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The Design and Development of Wind Tunnel Instrumentation

Ainsley Iwersen
Boise State University, Boise, Idaho 83725

This report presents the work at NASA Wallops Flight Facility in the Balloon Research and Development Lab
completed over the Fall of 2022. All three projects this past cycle were focused on designing, developing, and
implementing wind tunnel instrumentation into an X-Stream Wind Tunnel. The first project, the Load Cell
Project, focused on implementing a 3-axis Interface Load Cell into the test section of the wind tunnel. In
addition to this, a load cell mount adapter was designed to connect the sting to the load cell, in order to
measure the loads placed on the object being tested. The majority of this project was completed by the
previous Summer 2022 BRDL intern; however, this semester focused on implementing the previous intern’s
design in the wind tunnel, along with designing and developing the load cell adapter. The next project,
NEWTSS (Navigational Electrical Wind Tunnel Stepper System), focused on designing and developing a
linear stage to move a Pitot tube vertically within the wind tunnel test section. The purpose was to create a
way to ensure measurements could be taken at any point on the y-axis of the wind tunnel when testing. The
third project was to take propeller design parameters, draw a 2-blade propeller in CAD according to those
parameters, 3D print the propeller, and test the model using a Dynamometer Series 1580 thrust stand.
Overall, this internship provided an opportunity to work on end-to-end projects, in addition to an
opportunity to design, source materials, and increase CAD and programming skills.
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0.0 List of Acrostics

Acrostic Definition
BPO Balloon Program Office
BRDL Balloon Research and Development Lab
CAD Computer-Aided Design
DAQ Data Acquisition
NASA National Aeronautics and Space Administration
NEWTSS Navigational Electrical Wind Tunnel Stepper System
WFF Wallops Flight Facility

1.0 Load Cell Project

A load cell mount was designed, modeled and fabricated in order to create a way to attach a 3-axis Interface Load
Cell to a wind tunnel test section. This was to test the loads in the x-, y-, and z-axes imposed by various wind speeds
on 3D-printed models of both partially and fully inflated balloons. The data from these tests will aid in better
understanding the movement and trajectories of NASA’s Super Pressure Balloons. In the following sections, the
overall design of the Load Cell Mount will be discussed and shown, in addition to the design of an adapter needed to
attach the Interface Load Cell to the sting which holds the 3D-printed balloon models.

In addition to the design of the Load Cell Mount and Load Cell Adapter, the entirety of the mount needed
assembling within the wind tunnel test section, and a program in LabVIEW was created to read and display the
loads applied on each of the 3D printed models.

1.1 Overall Design/Configuration

The load cell mount was designed to attach a load cell to a wind tunnel to measure loads on 3D-printed models of
both partially and fully inflated balloons. The load cell mount attaches to the bottom Lexan panel of the wind tunnel
using (4) Black-Oxide Alloy Steel Hex Drive Flat Head Screws, (4) Aluminum Unthreaded Spacers, and (4) 8-32
Thread Size Low-Strength Steel Hex Nuts. The sting, the rod that attaches to the Interface Load Cell through a load
cell adapter, will be further discussed in Section 1.3.
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Figure 1: Load Cell Mount
Figure 1 depicts the assembled Load Cell Mount attached to the wind tunnel test section’s bottom Lexan panel in

Inventor AutoDesk.

Figure 2a                                                                  Figure 2b

Figure 2: Load Cell Mounted Inside Wind Tunnel
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1.2 Mounting Plate

After a review of the previous Load Cell Mount design, Dr. Christopher Yoder determined the plate could be
reduced from a thickness of 3/8th to 1/8th. The mounting plate is composed of Aluminum 6061 and is 4.72 inches in
width, and 4.72 inches in length.

Figure 4: Mounting Plate CAD Model

1.3 Load Cell Adapter

The original load cell mount adapter was composed of PLA (Polylactic Acid) filament and 3D printed, with a barbed
brass insert placed within the center hole. This would allow a threaded rod to screw into the insert. After printing a
handful of the load cell mount adapters, the adapter was deemed too unstable as a 3D print and for testing objects in
the wind tunnel. The most significant issue encountered was when screwing the object to be tested onto the sting
rod. The bottom of the rod would become unscrewed from the barbed insert, or the barbed insert would become
unattached from the center hole of the adapter. Because of this, the rod being utilized as the sting became unstable
after the object to be tested was put in place. The 1/8th inch sting was also deemed too unstable after breaking
within the wind tunnel test section when being screwed in place.

