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ABSTRACT
CHARACTERIZATION OF A LOW-SPEED BOUNDARY LAYER WIND
TUNNEL
by

Zachary Hauptman

University of New Hampshire, May, 2010

The Low-Speed Boundary Layer Wind Tunnel at the University of New Hampshire
is to be used for fundamental boundary layer research. To that end, a characterization
of the Wind Tunnel is necessary.

Before characterization could begin, the Wind Tunnel had to be rebuilt. A test
section was shipped from the University of Maryland. The rebuilding process required
improving the material quality of this test section, building a new inlet and turbulence
management section, and purchasing a diffuser and fan.

The characterization process consisted of a number of tests. These tests focused
not only on the boundary layer but also on the freestream flow and pressure gradient.
Results included values for the pressure gradient, boundary layer statistics, power
spectra, integral parameters, and evaluations of the freestream turbulence, freestream
profiles, and long-term velocity profiles.

From these results it is concluded that, despite some irregularities, most results

match well with trends and patterns that have been detailed in the literature.
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CHAPTER 1

INTRODUCTION

1.1 Overview

The purpose of this thesis is to document and report on the characterization of the
Low-Speed Boundary Layer Wind Tunnel at the University of New Hampshire, shown
in Figure 1-1. It will be used for fundamental research of the physics of fluid phe-
nomena.

Characterization is the process of determining and quantifying the characteris-
tics of the canonical flow within a facility. This canonical flow is related only to the
facility’s construction, physical properties, and component specifications. Charac-
terization therefore describes the qualities of a facility. A well-characterized facility
allows one to reliably compare the results from the facility to the results of others
of its type. This comparison allows one to determine that the facility can indeed
recreate existing results and is therefore capable of generating new results, thereby
advancing the field. Such a facility also allows a researcher to gauge whether the fa-
cility is appropriate for a given research objective and make an informed decision on
how best to use it. Furthermore, a well-characterized facility allows precise compar-
isons of modified, manipulated, or disturbed flows with the canonical flow and allows
a researcher to draw more accurate conclusions about those flows and their effects.

For these reasons, characterizing a wind tunnel is always important, but char-
acterizing the Low-Speed Boundary Layer Wind Tunnel at the University of New

Hampshire, hereafter referred to simply as the Wind Tunnel, is especially important



because of the basic scientific research for which it is intended. To that end, this

thesis aims to fulfill the following objectives.:

e To provide a brief history of the Wind Tunnel and a brief description of its

reconstruction.

e To detail the physical properties, dimensions, and specifications of the Wind

Tunnel in the configuration used for this research.

e To describe the apparatus used to gather data and explain the processes by

which the data were analyzed.

e To report the experimental observations made from these data and discuss the
relevance of these observations as they pertain to the characterization of the

Wind Tunnel.
e To draw conclusions that accurately represent this characterization.

It should be noted that later studies will most likely require minor modifications to
the Wind Tunnel. These changes to the configuration mean that the Wind Tunnel
and its properties remain essentially the same, but small changes are made as future

research dictates.

The following tests were conducted to characterize the Wind Tunnel:

e The pressure gradient tests collected pressure data from pressure taps embedded

in test section floor of the Wind Tunnel along the centerline.

e The freestream turbulence intensity tests collected hot-wire data at a single

point in the freestream flow at a single location downstream.

e The long-term velocity profile tests collected hot-wire data at one point in the

freestream flow over times exceeding one hour.



e The freestream profile tests collected hot-wire data at multiple points in the

freestream flow at a single location downstream.

e The boundary layer profile tests collected hot-wire data at multiple vertical
points at a single location downstream, most of which were within the boundary

layer. These points extended from the floor into the freestream flow.

