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Summary

This work deas with an experimental study of fully developed isothermal turbulent gas flows
inside a47 mm diameter pipe, with Reynolds numbers in the range 1,000 < Re < 100,000 and
Mach number M < 0.13. This Reynolds number range encompasses the laminar and turbulent
flow regimes. Instead of just correlating traditional pipe flow variables with Reynolds
number, as usudly found in the literature, the present work correlates the average velocity
with the velocity in the center of the pipe cross section. These velocities have been both
obtained experimentally, by using flow meters and Pitot tubes. It has been observed that, for
each pair temperature-pressure, there is a one-to-one relation between these velocities,
provided we have fully developed flows.
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1. INTRODUCTION

The flow inside pipes is a physical problem that inspires high economic interest from
different industrial branches. Among applications of this problem, we can quote, for example,
the transportation of petroleum and its derivatives through pipe systems covering extensions
of hundreds of kilometers. Another similar example is the transportation of natura gas
through pipe systems of international range. We can also mention several segments of the ail
industry, the supply of natural gas to consumers, and genera flows of gases or liquids in
refrigeration systems.

In thiswork, we consider an experiment where air passes through a pipein steady state
and at low velocities. Within this framework, the isotherma and incompressible hypotheses
are adequate representative physical models for the flows. For this purpose, after laying down
theoretica considerations for the laminar and turbulent flow of incompressible fluids, the
methodology for the experiment is described. In the sequel, the collected datais displayed and
analyzed. From this analysis, it can be concluded that a Pitot tube can be used with
advantages with respect to traditional laminar flow meters by providing essentially the most
vauable information with lower head losses and at lower costs.



2. THEORETICAL BACKGROUND
2.1. Incompressible fluid theory

The fully developed isothermal flow of an incompressible fluid inside a horizonta
tube of constant cross section may be described by a simplified form of the Navier-Stokes
equations. Let us consder, for the purpose of anaysis, a Cartesan coordinate system whose
x-axis is aigned with the tube centerline. In this one-dimensiona flow problem, the fluid has
no velocity in the y and z directions. Then, the v and w fluid velocity components are
consdered as non-existing. Only the velocity component u, in the x-direction, is alowed to
vary as a function of the flow itself. Furthermore, the flow is consdered here steady. Thus, all
derivatives of fluid variables with respect to time vanish. Findly, the flow is fully developed,
meaning that the u velocity component does not change along the x direction.

Under the hypothetical conditions just described, if we use another set of cylindrical
coordinates (x, r, 8), where x is the direction of the tube centerline — coincident with the x
rectangular coordinate — the continuity equation becomes
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From the analysis of this equation, we reach the conclusion that in this fully developed
isothermal flow there is only one velocity component, u = u (r), not existing any flow in the
radial direction. Such flow is said to be axisymmetric.

The momentum differential equation in cylindrical coordinates now reduces to
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where T can represent either laminar or turbulent shear, p is the air specific mass, p is the
static pressure, and g is the local gravity acceleration.

With a straightforward procedure, we can integrate equation (2) to find out the shear

distribution across the pipe, by using the fact that = 0 at r = 0. The result of this procedureis
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Thus, this result shows that the shear varies linearly from the centerline to the wall, for either
laminar or turbulent flows.
For internal flows in ducts, another important non-dimensional number, obtained
through dimensional analysis consderations, is the Darcy friction factor f . This factor can be
represented in many ways. In thiswork it will assume the following form:
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where d is the diameter of the tube cross section, V is the average velocity of the flow, 7, is
the shear at the tube wall, and Re stands for the flow Reynolds number.

2.2. Laminar flow case

If one solves this problem for the fully developed pipe flow in the laminar case, one
obtains an exact expression for the velocity profile, which is given by
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In thisresult, Risthe radius of the pipe and u isthe fluid viscosity coefficient.

If one solves the problem for the average and the maximum velocities, we obtain that
thefirst is half of the second, i.e.

