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Abstract: A T-junction of a hydraulic system is the point where hydraulic parameters (which are defined by
variable pressure and discharge) join or separate. The transmission of the hydraulic conditions distributed by the T-
junction connection are numerically analyzed in different conditions which provide insight into the distribution —
transfer of hydraulic parameters through the T-junction. Numerical calculations were performed for defining the
transient modes and the interaction between the hydraulic parameters in the case of a T-junction with the application
of the AFT Impulse software package. The software was chosen as suitable based on previous experience with good
alignment between numerical calculations and field measurements. The results from the numerical prediction of the
occurrences for different conditions in the T-junction construction showed the influence of simultaneity (interaction
and dissipation) of the fluid flow parameters, time delay or parallel flow and counter-flow in the transient modes, which
contribute to the technical opinion on the phenomena occurring in a T-junction.
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T-JA30OJI 1 IPEHOC HA ITPEOJHHU PEKUMUA BO XUJIPAYJIMYHU CUCTEMUA

AmncTpax T T-jazonm Ha XuApayaMdYeH CUCTEM € TOYKara Kaje INTO XUIpayJInYHHUTEe rmapaMeTpH (Ko ce
nepUHUpAHU CO MPOMEHJIMB IPUTHCOK U NPOTOK) CE CIIOjyBaaT WM ce OJAeNyBaar. [IpeHOCOT Ha XHMApayJTHYHUTE
YCJIOBH JAUCTpUOYHpaHH TpeKy T-ja30J0T € HyMEepHYKH aHAIM3HPaH BO Pa3jIMYHHU yCJIOBH, LITO JaBa yBHJ BO pac-
npenendaTa — NPEHOCOT Ha XUIPayIMYHUTE MapaMeTpu Hu3 T-jasonot. Co 1en aeguHupame Ha MPEOJHUTE PERKUMU
Y MHTEpaKIHjaTa IoMery XuIpayInIHUTE TTapaMeTpH BO cirydaj Ha T-ja3o1, U3BpIIEHN Oea HyMEPHUKHI MPECMETKH CO
npuMeHa Ha coprBepcknotT maker AFT Impulse. M360opoT Ha codTBepoT e HampaBeH Bp3 OCHOBA HA MPETXOJHOTO
HCKYCTBO €O JI00pO ycoriacyBambe oMer'y HyMepH4KH IIPECMETKH U TEPEHCKH Meperba. PesynTaTuTe o1 HyMEpUIKOTO
MIpeIBUIYBamk¢ HA MOjaBUTE 3a PAa3IMUHH YCIOBU BO T-ja30JI0T MOKakKyBaaT BIIMjaHHE Ha UCTOBPEMEHOCTa (MHTEp-
aKiyja ¥ JUCHUIANMja) Ha CTPYjHUTE MapaMeTpH, BPEMEHCKOTO 3aJ0lHYBamkbe MM HCTOHACOYHO M NMPOTHBHACOYHO
CTpYeHe BO IMPEOJHUTE PEKUMHU, IITO IPHIOHECYBA KOH TEXHUYKOTO MUCIEHE 32 (PEHOMEHHTE IITO Ce CIydyBaaT BO
T-jazosor.

Koyunu 360poBu: npeoHN peXUMHU; HHTEpdEpeHIH]ja; TUCUIIANNja; CTPYJHOTEXHHYKH MapaMeTpH

INTRODUCTION

The fluid flow parameters during a transient
fluid flow in pipeline systems is a result of a com-
plex set of independently variable parameters. They
originate from the physical properties and mecha-
nisms of the kinematics of the surrounding, as well
as from the fluid properties at given flow parame-
ters. They are described at unsteady state in a given

section of the flow domain [1, 2]. The fluid and its
basic physical quantities (density, compressibility,
viscosity) are given based on generally known pa-
rameters, but the kinematics of their change under
different conditions during the fluid flow is a mech-
anism for which research is still being carried out
[3, 4]. The interaction between the surrounding and
the fluid medium occurs in conditions of transient
flow regimes in pipelines.
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Numerical simulation has become the domi-
nant method for analyzing transient flow phenom-
ena. The main challenge in modeling water hammer
lies in solving the hyperbolic partial differential
equations involved. While the governing equations
are available in closed form, no exact analytical so-
lution currently exists. To obtain numerical solu-
tions, several techniques have been employed, most
notably the Finite Difference Method (FDM) which
can include Lax-Wendroff Scheme and MacCor-
mack Method [5], the Finite Volume Method
(FVM), the Finite Element Method (FEM), and the
Method of Characteristics (MOC).