1.2 A Brief History of the Wind Tunnel

The Wind Tunnel originated at the University of Maryland. In that capacity, Pro-
fessor J.M. Wallace and associates conducted fundamental boundary layer research
with it (Balint et al., 1987; Balint et al., 1990; Balint et al., 1991; Ong, 1998; Wallace
et al., 1992;‘ Wallace, 2009). The Wind Tunnel was of the open return type, taking
in air from and expelling it to the outside environment. Its main features consisted
of a very large honeycomb and screen inlet, a contraction from the inlet to the test
section with a contraction ratio of 12:1, and a fan capable of ‘creating a freestream
velocity in the test section of approximately 5 m/s. The dimensions of the test section
were approximately the same as in the configuration used for the present research.
Eight polycarbonate windows allowed for visual observation of the flow along the en-
tire length of the test section, primarily in the streamwise direction. Seven of these
windows opened to allow access inside the test section. Hinges at the top facilitated
this access, while two compression clamps per window kept the windows closed when
access was 10t required. A sheet of clear polycarbonate embedded in the floor at the
downstream end of the test section allowed for visual observation of the flow in the
spanwise direction.

1.3 Reconstruction of the Wind Tunnel




Plans for a wind tunnel at the University of New Hampshire called for a facility that
was suited to conducting fundamental turbulent boundary layer research at as high
a Reynolds number as possible.

Space considerations required that the inlet be redesigned and a new one built.
The design shrunk the inlet cross section to the nominal size of the test section (a
contraction ratio of 1:1), but retained the honeycomb and added a series of screens
behind the honeycomb to further reduce turbulence from the outside environment.
This type of inlet saves valuable laboratory space and reduces the power requirements
on the motor and fan. It also reduces unwanted flow phenomena that can arise from
fhe use of a contraction (Rashidnia and Faléo, 1986).

The test section was modified to improve turbulence management, to increase vis-
ibility, and to add pressure measurement capabilities. These modifications installed
additional features to the test section, including a boundary layer trip, and a number
of pressure taps in the floor of the test section. The modifications also required re-
placing the windows, which had become scratched and foggy, with new clear plexiglas
windows replicated from the originals.!

Weather stripping, tape, and silicon sealant were used to seal the test section and
other parts of the Wind Tunnel from the outside environment. Obviously, the use of
packing tape is not an ideal solution, but since it creates minimal disturbances in the
flow, its use allowed the current research to proceed.

A new fan capable of generating flows with speeds up to approximately 12 m/s in
the test section was purchased. This fan has a round inlet, whereas the test section
is rectangular. This difference in interface required a diffuser to be designed and
constructed.? The diffuser converted the cross section of the flow from rectangular to

square, but fulfilled the additional requirement that this transition occurs gradually in

'Windows replicated by Seacoast Glass, Kittery, ME

2Diffuser custom-made by Macy Industries, Inc., Manchester, NH



order to avoid boundary layer separation. To reduce vibrations through the laboratory

floor, the fan was mouﬁted on four spring-loaded vibration isolation mounts.
Although the Wind Tunnel is presently capable of generating flows at higher

Reynolds numbers than it was in its previous role at the University of Maryland,

they are still moderately low.

1.4 Justification of Statistical Measures

The majority of the observations from the present research are statistical. The Navier-
Stokes equations, however, are instantaneous and deterministic in nature. It is there-
fore necessary to show that statistical quantities satisfy the Navier-Stokes equations.
Two concepts are required:

e Ensemble averaging, given for any quantity u(t) as®

a(t) = %,—}:ui(t)dt (1.1)

e Reynolds Decomposition, which decomposes a quantity into a mean and a fluc-

tuation about the mean as*

a=U+ (1.2)

To average the Navier-Stokes equations, the techniques of ensemble averaging and

Reynolds decomposition must be used. The Navier-Stokes equations are the conti-

3N — number of samples
u; — a given sample

44 — total, instantaneous quantity
U - mean of the quantity
u’ — the fluctuation about the mean



nuity and momentum equations (neglecting gravity effects) for a fluid flow and are
given, in standard index notation, by

ou;

5. =0 (1.3)

and
ou; . Oy 18P 0%,

—_— u.__—.— —_—
gt 5w T pom o

(1.4)

These equations can be Reynolds decomposed and then averaged. When this process

is applied to the continuity equation, the result is

) (U +ul) = oU; +a_u;_ s o
YUY B, Oz Oz O

o —0 (1.5)

However, as the average of the fluctuation equals zero, the derivative of that average

also equals zero, so

o,

oz, =0 (1.6)
and

oU;

9z, 0 (1.7)

The mean quantity fulfills the continuity equation (Kundu and Cohen, 2008).