1
V==u 6
5 U ©)
There is an exact theoretical relation for the laminar Darcy friction factor, which is given by
64
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2.3. Turbulent flow case

For turbulent flows, it is much harder to solve the differential equations displayed in
section 2.1. This higher difficulty is an intrinsic characteristic of the very nature of turbulent
flows. In a certain moment of the calculation process, we obtain two indefinite constants,
whose vaues should be defined empiricaly. A first reasonable proposal for their values has
been made by Nikuradse (1933). In this work we have used the valuesk = 0.41 and B = 5.0
for these constants, as suggested by Knudsen (1958):
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In consequence, we obtain
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The turbulent Darcy friction factor cannot be obtained theoreticaly in this case.
Moody, in 1944, as described by Shames (1973) and by White (1994), plotted, over severa
experiments, what is now known as the Moody chart for pipe friction. This chart can be
obtained through the following formula
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This result is an accepted design formula for turbulent friction. Its accuracy is known
to be + 15 percent for design calculations of flows where the Reynolds numbers Re < 10° and
0.05 < (g/d) < 10°®. Here, ¢ is a parameter associated to the roughness of the wall.
There is an aternate formula, given in an explicit way, that yields results less than 2
percent different from those provided by equation (10). This formula reads as follows:
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3. EXPERIMENTAL METHODOLOGY

For the present experimental invedtigation, a continuous atmospheric airflow
generator, designed and built in the Aeronautical Systems Division at the Aeronautics and
Space Ingtitute (ASA-IAE), has been used. This generator channels the flow through an
aeronautic tube that is 30 m long, until the flow gets to the outflow regulator valve. Thisvave
is regponsible for the manual control of the flow in the test line. This apparatus makes the
flow to be continuous and facilitates the attainment of the steady state. Permanent regimes are
quickly obtained, in a matter of few seconds.

The next step conssts in making the flow to pass through the element being tested.
The test specimen is a tube smooth in the interior, with constant cross section, where a Pitot
probe is conveniently mounted in the central longitudinal axis. This Pitot probe provides us
with the proper means of measuring the flow maximum velocity. After this, the flow passes
through a laminar flow element, called Meriam. Figure 1 presents photos of these main
experimental devices. Further details of the laminar flow meters and of the entire set-up used
in the experiment are given in Figures 2 and 3.

Figure 1. Main devices used in the experiment: A) aeronautical hoses, B) Pitot probe
installed in arigid tube; C) Laminar flow meter Meriam 50M C2-2SF;
D) Laminar flow meter Meriam 50MH10-2.



Since there is no source or sink of air in the way between the vave and the laminar
element, and since the flow is steady, the airflow rate is the same at each cross section along
the test line. This airflow rate divided by the area of the cross section gives the average
velocity of the flow in the section.

Therefore, by knowing the dimensions of the pipe cross section where the Pitot probe
is located, we can get the maximum air velocity from the Pitot data, as well as the average
velocity from the airflow datain that cross section.
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Figure 2. Experimental set-up without honeycomb and with the laminar flow meter
Meriam 50M C2-2SF.
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Figure 3. Experimental set-up with honeycomb and with the laminar flow meter
Meriam 50MH10-2.

The measurement techniques used in this experiment have followed the
recommendations given by Doebelin (1983) and Figliola (1995). More details about the
experimental set-up can be obtained from areport by Pan (1999).

Four different experiments have been conducted, as described in Table 1:

Table 1 : Scheme of the experiments conducted.

Experiments Laminar Element | Useof honeycomb?

land 2 50MH10-2 no/ yes

3and 4 50MC2-2SF no/ yes

Honeycomb may be used to turn more homogeneous the flow inside the pipe. In order
to determine the influence of this option, Table 1 shows that the use of two different laminar
elements has been repeated with and without honeycomb. The results obtained in the four
experiments are described in the next section” .

4. DATA AND ITSCALCULATION

Both the Pitot tube and the laminar elements collect data and furnish as output, in each

case, a pressure difference Ap. This difference is evaluated by a pressure transducer together
with avoltmeter, both coupled to a stabilized current generator.



