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Abstract: Abrupt section changes are a classic problem in the study of flow in cylindrical ducts or
pipes. For its analysis, there are a wide set of exiting data from previous studies, among which
some authors stand out and will be mentioned. Those previous works have been used to obtain
reliable results for the resolution of section changes along a pipe, either due to cross area increases
or reductions on a 1D basis. It is also known that a numerical 2D axisymmetric simulation (CFD)
could find a consistent result compared to experimental data in almost all fluid flow fields. The
main novelty of the present study is the development of a simple numerical approach used to solve
the minor loss calculation. Firstly, a theoretical analysis is developed, and then the results of the
numerical simulations carried out on the behavior that affects the water and air flow rate in an abrupt
section change, for both contraction and expansion problems, are presented. In both cases, the results
are analyzed with different meshes (discretizations) and turbulence models. Finally, the obtained
numerical results are compared with those in the technical literature. Also, a theoretical approach
is shown in order to show a whole frame of the discussion. The core results are the loss coefficient
evolution as a function of the section change both for the sudden contraction and the expansion of a
pipe flow. As the results follow the existing experimental values, it is concluded that the developed
model provides a feasible and quick design tool to analyze possible geometrical changes without the
need for further experiments.

Keywords: pipe flow; numerical flow simulations; CFD analysis; turbulent models; abrupt section
change; area ratio; pipe flow patterns

1. Introduction

Due to different elements used in pipe flows to correctly deliver or handle a given fluid,
not only the pipe’s linear (or major) losses but also the minor ones have been extensively
studied and constitute a classic problem in Fluid Mechanics. Among the minor loss
calculations, the sudden change in cross-section at a given pipe constitutes a good example
of an extensively studied problem. Nevertheless, not many numerical approaches have
tackled it and, to the authors knowledge, some innovative approaches in the loss coefficient
calculations are still to be developed. Obviously, using a fully 3D solution would be the best
option, but our interest was to develop a quicker and more engineering-like valid solution.

The section changes in a cylindrical pipe can be branched out in different cases
depending on the how such section change is defined [1]. Within those classifications,
the following can be considered, among others: abrupt contraction, rounded contraction,
conical contraction, and beveled (flanged) contraction. In this article, the analysis will be
focused on the abrupt contraction, whose model is shown in Figure 1.
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Figure 1. Streamline sketch through an abrupt contraction in the pipe (sketch adapted from [2]).

The main fluid feature behind the solution for the abrupt contraction flow, is the fact
that this section change promotes the sum of two effects: a first contraction of the flow that
produces an acceleration, followed by an expansion that produces a deceleration [1-4]. The
point where the change from acceleration to deceleration occurs is the area where the flow
reaches its smallest section, known as the contracted vein or “vena contracta”, see [1].

In this phenomenon, shown in Figure 1, the total head loss is the sum of the losses due
to the contraction between the last point of adherence (Section 1) and the “vena contracta”
(Section 2), plus the losses of the expansion from the area of contracted vein (Section 2) and
the exit of the flow or reattachment area (Section 3).

The sudden expansion process can be defined, parallelly to the contraction geometry,
on the basis of the section exchange rate [1]. The following geometrical options are available
in this classification: abrupt expansion, direct expansion with conical diffuser, multi-stage
expansion with conical diffuser, expansion with curved wall diffuser, and pipe reducer,
among others. In the present article, the analysis will be based on the geometry of an abrupt
expansion, whose model can be observed in Figure 2.
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Figure 2. Streamline sketch through an abrupt pipe expansion (sketch adapted from [2]).

The main flow feature for the abrupt expansion is the separation of particles from the
imposed geometry change at the separation point which is located just at the corner defined
by the expansion zone (abrupt section change, as shown in Figure 2). That separation
induces the eddy generation in a recirculation region, also called the free mixing zone.
Downstream of separating point and the so-defined recirculation zone, the flow returns to
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the imposed geometrical condition at the reattachment point (right-hand side in Figure 2).
The critical issue there is to correctly describe the reattachment point.

As depicted before, flows through section changes have been widely studied by
numerous authors in previous works. In such works, difficulties came from the accurate
flow description when the case of abrupt section changes were considered. The correct
location of the separation and reattachment positions are always the key issue in many
studies. A first part with initial approaches (from the early XX century) is developed here,
and more recent values are then discussed in the final part of the article. In order to show
an evolution of this subject over the years, the contributions of some of the most important
authors in this field are reviewed chronologically.

An interesting review in the study of the flows along a cylindrical duct, calculating
the so-called minor losses, as those generated due to contractions and expansions, can be
found in [3].