Applying the same process to the components of the momentum equation produces

8U1+U8U 0 — IBP_H/ ?U;
pOz;  Oz;0x;

1.8

ot Toz;  Oz; (18)
Except for the third term in Equation (1.8) (the Reynolds stress) the mean quantity
fulfills the non-averaged momentum equation (Kundu and Cohen, 2008). However,
while the consideration of Equation (1.8) is not a focus of the present research, the
preparation of the Wind Tunnel to explore the solutions to Equation (1 .8) is. As a

result, the primary characteristics will be statistical in nature.



1.5 Figures for Chapter 1

Figure 1-1. Photograph of the Low-Speed Boundary Layer Wind Tunnel at UNH.



CHAPTER 2

MATERIALS AND METHODS

2.1 The Wind Tunnel

The Wind Tunnel’s configuration for the research presented in this thesis allows for
Reynolds number measurements of smooth-wall turbulent boundary layers over a

modest range of Reynolds numbers.

2.1.1 The Inlet and Turbulence Management Section- The inlet is 121.9

cm wide by 61.0 cm tall, the nominal cross-section of the test section, for a contraction
ratio of 1:1.! It contains the turbulence management section, which consists of a piece
of honeycomb and six mesh screens, with the honeycomb marking the Wind Tunnel’s
entrance. A honeycomb length of 7.6 cm and a diameter of 0.4 cm create a length-to-
diameter ratio of 16:1 (Loerhrke and Nagib, 1977). Positioned at even intervals behind
the honeycomb, the screens consist of woven wire 0.45 mm thick and have a porosity
of 0.39. The inlet and turbulence management system, based upon a similar inlet
design implemented in other low-speed wind tﬁnnels (Rashidnia and Falco, 1986),

can be seen in Figure 2-1.

2.1.2 The Test Section- To account for boundary layer growth and ensure a

nominally zero pressure gradient boundary layer within the test section, the height of

Measurements of dimensions were taken in inches to an accuracy of £1/32 in, but the dimensions
are reported in centimeters without the associated +0.079 cm error in this thesis.



the test section increases with downstream distance beginning 8.9 cm downstream at
a rate of 0.0118 c¢cm, /cm,. The angle of divergence between the ceiling and the floor
is 0.68°. The test section is 61.0 cm tall at the turbulence management section and
71.1 cm tall at the diffuser. Figure 2-2 details the test section with dimensions.

In addition to a hot wire probe and a pitot-static tube (discussed below), the

interior contains the following items:

e A boundary layer trip. This 1/4-20 in threaded rod fixes the point at which
instabilities cause the boundary layer to become turbulent at 11.4 cm down-
stream of the turbulence management section. Placed 0.6 cm above the test

section’s floor, it spans the width of the test section.

e An array of flush-mounted pressure taps. These taps allow for both streamwise
and spanwise pressure measurements at even intervals along the floor of the test
section. The taps are 5.1 cm long brass tubes with an outer diameter of 0.6
cm and an inner diameter of 0.2 cm. When not in use, they are plugged from
outside, eliminating undesired holes in the ﬂoqr of the Wind Tunnel. Table 2.1

details their locations.

2.1.3 The Diffuser- A steel diffuser connects the test section to the fan. Be-

cause of a small manufactuing error in the diffuser a 2.5 cm high backward-facing
step exists along the floor at the interface between the test section and the diffuser.
The overall length of the diffuser is 160.0 cm although the transition section that
transitions from the test section’s square cross section to the fan’s round cross section
is 147.3 cm long. Steel strengthening frames account for this difference.
To avoid boundary layer separation and thus ensure that the diffuser does not
affect measurements taken in the test section, the éng]e of transition from rectangular

to circular must be no more than 7° (Feil, 1964). Angles of 4.02° inward in the



horizontal direction and 5.33° outward in the vertical direction fulfill this requirement.