Pal et al. [6] review recent advancements in
numerical methods for modeling water hammer,
focusing on one-dimensional approaches like FDM,
MOC and FVM. Although MOC has been the most
widely used method, especially in one-dimensional
transient flow modeling, the authors highlight the
advantages of FVM for accurate transient flow sim-
ulations, especially in complex scenarios like fault
detection. Henclik [7] presents a numerical ap-
proach to modelling water hammer phenomena in-
corporating fluid—structure interaction (FSI) using a
four-equation model solved via MOC. The study
emphasizes the influence of viscoelastic pipe sup-
ports, formulating boundary conditions as differen-
tial equations of junction motion, which are solved
concurrently with MOC compatibility equations.
Numerical simulations, validated against experi-
mental data from a laboratory pipeline model with
complex support systems demonstrate that appro-
priately designed supports can significantly reduce
pressure surges by absorbing and dissipating en-
ergy. Prica et al. [8] developed a numerical model
to simulate condensation-induced water hammer in
two-phase flows. Utilizing MOC, the model ac-
counts for the direct condensation of steam on sub-
cooled liquid and tracks the interface between steam
and water columns. The model is validated through
application to a laboratory test case. Ani and Kha-
yatzadeh [9] developed a general computer program
for analyzing pipelines with pumps, valves, surge
tanks, air chambers, etc., based on FDM and MOC
coupling. The accuracy of their program is validated
by comparing numerical results to available exact
analytical solutions. Kandil et al. [10] investigated
the impact of different pipe materials on water ham-
mer intensity and frequency in pressure pipelines by
integrating experimental testing and numerical
modeling. A numerical model based on MOC was
developed and validated using data from a custom
experimental setup equipped with pressure sensors
and strain gauges. The research evaluated five pipe

materials under various flow rates and pressures.
Fast Fourier Transform (FFT) analysis revealed dif-
ferent frequency responses of each material, show-
ing that more viscoelastic materials mitigate water
hammer effects compared to rigid materials like
steel. Deviations between experimental and numer-
ical results were attributed to differences in pipe ri-
gidity. Toumi and Sekiou [11] employed MOC and
a mixed scheme for simulating transient flow. The
results revealed that for each slow closing time,
there is a unique convex law that effectively reduces
maximum overpressure. Furthermore, the evolution
of the optimal pressure at the valve is governed by
two models: exponential and linear.

The literature review shows that the Method of
Characteristics (MOC) is the most widely adopted
approach which is extensively used in engineering
applications to simulate water hammer effects espe-
cially in case of problems with relatively simple ge-
ometries and boundary conditions, like valve clo-
sures or pump failures.

Understanding transient flow behaviour in
complex pipeline networks is essential for the safe
and efficient design of hydraulic systems. The tran-
sient state of the junction element is considered in
this paper, since different states are possible at this
nodal point that can be achieved during the pipeline
operation, i.e., it is possible for one branch of the
junction to have inflow or outflow or no flow
through it. On the other hand, the part of the pipeline
where redistribution of flow to the branches occurs
is in the junction. From a hydraulic point of view,
the junction is a place in the pipeline where the in-
fluence of the surrounding is minimal or none from
aspect of transient states of the fluid, but the hydrau-
lic conditions are more dominant since a pressure
wave is distributed or two pressure waves are super-
imposed. In particular, T-junctions present critical
points where pressure wave interactions can lead to
amplified loads, potentially compromising system
integrity. Thus, in this paper, the MOC is selected
as a numerical approach for defining the transient
states at T-junction in pipelines through a one-di-
mensional model of analysis along the flow. The
presence of a specific pipeline components (reser-
voir, valve, pump, accumulator, etc.) is given
through appropriate mathematical boundary models
to describe their influence and specificity. The junc-
tion model as a boundary condition is developed on
the following assumptions: the head in the junction
is constant for all its branches, while the pressure
wave propagation towards the junction has a posi-
tive sign of the characteristic function C for a branch
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with fluid flow velocity in the same direction as the
pressure wave propagation speed and vice versa [ 1,
2, 4, 12]. This research uses AFT Impulse with the
MOC to simulate and analyze transient flow in a T-
junction. The goal is to quantify how the length ratio
between parallel branches influence wave intensity,
timing and oscillation patterns, thereby improving
predictive capabilities for transient behaviour in
branched pipeline systems.