As a result of these aforementioned issues, the final adapter was composed of Aluminum 6061, and instead of using
a barbed insert, the center hole was threaded with a 10-24 thread. The center hole was also widened to accommodate
a wider and increasingly stable 3/16th inch diameter sting. Many of the fillets were also taken out in the final design
to make it easier to machine. The adapter's design essentially stayed the same; however, the material was changed to
increase stability.

Figure 5: Load Cell Adapter
Figure 5 depicts the original 3D printed load cell adapter attached to the 3-axis Interface Load Cell

Page 5



NASA Internship Final Report

Figure 6: Final Load Cell Adapter Design

1.4 Programming

The Load Cell LabVIEW VI is the basis for every piece of wind tunnel instrumentation that must be programmed to
function within the wind tunnel. This is done to ensure that all instrumentation can be run off the same program and
computer, instead of needing multiple programs and applications to be run at the same time.

The LabVIEW VI is capable of reading loads from each axis of the 3-axis Interface Load Cell, graphing said loads,
and graphing the wind speed of the tunnel on a separate plot. The following is also printed onto a CSV file and
saved: date and time the data was taken, voltage, wind speed, and corresponding loads on the x-,y-, and z-axes. The
wind speed is calculated within the LabVIEW VI by converting the voltage from the pressure transducer into
pressure, which is then square rooted to result in wind speed. This equation was formulated from Bernoulli’s
Equation and is shown below in Equation 1. The component being multiplied by 0.2 at the beginning of the
equation is the voltage from the NI-DAQmx 6001. A NI-DAQmx 6001 was also utilized to aid in reading loads
from the load cell. As a result, the Data Acquisition (DAQ) Assistant feature was used to implement the NI-DAQmx
6001 into the overall VI, replacing the need to manually create that specific portion of the VI.

𝑉 =  𝑣𝑜𝑙𝑡𝑎𝑔𝑒

(𝑉)(0. 2) =  𝑥
(𝑥)(249) =  𝑏

r(𝑏)(2) =  
𝑟/1. 225 =  𝑊𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑

Equation 1: Voltage to Wind Speed Conversion

1.5 Wiring

The load cell must connect to an Amplifier in order to amplify the voltage for it to be readable, after which the
voltage will travel to NI-DAQmx 6001. Cable 1 is used to provide power to the Amplifier, while Cable 2 is used to
connect the load cell to the Amplifier using a 37-pin DSUB connector. Cable 3 utilizes a 15-pin DSUB which
connects to the opposite end of the Amplifier. However, the other end of Cable 3 is open with 20 wires protruding
from the end. A multimeter was utilized in order to determine which wires connected to which pins on the 15-pin
DSUB. After this, the 3A40 3-Axis Load Cell datasheet was used to determine which wire was required to connect
with each channel on the NI-DAQmx 6001. The correctly matched wires and channels are shown in Figure 7.
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Figure 7: Load Cell Configuration Diagram

2.0 NEWTSS

The purpose of NEWTSS (Navigational Electrical Wind Tunnel Stepper System) is to enable the vertical movement
of a Pitot tube within a wind tunnel test section, in order to take measurements more efficiently during the testing of
3D printed partially and fully inflated balloon models. NEWTSS is electronically powered and utilizes user input
and LabVIEW to move to certain locations within the wind tunnel test section. The following sections will describe
the overall design and function of NEWTSS, each 3D printed component, and its use, along with how the LabVIEW
VI and Arduino were utilized and implemented.

2.1 NEWTSS Overall Design

NEWTSS is based on the concept of a rack and pinion system, in which the pinion is able to drive the rack up and
down within the wind tunnel test section. The pinion turns through the use of a NEMA 11 stepper motor, which is
driven by a DRV8834 stepper motor driver, an Arduino Mega board, and LabVIEW. Two 3D-printed components,
the Roller and the Holding Bracket, are used to stabilize the pinion, gear rack, and Pitot tube. The gear rack is
attached to the Pitot tube through the use of (2) 3D printed clips, along with (2) 2-56 Thread Size, ⅜” long, 18-8
Stainless Steel Socket Head Screws, and (2) 18-8 Stainless Steel Narrow Hex Nuts. An overall platform is used to
place all the components on and provide a space to add any additional components if desired or needed. Each
component is shown labeled below in Figure 8. NEWTSS was successfully implemented into the wind tunnel test
section, as shown in Figure 9.
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Figure 8: NEWTSS CAD Assembly

