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Abstract

This work’s overall objective is to report a hands-on fluid dynamics teaching lab kit shippable to
students taking lab-intensive remote MAE courses. This paper describes a prototype small-scale
wind tunnel kit anchoring this application. Tunnel velocity profile characterization by pitot-static
probe revealed an unexpected negative velocity profile initially attributed to recirculation. The
cause was ultimately diagnosed as vorticity using a ping pong ball for inexpensive flow
visualization. These impacts were minimized by addition of screen meshes and/or a metal
honeycomb upstream. Ultimately, honeycomb provided the best flow correction as it most
closely reflected the theoretical 1/7" power law. The experiment also demonstrates entry length
theory as the velocity profile is observed developing at greater tunnel axial lengths.
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Introduction

Nearly all undergraduate engineering courses, including laboratories, were moved online in the
fall of 2020 due to COVID-19. As no fully online ABET-accredited mechanical engineering
bachelor’s degree programs yet exist!, a key challenge was porting applied hands-on laboratory
experiences to the remote learning environment while providing students with experiences as
pragmatic and engaging as standard brick-and-mortar laboratories?. Faculty have tried various
creative methods for remote lab instruction?, and one approach to maintaining experiential learning
in spite of the pandemic was sending kits by mail to students.

This paper reports development of a hands-on laboratory teaching kit that can be shipped to
students taking fluid mechanics remotely. Recipients unbox the kits, build the experiments, collect
and analyze data, and discuss results with online peers and instructors just as their counterparts
would do in face-to-face teaching labs. Care is exercised in kit design to ensure no loss of fidelity
in observing or measuring engineering phenomena of interest. Another crucial kit attribute is
modularity — the ability to run multiple experiments with the same set of components. Modular
kits enable students to conduct different experiments and observe/measure a variety of phenomena
without significantly increasing kit cost.

The lab kit contains an apparatus allowing students to characterize velocity profiles for various
cylindrical pipe configurations. The kit reinforces and expands upon pipe flow theory introduced
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in the classroom. This paper addresses the challenges overcome in characterizing the initial
prototype and notes anecdotally the important student learning that occurred while performing this
work remotely.

Background Information

Since the 1990s, distance learning through the Internet has come to the forefront of higher
education. While fields such as the humanities, social and behavioral sciences, business, and
management have led this charge, engineering education was later in moving toward online
delivery methods*. Online education is shown to match or exceed traditional face-to-face education
with benefits including 1) increased accessibility, 2) increased retention and completion, 3)
increased flexibility, and 4) increased interaction and engagement. A major challenge for the field
of engineering stems from incorporation of laboratory and design components critical to post-
graduation student performance in the workforce?.

There exist three main types of teaching laboratories: on-site, virtual, and remote. On-site
laboratories were the most common pre-COVID, but they are currently problematic because of
pandemic health concerns. Virtual laboratories by contrast cannot spread COVID, but they have
many pedagogical drawbacks. Remote laboratories provide the best of both worlds offering
students a pragmatic and safe experience. In fact, the literature shows that students can favor
these remote lab experiences over on-site laboratories*>.

In one example measuring student attitudes and performance under all three laboratory scenarios,
Corter and colleagues explored student achievement of learning objectives using cantilever beam
experiments where content was delivered in three different environments: 1) brick-and-mortar
labs, 2) lab kits at home, and 3) remote labs via computer simulation. These researchers found that
at home, hands-on experiments were at least as effective as traditional brick-and-mortar labs for
student learning. Moreover, student survey responses favored the remote lab experiences and
remote students performed better in outcome achievement®’. Investigations employing lab kits in
other engineering disciplines agree with conclusions of Corter and others that remote hands-on
experiments are better for student learning than traditional labs. The results suggest that each
student gains experience building and running their own experiments, and they can explore
interesting or unexpected observations at will without the time constraint of a classroom lab
schedule®. Further benefits include the ability for experiments to be tailored by the teacher to meet
student needs and the ability of laboratories to be readily shared between universities®.