The pressure transducer has been calibrated using a Betz manometer of 0.05 mm H,O
precision as a standard reference. The laminar elements have their own calibration curves
provided by the manufacturer

In summary, the steps taken to obtain the desired measurements are:

1. read, from the laminar element, in the voltmeter, a voltage in mV, deducting the zero
vaue;
2. with the cdibration curve of the transducer, the associated pressure difference Ap is
obtained;
3. with p and T (ambient values) and the Meriam calibration curve, we get the flow rate in
cubic meters per minute;
4. if we divide the previous result by the tube cross sectiona area, we get the flow average
velocity;
. the steps 1 and 2 are repeated, but now taking readings from the Pitot tube;
. withpand T (ambient values again) we obtain the maximum velocity; and
. acorrection for low Reynolds numbers following Anderson (1991) is applied and the final
maximum velocity value is obtained.
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5.RESULTS

The velocity range that has been used in the experiment was from 0 to 43 m/s,
corresponding to Mach numbers from 0 to 0.13. The tube had a diameter d of 0.047 m. The
associated Reynolds number range was 10° < Re < 10°. Within this framework, the
incompressible flow theory can be used with propriety.

According to White (1994), the roughness € inside the tube is about 0.15 mm. So, the
relation €/d becomes 0.003 (0.3%). If we apply this parameter value in equation (10), and,
then, subsequently in equation (8), we obtain the theoretical relation between Re and V/Umax,
for this experimentation.

The relation between Ap for the Pitot tube (called AR) and Ap for the laminar elements
(cdled AM) can be shown in Figure 4. Notice that the relation between these pressures yields
a well-defined curve, and that the adherence of the experimental measurements to this curve
varies from 98% to 99.5%. These observations serve to validate the present experimental
method.

The relation between V and umax Obtained experimentally is shown in Figure 5. It can
be noted that again both curves are well defined from the experimental points, something that
reinforces the validity of the experimental method.

Regardless of Reynolds number variations, a one-to-one relation between V and Umax
has been obtained and the usage of the Pitot tube has been shown to have high accuracy for
the desired use. Therefore, it can replace laminar elements with advantages, keeping a good
dependability, low deviation, and smaller costs, by afactor of ten.

The difference between the curves implies probably a discrepancy in the calibration of
a least one of the laminar elements. The use of both elements at the same time was not
imagined in the beginning of the experiment planning, but can be easily implemented in order
to find a correction for the deviation between them.

The relation between the Reynolds number and the velocity ratio V/umax obtained in
the experiments is shown in Figure 6, where the value obtained from theory is also plotted.
The agreement between experiment and theory starts at Re = 8,000, and the variations,
according to the Reynolds number, are up to 6% (for the 50MH10-2 Meriam laminar element)
and 11% (for the 50M C2-2SF M eriam laminar element).
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Figure 4 — Pressure differences at the Pitot and the flow meters.
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Figure 5 — Relation between the average and maximum velocities.

The data sharpness obtained by the sequencing of the experimental points suggests
that its response is good, with 1 until 2% precision, since the standard instruments used give
the reality of the phenomena involved.

6. CONCLUDING REMARKS

The relation between the average velocity V and the maximum velocity umas obtained
experimentaly in this work has shown good alignment and precision of about 1% in the
Pitot's data reading. It seems to have a little deviation error in the calibration of the laminar
element 50M C2-2SF for Reynolds numbers greater than 70,000.
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Figure 6 — The influence of the Reynolds number on the average to maximum velocity ratio.

The main conclusion is that the Pitot tube can be used as an alternative equipment for
flow measurements of this type with advantages, the major of them being the lower costs and
the decrease in head losses. The utility range for this method starts at Reynolds number 8,000
and goes up indefinitely, since a superior limit has not been found in the present experiments.
On the other hand, no valid results have been obtained for the laminar flow range.

For future works, it is suggested a new calibration of the laminar elements (Meriam),
used here, with a primary standard, in order to couple both experimental curves. Furthermore,
it is suggested the expansion of this experiment for fluids of low and high densities, aswell as
a deeper investigation into the laminar flow range.
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