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1 Introduction

This report will describe the conditions under which the viscous conduit system
transitions to turbulent flow. Traditional pipe flow goes unstable when the
dimensionless parameter called the Reynold’s number reaches a threshold value.
For the conduit system, which approximates pipe flow, Professor Hoefer has
posited that threshold values of a modified Reynold’s number determines system
stability. The Reynold’s number is modified by the multiplication of the square
root of ε, the ratio interior viscosity to exterior viscosity. This new value will
be defined as:
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where g is the acceleration due to gravity, ∆ is the difference in density be-
tween the interior and exterior fluids, ρi is the interior density, µi is the interior
viscosity, and Q0 is the flow rate.

This report will investigate this claim experimentally and determine the ap-
proximate threshold values. It will also begin to analyze the modes of instability
qualitatively.

2 The First Experiment

For the first experiment of stability, four glycerin-water mixtures were created
with relatively low viscosities (around 10 cP.) The low-flow pump pushed these
fluids into the exterior fluid to create the fluid conduit. The flow rate was
gradually increased until irregularities were observed. The points at which these
unstable affected appeared were noted, and the flow rate was raised until the
conduit went completely unstable. Two modes of instability were noticed in
this experiment, which will be described in the results section.

Unfortunately, the data collected from this experiment did not prove to be
terribly useful. A crashed hard-drive corrupted significant portions of the data,
and the remainder of the data was too transparent to observe clear edges. The
problem in experimental design lay in using multiple colors of light food dye to
distinguish the fluids, rather than the dark food dye typically used. Another
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source of error in this experiment is that the instabilities were observed to take
time to develop (up to 5 or 10 minutes in some cases.) It is possible that the
flow rates recorded as the points of instability are only an upper bound, and
that instability can found at lower flow rates as well.

Only one fluid (fluid #3) could be accurately studied, and the points at
which instability developed were recorded. Using the Poiseuille flow relation,
the true viscosity of this fluid can be determined. This relation is:

D0 = αQ4
0 (2)

where D0 is conduit diameter, Q0 is flow rate, and α is a constant related to
viscosity.

The data for this experiment is stored within 02/29/16 under ”Instability
Experiment” in data storage. The visocisities and observed points of instability
are listed in the lab notebook under the corresponding date.

3 The Second Experiment

After the first experiment proved difficult to analyze, a second experiment was
performed. For this experiment, only two fluids were created with viscosities
around 30 and 40 cP. The high flow pump was used in place of the low flow
pump for this experiment, and dark food coloring replaced the lighter coloring.

The system was given more time to develop instabilities to more accurately
pinpoint instability thresholds. However, it was difficult to make the system
return to stability after it went unstable the first time. In one anecdotal experi-
ence, the system was found to be stable at a flow rate of 10mL/min. When the
flow rate was increased, the system went unstable. However, dropping the flow
rate back to 10mL/min did not return the system to stability, or did so too
slowly to be noticed. Thus, it is likely that the measured points of instability
still surpass the threshold value, but serve as a valuable upper bound.

The results from this experiment are stored within 05/12/16 under ”Instabil-
ity Experiment” in data storage. This file also contains some unlabeled movies
that, while interesting, are not useful for quantitative analysis. The viscosities
and points of instability are in the lab notebook on pages 17 and 21. The data
on page 17 is poorly organized, so the important results are reproduced more
clearly on page 21. The trials stored on the computer are described on page 21,
as well.

4 Results and Conclusions

4.1 Modes of Instability

Two modes of instability were noticed before the system went fully unstable.
In the first, a ”kink” seemingly formed in the conduit. This instability is not
axis-symmetric and very slowly moves up the conduit. The kink is not a large
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deviation from the vertical, but it certainly a coherent structure and not a result
of error. Seemingly, the diameter of the conduit is constant within the kink.

Figure 1 shows an image of the kink captured from trial 6 of experiment 2.
This Figure 2 shows how the location of the center of the conduit changes as a
function of height, in a different photo from the same experiment. In this trial,
the kink is seen to slowly travel up the column. Additionally, the kink to be a
single arc, but a series of wave-like structures traveling together.

Figure 1: An example of a kink instability in the conduit system. The image is
rotated clockwise 90 degrees.

The second form of instability, which occurs at a higher value of the modified
Reynold’s number, is a series of waves that appear around the nozzle of the
conduit. Unlike the previous instability, this mode is axis-symmetric. These
waves appear to be ordered by size, with the largest peak closest to the nozzle.
The waves move upward and decrease in size as they move. There are multiple
wavelengths of waves present, with long waves appearing on top of the short
waves.

Figure 3 shows an image of the kink captured from trial 3 of experiment 2.
This Figure 2 shows how the diameter of the conduit changes as a function of
height, in a different photo from the same experiment.

4.2 Points of Instability

Based on the results of both experiments, the approximate values of the modified
Reynold’s number (mRe) at which system goes unstable. Based on the three
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Figure 2: Deviation of the center of the conduit from the vertical as a function
of height. Notice the periodic nature of the ”kink”

Figure 3: An example of a wave instability in the conduit system. The image
is rotated clockwise 90 degrees.

successful trials (fluid #3 from experiment 1 and both fluids from experiment
2), the conjecture made by Professor Hoefer can be tested. Figure 5 shows
level curves of mRe as a function of flow rate and interior viscosity (assuming
that the densities of the fluids are roughly constant.) The figure includes the
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Figure 4: Conduit diameter as a function of height near the nozzle.

points at which each fluid first experienced each type of instability. It appears as
though the points of ”kink” instability lie on a level curve of around mRe = 0.25
and the points of the ”wave” instability appear around mRe = 0.36. With the
limitations of the experimental setup and the lack of more data points, these
values can serve as the approximate points of instability.

Figure 5: Level curves of mRe compared to points of instability.
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5 What’s Next?

The results of this report are far from complete in describing the nature of
instability in a flexible pipe. A number of questions remain unanswered that
would more fully address the problem.

1. What are the more precise values of stability crossover? To answer this
question, more experiments must be carried out. More fluids will have to
be tested at a variety of viscosities between 5 and 60 cP. The experiments
will have to take care to ensure that the points discovered are the actual
points of crossover, and not upper bounds. This can be time consuming,
so large amounts of each fluid will have to be made.

2. What is the nature of each type of instability? This can be answered by
analyzing the results of experiment 2 and future experiments. The speed,
shape, and size of the kink instability can be compared for different fluids.
The wavelength and the amplitude of the wave instability can also be
studied.

3. What is the mathematical origin of the instability? Previous reports have
begun to tackle this problem through basic perturbation theory and linear
approximation, resulting in a series of partial differential equations for
the interior and exterior fluids. By formulating boundary conduit, the
solutions to these differential equations can be computed and compared
to experimental results. If Professor Hoefer is correct, these will produce
a relationship between flow rate and interior viscosity related to specific
values of mRe.
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