Previously, the BSc thesis in [4] develops an experiment about abrupt section changes
in the water flow through a pipe. From those results, it is concluded that the losses due to
expansion are approximately three times those produced during contraction. The study
relies on previous studies by Gibson (in 1910 and 1912) and Weisbach (in 1855), as stated and
reordered in [3]. In addition, [4] determines two exponential formulas for the estimation of
the load losses due to the sudden section change, following:

Expansion : e = 0.00932 RO4131/1.885

1)
Contraction : iy = 0.00187 RO-881/1.84

In [5], an equation is provided for the calculation of energy losses due to abrupt
expansion. This relationship has the particularity of depending on the speed of flow in
both sections:

(Vo — V)90
S

Later on, [6] provided experimental results about load losses and the influence of the
Reynolds number on them. To analyze the influence of the Reynolds number, changes in
the speed profiles were examined. In the textbook [7], it is determined that the coefficient
due to abrupt expansion is determined by the following equation:

A 2
Kcont = Ca (A; - 1) (3)

)

hloss =

where C, is an experimental factor (dimensionless) that is determined by an experimental
graph [7].
On the other hand, [8] started to use the non-dimensional equation to determine the
loss coefficient, that is:
Pioss = 43 4
loss — E 4)

The main goal in [2] was to define a coefficient to determine the losses during the

contraction. Thus, the following relation is obtained from data obtained through experi-
mentation, using water and air as fluids, and their extrapolation is:

hexp = 0.57806 + 0.39543 — 4.53854(2+14.24265p° — 19.22214p* +8.54038p°  (5)

Then, in 1969, Idelcik published his well-known work, “Memento des pertes de charge”
(in English: “Handbook of hydraulic resistance” [9]), in which one chapter deals with the
flow in pipes and channels. In the chapter, Idelcik proposes a value for the coefficient of
head losses in various types of contraction, including the case of an abrupt contraction.
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This same equation is later proposed by Reza (1985) and takes the following formulation

(Re > 10%):
BRGNS A,
hloss - zg <2 (1 - Al)) (6)

In [10], a work is developed from the results and data provided by [6], and based on
his conclusions, two different approaches to the two considered problems are proposed,
both for expansion and contraction, including the consideration of the “vena contracta”.

As stated in [3], Weisbach (in 1972) provided a summary of the previous work on
this subject, publishing a book containing the results of all the previous authors. He also
contributed new experiments carried out by his team, which were adjusted from [1].

In [11], the authors studied the differences in the definition of the loss coefficient from
a one-dimensional analysis of incompressible flow, highlighting some difficulties with
the geometry of the contraction and flow for real pipes and fluids. Those authors have
published many articles on the topic. In particular, in [12], they used the equation by Bullen
et al. (back in 1983) to obtain, in an experimental and theoretical way, coefficients using
different area ratios and an Re range that oscillates between 4 x 10* and 2 x 10°. The
definition selected for the pressure loss coefficient in the contraction is the following;:

29 A2h Ay\?
Kcont - 7g Q22loss — [1 — <2>

The study concludes that the values of pressure loss coefficients from the static wall pres-
sure distribution are directly proportional to the Re (in a study range of 4 x 10* < Re <2 x 10°).
It also determines that the pressure loss is affected by how abrupt the contraction is. It
also ensures that the results are valid with an accuracy of £5% to +10% at high Reynolds
numbers. Using low Reynolds numbers, this hypothesis should be used with caution.

In more recent years, numerous studies and articles have been presented with the aim
of making new contributions in this field, as well as compiling information from previous
work, some of which are briefly mentioned in what follows.

As explained in [13], other contributions used the equation from the work of [5] to
calculate the energy losses caused by abrupt expansion. In [14] and in [15], it is established
that the loss coefficient due to abrupt expansion might be determined by means of a graph,
based on the area ratio between the two conduits. For instance, [16] compiles the previous
values and provide as new data a value of the pressure loss coefficient for the inlet from a
pipe to a large tank, where the following condition is imposed: Dy >> D (so D1 /D, =~ 0).
In [17], on the basis of previous documents, the following equation is proposed for the loss
coefficient in an abrupt contraction, namely:

Vi
() ®

14 D,\?

Keont (2;> ~ 0.42 ll - <Dj>
Also, in [1], some previously developed studies were considered to finally obtain
the “shrinkage loss coefficient” based on a document dated from “The Crane Company”
(1957). In [1], there is a study that adjusts the data obtained in [3]. From that study, a large
number of equations and tables were developed to obtain the total losses in different types

of contraction and expansion (varying according to the model of section change). The
following equation is finally proposed for calculating the losses in an abrupt contraction:

(7)

hloss = Kacc (1 - B5>}\2 + ( A— 1)2 (9)

where K, represents the coefficient of losses due to the acceleration of flow and is taken as
a value of 0.0696. In addition, 3 = D, /D1, and the flow speed ratio A is found as:

A=1+ 0.622(1 —0.215p2 — 0.785[35> (10)
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In [1], a value is also provided for pressure losses in an abrupt expansion based on the
Borda—Carnot Equation [18]:
2
hioss = (V12gVZ) (11)
Some of the previously mentioned results are plotted in Figure 3, in the same kind of
graph and variables as were chosen in [12], namely the loss coefficient as a function of the
area ratio. Although a complete list would be almost impossible to compile, and more than
the ones mentioned have been considered, it could be worth mentioning here the results
in [1,2,6,9]. The results of [2] come from the plot of Equation (5). Even though the equation
is a continuous curve, only four discrete values have been plotted for clarity (not to be
confused with the values from [1]).