Figure 9: NEWTSS Assembled in Wind Tunnel
Figure 9 depicts NEWTSS implemented and assembled within the wind tunnel test section. Two variable power

sources are also shown, one to power the NI-DAQ 6001 and one to power the stepper motor.
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2.2 Mechanical Components

2.2.1 Stepper Motor

A NEMA 11-size hybrid bipolar stepper motor was used for this design due to the required torque, the calculations
for which are shown below in Equation 2, with a safety factor of 3. The stepper motor has a step angle of 1.8
degrees (200 steps/revolution), and a holding torque of 950 g-cm (Pololu - Stepper Motor). The motor is fastened to
the L-Bracket using (4) M2.5x0.45 mm, 4 mm long, 18-8 Stainless Steel Socket Head Screws, and (4) 18-8 Stainless
Steel Washers.

𝑚
𝑟𝑎𝑐𝑘

= 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑔𝑒𝑎𝑟 𝑟𝑎𝑐𝑘
𝑚

𝑝𝑖𝑡𝑜𝑡
=  𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃𝑖𝑡𝑜𝑡 𝑡𝑢𝑏𝑒

𝑇
𝑚

=  𝑛𝑒𝑒𝑑𝑒𝑑 ℎ𝑜𝑙𝑑𝑖𝑛𝑔 𝑡𝑜𝑟𝑞𝑢𝑒

𝑚
𝑟𝑎𝑐𝑘

= 0. 044 𝑘𝑔
𝑚

𝑝𝑖𝑡𝑜𝑡
= 0. 122 𝑘𝑔

𝐹 = 𝑚𝑔
𝐹 = 0. 122 + 0. 044( ) 9. 81( )

𝐹 = 1. 62846 𝑁

𝑟 = 𝑝𝑖𝑛𝑖𝑜𝑛 𝑝𝑖𝑡𝑐ℎ 𝑟𝑎𝑑𝑖𝑢𝑠 + 𝑔𝑒𝑎𝑟 𝑟𝑎𝑐𝑘 𝑝𝑖𝑡𝑐ℎ ℎ𝑒𝑖𝑔ℎ𝑡 + 𝑝𝑖𝑡𝑜𝑡 𝑡𝑢𝑏𝑒 𝑟𝑎𝑑𝑖𝑢𝑠
𝑟 = 0. 375 + 0. 157 + 0. 119 + 0. 055

𝑟 = 0. 0179324

𝑇
𝑚

= 𝑟𝐹
𝑇

𝑚
= 0. 0179324 𝑚( ) 1. 62846 𝑁( )

𝑇
𝑚

= 0. 0292 𝑁𝑚 = 29. 2 𝑚𝑁𝑚

𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑡𝑜𝑟𝑞𝑢𝑒 𝑤𝑖𝑡ℎ 𝑠𝑎𝑓𝑒𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 3 = 29. 2( ) 3( ) = 87. 6 𝑁𝑚
𝐹𝑖𝑛𝑎𝑙 𝑡𝑜𝑟𝑞𝑢𝑒 𝑛𝑒𝑒𝑑𝑒𝑑 = 87. 6 𝑁𝑚

Equation 2: Needed Holding Torque Calculations

2.2.2 Pinion

The design utilizes a pinion composed of 303 Stainless Steel with a set screw, round bore, 32 pitch, and 24 teeth.
The inner diameter of the pinion is 0.25”, the pitch diameter is 0.75”, and the outer diameter is 0.81”. The face width
is 3/16”. The pinion can be seen press-fit onto the stepper motor in Figure 10, and the CAD model of the pinion can
be seen in Figure 11.
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Figure 10: Stepper Motor and Pinion

Figure 11: Stainless Steel Pinion

2.2.3 L-Bracket

The L-Bracket is used to hold the stepper motor in place and is mounted to the platform. The L-Bracket is composed
of PLA and is 3D printed. The L-Bracket is shown below in Figure 12.