Just as important, there is growing need for remote engineering practice as industry has
increasingly turned to remote and virtual laboratories. Many reasons underpin this trend including
increased complexity of tasks, increased cost of equipment and software coupled with short term
project time frames, the necessity of trained advanced equipment operators, and the globalization
of labor. Remote laboratories have been found to be a benefit because they allow instrumentation
and test results to be shared between employees at different locations or even between companies,
and long-term experiments can be supervised from home or an office. Thus, it is desirable for
students to be trained for this online setting by providing relevant online engineering learning
experiences, particularly laboratories®.
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Theory

Pipe flow is classified as internal flow, where fluid is constrained by the walls of the pipe and flow
is driven by a pressure gradient. The Reynolds number, Rep, predicts flow behavior under various
conditions. It is a ratio between inertial and viscous forces, where the diameter, D, average fluid
velocity, Uavyg, and kinematic velocity, v, are needed to perform calculations.

UgygD
Rep = “:’;" (1)

The Reynolds number dictates whether flow is in the laminar or turbulent regime. In the laminar
regime, streamlines are flat allowing flow to be smooth and orderly. In the turbulent regime, flow
fluctuates and is disorderly: the regime is most reflective of practical flow!%!!, When the Reynold’s
number is less than the critical Reynolds number, Repcrit, flow is laminar, and when it is greater
than the critical Reynolds number, the flow is transitional or turbulent!?,

Rep erie = 2300 ... (2)

For both regimes, there is an axial pipe length up to which flow velocity profile is developing,
referred to as the entrance length, L., and following this point the flow becomes fully developed
(Fig. 1). This length is based upon the merging of developing boundary layers in which viscous
effects impact flow!!. The velocity profile remains constant in the fully developed flow region, and
for turbulent flow, this profile shape follows the theoretical 1/7" Power Law'3.

Hyrdrodynamic entrance length Fully developed flow

Fig. 1. Turbulent velocity profile development in a circular pipe of radius, r,"*.

For turbulent flow, the entrance length can be calculated if both the Reynolds number and pipe
diameter are known'>.

1/6
Le,turbulent = 4-4DR6D/ (3)

Pitot-static probes are instruments that take local differential pressure readings in a flow field.
They are often used to measure aircraft velocities or for wind tunnel characterization, as is the case
here. The probe consists of a tube with a hole through its central axis as well as several holes in
the face radially outward. This configuration allows total pressure, Py, and static pressure, Ps, to be
simultaneously monitored'®. The difference between these values yields dynamic pressure, which
determines local velocity, U, at the point of measurement using Bernoulli’s Equation (4). This
equation applies conservation of energy principles and assumes flow along a horizontal streamline
is inviscid, steady, and incompressible!”.
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. U?
Ps+pa%=Pt...(4)

Apparatus Description

The approach to creating a lab kit to illuminate pipe flow was shrinking a brick-and-mortar
experiment, eliminating needless complexity and cost to achieve kits scaled for inexpensive
mailing to remote learners. Shown schematically in Fig. 2, the apparatus measures internal pipe
flow velocity profile shapes by rastering a pitot-static probe across the opening of a pipe with fan
air forced through. It is essentially a miniaturized wind tunnel, mimicking equipment often found
in standard mechanical or aerospace engineering laboratories. The deconstructed apparatus fits in
a 40-quart shipping container and has a total material cost of ~$250.

Fig. 2. Velocity profile interrogator kit setup reflecting the conditions a remote learner may experience.

The interrogator’s main structure consists of two coupled lengths of 100-mm-ID diameter PVC
sewer pipe, allowing a total pipe length of 1-meter. Four u-bolt muffler clamps, two per each half-
meter pipe section, provide mechanical stability to rest on a flat surface.

The fan driving flow in the pipe is a 120 mm x 120 mm variable speed computer fan where desired
fan velocity is set via a voltage controller. The fan is fastened to a 100-mm-OD fan duct allowing
it to be joined with the pipe.