MODEL SETUP

The conditions for transient states transmission
in a pipeline with a T-junction that connects three
branches were numerically analyzed. The fluid

flows from a tank with a constant level through a
pipeline and is evenly distributed into two horizon-
tal parallel branches positioned at the same eleva-
tion.

Two models of parallel branches were consid-
ered: a pipeline with branches of same length (with
1:1 length ratio) and a pipeline with parallel
branches whose length ratio is 1:2. The length of the
shorter branch of the pipeline model 1:2 is the same
as the length of the branches of the 1:1 model. By
assigning different lengths to the branches, it is
ensured that the pressure wave induced by
opening/closing the flow in the branch is present in
the junction at different times.

a) Model with length of branch 1:1
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b) Model with length of branch 1:2

Fig. 1. Schematic of the models for T-junction

Technical parameters of model

Basic technical parameters for the models
considered are:

o the water level in the reservoir is constant, set
at 100 m height relative to the T-junction,

o the supply pipe (made of steel) to the T-
junction (section 3) is 200 m long and has a
diameter of DN600 and a wall thickness of 4.5
mm,

e the short branch has a total length of 1500 m,
set with 150 m step,

o the longest branch length is 3000 m, set with
150 m step,

e at the ends of the branches, the flow is set at
constant value of 0.1 m¥/s.
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The conditions under which the numerical
calculations were performed are:

e Fluid-water.

e The time duration of opening/closing the flow
in the branch is 2 seconds.

e The law of change of flow is linear.

o Number of divisions-steps of calculation nodes
is 5 m.

e Calculation time is set for 20 seconds.

¢ During the calculations, in the first second, the
stationary state conditions of the pipeline
system are set, and then the changes follow.

Numerical calculations were performed using
the commercial software package AFT-Impulse.
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Scenarios for calculated cases

Transient regimes in the T-junction are consid-
ered under conditions of positive pressure wave
(flow closure), negative pressure wave (flow open-
ing), as well as with the combined action of pressure
waves. The different scenarios considered for the
1:1 model and for the 1:2 model are given in Table
1 and Table 2, respectively. Junctions J15 and J26

Table 1

represent the ends of the parallel branches where the
flow either closes or opens. For every scenario, the
original state of the branch (opened/closed) is given,
so as the time for completing the action of open-
ing/closing at the respective branch end. The corre-
sponding symbol for the resulting change, which is
used in the graphical presentation of the results, is
given in the second column of the tables.

Scenarios of numerical calculations for a model with the same length of branches (1:1)

Scenario J15 126
Number Symbol Start Time Time End
1 Zs-Zs open 2 sec 2 sec
2 Zs-Xs open 2 sec no action
3 Xs-Zs no action 2 sec
4 0s-Os 2 sec 2 sec open
5 Xs-Os no action 2 sec open
6 Os-Xs 2 sec no action
7 Os-Zs 2 sec 2 sec
8 Zs-Os open 2 sec 2 sec
Table 2
Scenarios of numerical calculations for a model with different branch lengths (1:2)
Scenario J15 126
Number Symbol Start Time Time End
1 Zs-Z1 open 2 sec 2 sec.
2 Zs-X1 open 2 sec no action
3 Xs-Z1 - no action 2 sec
4 As-Z1 open no action 2 sec
5 Zs-+l open 2 sec no action open
6 Os-01 - 2 sec 2 sec open
7 Zs-0l1 open 2 sec 2 sec open
8 Os-Z1 2 sec. open open 2 sec -
9 +s-01 open 2 sec open _ 2 sec open
10 Os-+l 2 sec open open 2 sec open
11 Xs-0Ol1 no action 2 sec
12 Os-X1 2 sec no action
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RESULTS AND DISCUSSION