E(=)  Benedict et al. (1966), Eq. (5)
2 1\

0.6 ’@/ \

0.5
* \
04
= \
@
0.3 i~ \
Kays (1950) \Rennels (2012)
0.2
Ideldjk (1969)
0.1

0.0 \

R=A,/A, "
08 2/ 1.0

0.0 0.2 0.4 0.6
Figure 3. Comparison of the experimental loss coefficients in an abrupt contraction [1,2,6,9].

Recent numerical approaches for similar problems have been proposed by different
authors: for a numerical strategy, see [19], or for experimental data in convergent-divergent
flows, see the work by [20], which considers a light slope instead of a sudden section
change. A basic approach intended for CFD teaching was also proposed by [21], and
a solution similar to the one presented here but, once again, for a progressive section
change, not for an abrupt one and in the frame of a porous media kind of application, was
published by [22].

From the previously mentioned bibliographical study, a theoretical 1D model is de-
veloped in the following text (Part 2) to then show a 2D numerical axisymmetric model
(Part 3) and both analyze its results and compare it with the exiting data in the bibliography
(Part 4). The 2D numerical model developed in the present article offers a practical and
efficient method to analyze pressure losses for contraction or expansions in pipe flow. Since
the numerical results follow the existing experimental data, it can be used as a quick loss
predictor for geometrical changes in conduits without the need for further experimentation.
A model verification with existing bibliographic values is shown as a conclusion.

2. Theoretical Model

The two different geometries are now considered on a theoretical 1D basis in an effort
to have a clear insight into the involved variables. What becomes straightforward when
reading the different available bibliography is that the abrupt expansion is a much easier
problem than the sudden contraction. The main reason for this is the actual complexity that
the contraction adds to the problem in terms of the description of the “vena contracta” [23].
Therefore, even though both have been considered in theoretical description, only the
equations for the sudden contraction will be shown and described.

Both problems will be handled using the energy equation with the losses of the element
and the control volume momentum conservation equation. A classical solution that goes
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back to the Borda—Carnot Equation for a given element in an incompressible flow (V being
the flow average velocity in the element), namely:

(V —1)?

23 (12)

hioss =

The calculation for the losses starts with the control volume definition. In this part

of the present study, a control volume is chosen to handle the geometry on the basis that

the friction losses are negligible, and that then, the only effects to be considered are the

boundary conditions (at flow inlet and outlet) and the pressure in the surface after the
sudden contraction (see Figure 4).
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Figure 4. Control volume for the sudden contraction geometry (1D model).

The first approach is a basic calculation, considering that V, > Vy, and the other
boundary conditions are shown in Figure 4. And then, the forces equilibrium is derived as:

PiAy — Py Ay — Py(Ar — Az) = pQ(V2 — V1) (13)
If the linear losses after the expansion are to be neglected, (Py ~ P;), and then:
PiA1 = PyAy — Py(A1 — A) = (P — P2) A1 = pQ(V2 — Vi) = pA1Vi(V2 — V1) (14)

And using the energy equation from (1) to (2) (Figure 4), the following can be obtained:

L1\ 1V? L 1V3
hloss = <fll)11> Egl + <f12)22 + Evcont) EEZ (15)

Now, the value of (15) is substituted in (14) considering the boundary conditions.
Those include the inherent potential energy or height variations equal to zero. The linear
(or major) losses that are non-relevant for the given geometry are also considered. Then,
the losses in the expansion are found as:

Vi(Vo—Vy)  VE-V} 1V7
= -2 1
2g 2g + E.cont2 g ( 6)

And the final expression for the coefficient is then obtained as:

1V} V2 Ay 72 ok
E.cont <2gz> = ﬁ [1 - Aj:| s E.cont = |:1 - Ai:| (17)

Obviously, this solution is quite symmetrical to the case of the expansion or enlarge-
ment, but it does not look very realistic as the flow overcomes many more different features,
such as the stagnation of the flow and subsequent “vena contracta”, which seems again to



Fluids 2024, 9, 152

7 of 19

be in the root of such behavior. The question lays then on the value chosen for the velocity
on the initial section (see Figure 4). Accordingly, a table can be built by choosing different
plausible values. The results are shown in Table 1, which include as a final row the value
of (17), as developed in the present model, and will furtherly be referred to as “simple 1D
theory”, in the final figures of the article.

Table 1. Different losses according to the bibliography and 1D developed model (Equation (17)).