Diagrams of the diffuser can be found in Figures 4-3, 4-4, and 4-5.

2.1.4 The Fan- The fan is an AMCA Class II radial fan.2 A 20 HP electric

motor® powers the belt-drive fan, which is capable of a maximum volume flow rate
of 14.16 m3/s, resulting in a flow velocity up to approximately 12 m/s in the test

section.

2.2 Instrumentation

2.2.1 The Pitot-Static Tube- A pitot-static tube exists along the centerline

of the test section 758.4 cm downstream from the turbulence management section.
Extending 22.9 cm from the ceiling of the test section, it did not adversely affect

measurements taken with the hot-wire probe below it.

2.2.2 The Pressure Transducer - A pressure transducer?, in conjunction with

a signal conditioner®, allowed for the collection of pressure data, which it output as a
voltage in a 1:1 correspondence with pressure (in mmHg). An included heater applied
a temperature greater than ambient to the pressure head, allowing for more accurate
measurements and attempting to eliminate measurement drift. Because this heater

required time to warm up, the signal conditioner remained powered on continuously.

2Fan produced by New York Blower Company

3Motor, model Super-E with a maximum operating voltage of 480 V at 24 A, is controlled by a
linear controller (model 15H) over a range of 0-60 Hz. Both were manufactured by Baldor Electric
Co.

410 Torr MKS pressure transducer, model 692A11TRD
SMKS Series 270 signal conditioner, model 270-D-4-RZ

10



2.2.3 The Hot-Wire Probe- A single-element hot-wire probe mounted on a

traversing rod that passed through the floor of the test section facilitated the bulk of
data collection. The photograph in Figure 2-7 displays this arrangement.

Probes were constructed by mounting tungsten wire between stainless-steel prongs.
To build the probes, tungsten wire was copper plated at two ends which were then
soldered to twin prongs connected to a BNC connector. The copper plating defined
the active sensing element of the tungsten wire—the distance between the two coatings,
isolated the active portion' of the probe from aerodynamic effects induced by the twin
prongs, and also aimed to reduce end conduction effects. The tungsten wire itself
had a diameter of 5 um. With a length of 1 mm, ‘the active portion of the probe had
a length-to-diameter ratio of approximately 200:1 (Lomas, 1986). A dimensionalized
~ diagram of this probe can be found in Figure 2-7.

The hot-wire probe was mounted atop a 61.8 cm long aluminum rod, attached to
a motorized traverse® which allowed for about 38.1 cm of vertical motion in the test
section from the floor upwards. This traverse utilized a screw mechanism, converting
rotational motion to linear motion. A high-torque stepper motor’, controlled by a
motion controller®, provided rotational motion, moving 0.072° per step (5000 steps
per revolution). Fifty thousand (50,000) rotational steps resulted in a range of one
inch on the traverse. A custom mount held the traverse and stepper motor in place
under the Wind Tunnel and was positioned and leveled in the proper location. Figure
2-8 shows a diagram of this mount. Because the custom mount was not affixed to
anything and required occasional adjustments, the tests using the hot-wire probe were

taken at slightly different locations:

6Velmex BiSlide traverse, model MN10-0200-E01-31
"The stepper motor, model 8718M-04S, was manufactured by LIN Engineering

8The motion controller, model MID-7604, was manufactured by National Instruments

11



e 757.6 cm downstream of the final mesh screen in the test section: the boundary
layer tests, the freestream turbulence tests, and the long-term velocity profile

at approximately 2 m/s
e 758.0 cm downstream: the long-term velocity profile at approximately 6 m/s
e 778.7 cm downstream: the freestream profile tests

A hot-wire anemometer® connected the probe to the computer. Each channel on
the anemometer allowed for the adjustment of the resistance of the probe (in Q) to
two decimal places, the damping of the probe’s output, and amplification factors of
the output. The gain on the output remained at one for all tests.

A digital barometer!® and a pen thermometer!! facilitated the acquisition of the
barometric pressure and the temperature at the time of each test which were required
to calculate the density of air.