The results of the calculations for the transient
modes are analyzed primarily for the pressure dis-
tribution in the T-junction, by defining the pressure
change in section 3 (supply pipeline to the junction),
section 4 and section 5 (branches from the junction).
The results are given in the form of diagrams which
show the pressure and flow change in each individ-
ual section, as well as a comparative diagram for the
pressure distribution. In addition, the pressure and
flow change diagrams at the point where the tran-
sient mode is induced in the pipeline system are
given. The branch from which the transient mode is
induced in the system is given on the comparative
diagrams with a dashed line.

Effects of a positive pressure wave

Unsteady flow with the positive pressure wave
is ensured by closing the parallel branches, i.e., by
stopping the flow. The cases of pressure distribution
in the T-junction during simultaneous closing of the
parallel branches and the case when the flow is
closing in only one branch while the other is already
without flow are considered.

Simultaneous closure of branches

The transitional states in the pipe system in the
T-junction zone under conditions of simultaneous
closure of the flow in the branches are given in Fig-
ure 2 and Figure 3.
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a) Pressure wave distribution at T-junction and initiation

Fig. 2. Pressure wave distribution at T-junction — 1:1 model:
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Fig. 3. Pressure wave distribution at T-junction — 1:2 model: same time closing of both branches

For the 1:1 model, the two positive pressure
waves from the branches model propagate toward
the T-junction and arrive simultaneously where they
are superimposed in a more intense pressure in-
crease due to constructive interference. The pres-
sure wave is distributed to the supply pipeline with
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reduced amplitude because it propagates in the op-
posite direction of the water velocity, causing partial
cancellation and energy dissipation.

For the 1:2 model, in the T-junction, the posi-
tive pressure waves from the shorter branch arrives
earlier due to the reduced propagation path and its
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influence is transmitted to the longer branch. At the
same time, the pressure wave generated within the
longer branch is still propagating toward the junc-
tion. The superposition of the two positive pressure
waves occurs along the branch with higher length.
This amplified wave then reflects back toward the
T-junction, where its delayed arrival causes a sec-
ondary pressure rise.

Closing one of the branches, the other one is
closed (no flow)

Transitional states in the pipe system in the T-
junction zone under conditions of flow closure in
one of the branches are given in Figure 4 for the 1:1
model and in Figure 5 and Figure 6 for the 1:2
model.
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Fig. 4. Pressure wave distribution at T-junction — 1:1 model: closing one branch
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Fig. 5. Pressure wave distribution at T-junction — 1:2 model: closing one branch (longer)
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Fig. 6. Pressure wave distribution at T-junction — 1:2 model: closing one branch (shorter)

For the 1:1 model, a positive pressure wave
from only one of the branches enters the T-junction,
which is partially transmitted into both the closed
branch and the supply pipeline (section 3). Due to
the hydraulic symmetry of the system, i.e. equal
lengths, diameters and boundary conditions, the

wave transmission pattern remains the same regard-
less of which branch is closed. The pressure wave
transmitted through the T-junction has the highest
intensity, as it carries the primary energy from the
initiating disturbance.

Mech. Eng. — Sci. J., 43 (1), 5-16 (2025)
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For the 1:2 model, a positive pressure wave
enters the T-junction from either the long or the
short branch. In both cases, the wave is partially
transmitted into the closed pressure branch and the
supply pipeline (section 3). The pressure wave
transmitted through the T-junction has the highest
intensity, regardless of which branch closes. The
difference in these two cases is in the periodicity of
the transient modes, that is, due to the different
branches lengths, the pressure wave propagation
time is different resulting in variations in the timing
of wave reflections and superpositions, which di-
rectly affect the frequency and phase of the pressure
oscillations in the system.