Value of V, (m/s) Losses, hy ogs (M) Cont (--°)
Vo = Yl %Vé B _ ;(2%)]; [% _ %(A% ]2 Equation (6) by [9]
weved -] ()]
Vo = AlAi=do)+Vads %v?;[l_@%)]‘l [1_(%”4 Equation (3) by [7]
V= 14 %%; [1 _ <%)]2 [1 _ (%ﬂz 1D model Equation (17)

3. Numerical Model
3.1. Geometry

The simulations and the computational solutions have been developed from the basic
geometries shown in Figure 5, which is a simple sketch (not scaled). As the geometrical
values are a critical issue for the final results, and considering a 2D axisymmetric model,
the cylindrical pipe with the sudden cross-section change (expansion/contraction) is then
numerically treated, and details are given in what follows. For the contraction geometry
(right), the velocity profiles will be shown in x =1.0m, x =1.7 m and x = 3.5 m (end of
the domain), while the data reduction for the loss coefficient is done in x = 1.7 m and
x=1.8m. For the expansion geometry (left), the velocity profiles will be analyzed in
x=1.0m, x = 1.7 m and x = 3.5 m (end of the domain), while the data reduction for the loss
coefficient is done in x = 1.55 m and x = 1.95 m.

x=1m x=17m x=35m x=Im x=17m x=35m

:
| I
L
|
col !
....... S
|
|

A1 —_———— e — I 4= l— === l— A2
| L ! | |
| LT —+ !
I
| | | I | | : I
y | ; | I I [ : [ 2
x=17m x=18m x=155m x=195m
la »le »l
L, L, oL L, '

Figure 5. Data recording positions in the two geometries: contraction (left), expansion (right).

The geometries have been generated using the software application Gambit 2.4.6
(2007), and the contraction (Figure 6, left) consists of two pipes: a first one with diameter
(D1 =0.025 m) and a second one, whose diameter (D;) varies depending on the case of the
simulation, as shown in Table 2. A global arrangement and mesh detail is shown in Figure 6.
The total length of the computing domain is 3.5 m, ensuring the axial length necessary
to achieve a fully developed flow at the outlet, and placing the section change close to
the midpoint of the total length of the duct. More details will be given when boundary
conditions are discussed later on.
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Figure 6. Global mesh and detail for a given case (contraction), in the present model.

Table 2. Summary of the generated meshes.

Studied Cases Mesh Type Number of Cells
Geometry with D, = 0.9D; Single 322,050
Geometry with Dy = 0.7D; Single 410,250

Coarse 245,850

Geometry with D, = 0.5D; Standard 420,679
Refined 694,028

Geometry with D, = 0.3D; Single 395,000
Geometry with D, = 0.1D; Single 356,250
Coarse 70,000

No step geometry Standard 115,000
Refined 210,000

For the cases of no section change or only a linear loss geometry (D, = D) and
contraction pipes with an area ratio of 0.5 (D, = 0.5D), three different meshes have been
generated, increasing the number of cells in each one and using these cases to ensure that
the results obtained are independent of the mesh.

The program used for the simulations was Ansys-Fluent 6.3.26 (2005). The 2D axisym-
metric and stationary model has been selected to analyze the flow in the contraction and
expansion study. The size of the meshes in the area near the wall is smaller, in order to
adapt it to the thin layer with higher gradients expected there, as explained in Figure 6,
mainly at the critical part of the domain, where the section change is produced. The cell
size of wall-adjacent meshes in all solid boundaries has been fixed to preserve y+ values
below unity.

3.2. Mesh Independence Study

In order to study the independence of the mesh, pressure gradients and pressure losses
will be analyzed throughout the analysis domain of the pipe, both for the phenomenon of
contraction and for that of expansion, using different meshes in the case of 0.5D; (coarse,
medium, and fine meshes) and always considering the turbulence model of k-¢.

The study of the independence of the mesh has been carried out through the three
meshes for the case of 0.5D;, simulated from the turbulence model of k-¢. The results of
both the pressure drop and subsequent pressure loss have been analyzed using the data
obtained from the simulations with the different meshes, and it will be proved that the
results are independent of the mesh used for the simulations.

As can be seen in Table 3, the values of pressure and head differences between the
inlet and outlet are similar in all the meshes used for each phenomenon. Therefore, it can
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be concluded that the simulations are correct and that the results obtained with the refined
model are representative of the solution to the studied problem.

Table 3. Mesh independence tests for the case D, = 0.5D;.

Geometry Mesh Type Pressure Losses (Pa)
Coarse 36,395.11
Sudden contraction Standard 36,422.75
Refined 36,286.85
Coarse 20,304.47
Sudden expansion Standard 20,295.86
Refined 20,501.45

3.3. Turbulence Model

The physical characteristics that allow the identification of a turbulent flow have been
defined by many scholars (see, for instance, [24]) and are the following: irregularity, high
diffusivity, high Reynolds number values, high dissipation, and continuity. The turbulent
model is the term often used in numerical flow simulation to handle a proper approach to
the turbulent shear stress tensor, that is, with the tensor as:

T = —pujul (18)

Such a tensor is often referred to in the bibliography as the Reynolds stress tensor, and
it shows up along the averaging process of the Navier-Stokes Equations. That averaging
process is quite convenient to solve the incompressible turbulent flow by splitting a given
unsteady variable into an average term plus an oscillating term.

On the present article, the three turbulent models that are compared are the Spalart—
Allmaras model (S-A) and two different two-equation models (k-¢ and the k-w). Therefore,
for that two-equation models, the presented simulations will lie in the RANS (integral zone
in the graph in Figure 7). The two equation models are used independently, not as in the
Menter’s SST model [25].

Kolmogorov (1)

Integral (7)

log (E)

II

-

Transfer Destruction

log (x) = log (1/L)

Turbulent_energy spectral density

Wave number (k)

Figure 7. Different levels in the approach of the turbulence effects (adapted from [25]).

