. much longer than in the MOC description and it is re-
lated to the amplitude of the temperature change along
The friction description from [4] is theoreticalllythe line as well as to the sensitivity of the medium
valid only for laminar flow. In [1], it was found thatproperties to temperature changes.
the laminar flow approximation of the dynamic fric-
tion model is a reasonable basis for transient turbuléntmped temperature dynamics
friction as long as the Reynolds number is moderate

(below 16). The advantage of this model compare he one dimensional energy bala_nce.in the pipeline is
to [2] or [7] is that the dynamic friction model doeggpresented by the following partial differential equa-

not depend on the Reynolds number. tion:

oT m oT 1

ot —q(T(x)) =0 (13
3.3 Static head ot FRep ax T repe, AT ) (13)

The basic pipeline model can easily be extended to adiereq(T (x)) describes the heat loss to the surround-
count for pressure variations due to height differencésgs along the line and depends on the boundary condi-
The equations at the pipe nodes are updated as folldgieas. The heat loss may often be described as a linear
function of the temperature difference between bound-
PL =ZQ1+C1—pgL (11) aries:
P, =Z:Q,+Cz+pgL (12)

q(T(x)) = kST (X) — Thoundary (14)
wherep is the density of the medium at the pipe inlet,

gis the gravity constant aridis the length of the Iinewherek is the heat conductivity of the surroundings

segment. In the previous equations it is assumed th4@ter soil) andsis the shape factor. The shape factor

the pipe node 1 is at a higher altitude than the pipdn@y take the following form [3]:

node 2.
s = 2 (15)

acosig!

3.4 Time-varying properties
for a pipe with diameteD, buriedh meters below the

Need for discretization ground surface at constant temperature, or

In the TLM model, it has been assumed that temper- 271

ature is both constant in time and space. When heat S = e (16)
D

loss along the duct is not negligible, this hypothesis is
not valid and the variations in the medium propertiésr a pipe with diameteD and surroundings at con-
cannot always be neglected. This is for instance trsiant temperature, a distaridg /2 away from the pipe
when the duct is very long or poorly isolated and whexenter.
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The equations (13) and ffﬂ? are linear and can'k

integrated explicitely together with the boundary con
dition from the inlet temperature:

pl

T(x=0,t) =Tin(t) 17)

When the mass flow is constant, it is sufficient tc
Laplace-transform (13) and integrate over the pip
length. An explicit solution to (13) can also be de-
rived in the case of time-varying flows by applying the
method of characteristics. Temperature at the outlet
a pipe with length_ is then given by:

H1B
D(s)

a(s)

T(Lt) = Thoundary+ (Tin(t—1) — Tboundar))eifp (18)

The time-varying delay and the characteristic decay-
time Ty, are given by

; .
2L = / @ds (19) Figure 2: Implementation of the mass and momentum
t-1(t) zp dynamics in Dymola.
_ CppTR

4 Simulation

3.5 Modelica implementation The original TLM model has shown very good agree-

The proposed pipeline model has been implement@ént with experimental data and other pipeline models
in Modelica using the Dymola software. The basiwhen the flow is laminar, see for instance [5] or [4].
pipeline segment, characterized by constant medium

properties is composed of two models in parallel: 4,1  Evaluation of the proposed model

e a dynamic model describing pressure and flowirbulent flow conditions

dynamics, see Section 3.1 t0 3.3 ) ] ]
Simulations have been performed in Dymola to show

e a dynamic model describing temperature dynartinat the proposed model gives reasonable results even
ics, see Section 3.4 in the case of turbulent flow and large pressure dis-

) , . turbances. The considered medium is water and the
The implementation of the pressure wave dynamics |

L ) prli)eline is characterized by a length of 1000 meters,
done using linear transfer function blocks as showné diameter of 0.035 meter and a relative roughness of
Figure 2. The implementation of the time-delays (

. ) s .005. The pipe inlet is connected to an ideal flow
sociated with the wave propagation or the transport SBurce while its outlet is connected to an ideal pres-

lay) is bas_ed"on the exte_rnal C-function called _tran ure source (p=20 bar). Pressure waves are generated
portFunction” available in Dymola. The function

val  that f L | idered i y fast variations of the inlet flow.
equivalent of that function is currently considered in" . v M model is compared to an instance of the

the Modelica Association to be included as operatgh, o ine model from Modelica Standard Library with
spatialDistribution() into the Modelica language. Th segments. In the MSL pipeline model, the par-

function allows to model delays based on a physi | differential equations are treated with the finite-

transport mechanism, like flow in a pipe, also in t%lume mehtod and a staggered grid scheme for mo-

case of zl_flre(:t_'ontil ﬂ?W' Corr;putac';lon of.th.e t'merhentum balances. The dynamic friction model was
varying defayt in Ihe temperature dynamic 1S Pery, .+ included in the simulation because it is not im-

formed by using the differential form of Equation (19)|blemented in MSL. Note that such a friction model

dr v(t) would give between 50 and 150 additional states in
dt - v(t—1) (21) the MSL model (between 1 and 3 extra states per seg-
ment). Simulation results are shown in Figure 3. The
wherev = ™ s the fluid velocity. pipeline is initially at rest and the flow at the inlet is

o
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—— MSL, 50 segments —— MSL, 50 segments
24+ ——— TLM, 1 segment 24+ ——— TLM, 1 segment