The analysis of the branch with zero flow
(closed end) given in Figure 7 shows that its length

11
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Fig. 7. Comparative diagram of pressure wave distribution at
T-junction — 1:1 model and 1:2 model:
closing one branch (shorter)

Effects of a negative pressure wave

Unsteady flow with a negative pressure wave
is ensured by opening the parallel branches, that is,
establishing a flow in the branch. The cases of
pressure distribution in the T-junction during the
simultaneous opening of the parallel branches and
the case when the flow is established only in one
branch while the other is without flow (closed) are
considered.

Simultaneous opening of the branches

The transient states in the pipe system in the T-
junction zone under conditions of simultaneous
opening of the flow in the branches are given in
Figure 9 and Figure 10.

Maw. unosc. nayu. ciuc. 43 (1), 5-16 (2025)

does not influence the initial phase of the transient
response. However, as unsteady conditions develop
over time, the difference in branch length leads to
variations in the timing of wave reflections resulting
in a non-uniform pressure distribution in the T-
junction. The transient response of the pipeline sys-
tem differs in the case of simultaneous closure of
both branches and the closure of only one branch, as
shown in Figure 8. When both branches are closed,
the pressure wave intensity at the T-junction is hig-
her due to the superposition of compression waves
arriving from both sides. In contrast, closing only
one branch results in a lower pressure peak, as the
wave energy is not reinforced by a second incoming
wave.
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Fig. 8. Comparative diagram of pressure wave distribution
at T-junction — 1:1 model: closing one branch vs.
closing both branches

For the 1:1 model, the two negative pressure
waves (rarefaction waves) from the branches arrive
simultaneously at the T-junction, where they are
superimposed in a more intense increase in pressure,
which is distributed to the supply pipeline with
reduced intensity. The pressure distribution of the
pressure wave towards the supply pipeline (section
3) is of reduced amplitude because it propagates
against the direction of the water velocity which
leads to partial attenuation due to momentum
opposition and energy dissipation.

For the 1:2 model, in the T-junction the
negative pressure wave from the shorter branch
arrives first due to its shorter propagation path and
its influence is transmitted to the longer branch. The
superposition of the two negative pressure waves
occurs along the length of the longer pipe and that
effect is perceived in the T-junction after a delay.
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Fig. 9. Pressure wave distribution at T-junction — 1:1 model: opening at same time both branches
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Fig. 10. Pressure wave distribution at T-junction — 1:2 model: opening at same time both branches

Opening one of the branches, the other is closed

(no flow)

The transient states in the pipe system in the T-
junction zone under conditions of flow opening in
one branch are given in Figure 11 for the 1:1 model
and in Figure 12 and Figure 13 for the 1:2 model.

For the 1:1 model, a negative pressure wave
from only one of the branches enters the T-junction,
which is transmitted to the closed branch and the
supply pipeline (section 3). The calculations showed

that due to the hydraulic symmetry of the system,
the same diagram is obtained for the transmission of
the negative pressure wave during the transient
states, regardless of which of the branches is
opened. The pressure wave transmitted through the
T-junction has the highest amplitude.

For the 1:2 model, a negative pressure (rarefac-
tion) wave is applied to the T-junction from either
the long or the short branch. In both cases, the
negative pressure wave is transmitted to the closed
branch and the supply pipeline (section 3).

a) Pressure wave distribution at T-junction and initiation
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Fig. 11. Pressure wave distribution at T-junction — 1:1 model: opening at one branch
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Fig. 13. Pressure wave distribution at T-junction — 1:2 model: opening one branch (longer)

The results in Figure 14 show that the pressure
wave transmitted through the T-junction has the
highest intensity, which is the same regardless of
which branch opens. The difference in these two
cases is in the periodicity of the transition modes,
that is, due to the unequal lengths of the branches,
the pressure wave propagation time differs, leads to
variations in the period and phase of pressure wave

reflections and superpositions throughout the sys-
tem.