A cathetometer'?, with an accuracy of £0.0025 in, was used to locate the active
sensing element on the hot-wire probe relative to the floor of the Wind Tunnel. This

process is discussed in further detail below.

2.2.4 Computer Control- The processes of traversing the probe and acquiring

the data utilized a computer® running Windows XP Professional Edition. Commands

to the motion controller were processed via a Motion Controller card. Data from

9The anemometer, a 10-Channel model AN-1003 Hot-Wire Anemometry System, was manufac-
tured by A.A. Lab Systems Ltd.

10The barometer, model 230-355, was produced by Geneq, Inc., in Montréal, Canada
IIThe thermometer, model 9840N, was from Taylor

12The cathetometer, model Titan Measuring A-1 Microscope-Telescope, was produced by Titan
Tool Supply Co.

13The computer was composed of a chassis, model PXI-1042, a Controller, model PX1—8105, a
Motion Controller card, model PXI-7334, and a data collection M-Series DAQ card, model PXI-
6221, all manufactured by National Instruments

12



the pressure transducer/signal conditioner and the anemometer were converted from
analog to digital via a DAQ card.

National Instruments LabVIEW 8.5 allowed for the execution of data acquisition
and motion control. It is through this program that the vast majority of computer
control in fhe present research was carried out. Three LabVIEW computer scripts
were used in the present research to facilitate data collection. Each script executed
sequential frames of instructions. These frames were contained in a for loop where
the number of iterations indicated the number of positions at which to collect data.
Figure 2-9 details the script used to collect data from the hot-wire probe. The other

two scripts used portions of the first and are further detailed in Table 2.4.

2.3 Data Acquisition

2.3.1 Preliminary Calculations- Before any testing could begin, calculations

had to be carried out to estimate values for the thickness of the boundary layer, dgg,
where the axial velocity is 99% of the freestream velocity, the appropriate sampling
frequency, fs, and the appropriate total number of samples, T'S, to collect at each of
the hot-wire test velocities.

To estimate dg9, the data on boundary layer thickness and the freestream velocity,
Uy, from the Wind Tunnel in its previous configuration at the University of Maryland
(Balint et al., 1991) (presented in Table 2.2) were plotted as dg9 vs. Uy, and fit to an
exponential curve. From this exponential fit, values for dg9, were calculated for each
of the test velocities.

In order to find the sampling frequency and total number of samples to obtain, val-
ues for the friction velocity, u,, first had to be found. A rough estimate at moderately

low Reynolds number is given as

ur 7 (0.04)Us (2.1)

13



Using these values of u,, estimates for the viscous time unit, t*, could be found. Both

u, and the kinematic viscosity of air'*, v, were used to find the viscous time unit as

pr= 2 (2.2)

2
Uz

The resulting values for the viscous time unit (Klewicki, private communication)
allows for the determination of the sampling frequency,' as in Equation (2.3). To
provide post-processing flexibility, it is preferable to sample at 4-5 times the frequency
associated with the viscous time unit, t% (Femenias, 1993; Hutchins et al., 2009). The

intermediate value of 4.5 was chosen, as shown by

4.5
fs = t_*

(2.3)
In order to ensure that the statistical parameters (mean, turbulence intensity, skew-
ness, and kurtosis) all converge to within +5% of the statistically stable value (Klewicki

and Falco, 1990), the total sampling time, T'T', at each position should be

1.3(599

TT = 40
00 U

(2.4)

To find the total number of samples to take at each position, this number should be

multiplied by the sampling frequency, given as
TS = foxTT (2.5)

The values for sampling frequency and total number of samples were based on a rough

estimate, given in Equation (2.1). As a result:

14The kinematic viscosity of air was assumed constant at a value of ¥ = 1.568 x 107° m?/s

14



e The values for sampling frequency were rounded and multiplied by 1.5 to allow

for the statistical representation of all turbulent phenomena.

e The values for the total number of samples were rounded and increased to ensure

that enough data were collected at each position.

In addition, it was found, early in testing, that the values for dg9 were too small.
The estimates for dgg were adjusted, and those used in the tests were twice what was

calculated from the fit to the findings presented in Balint et al. (1991). The final

numbers, used for testing, are given in Table 2.3.