[bar]

—— MSL, 50 segments —— MSL, 50 segments
— TLM, 1 segment — TLM, 1 segment

lkais]
lka’s]

T T T T T T T T T T T T
] 10 20 30 40 50 60 0 10 20 30 40 50 60

Figure 3: Comparison of the MSL and TLM pipelind-igure 4: Comparison of the MSL and a slightly mod-
models. Top: pressure at the inlet, bottom: mass flofved TLM pipeline models. Top: pressure at the in-
rate at the outlet. The flow at the inlet is changed lat, bottom: mass flow rate at the outlet. The flow is
t=1s and t=40s. changed at t=1s and t=40s.

varied at two time instants. The first flow increase, gbpendent parametrization of the transfer func@dn
t = 1 s, generates pressure waves of relatively large

amplitude and moves the fluid in a very short time to
the turbulent regimeRe~ 10%). Despite this fast and
large transients into the turbulent regime, the perfafemperature dynamics

mance of the TLM model is good: _ _ o
The reference model is again the pipeline model from

e As expected, the frequency of oscillations is veMSL and the pipeline characteristics are identical to
good. the ones given in previous section. Concerning the
: , heat transfer, an ideal heat transfer described by a
e The amplitude and the shape of the first peakégefficienta — 10W/K/n? has been chosen and the
very good. o .
pipeline surroundings have been assumed to be at
e The overall attenuation rate of the travelling waweonstant temperatur&oundary= 10°C. The effect of
is good. One can notice a slightly higher dampirghanges in both the mass flow rate and the inlet tem-
with the TLM model. perature on the outlet temperature are investigated.

« The noisy signals in the MSL model due to thg,lmulatlon results are shown in Figure 5. The initial

. 0 . . .ﬁt]ate is characterized by a mass flow rate of 0.25 kg/s
discretization artifacts are replaced with a smoo . .
signal. and an inlet temperature of 23°@. The resulting out-

let temperature at steady state is about PE8vith
e The simulation time is much shorter with thé&oth models. At time t=0.25h, the inlet temperature
TLM model: 8.6 instead of 100 seconds. is linearly decreased to 1%&. The dynamic response
of the TLM model differs substantially from the MSL
The second perturbation is smaller and results thefgodel. In the MSL case, the outlet temperature starts
fore in a better agreement between the models. gBcreasing before the cold water at the pipe inlet has
slightly higher damping can again be observed wiglben transported to the outlet. This is due to the spatial
the TLM duct model. To investigate whether the difjiscretization of the pipeline model, which is equiva-
ference is mainly caused by the model structure or ft to a mixing effect. The TLM model, implemented
the parameter values, the static friction te@h has wjth a pure delay operator, does not present this mix-
been adjusted to give a slightly lower damping. F@{qg property and captures well the effect of the trans-
that s&ake, the erquuench has been changed fromyort delay. When the number of nodes is increased the
wie 2z to wie . The results shown in Figure 4response of the MSL model tends towards the TLM
are much better and confirms that the model structw@ution, but at the cost of a longer simulation time.
may be suitable for turbulent flow simulations. Furthét time t=2h, the mass flow rate is decreased to 0.1
analysis and simulations are however required to fultg/s. It has a slow but immediate effect on the outlet
validate the model and to eventually derive a Reynoltisnperature. The response of both models are compa-
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sented. It is ah extension of the classical Transmis-

outlet (MSL, 50 segments)

outiet (TLM, 1 segment) sion Line Model, a transfer matrix representation of

inlet

a pipeline characterized by constant medium proper-
ties and laminar flow conditions. The proposed model
has extended the basic TLM model to describe the in-

fluence of heat losses. A dynamic friction model that
D is explicit in the medium and pipeline characterisitcs
03 has also been included. Finally, it is shown that, with
[ et mass v e simple adjusments, the model can reasonably well de-
scribe the pressure dynamics in turbulent flow condi-
tions. Some simulations have been carried out to com-
pare the performance of the propsed model to the one
from the Modelica Standard Library. It turns out that
N S the model accuracy is satisfactory and that the short

simulation time makes it suitable for real-time appli-
Figure 5: Temperature dynamics of the MSL and TLIgations. The model has also been applied to simulate
pipeline models. Top: outlet and inlet temperaturedifferent operation modes in@O; transfer pipeline.
Bottom: inlet mass flow rate.
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