Figure 12: L-Bracket CAD Model
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2.2.4 Roller

The Roller was designed and developed to press onto the gear rack, and when combined with the Holding Bracket
(described below), puts enough pressure on the gear rack and Pitot tube to keep both in place. The Roller was
designed to attach to and detach from the platform for ease of assembly and disassembly. The Roller slides in place
on the Platform and is driven further forward laterally using a hex head screw which is press-fit into the part and is
shown below in Figure 13. A hex nut is attached to the Roller and as the user turns the screw, the hex nut causes the
Roller to move. Increased pressure can be placed on the gear rack by turning the screw clockwise, and released by
turning the screw counterclockwise.

Figure 13: Roller CAD Model

2.2.5 Holding Bracket

The Holding Bracket was designed similarly to the Roller, utilizing a hex head screw and hex nut as described in
Section 2.2.4. The Holding Bracket has two U-shaped features, which can be seen in Figure 14, that are designed
for the Pitot tube to slide through when changing position within the wind tunnel. These U-shaped features also
apply enough friction onto the Pitot tube to prevent any slipping, and the lateral sliding motion caused by the hex
head screw and hex nut allows the Holding Bracket to apply enough pressure onto the Pitot tube in order to keep it
in place with the gear rack. Utilizing both the Roller and the Holding Bracket, a sufficient amount of pressure is
placed on the Pitot tube and the gear rack at the same time in order to prevent both from falling through the
square-shaped hole in the Platform. The Holding Bracket is composed of PLA and is 3D printed.

Figure 14: Holding Bracket
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2.2.6 Gear Rack

The brass gear rack is rectangular, with a 32 pitch and pressure angle of 20 degrees. The gear rack is pictured below
in Figure 15. The gear rack had four holes drilled into it, each approximately 2.6 inches apart. Each of these holes
held a 3D-printed clip and was used to connect the gear rack to the Pitot tube. Only the two outer holes ended up
being used, as the two inner clips got stuck on the Roller and Holding Bracket.

There was some initial concern about using two different types of metals, with the pinion being made of stainless
steel and the gear rack being made of brass; however, because the pinion requires a minimal amount of force to lift
the gear rack and Pitot tube, it was deemed non-concerning to use the two different types of materials.

Figure 15: Brass Gear Rack CAD Model

2.2.7 Clips

The clips are designed to attach the Pitot tube to the gear rack. An adhesive was not used as it was desired for the
gear rack to be detached from the Pitot tube if necessary. The clips are press fit onto the Pitot tube and gear rack,
with a small bolt that is slid through the hole in the clip, as shown in Figure 16, and a hole in the gear rack. The bolt
is secured with a hex nut to prevent slippage. The clips are 0.54 inches in length, 0.35 inches in width, and 0.50
inches in height. The clips are composed of PLA and are 3D printed.

Figure 16: Clip CAD Model
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2.2.8 Platform

The platform is used to hold all components of the design. The platform is approximately 4 inches in length, 2.7
inches in width, and 0.5 inches in height. There is a small square cut-out near the front of the design which allows
the gear rack and Pitot tube to slide up and down. The square cut-out is 0.55 inches in length, 0.55 inches in width,
and 0.5 inches in height. The platform is composed of PLA and is 3D printed.

Figure 17: Platform

2.3 Electronics

2.3.1 Programming

When originally programming the stepper motor, Arduino was solely used. For testing purposes and becoming
familiar with programming in Arduino, a program was created in which the user would input a specific number of
steps, and the stepper would move that number of steps. To move the Pitot tube in a downward direction, the user
would input a positive number in order to move the pinion in a clockwise direction. To move the Pitot tube in an
upward direction, the user would input a negative number in order to move the pinion in a counterclockwise
direction. This interface with the serial monitor is shown in Figure 18.

Figure 18: Arduino Serial Monitor Interface

Ultimately, a combination of LabVIEW and Arduino was used to control the movement of the stepper motor, and
therefore the vertical motion of the Pitot tube, as the wind tunnel is controlled through LabVIEW. In order to ensure
the stepper motor moved to the desired position within the wind tunnel test section, LabVIEW was used to send an
analog voltage output to a NI-DAQmx 6001, which is connected to an Arduino Mega board. Another program was
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created within Arduino IDE to read this analog voltage output, convert the voltage to a position, and set the speed of
the stepper motor. This program was uploaded to the Arduino Mega board, as the board is able to hold code even
when not connected to a computer. Within the LabVIEW VI, the user is able to input a new position in terms of
percentage for the Pitot tube to move to within the wind tunnel. As a reference for the user, the top of the wind
tunnel is considered 0 percent, and the bottom of the wind tunnel is considered to be 100 percent. The user can move
anywhere between these two points by utilizing the interface, which is shown in Figure 19.