The pitot probe manual rastering mechanism is built around a steel caliper. This caliper is mounted
to the table with a table vice clamp so the direction of motion of the free-moving caliper jaw is
perpendicular to the pipe’s central axis. This jaw is tapped and fastened with a 3-inch bolt. The
pitot-static probe is mounted to this bolt between two nuts at a height allowing the pipe’s largest
diameter to be investigated. Finally, the probe’s ports are connected via silicon tubing to a digital
manometer so differential pressure measurements can be taken.
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Methods

Experimentation to characterize this system was conducted in a remote location by the lead author,
an undergraduate mechanical engineering senior, to mimic conditions a remote learner might face.
The prototype kit was mailed to the student experimenter who constructed all experiments and
collected data in physical isolation.

Data collection was conducted for the setup (Fig. 2) with the maximum voltage supplied to the
fan. The probe was rastered across the pipe’s full open diameter with measurements taken at 1 mm
increments, with incrementation controlled manually via adjustment of the caliper and observing
its digital callout. The measurements taken at each point included maximum, minimum and
average manometer readings.

Data collection was repeated for five further apparatus configurations. Directly downstream of the
fan, where the fan was fastened to the duct, additional components could be added (Fig. 3).
Namely, one, two, and three screen meshes were introduced and investigated. For the remaining
two configurations, a 1/2-inch thick aluminum honeycomb was introduced. Investigation was
carried out at the full 1-meter pipe length, as was the case for all other configurations and also for
1/2-meter pipe length.

Fig. 3. Duct and fan assembly that can be rearranged to include meshes or a honeycomb.

Finally, the full 1-meter-long system was arranged vertically, with the fan parallel to the ground,
and the open diameter facing the ceiling. A ping pong ball was introduced for flow visualization
when the setup included one, two and three meshes as well as the honeycomb, and observations
were noted.

Results

Manometer readings were converted to velocity for each collected data point. These readings were
taken in inches of water and first converted to dynamic pressure in 1bf/ft>.

P —F = szogh - (5)

This dynamic pressure was then used to solve for velocity from (Eq. 4) and converted from ft/s to
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m/s. For these calculations, gravity was taken as 32.17 ft/s?, the density of water, py, o, was taken
as 1.94 slug/ft’, and the density of air, py;,,was taken as 0.002329 slug/ft’. Density values
corresponded to 68 °C [20 °C].

For each of the six total configurations where data were collected across the full pipe diameter, the
average velocity, Reynolds Number (Eq. 1), and entrance length (Eq. 3) were calculated (Table I).
For every case, the flow regime was classified as turbulent (Eq. 2).

TABLEI
DATA ANALYSIS FOR FLOW SET Ups

Configuration Average Velocity (m/s) Reynolds Number Entrance Length (m)
No Meshes 2.04 13666 2.19
One Mesh 1.78 11951 2.14
Two Meshes 5.52 37021 2.58
Three Meshes 5.48 36715 2.58
Honeycomb (1 m) 9.65 64701 2.83
Honeycomb (1/2 m) 8.88 59489 2.79

There were five apparatus configurations for which data were collected across the full pipe
diameter with a total pipe length of 1 meter. These configurations included no meshes or
honeycomb, one mesh, two meshes, three meshes and one metal honeycomb. For each, velocity
versus diametral probe position was plotted (Figs. 4-8).

With no meshes or honeycomb (Fig. 4), there was a “dead spot” in the center of the flow field. The
impact could be observed for a span of 61 mm, determined by a shift to a negative slope when
analyzing data from the pipe walls to its central axis. In this dead spot the pitot-static probe
registered negative velocity readings, with a minimum reading of -8.15 m/s and average of 2.04
m/s. Upon introduction of a single mesh (Fig. 5), the dead spot and negative velocity readings were
still present, but they were reduced with a minimum reading of -5.76 m/s. Furthermore, the average
velocity, 1.78 m/s was lower than without the mesh. Upon introduction of two meshes (Fig. 6), the
dip in the center of the flow field was still apparent, yet much less prominent as compared to the
first two configurations. The minimum reading of 0 m/s occurred central to the distribution.
Further, the average velocity of 5.52 m/s was more than double the previous two configuration
average velocities. Upon introduction of three meshes (Fig. 7), this dead spot was almost entirely
mitigated with a minimum reading of 4.51 m/s occurring central to the distribution, higher than
any of the previous configurations. This minimum was closest in value to that of its average
velocity, 5.48 m/s, which was just shy of mean velocity associated with two meshes. Finally, upon
introduction of a metal honeycomb (Fig. 8), the dead spot was nonexistent, with the minimum
reading of 7.34 m/s occurring at the walls of the pipe as opposed to the center. The average velocity,
9.65 m/s, was almost double that of the two and three mesh configurations. The final configuration
for which data were collected across the full pipe diameter was carried out at a half-meter pipe
length with the presence of a metal honeycomb. Again, for both honeycomb configurations,
velocity versus diametral probe position was plotted as well as against the 1/7™ power law (Figs.
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9-10). At the 1/2 meter axial tunnel length, the profile showed a slight dip about the center, and the
average velocity was lower than that of the 1 meter length (Table I). With an increase in pipe length
from 1/2 meter to 1 meter, the profile distribution more closely followed the 1/7% power law.