As a final complement and to check the influence of the possible two-equation closure
conditions [26], a calculation with a Reynolds stress model (RSM) is performed. Usually,
the RSM is better indicated for 3D geometries, but in the case of 2D axisymmetric ones, it
seems that accurate results can also be obtained. Moreover, this RSM looks to be best suited
to predict recirculation and reattachment. Therefore, a comparison of the results for the
studied geometry will be shown.
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The RSM calculations were implemented in the Ansys Fluent 5-Equation model, [27]. It
uses a linear pressure-strain approach, with wall boundary conditions from the k-Equation
and wall reflection effects, as developed by [28]. The near wall treatment was chosen to be
the enhanced one.

3.4. Fluid Properties

Regarding the conditions of the fluid, data have been taken from the program for
liquid water (water-liquid), which are, among others, the following values, summarized in
Table 4.

Table 4. Fluid properties implemented in the numerical model for water flow.

Property Symbol Value (unit)
Density P 998.2 kg/m?3
Pressure coefficient b 4182 (J/ (kg K))
Viscosity n 1.0003 x 1073 kg/(m s)
Molecular weight M 18.052 (g/mol)

3.5. Boundary Conditions and Geometry

The general convergence criterion used when carrying out numerical flow simulation
(CFD) analysis is variable throughout the literature in this area, as previous works use
different methods to either verify or validate their results. In this work, numerical compu-
tations are considered to have converged when the residues of the different variables are
less than six orders of magnitude in all cases (sum of residuals in the used domain under
107°), reaching down to eleven orders of magnitude in some variables and simulations
(10~ ). To carry out the simulations, it is necessary to establish the boundary conditions.
The following ones were considered:

1.  Domain outlet: Atmospheric pressure conditions are stablished.

2. Domain inlet: It is necessary to discern the cases of contraction and expansion. The
details of the conditions are explained in the strands (3) and (4), which follow.

3. Inlet velocity for the sudden contraction: before the simulations results are considered
valid, the speed profile at the exit of the finest straight pipe mesh is obtained. This
speed profile is imposed as the input speed of the contraction simulation. In such a
way, the velocity profiles at the inlet are fully developed ones.

4. Inlet velocity for the sudden expansion: before the recorded/final simulations, the
speed profile at the exit of the finest pipe mesh in the contraction is obtained. This
speed profile is imposed as the input speed of the expansion simulation. Therefore,
the velocity profile at the inlet are again fully developed ones.

5. Wall condition, for the pipe surface, in the different domain limits that correspond to
the solid wall condition.

6.  Axial symmetry of the whole domain, as global condition for the flow behavior.

The numerical model firstly managed to obtain a series of main parameters to be
fixed, namely the number of cells and global lay-out of the mesh to be ready for the
calculations. After that, following the model’s detailed setup as already explained in the
previous sections, a double-step protocol was started up: firstly, to stablish the best option
for the turbulence model, and secondly, to run the model for the different geometrical
arrangements. For the last one, two different kinds of results will be shown both for the
contraction and the expansion geometries, namely the global results and the study of flow
fields, basically the velocity and pressure fields. The studied geometries are considered in
Table 5.
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Table 5. Considered geometries in the present study.
Contraction (water) D,/Dq 0.1 0.3 0.5 0.7 0.9 1.0
Contraction (air) D,/Dq 0.32 0.55 0.71 0.84 0.95
Expansion D1/D, 0.1 0.3 0.5 0.7 0.9 1.0

The total length of the model is fixed to 3.5 m, leaving the quotient of the length over
diameter at least 60 times higher from the contraction/expansion to the beginning/end of
the domain (according to Figure 5, for the expansion geometries, the value was 5—21 =68,

and for the contraction geometries, the values becomes ILTll = 64). In such a way, the effect
of the boundary conditions it is considered to be far enough from the core region, where
the change in the cross-section is produced.

4. Numerical Model Results

The analysis of the results begins by carefully studying the speed and pressure profiles
for each of the turbulence models. After a global frame is stablished, the local velocity
profiles are obtained and conclusions on the turbulent model are drawn. Then, a deep look
at the velocity fields and streamlines is proposed. Finally, pressure losses are obtained, and
core results of the article lead to final conclusions. All results are shown for the finest mesh.

4.1. Pressure and Velocity Fields

From the numerical results, a wide range of data became available, and the post-
processing is advanced towards a comprehensive data generalization. As a starting point,
the pressure and velocity fields are observed, and a global frame is stablished. For instance,
Figure 8 shows the pressure field and velocity values for a contraction with D, = 0.5D;.
The first ones are plotted in the lower part of the figure, within a range of [0, 1.13 x 10° Pa].
The expected pressure drop is numerically obtained.

00 14 27 41 54 68 81 94 108 121 135

‘ Velocity Magnitude [ m/s ]

Static Pressure [ Pa ]

0 2.26e+04 4.52e+04 6.78e+04 9.04e+04 1.13e+05

Figure 8. Pressure (lower part) and velocity (upper part) distributions for D, = 0.5D;.