2.3.2 Procedures Common to All Tests- The objectives of the present re-

search required a number of different tests to collect different data and generate dif-
ferent observations. These tests include the pressure gradient, boundary layer profile,
freestream turbulence, long-term velocity profile, and freestream profile tests.
However, many of the steps in acquiring data were identical between tests. Every
test required recording the barometric pressure and the temperature. Every test re-
quired preparations of the apparatus, some of which were conducted via the computer.

Software installed on the computer facilitated various tasks:

e National Instruments Measurement and Automation Explorer (MAX) was used

to initialize the motion controller.

e National Instruments Motion Control allowed for manual (as opposed to control
via LabVIEW, described below) operation of the stepper motor. It was used to
move the hot-wire probe when data collecfion was not required, such as moving
it to calibrate the probe, moving it to the floor (to use the cathetometer) or to

any other position.

At this point, the procedures required the use of the LabVIEW scripts. Again,

each script executed sequential frames of instructions as detailed in Figure 2-9; the

15



procedures used three scripts, the differences between which are delineated in Table
2.4

Before every test, the pressure transducer required zeréing to eliminate the drift,
however small, that arose between tests. The second script was run at a sampling
frequency of 5000 Hz for a total of 15,030 samples. These samples were averaged to
acquire a single reading for that trial. This process was repeated until the average
voltage output was less than 0.000000 £0.000010 V. The process was repeated for
both the null and pressure output settings. It was consistently important to zero the
signal conditioner via the computer, as the signal conditioner read to only two decimal
places (as opposed to the computer’s six), and the significant data were collected via

the computer.

2.3.3 Pressure Gradient Test Procedures- The pressure gradient tests in-

volving the pressure taps required collecting pressure data from the pitot-static tube
and from the taps via tvhe pressure transducer.

The pitot-static tube facilitated the collection of dynamic pressure data from
which was calculated the freestream velocity for each chosen radial fan frequency.
The radial fan frequency, which directly controls the flow velocity, was manually
adjusted, and then the second script was run at a sampling frequency of 5000 Hz for
a total of 15,030 samples. The frequencies chosen were 10, 15, 20, 25, 30, 35, and 40
Hz.

The pressure gradient tests collected pressure data from pressure taps embedded
in the floor of the Wind Tunnel along the centerline. Data were collected at the
centerline taps with one port of the pressure transducer connected to a pressure tap
and the other port open to the atmosphere. While the first test gathered these data

from every tap, the second gathered these data from only the first and last taps.

16



Each time series of pressure data was collected using the second script at a sampling

frequency of 500 Hz for a total of 90,000 samples.

2.3.4 Procedures Common to All Hot-Wire Tests- The hot-wire tests re-
quired adjusting the anemometer and calibrating the hot-wire probe against the
freestream velocity (as calculated from the dynamic pressure data collected from
the pitot-static tube).

Adjusting the anemometer allowed for an accurate resistance of the probe. To
find the cold resistance of the probe, the bridge was balanced to find the resistance
at which the output on the anemometer read 0.00. This resistance was multiplied by
1.7 to calculate the hot (operating) resistance.

To calibrate the hot-wire probe, both pitot-static dynamic pressures and hot-wire
voltages were collected at the same time via the use of the third script. The radial fan
- frequency was manually adjusted, and the third script was run at a sampling frequency
of 5000 Hz for a total of 15,030 samples. This process was repeated typically for nine

different frequencies:

e For the boundary layer tests, the nine frequencies were evenly spaced from a
frequency that generated a freestream velocity of approximately 1.5 m/s in the
test section to a frequency that generated a freestream velocity higher than the
desired freestream velocity. The eighth ffequency most closely generated the

desired freestream velocity in the test section.

e For the freestream turbulence, long-term velocity profile, and freestream profile
tests, the nine radial fan frequencies were consecutive frequencies centered about
the frequency that generated a freestream velocity in the test section most

similar to the desired freestream velocity (2, 4, 6, 8, or 10 m/s).