No Meshes or Honeycomb
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Fig. 4. Experimental velocity profile distribution with no means of flow correction and a pipe length of 1 meter.
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Fig. 5. Experimental velocity profile distribution with one mesh and a pipe length of 1 meter.
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Fig. 6. Experimental velocity profile distribution with two meshes and a pipe length of 1 meter.
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Fig. 7. Experimental velocity profile distribution with three meshes and a pipe length of 1 meter.
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Fig. 8. Experimental velocity profile distribution with an aluminum honeycomb and a pipe length of 1 meter.
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Fig. 9. Experimental velocity profile distribution with an aluminum and pipe length of %> meter.

© American Society for Engineering Education, 2021



2021 ASEE Southeastern Section Conference

Honeycomb (1 m)

= e
ST

Velocity (m/s)

o N ~ [o2Bee]
"

0 20 40 60 80
Position (mm)

Fig. 10. Experimental velocity profile distribution with an aluminum honeycomb and a pipe length of 1 meter.

With the apparatus arranged vertically a ping pong ball was introduced, and observations noted
(Fig. 11). With the presence of a single mesh, the ball traveled with circular motion touching the
pipe walls near the opening of the pipe. Upon increasing the number of meshes, the ball followed
the same path. However, it did so with decreasing velocity and at a further distance from the
opening of the pipe. With the presence of the metal honeycomb, while the ball processed in a
circular path, it did so at a much slower velocity. Moreover, it did not remain in the same plane
when in motion. Rather it seemed to bob and float along its path moving above and below the

opening of the pipe.
3 feshes W3
t : _

Fig. 11. Flow visualization technique through the introduction of a ping pong ball to the system.

Discussion

Due to the global pandemic forcing engineering lab courses online, there is an increased need for
shippable hands-on remote laboratories for student use. The goal of this study was to characterize
the initial prototype of a miniaturized wind tunnel to be used in such an application. This apparatus
is intended to reinforce textbook theory associated with turbulent velocity profiles in pipes.

Investigation of the apparatus with flow driven by a computer fan revealed a central dead spot with
negative core velocity. This effect was partially attributed to the fan’s 51 mm hub, whose central
placement and size closely mirrored the observed ~60 mm diameter dead spot in the middle of the
flow field. As no flow is driven by the fan’s hub, this fan component was linked to the decreased
velocity measurements. More mysterious, however, was the presence of apparent negative velocity
measurements in this dead spot. Given that flow is directed normal to the total pressure port and
parallel to the static port, measurement of higher pressure (and thus higher velocity) at the static
port was unexpected and presented a mystery!
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Ultimately, this mysterious phenomenon was attributed to the presence of undesirable fluid axial
spiraling (vorticity). This flow field induced an azimuthal velocity component as opposed to pure
axial velocity as expected in textbook pipe flow. The azimuthal flow impinged on the pitot-static
probe’s static pressure port creating the illusion of a measured negative velocity. The azimuthal
velocity component hypothesis was further supported when the ping pong ball was introduced to
the vertical pipe system for flow visualization, and the ball precessed around the pipe (Fig. 11)
revealing the azimuthal flow pattern.