Also in Figure 8, in the upper part of the figure, the velocity values on top of the
streamlines are shown for a particular contraction case. The velocity ranges for this particu-
lar case were (according to initial numerical trials) within the limits [0, 13.5 m/s]. Those
ranges fitted for most of the studied cases and a proper analysis was carried out to de-
termine the validity of the results considering the global expected trends for the velocity
and pressure distributions. Based on a deeper analysis of the obtained results, velocity
profiles at three different sections will be shown in what follows. The previous split on
the different available numerical values will be kept, showing first the results for the con-



Fluids 2024, 9, 152

12 of 19

traction and then for the pipe expansion. A non-dimensional representation is chosen in
the local velocity analysis to better analyze the obtained results. To account for such idea,
non-dimensional velocity is plotted vs. a normalized position from the pipe wall.

Regarding the contraction, the comparison between the different velocity profiles
at some points of the pipe for the models used in the simulation is shown in Figure 9,
retrieving the expected turbulent-like profiles for the case D, = 0.5D;. A fairly good
agreement with the theoretical profiles was observed, and in the detailed comparison,
almost equal values for the three different models was obtained. Almost identical behavior
was observed for the x = 1 m location (before contraction), while more relative differences
were found for the x = 1.7 m and x = 3.5 m (domain exit). For those two locations, the k-w
model is the one with higher losses, with higher velocity gradient in the near-wall region.
However, the three models provide similar values in all locations.

= x=1.0 m x=1.7m x=3.5m

=

% 11 oo errennsens J ..,,,,,M - S

> 0.8 M\ "ag, 120,

Z 08¢ N { 2, { -
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) % g
o] 3 H 1
N 047 t : :
T, ] ¢ 1 | — |
g 0.2} |——K-e—=kKk-w—+S-A 2 ——k-¢ =*—k-w —+S-A ) ——k-¢ =—k-w —+S-A

] . .

Z 0 .
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Figure 9. Sudden contraction (D, = 0.5D;) velocity profiles for the three turbulence models at different
locations, namely x=1m, x =1.7 m, and x = 3.5 m.

From the values in Figure 9 and similar ones for the other studied contractions, the
k-¢ model was found to be a good approach and was chosen for the final core results
comparison. On the other hand, as the differences encountered were not so big, the final
model selection was not so critical. It was then used for the subsequent data reduction,
together with the finest grid, as explained in the previous part.

A plot with the velocity fields is then proposed in Figure 10. The field is made non-
dimensional using the inlet velocity, and then five different contractions are studied (D/Dy).
Similarly to what was proposed in Figure 8, the lower part of each figure is used to plot this
non-dimensional field, while the upper part of each figure is used to plot the streamlines.

As expected, the velocity increase is higher for higher contractions, reaching its maxi-
mum at D, = 0.5D;. Both patterns, streamlines and velocities, are also in agreement with
the trends typically expected in the defined problem. That is, from the literature review
and the flow behavior in the different cases, it can be concluded that (at least) the obtained
results would be considered as feasible.

In Figure 10, for the cases with higher cross-section change, there is an upstream
effect with high velocities even for x positions before the section change is produced.
For the lower cross-section changes (cases with D, < 0.5D;), the geometry effect on the
flow velocities resembles a practically symmetric potential source with a monopole vortex
(cases with D, > 0.5D1). On the other hand, the low-speed corner, just before the contrac-
tion, becomes lower with decreasing contraction degree, being minimum for the value at
D, = 0.9D;. The minor losses of the element are then a straightforward effect of the shown
velocity changes and, as a matter of fact, the higher the decrease in the cross-section is, the
higher the velocity gradients retrieved are, and therefore the higher the losses will be.
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D, =0.1D, D, =0.3D,

D, = 0.9D,
Figure 10. Streamlines and velocity values for the contraction (k-¢ model).

In what refers to expansion, a comparison between the different velocity profiles at
three points of the pipe for the used turbulence modeling in the simulation are provided;
the results, again on a non-dimensional basis, are shown in Figure 11. Parallelly to the
studied contraction, the analysis of the results of the expansion process begins by reviewing
the speed and pressure profiles for each of the turbulence models.

x=1.0 m x=1.7m x=3.5m
2 0 | 02 0
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Normalized position Normalized position Normalized position

Figure 11. Sudden contraction (D, = 0.5D;) velocity profiles for the three turbulence models at
different locations, namely x =1m, x =1.7 m and x = 3.5 m.

In Figure 11, the k-¢ model provides the lowest friction losses in the near-wall region
for the D, = 1.5D; at x = 1 m. Then, at x = 1.7 (just after the expansion), both k-¢ and
k-w provide almost the same velocity profile, which includes some negative values as
the recirculation bubble is placed in that section. In section x = 1.7, only the k-w and the
Spalart-Allmaras (S-A) models are shown as the k-¢ model provides very similar values
to the k-w one. Finally, for the x = 3.5, all three models practically collapse into only one
curve. After a full study of the different cases for the two possible changes in section
(namely Figures 9 and 11 and equivalent ones for other diameter ratios), the k-¢ model was
considered for further analysis.

