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Abstract

This study was interested with fluid flow through narrow tubes. Finite volume method
has been used as a numerical technique by the aid of computer to achieve the study.
Cylindrical narrow tubes, represented as case A and case B have been used. Case A was a
tube of radius (2 cm) and length (20 cm) while case B which has been used to investigate the
effect of narrow tube on fluid flow was a tube of radius (2 mm) and length (20 mm). The
initial conditions and boundary conditions for both cases were similar. Due to its widespread
applications, air has been used as fluid material for the both cases. No slip condition at the
wall has been used and viscous fluid flow was considered for both cases. Different
parameters have been investigated for the two cases and have been compared to each other
such as velocity magnitude, dynamic pressure, static pressure and wall shear stress. Case A
has Reynold's number (Re) higher than case B. The velocity profiles of fully developed flow
were compared with the parabolic velocity profile. Clear difference between the two cases A
and B has been shown because of the narrowness of case B. The maximum velocity was at
the tube centerline and zero at the tubes wall because of no slip condition was applied. Due to
the differences in the diameters of the two cases, the results showed apparent differences
between the two cases for velocity magnitude, dynamic pressure, static pressure and wall
shear stress as well. The results of this study could be important for applications which
include air flow in narrow tubes.
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1. Introduction

In fluid flow situation, the foundations are
the conservation laws. These laws are based
on classical mechanics and have been used to
treat with  fluid dynamics problems.
Conservation of mass, conservation of linear
momentum and conservation of energy could
be written in integral or differential form.
Furthermore the conservation laws could be
applied to a region of the fluid flow called
control volume. Also the integral form is used
to describe the change of mass, momentum
and energy within the control volume whereas
differential formulations of the conservation
laws apply Stoke's theorem at a point within
the fluid flow.
2. Momentum Conservation Equation

Conservation of momentum in an inertial
reference frame is described by [1]:

a > - >
e (pv) + V. (pvv)
=-Vp+V{E)+pg+F

Where ¥ is the velocity, p is the density, p is

the static pressure, T is the stress tensor, pg

and F are the gravitational body force and
external body force respectively. The stress
tensor T for Newtonian fluids is given by [1]:

= - - 2 -
T= u[(Vv+VvT)—§ V.7 1]
L)

where p is the molecular viscosity, 1 is the
unit tensor, and the second term on the right
hand side is the effect of volume dilation.
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3. Continuity Equation

The continuity equation states that the rate
at which mass enters a system is equals to the
rate at which mass leaves the system plus the
accumulation of mass within the system. The
equation for conservation of mass, or
continuity equation, can be written as follow

[1]:
5,0 >N
E + V. (pv) = Sm

The source Sm is the mass added to the
continuous phase from the dispersed second
phase (e.g., due to vaporization of liquid
droplets) and any user-defined sources.

If the fluid is an incompressible flow (p is
constant), and steady state, the mass continuity
equation could simplify to the following
equation [1]:

V.v=0

From Reynold’s number, for pipe flows of
various diameters, it was observed that there
is a critical Reynold’s number (2300), below
this value; pipe flow is laminar whereas up
this value, pipe flow is turbulent [2].

Recriticar = 2300 = WTD

For the air:

Uair = 1.80 x10° kg/ m.s , pair = 1.205 kg/m?®

4. Laminar Flow in Pipes

Flow in pipes is laminar for Re < 2300.
The velocity profile in fully developed laminar
flow in a pipe is represented by equations
(6-8) as follow [3]:


https://en.wikipedia.org/wiki/Incompressible_flow

Journal of Basrah Researches ((Sciences)) Vol. (45). No. 2 (2019)

v(r) = Z_Z(Z_Z) (1 — ;—Z) ........ (6)
V(1) = 2Vqpg (1 — ;—22) ........ (7)
Umax = 2Vavg e (3)

where R is the pipe radius and r is a distance
from the centerline toward the wall of the

tube. 4 is the viscosity. Also Vg, is the
average velocity. Therefore, the velocity

profile, v(r) in fully developed laminar flow
in a pipe is parabolic with a maximum value

(Vimax) at the centerline (r=0) and zero at the
pipe wall, (r=R).

5. Navier-Stokes equation

The Navier-Stokes equation for
incompressible, Newtonian (with a constant
viscosity) fluid is given as [4]:

6. Knudsen number

The Knudsen number, Kn, relates the mean
free path, A, to the system dimension, Kn=A4/L.
It should be noted that the average distance
between collisions i.e. the mean free path, in
air at 1 atm and room temperature is about to
80 nm. Corrections of Navier-stokes equation
and boundary conditions are required for
Knudsen numbers larger than ~0.02 [5].

The advancements in micro-and nano-
techniques have led researchers to
invest unprecedented levels of attention in the
science and technology of
micro- and nano-scale devices and their
related applications. Micro-fluid has been an
important research area for the last twenty
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years. Recently, most of the researches were
emphasis on the finite volume numerical
methods. To deal with the fluid flow and heat
transfer problems, the modern and powerful
technique is the computer-based simulation.
The technique is very powerful and spans for a
wide range of industrial application fields.
[6-11]. In literature, fluid flow in different
conditions has great attention.

