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Abstract: The paper presents the results of preliminary numerical calculations of a fluid flow
in a channel with an obstacle. The flow problem was solved with an application of the finite
elements method. Various geometries of obstacles were considered.
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1. Introduction

The application of computer technologies and numerical methods for mod-
eling the flow phenomena has been very popular due to their development which
gives better and better results. CFD programs (Computational Fluid Dynam-
ics) permit an analysis of flow problems, at the same time rejecting the time-
consuming and costly research during the designing cycle or upgrading of devices.
In case of research concerning flows in channels, numerical calculations give in-
formation which may be useful in hydraulics, aviation, chemical engineering and
process engineering [1-6].

Many examples of numerical modeling of channels with the use of various
calculation methods from macro or nanomechanics can be found in the litera-
ture [7-9]. The results of the calculations for a rectilinear channel with a fault of
one wall, co-channeled with the application of the artificial compressibility method
are shown in paper [10]. The results of modeling of the straight passage of the pipe
which comes before the bolt by means of the finite volume method are presented
in paper [11]. Another example of numerical calculations for a two-dimensional slit
have been discussed in [8, 12]. The structure of the flow in a rectangular one-side
contracted channel has been studied in paper [3].
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The review of the literature shows that it is flows in channels and microchan-
nels with wide obstacles that have been analyzed in the majority of papers. For
example, fluid flow and heat transfer in a channel with three blocks and a trian-
gular rod have been studied in [13]. In [14] the results of a numerical fluid flow
and heat transfer through the channel with a cylindrical obstacle and a triangu-
lar barrier are presented. Experimental and numerical calculations for the heat
flow in a rectangular channel have been shown in [15]. However, the heat flow
through a rugged channel has been analyzed numerically in [16]. In this case, the
surface roughness has been randomly generated from figures of different geometry
(triangular and rectangular).

The purpose of the study the results of which are presented in this paper
was to explain how the geometry of obstacles affected the image of the flow and
the formation of vortex structures. Numerical calculations for the flow problem
were performed by solving equations describing an unsteady flow of fluid in
a channel by using the finite element package, ADINA-F [7, 17]. The use of Slender
obstacles such as the vortex generator are used in modern heat exchangers, both
in traditional macro-exchangers [18, 19] and micro-exchangers [20] in order to
optimize the flow and increase the heat exchange efficiency. Slender structure
obstacles can also be used to cool the multislot type high-pressure turbine (HPT),
nozzles or knives [21].

2. Problem expression

The problem of the laminar fluid flow in a channel with an obstacle was
considered (Figure 1).
The solution to the problem was obtained for the following assumptions:

e the flow field was considered between parallel walls of a channel with
height H;

e an obstacle was placed at distance [ from the channel inlet;

e the flows in the channel were considered when the obstacles were triangular
or rectangular with width s and height h;

e the influence of the non-dimensional parameters, s/h and h/H, on the
evolution of vortices behind the obstacle was studied.

The geometry of the flow problem is presented in Figure 1.
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Figure 1. Problem geometry: L — slit length, [ — obstacle distance from slit entrance,
H — slit height, h — obstacle height, vy, z, — co-ordinate system axes
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The following fluid flow parameters were taken to perform the calculations:

L —slit length, L =>5m,

[ — obstacle distance from slit entrance, [ =1,
H —slit height, H =0.4m,

h — obstacle height A =0.2m, rectangular obstacle with the width of s =0.01,

0.03, 0.05m, triangle obstacle of 0.01, 0.03, 0.05m,

v — velocity, v=0.002m/s,

o — density, o =1000kg/m?,

1 — dynamic viscosity, ©=0.001Pa-s,
dy — distance from slit entrance, dy =1.5m,
do — distance from slit entrance, do = 2m.

The non-dimensional values which characterize the geometry of the flow in
a channel with a triangular and rectangular obstacle are presented in Table 1.

Table 1. Non-dimensional values characterizing flow field geometry in channel

s [m] s/h h/H
0.01 0.05 0.5
0.03 0.15 0.5
0.05 0.25 0.5
0.16 0.8 0.5

Numerical calculations were performed using a commercial solver, ADINA-F
[7, 17]. As the flow is two-dimensional in the coordinate system as shown in
Figure 1, partial differential equations [17] describing the flow have the following

form:
dv dv v dp v 0%
(5 + oy +vge )= (5 58) W
ow Ow  Ow dp Pw 0w
p<at +vay+waz)——az+n<6y2+az2> (2)
ov  Ow
a—y+5_o (3)
where:

v, w — components of water velocity to y axis, z [m/s],
p — pressure in slit [Pa],
o — water density [kg/m3],
u — dynamic viscosity [Pa-s].
The boundary conditions imposed on the velocity are the following:

e 10 slip on the top and bottom wall of the slot,
e 1o slip on the surface of the obstacle.
The calculations were performed assuming that the flow in the channel was
unsteady, incompressible, viscous, two-dimensional, with zero mass forces, the
outlet of the channel was unbounded, the fluid was water.
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3. Results of calculations

The aim of the research was to analyze the influence of geometrical
parameters characterizing an obstacle on the development of vortices in a channel.