A non-dimensional plot of the velocities is presented in Figure 12, using as a reference
the outlet velocity for the different expansions. Again, as in Figure 10, the upper part of the
plots is used to plot the streamlines and the lower part shows the non-dimensional velocity
distributions, namely the values V/ V.
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Figure 12. Streamlines and velocity values for the expansion (k-¢ model).

Almost all cases (except the one with lower section change, that is, the one with
D, =1.1D;) show a big recirculation bubble, this being the main part of a pair of contra-
rotating vortices. Also, the flow field is divided into two main zones: the core or jet region
and the low-speed corner, with the recirculation bubble. For the lower cross-section changes
(cases with D, < 1.5Dq), there is low interaction between the two zones, while for cases
with Dy > 1.5D1, the interaction is higher. Again, as expected, the higher D, /D1, the higher
the losses.

The re-attachment position, not shown in Figure 12, follows the expected trend [26].
It is not shown for the sake of uniformity in the representation, to set the focus on the
expansion zone.

4.2. Pressure Losses for the Abrupt Section Change

From the already discussed derivations, the best parameter to compare the different
values would be the minor loss coefficient, defined as follows both for the pipe contraction
and expansion:

h
L (19)
1V;

And then, from the developed numerical models for the contraction and the expansion
geometries, a possible comparison of the numerically obtained results with the existing
bibliography becomes available. The only considered issue is that both conditions differ
in the value of the higher diameter: in the contraction, the reference value is the initial
one and, for the expansion, the higher one is the final diameter. Bearing that in mind, and
using Equation (19), two different figures are plotted: Figure 13 for the pipe contraction and
Figure 14 for the pipe expansion. The minor loss coefficient is plotted versus the change
in diameter. Such a representation is considered to be the most relevant output from the
performed study and resembles the values previously considered in the bibliographical
review (see Figure 3, where the variable used was the cross-section ratio, namely the
parameter R = 32).
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£(-) Simple 1D theory, Eq. (17)
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Figure 13. Comparison of the minor loss coefficient vs. 3 = D, /Dy, for a sudden contraction [2,9,17].
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Figure 14. Comparison of the minor loss coefficient vs. D1 /D5, for a sudden expansion [8,29,30].

Figure 13 plots, on one hand, some of the existing published results from [2,9] and [17].
Then, the values developed in Equation (17) with the simple 1d theory are plotted. From the
numerical calculation, the deeper analyzed values were the ones using the k-¢ modeling,
and two different curves are shown, i.e., one for water as fluid and another one for air, in
order to check possible density influence on the results. Finally, a curve using the RSM is
also plotted. Those last three curves are named as the “Present model”, with the different
particular conditions.

Although several other values are available in the literature for such problems, three
have been selected for comparison, namely the values found in [2] and the derived and
proposed values by [9] and the more recent [17]. The results from the developed model are
plotted considering water and air as fluids. The water model seems to follow the expected
trend, but only catches the actual values in a range for the diameter ratio [0.3, 0.7]; for
lower values, it overpredicts the losses and, what is more critical, for higher values, it
underpredicts the losses. On the other hand, the air model follows quite closely the values
in [9] and reaches quite good results at high diameter ratios (close to 1). Globally speaking,
both models show a good trend in the loss prediction, and it seems that the water model
better finds the experimental values for the range [0.3, 0.6], while it finds a drop in the
losses that is not so coherent for diameter ratios higher than 0.7.

The simple theoretical equation derived in previous sections (Equation (17)) is also
plotted, and although it follows the global trend, the error is too high to be considered as a
design tool. In other words, up to a given global view, it somehow follows the expected
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trend, but it does not catch the actual values at all, providing a loss coefficient almost
double in comparison with any of the other previously plotted and commented values (loss
overprediction, particularly at low values of 3).

For high contractions (3 < 0.5), the results from RSMs replicate the behavior observed
previously with the k-¢ models. In addition, at contractions below 3 < 0.3, there is a signif-
icant overprediction of all the numerical models tested with respect to the experimental
observations. On the other hand, when the contraction is moderate to weak (3 > 0.5),
RSMs estimate a higher value of the loss coefficient, very similar to the results of Benedict
et al. [2]. Moreover, turbulence closure with k-¢ models clearly underpredict the loss
coefficient if 3 > 0.5. In those situations, with such slight diameter reductions, it is presum-
able that Reynolds stress models (RSMs) can capture mild anisotropic effects better than
two-equation models, as it happens in the presented results.

Similarly, in Figure 14, the comparison of the loss coefficient for different bibliograph-
ical values and the present model is performed. The coordinate system is equivalent to
Figure 13, and the minor loss coefficient is plotted versus the quotient D1 /D;.

In Figure 14, the values provided by [8,29,30] are plotted together with the prediction
by [30]. In fact, the last one is the closest to the present model’s results. Nevertheless, it
seems that the model overpredicts the losses for the whole range of the diameter ratio.
Only for the lower values, in the range [0.1, 0.4], can it be considered that there is a kind of
agreement between the model values and the ones obtained in the equation by [30].