G. Kaoullas and G. C. Georgiou [12]
derived analytical solutions for the steady
incompressible Newtonian poiseuille flow in
various geometries. For the axisymmetric
problem there were two distinct flow regimes
corresponding to no-slip and slip defined by a
critical value of the pressure gradient, which
depends on the slip yield stress. They found
that annular problem was more complicated
with three distinct flow regimes defined by
two critical values of the pressure gradient.
The Newtonian Poiseuille flow is considered
for various geometries, under the assumption
that wall slip occurs above a critical value of
the wall shear stress known as, the slip yield
stress. Two critical pressure gradients
characterize the annular and rectangular
Poiseuille flows. Below the first critical value
no-slip occurs while above the second one,
slip occurs at all walls. In the intermediate
regime for the annular problem, slip occurs
only at the inner-wall, while for the
rectangular  problem, there are two
intermediate regimes for which there are no
analytical solutions. In the first regime slip
occurs only in the middle sections of the wider
walls and in the second one partial slip also
occurs along the narrower walls. S. Nallapua
and G. Radhakrishnamachya [13] investigated
two-fluid model for the flow of a Jeffrey fluid
in tubes of small diameters in the presence of a
magnetic field. They assumed that the core
region consists of a Jeffrey fluid and a
Newtonian fluid in the peripheral region.
Analytical expressions for velocity, flow flux,
effective viscosity, core hematocrit and mean
hematocrit have been derived. The effects of
various relevant parameters on these flow
variables have been studied. They observed
that the effective viscosity decreases with
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Jeffrey parameter but increases with tube
radius. In addition, the core hematocrit
decreases with Jeffrey parameter and tube
radius.

7. Procedure

In this study, air flow has been investigated
through cylindrical narrow tubes, represented
as case A and case B. Case A is a tube of
radius (2 cm) and length (20 cm) while case B
which has been used for comparison was a
tube of radius (2 mm) and length (20 mm).
Case A has Reynold's number (Re) higher
than case B. Furthermore both cases have
Reynold's number higher than (Recriticar)
Figure (1.a.) is a prototype to represents both
cases, A and B. The air is interred the tube
from face 1 and leave from face 3. The initial
conditions and boundary conditions for both
cases were similar. Face 1 represents velocity
inlet for the air flow, face 3 represents the
outflow whereas face 2 is the surrounding
circular cylindrical wall of the tube. The

Fig.1.a. Prototype of the cylindrical tube
meshing type and quality.

showing the
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velocity of the air at the face 1 of the tube has
been set at (50 m/s) for both cases. In order
to achieve good results, fine meshing has been
used for both cases. The calculations were
performed under different Reynold's number
for both cases. No slip at the wall has been
used and viscous fluid flow has been adopted.
Finite volume method has been used as a
numerical technique by the aid of computer to
solve momentum conservation equation and
continuity equation. Furthermore in the finite
volume methods it is quite easy to implement
a variety of boundary conditions, since the
unknown variables are evaluated at the centre
of the volume elements, not at their boundary
faces. Many parameters have been
investigated for the two cases such as contour
of velocity magnitude, contour of dynamic
pressure, contour of static pressure and shear
stress.

Figure (1.b.) is the sketch of the cylindrical
tube dimensions of this study.

Cylindrical tube

v

Radius: 2 cm for case A —-
2 men for case 8

j— = length; 20 omforcase A —

20 mm for case B

Fig.1.b. Sketch of the cylindrical tube dimensions.
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8. Results and discussion

In fluid flow through a tube, different
parameters and conditions could be affecting
the physical properties of the fluid moving
inside the tube. Furthermore the kind of fluid
(gas or liquid) has its own properties. The tube
dimensions have great attention in different
studies. Recently, fluid flow in narrow tube
could be more important because of wide
variety of engineering applications such as
flow of blood through narrow tubes, Venturi
effect and Pitot tubes. This study focused on
the effect of tube dimensions on the air flow
properties. Two cases have been adopted, case
A, and case B. Case A was, a tube of radius (2
cm) and length (20 cm) while case B which
has been used to investigate the effect of
narrow tube on fluid flow was a tube of radius
(2 mm) and length (20 mm). The two cases
have been simulated by solving the
momentum conservation equation, (eq. 1) and
continuity equation, (eg. 3). It should be noted
that the result analysis will be at the outlet of
the tube after air development i.e. at face (3) in
figure (1.a). Also the air flow is in the x-axis.
Because of the outlet (face 3) is circle and
symmetric, hence, the radius of the circle (R)
could be y-axis or z-axis. Figure (2) illustrates
contour of velocity magnitude of the air flow
for case A. The velocity profile is developed
with zero magnitude at the tube surrounding
surface (face 2) because of viscous and no slip
conditions. On the outlet surface (face 3), the
velocity increased gradually toward the center
of the tube. At the center of the tube, the
velocity reaches the maximum value as
illustrated in Figure (3). The velocity profile
from zero regions at the face 2 until the center
of tube has been extracted from the simulation
and illustrated in figure (4). In case (A), the
effect of the wall on the shape and the
magnitude of air velocity are decreased
because the center of the tube is far from the
wall. Hence the front of the parabolic profile
of the velocity became wider and the flow is
turbulent. For comparison, this real simulated
velocity profile has been compared with the
laminar velocity profile of equation (7) as
illustrated in figure (5).