17



After each hot-wire test, a second calibration was performed. The hot-wire probe was
moved back to its original position in the freestream and data were collected at the

same radial fan frequencies, pursuant to the same stipulations given above.

2.3.5 Running the Hot-Wire Tests- Many procedures remained the same

between tests. The first script was used to collect all data, even when the stepper

motor was not utilized. There existed other small differences:

e For the boundary layer tests, the number of positions (iterations of the for
loop) was set at 36. The startihg position differed between the tests, but the
ending position was 1.3 times the estimate for dgg. The stepper motor moved
the hot-wire probe in a growing exponential relationship between the starting

and ending positions.

e For the freestream turbulence, long-term velocity profile, and freestream profile

tests, the acquisition parameters can be found in Table 2.5.

e For the freestream profile tests, the stepper motor moved the hot-wire probe in
a linear relationship between the starting and ending positions, which remained
constant throughout. The distance between positions was approximately 7.0

cim.

In addition, the boundary-layer tests required the use of the cathetometer. The hot-
wire probe was lowered to the floor of the test section via the computer utility MAX
where a razor blade was placed next to it with the blade’s tip in contact with the floor.
The tip marked the location of the floor when the probe and blade were examined
through the cathetometer. A diagram of this view can be seen in Figure 2-10. The
difference (in inches) between the blade and the hot-wire probe was measured 4-8
times using the crosshairs and vernier scale on the cathetometer, and the average of

these differences became the starting position for the test.

18



2.4 Data Analysis

2.4.1 Analyzing the Pressure Data- A pressure gradient expresses the rate

at which the pressure changes per a given length. For each of the seven radial fan
frequencies at which pressure data were acquired, the dynamic pressure collected
from the pitot-static tube had to be converted into freestream velocities. This was

accomplished via Bernoulli’s Equation:!®
1 9

However, the pressure acquired was the dynamic pressure from the pitot-static tube,
resulting in the term P being represented as AP,,mu,'®. With the proper conversion
factor and a rearrangement of Bernoulli’s Equation, the velocities (in m/s) could be

found, as shown by

v \/ APpmig I p133.33239 (2.7)
2

where the density of air (in kg/m?®) was found from the barometric pressure (in Pa)
and the temperature (recorded in °C and converted to K for Equation (2.8)) that

were recorded with each frequency set of calibration data as well as the specific gas

constant for dry air (287.05 J/kgK):7

p= 7= (2.8)

15P _ pressure
p — density of air
V — velocity

Y6 APrumirg — dynamic pressure (in mmHg) recorded via the pressure transducer

17 P, — barometric pressure
R - specific gas constant for dry air, a constant value of R = 287.05 EgJ_K
T — temperature
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Using Bernoulli’s Equation, each time series of dynamic pressures was converted into
a time series of velocities. The means of each of these time series were then found to
yield a single value of the freestream velocity for each.

The pressure data from the taps were analyzed in order to find the value of the

5,

5, the derivative of the coefficient of pressure as a function of

pressure gradient,
distance between two adjacent pressure taps.
The time series of two adjacent pressure taps (or the first and last taps used in

the second test) were subtracted and averaged for single inter-tap pressure value and

the coefficient of pressure, AC,, was found as

(A Prmtamommen — D P rens) * 133.33239
3PU%

AC, = (2.9)

The value of p used in Equation (2.9) was calculated as the average of the values of
p found from the barometric pressure and temperature recorded each tap’s pressure
data. The value of U, was the single value for the freestream velocity calculated
from the pitot-static tube data.

The values of AC, were divided by the distance between the two taps to‘ find

values for the pressure gradient. That is

5C, AC,
2 = (2.10)

xpdownstream - ‘,L'pupst'ream

This expression provided seven numbers per freestream velocity which were then

plotted against location downstream to yield a pressure profile for the Wind Tunnel.

2.4.2 Analyzing the Hot-Wire Probe Data- Analyzing the voltage data

from the hot-wire probe required first analyzing the calibration data. The results
of those analyses were later used to convert the other data gathered with the hot-
wire probe into velocity data that could then be used to generate observations such

as the statistical measures and power spectra.
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