It seems that the location of the reattachment point does affect the reliability of the
numerical model results. It is likely not even the flow solution, which the authors consider
to be up-to-date as regards the present technology, but the way the data reduction is
performed and the right calculation of such a point that may include some numerical
additional uncertainties.

Globally speaking, the comparisons in Figures 13 and 14 show how the 2D model can
capture the physics behind the flow behaviors in a sudden pipe contraction, while the same
model for a sudden expansion finds more difficulties and fails to accurately describe the
losses in the whole D1 /D; range, clearly overpredicting the losses.

5. Conclusions

The numerical modeling of a sudden or abrupt change in a pipe section presents a
widespread application for pipe flow. However, a quick but accurate numerical procedure
for the calculation of such losses for different practical situations is not so common in the
bibliography. In the present article, minor losses are considered for the sudden change in a
section of a pipe, both for the contraction and for the expansion geometries. An initial 1D
model is developed and its limits are clearly shown.

The developed numerical 2D axisymmetric model yields a very accurate description of
both practical situations, which can be very useful to understand the physical mechanisms
governing the losses in such classical Fluid Mechanics problems. Those minor losses
referred to have been widely studied on an experimental and theoretical basis, but not
so much using a numerical approach. Within the proposed methodology, a numerical
calculation of the losses for the two possible pipe section changes has been shown.

The numerical model has proven its robustness in what refers to mesh independency
on the final results. For the obtained sensitivity of the developed model, even a lower
number of cell meshes could be enough to reach the same values. A wide study has been
carried out on such mesh independency, with several tests to prove the conclusion.

A wide set of both velocity and pressure maps have been obtained for the two practical
situations, revealing the influence of the turbulence model being used. Three different
models have been tested, namely the Spalart-Allmaras, k-¢, and k-w (SST) models, which
were used alongside the calculations. Although slight changes in the near-wall velocity
profiles were found, when calculating the head losses and loss coefficient, almost equal
values were retrieved for the three turbulent models, with less than 0.5% variations. A final
check with an RSM was also conducted for the contraction flow condition, and the results
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show the consistency of the developed models, with an improvement in the prediction
for the RSM in the range 3 = [0.5, 1], for which the two-equation models underpredict
the losses.

The most relevant finding in this study is the evolution of the loss coefficient versus the
diameter quotient for the different geometries. Regarding the pipe contraction geometry, a
double simulation was performed using air and water as fluids. The results for both show
quite good agreement with the existing data. A third approach in terms of a theoretical
development was introduced, although that final value does not fit the experimental and
numerical results.

For the pipe expansion, the question regarding the reattachment point has been a
cornerstone throughout the different studies and becomes a critical issue in any possible
approach to the problem. The comparison in this problem was not so promising as that for
the previous one. As can be observed, quite different values and trends were obtained and
reported in the existing values. However, the presented 2D model somehow overpredicts
the losses.

The global picture of the head losses for a pipe section change has been numerically
studied, and particular values for loss coefficient predictions are available. A comparison
with the existing bibliographical experimental values has also been tackled. The actual
comparison shows good agreement for the contraction and is fairly different to experimental
values for the expansion.
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Nomenclature

Aq Inlet section contraction/outlet expansion, (m?).
Ay Outlet section contraction/inlet expansion, (m?).
Ca Experimental factor, (---), from [7].

Cp Pressure coefficient, (---).

C.V. Control volume, as often used in Fluid Mechanics.
Dy Inlet diameter, (m).

Dy Outlet diameter, (m).

f Friction coefficient, (---).

hexp Experimental head loss, (m).

Mioss Head loss when changing section, (m).

Keont Head loss coefficient, (---).
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Kace Head loss coefficient due to flow acceleration, (---).

Lq Length inlet contraction/outlet expansion, (m).

L Length output contraction/inlet expansion, (m).

M Molecular weight, (g/mol).

P Pressure, (Pa).

Py Pressure in the contraction section, (Pa).

Pq, Py Pressure at the inlet/outlet sections, (Pa).

Q Flow rate, (m3/s).

R Cross-section quotient, R = Ay /A; = B2, (—--).

Re Reynolds number, (---).

RSM Reynolds stress model.

! Fluctuating velocity field, (m/s).

S-A Spalart-Allmaras model.

Vo, Vexit  Inlet velocity inlet (contraction), exit velocity (expansion), both in (m/s).
V1 Inlet velocity, contraction/outlet velocity, expansion (m/s).
V, Outlet velocity, contraction/inlet velocity, expansion (m/s).
w Fluid viscosity, (kg/(m s)).

X,y Coordinates, axial and radial one, (m).

y+ Wall distance, (---).

t Time, (s)-.

g Gravity acceleration constant, (m/s?).

B Diameter ratio, D, /Dy, (--).

€ Specific dissipation rate, (1/s).

S Pressure loss coefficient, (---).

Econt Pressure loss coefficient for a contraction, (---).

K Turbulent kinetic energy, (J/kg = m?2/s2).

A Flow speed ratio, Equation (10), (-—).

p Fluid density, (kg/ m3).

Tij Stress tensor elements, (Pa).

w Specific viscous dissipation rate or specific vorticity fluctuations, (s/m?).
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