Fig.2. Contour of velocity magnitude of the air
flow for case A.

Fig.3. Contour of velocity magnitude of the air
flow for case A at the outlet surface (face 3).

e

Posion (¢m)

Fig.4. The real simulation velocity profile of case A.
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Fig.5. Velocity profile comparison between real
simulation of case A and equation (7).

The investigation showed clear difference

between the velocity profile of equation (7)
and the real simulation.
In many applications, the pipes are not long
enough to allow the attainment of fully
developed flow. To do so the radius of the
tube is reduced and investigated.

As the tube become narrower as the effect
of the wall on the air velocity became more
effective. Hence in case (B) where the tube is
narrower, the magnitude of the velocity was
increased at the centerline of the tube as
shown in figures (6, 7). Furthermore the shape
of the velocity profile in real simulation of
turbulent flow is curved to take approximately
parabolic shape as shown in figure (8). For
comparison purpose, this real simulated
velocity profile of case B has been compared
with the perfect velocity profile of equation
(7) as illustrated in figure (9). There is clear
approach between real simulated velocity
profile of case B and the perfect velocity
profile of equation (7) compared to case A
situation. Also real simulated velocity profile
of case B became higher and above the
velocity profile of equation (7). The velocity
profile difference could be referred to the
difference of Reynold's number between case
A and case B. In literature, important

information had been shown in this regard
[14].

The air velocity is determined by the
dynamic pressure and the static pressure.
Hence, increasing the velocity magnitude in
case (B) is reasonably accepted because of
increasing the dynamic pressure on the
expense of static pressure in case (B)
compared to case (A) as illustrated in figures
(10-13). It should be noted that the ratio of the
length to radius of the tubes are constant for
both cases. In literature, it was shown that the
flow regime is controlled by the length-to-
diameter ratio [15].

Fig. (6). Contour of velocity magnitude of the
air flow for case B.

Fig.7. Contour of velocity magnitude of the air
flow for case B at the outlet surface (face 3).
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Fig.9. Velocity profile comparison between
real simulation of case B and equation (7).
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Fig.10. The real simulation dynamic pressure
profile of case A.
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Fig.11. The real simulation dynamic pressure
profile of case B.
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Fig.12. The real simulation static pressure of
case A.

Pos#on (mm)

Fig.13. The real simulation static pressure of
case B.

In real fluids (liquids or gases) moving
along a solid boundary will incur a shear stress
at that boundary. The no-slip condition
dictates that the speed of the fluid at the
boundary is stationary i.e., zero fluid velocity.
Higher from the stationary velocity condition,
the flow speed must equal that of the fluid.
The region between these two points is named
the boundary layer. In Newtonian fluids, the
shear stress is proportional to the strain rate in
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the fluid, and the viscosity is the constant of
proportionality.

The influence of the tube narrowness on
the wall shear stress has been investigated. As
mentioned earlier, the velocity of the air was
increased in narrow tube. The affect of the
velocity magnitude is clearly appeared on the
wall shear stress investigations. The value of
wall shear stress of case (B) is ten times that
of case (A) as illustrated in figures (14, 15).

Position {cm

Fig.14. The real simulation wall shear stress of
case A.

Wal

Shear 4 0es
Stress
|pascal)

&

Posittion (mm)

Fig.15. The real simulation wall shear stress of
case B.
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9. Conclusion

The aim of this study was investigating air
flow through narrow tubes of different
dimensions. Constant ratio of radius to length
has been used. Cylindrical narrow tubes,
represented as case A and case B were used.
Case A was a tube of radius (2 cm) and length
(20 cm) while case B was a tube of radius (2
mm) and length (20 mm). The initial
conditions and boundary conditions for both
cases were similar. Finite volume method has
been used as a numerical technique by the aid
of computer. Due to its widespread
applications, air has been used as fluid
material for the both cases. No slip at the tube
wall has been used and viscous fluid flow
condition was considered. Both cases
performed under different Reynold's number
(Re). The velocity profiles of fully developed
flow were compared with the perfect parabolic
velocity profile. Clear differences have been
illustrated between the two cases A and B
because of the narrowness of case B compared
to case A. The maximum velocity was at the
tube centerline and zero at the tubes wall
because of no-slip condition has been used.
Due to the differences in the diameters for
both cases, the results showed apparent
differences between the two cases for different
physical  quantities such as velocity
magnitude, dynamic pressure, static pressure
and wall shear stress as well. It could be
conclude that manipulating the tube
dimensions can results in useful fluid flow
proprieties  for  different  engineering
applications.
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