As has been mentioned before, the finite elements method and the commer-
cial software package. ADINA-F 8.6 [7, 17] were used for numerical solutions of
the Equations (1)—(3). This package also allows performing an analysis of Fluid
Structure Interactions.

The research was conducted for six instances of a slit bounded by two
parallel walls, where an obstacle of a different shape was placed at distance [. In
the first three cases the obstacle was of a triangular shape, in the next three cases
the obstacle was rectangular.

For calculation purposes the flow area was divided into 2D fluid elements
(Figure 2). The calculations were made on structural, four-node grids.

Figure 2. Examples of grids used for calculations: (a) 9491 nodes and 9200 finite elements;
(b) 9701 nodes and 9400 finite elements

The velocity distribution for all six cases of the above described channel
flow was obtained for various Reynolds Numbers Re, which can be defined as

follows:

_ pvH
= (4)

In Figure 3 the velocity distributions for Re =20, 100, 800 are presented.

Re

Figure 3. Velocity distribution v [m/s] in channels with obstacle: (a) triangular and
rectangular s/h =0.05 for Re=800; (b) triangular and rectangular s/h =0.15 for Re =100;
(c) triangular and rectangular s/h =0.25 for Re =20
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It can be noticed that when the obstacle is placed in a channel the picture of
the flow is deformed, and as can be expected, the area of the vortices development
is behind the obstacle, except for Re =20 or lower.

In Figures 4 and 5 the graphs of the components of the longitudinal velocity
vy just behind the triangular and rectangular obstacle for Re =100 are presented.
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Figure 4. Profiles of longitudinal velocity v, in channels with triangular obstacle for:
(a) dy =1.5m and (b) dy =2m
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Figure 5. Profiles of longitudinal velocity v, in channels with rectangular obstacle for:
(a) di =1.5m and (b) do =2m

When to compare the profiles of components with longitudinal velocity v, it
can be observed that the velocity profiles are of a similar nature for the triangular
obstacles. The width of the rectangular obstacle influences bigger changes in the
velocity field than for the triangular obstacles, i.e. the profiles are not symmetrical
and the velocity maximum shifts towards the upper wall of the obstacle.
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Figure 6. Velocity vectors v [m/s] during flow in slit with rectangular obstacle of s/h=0.25:
(a) t=1000s; (b) ¢=2000s; (c) t=23000s (d) t =4000s; (e) t=5000s

Vortices evolution — velocity vectors on the example of flow in a slit with
the rectangular obstacle with the width of s =0.05m for Re =800 are shown in
Figure 6.

The velocity field for one of the channels tested experimentally and dis-
cussed in article [22] was calculated using the ADINA package presented in this
paper to verify the numerical computation.

The structure of the flow in a rectangular channel unilaterally narrowed
depending on the size and width of constriction obstacles has been analyzed
in [22]. The fluid flow was studied experimentally using laser anemometry and
confirmed by visualization carried out by the authors.

For the channel with a rectangular barrier with width s = 0.16m and
constriction h/H = 0.5 for Reynolds number Re =2000 (considered in paper [22])
numerical computations were performed using the ADINA package. The obtained
results of the calculated velocity are shown in Figure 7. The velocity profiles at
distance dy were compared with the experimental data from [22] and are shown
in Figure 8.

Figure 7. Velocity v [m/s] in channel with rectangular obstacle
(width s=0.16m for Re=2000)

4. Conclusions

The results of the numerical simulation of the unsteady flow in a channel
showed that the geometry and shape of an obstacle influenced the flow picture and
the vortices development in a channel. An increase in the Reynolds number made
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Figure 8. Profiles of flow velocity in unilaterally narrowed rectangular duct, Re = 2000 for
experimental results [22] and for results of numerical calculations using ADINA package

the area of the direct disturbances behind the obstacle longer. For the rectangular
obstacles, an increase in their width caused bigger changes in the velocity field
than for the triangular ones. The next stage of research will be modeling the heat
flow and an analysis of the Fluid Structure Interactions in the channel with an
obstacle.
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