Figure 19: LabVIEW Stepper Motor Position User Interface

2.3.2 Wiring

The wiring diagram for NEWTSS is shown below in Figure 20. The Arduino Mega is powered by a 5 V variable
power source and the stepper motor is powered through a 12 V variable power source which is wired into the
stepper motor driver. The stepper motor required 0.67 Amps per phase, which exceeded the 0.05 Amps that the
Arduino Mega board is able to handle (Pololu - Stepper Motor). As a result, a DRV8834 stepper motor driver was
used as it is able to handle a maximum of 2 Amps per phase (Pololu - DRV8834). Due to the fact that an analog
voltage output from the Arduino Mega to the NI-DAQmx 6001 was used to control how many steps the stepper
motor moved, the Arduino Mega was connected to the ai0 channel on the NI-DAQmx 6001, as shown in Figure 20.

Figure 20: NEWTSS Wiring Diagram
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3.0 Propeller Project

The purpose of testing the propellers is to test various designs of low Reynolds number propeller geometries and
optimize those designs for low-power high thrust applications on scientific balloons. Before testing of the propellers
could begin, the Dynamometer Series 1580/1585 thrust stand needed to be assembled, along with sourcing an ESC
and brushless DC motor that was compatible with said thrust stand, as pictured below.

Figure 21: Dynamometer Series 1580 Thrust Stand and Enclosure

3.1 Drawing the Propellers in CAD

The following set of parameters were followed when drawing the first propeller in Inventor AutoDesk.

1. Utilize NACA 0015 airfoil
2. Adapt to a motor shaft of 3.17 mm
3. 2-blade propeller
4. CCW rotation
5. Airfoil chord: 0.7 in
6. Maximum overall diameter: 7.0 in
7. Propeller blade span: 3.0 in
8. Root Pitch Angle: 7 degrees
9. Tip Pitch Angle: 2 degrees
10. Linear transition from root to tip

To create the airfoils needed for the CAD model, the Airfoil Plotter tool through airfoiltools.com was utilized and
the points were exported to a Microsoft Excel file. These points were then imported into Inventor AutoDesk and an
airfoil was created with those points within CAD. Within the Airfoil Plotter tool, the Pitch angle was able to be
specified in degrees. Utilizing this feature, one airfoil with a pitch angle of 7 degrees and another with a pitch angle
of 2 degrees were created. After importing these to Inventor, they were blended together to create a propeller blade,
as shown in Figure 22.
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Figure 22: 2-Blade NACA 0015 Propeller CAD Model

Figure 23: Airfoil Plotter Tool
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3.2 Printing the Propellers

It was desired for the 3D printed propellers to be smoothly finished to ensure the most accurate data could be
gleaned from them when testing. However, the first few prints proved to be rough and unsuitable for testing. The
propellers were printed vertically, as shown in Figure 22, and were originally printed with no support. It was found
that printing the propellers with a raft was the best solution as it prevented any rough finish from occurring on the
bottom of the propeller. I began with printing a 2-blade propeller that utilized a NACA 0015 airfoil. The four print
attempts, among which is the final successful print, are shown below in Figure 24.

Figure 24: NACA 0015 3D Printed Propellers

4.0 Conclusion

As the Fall 2022 internship comes to an end, there are still aspects of each of these projects that need to be
completed, which the Spring 2023 intern will be tasked with. Regarding the Load Cell Project, the use of the Load
Cell Mount in the testing of 3D printed models of both partially and fully inflated balloons will be continued.
Regarding NEWETSS, the tasks will mainly consist of refining the system. These tasks will include implementing
limit switches within the wind tunnel to accurately pinpoint the position of the Pitot tube within the wind tunnel, in
addition to bringing the electronics out of the prototyping phase by soldering the components together. The Spring
2023 intern will also be responsible for creating a way to mount the electronics in an organized fashion to the top of
the wind tunnel test section. As the Propeller Project was recently started, and now that the set-up of the project has
been completed, propellers will continue to be drawn up in CAD based on data and parameters provided by Dr.
Christopher Yoder. The propellers will also continue to be 3D printed and tested using the Dynamometer Series
1580 thrust stand.
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