11

p (barg)

10
t(s)

15 20

3 0s-xl

Fig. 14. Comparative diagram of pressure wave distribution
at T-junction — 1:2 model: opening one branch,
shorter vs. longer
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The transient conditions in the pipeline in the
case of simultaneous opening of both branches
and opening of only one branch shows a differ-
ence in the pressure wave intensity. Figure 15
shows the wave amplitude is greater in the case
of opening both branches due to the superposi-
tion of rarefaction waves from both sides at the
T-junction.
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Fig. 15. Comparative diagram of pressure wave distribution
at T-junction — 1:1 model: opening one branch
vs. opening both branches
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Effects of positive and negative pressure
wave simultaneously

The transient states and the pressure wave
distribution in the case of inducing a positive and
negative pressure wave in the T-junction zone are
given in Figure 16 for the 1:1 model and in Figure
17 and Figure 18 for the 1:2 model.

From the results obtained for the 1:1 model,
where the positive and negative pressure waves
arrive simultaneously in the T-junction, it is
concluded that the pressure wave transmitted to the
supply pipe is minimal due to the interference from
the branches.

From the results obtained for the 1:2 model,
where the positive and negative pressure waves do
not arrive simultaneously in the T-junction, the
transient states shape depends on which pressure
wave (positive or negative) will arrive first at the T-
junction.

As shown in Figure 17b, a positive pressure
wave initially occurs in the T-junction transmission
system, while in Figure 18b, a negative pressure
wave is observed first. The transition modes that are
reached under these conditions have the same
magnitude and period, but they are of opposite
signs, forming mirror-image responses in terms of
the unsteady flow dynamics.
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Fig. 16. Pressure wave distribution at T-junction — 1:1 model: opening/closing of branches at same time
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Fig. 17. Pressure wave distribution at T-junction — 1:2 model: opening (longer) and closing (shorter) of branches at same time
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Fig. 18. Pressure wave distribution at T-junction — 1:2 model: opening (shorter) and closing (longer) of branches at same time
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The simultaneous presence of a positive and
negative pressure wave in the T-junction has the
effect of reducing the pressure increase that is
transmitted through the inlet pipe (Figure 19), while
in case of non-simultaneous presence of a positive
and negative pressure wave in the T-junction, the
transfer of pressure to the inflow pipe (press 3) is
the same as if when closing only one branch (the
shorter one), Figure 20.

11

p (barg)

0 5 10 15 20
t(s)
30525 ====- 40875 mememme 5 0s-Zs
————— 3 Xs-Zs 4 Xs-Zs mm==e5 Xs-7s

Fig. 19. Comparative diagram of pressure wave distribution
at T-junction — 1:1 model: closing one branch vs.
closing/opening regime
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Fig. 20. Comparative diagram of pressure wave distribution at
T-junction — 1:2 model: closing one branch (shorter) vs.
closing/opening regime

CONCLUSION

The effects of superimposing pressure waves
and their transmission through the T-junction are
presented. A T-junction, i.e., a nodal point with
three branches, is considered.

When pressure waves from both branches
(positive or negative) arrive simultaneously at the
T-junction, superposition occurs, leading to a more
intense pressure response at the junction compared
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to cases where a wave enters from only one branch.
In all scenarios, the transmitted wave into the supply
pipeline (section 3) consistently exhibits the highest
amplitude, whether it is a compression or rarefac-
tion wave, due to the direct energy transfer from the
initiating disturbance. When pressure waves origi-
nate from branches of unequal lengths, the arrival
times and reflection phases differ, but the maximum
transmitted wave intensity at the T-junction remains
the same due to the hydraulic symmetry of the sys-
tem. However, the timing and periodicity of the
transient regime vary. Simultaneous closure or
opening of both branches generates higher pressure
amplitudes in the T-junction due to the interaction
of waves from both sides. In contrast, closing or
opening only one branch results in lower wave
intensity because of absence of superposition. The
system also shows that compression and rarefaction
waves produce transient regimes of the same
amplitude and frequency, but with opposite pressure
signs.

The knowledge gained through the analyzed
variant conditions is only an indicator of the need
for a more detailed definition of the transitional
regimes in a pipeline, and the same can be used in
the design of pipelines and for the protection of
pipelines from uncontrolled pressure increase/de-
crease occurrence.
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