Thus, the need for flow correction was realized and approached using screen meshes and a metal
honeycomb. Increasing mesh numbers and finally placing honeycomb downstream of the fan
successively reduced/mitigated the dead spot as demonstrated by improving minimum velocity
readings with each successive correction. Again, this improvement is explained through reduced
vorticity with each additional flow corrector and visualized using the ping pong ball. While the
ping pong ball continued to follow a circular path, it did so at slower speed with each successive
flow corrector following the measured vorticity trend.

For this apparatus and set of experiments, given the constant pipe radius and kinematic fluid
density, Reynolds Number was solely dependent on the average flow velocity. Further, the fan
speed and all other factors remained constant, aside from the means flow correction. Thus, the
Reynolds Number was dictated by these correctors. The honeycomb facilitated the highest velocity
flow. This is desirable as it allows the widest range of Reynolds Numbers to be investigated using
the system. The presence of both two and three meshes provided the second highest average
velocity, however, these values were still around half that the honeycomb provided.

Ultimately, the honeycomb was favored as the resulting velocity profile best reflected textbook
turbulent profiles. It demonstrated the least vorticity in both the data and visualization technique,
while also best maintaining velocity. Thus, the impact of pipe length was investigated using the
honeycomb flow corrector. The 1-meter pipe better reflected the theoretical 1/7™ power law (Fig.
10) as compared to the 1/2-meter pipe length (Fig. 9). This investigation also revealed the presence
of vorticity and recirculation in the flow at the 1/2-meter pipe length given the slight dead spot in
the flow. However, this dead spot was not observed at the 1-meter pipe length. This explains the
discrepancy between the average velocity measurements. According to mass conservation, the
average velocity for both pipe lengths should be the same given their otherwise identical set up.
Vorticity and recirculation effects in the half-meter pipe caused the decrease in apparent average
velocity as the azimuthal velocity component cannot be directly detected by pitot-static probe. All
these observations support pipe entry length theory, where velocity profiles develop further at
longer lengths in the entry region.

Conclusion

An undergraduate mechanical engineering senior was mailed a prototype fluid mechanics teaching
lab kit, and she evaluated it remotely to mimic conditions faced by a remote learner in an online
lab class. Her only interactions were 1- to 2-hour weekly Zoom meetings with a faculty member.
Despite the remote learning arrangement, this student observed and measured numerous
engineering fluids phenomena relevant to a fluid dynamics course including velocity profile, flow
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visualization, vorticity, and development length. Moreover, the student created and tested multiple
kit design improvement while never setting foot inside a brick-and-mortar lab. This anecdotal
experience shows that kit-based fluid mechanics instruction can be successfully implemented for
remote learners at the undergraduate level.

Without flow correction, an unexpected dead spot was present in the velocity profile of the
prototype kit configuration. This was attributed to the fan’s hub and ultimately undesirable
vorticity in the flow field. Addition of meshes and/or a metal honeycomb reduced these effects.
The resultant honeycomb-corrected velocity profile shows strongest correspondence to the
theoretical 1/7"" Power Law internal pipe flow velocity profile. Moreover, the best reflection of
textbook turbulent velocity profile was observed at greater pipe lengths, reinforcing pipe entry
length theory.

Most critically, the underlying negative velocity mystery and its solution were realized because
the kit was a hands-on experiment. The problem would never have occurred in a computational
fluid dynamics simulation with preset simple boundary conditions or, likewise, in a
premanufactured laboratory-scale wind tunnel where vanes and straighteners eliminate flow
rotation. While anecdotal, this experience illustrates how mailed experimental laboratory kits are
critical to honing students’ engineering skills. Moreover, it reinforces findings in the literature
that remote learning can provide richer experiences than brick-and-mortar labs because students
have freedom to explore interesting or unexpected phenomena without time limits imposed by
laboratory periods in a brick-and-mortar setting. This work’s key pedagogical conclusion is take-
home kits are an important engineering teaching tool worth retaining after the global pandemic
ends.

Currently, the kit allows students to investigate both flow correction and entry length. Future
work will have an increased focus on kit modularity and include further flow characterization
investigating the impact of pipe diameter and fan speed. It is also desirable for fully developed
flow and the laminar flow to be achieved. Finally, the kit will be prototyped to minimize part
cost, size, and weight to achieve the most affordable product.
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