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ABSTRACT
A five-hole probe is a unique measuring device that can provide information on a flow field’s
three dimensional velocity vector. Many laboratories studying turbomachinery can utilize these probes to
gather important information on complex flows that CFD software cannot always provide accurately.
However, these probes can be difficult to calibrate and many laboratories do not have the capability of
running their own calibrations. Often, they have to rely on the manufacturer’s original calibration which
can become inaccurate over time. This thesis presents the construction and validation of a five-hole probe
calibration system.
The calibration system designed in this research produces an air-jet in which the velocity and
pressure can be measured by pressure taps built into the sides of the rig’s piping. The system involves a
series of pipes with a section of packed straws and three screens to reduce turbulence and straighten the
flow in the system. To handle the probe’s position and orientation, a traverse and rotary table system was
built to control the probe both manually and through automation. The probe can then be orientated at
various pitch and yaw angles to gather calibration data in the air-jet.
This thesis demonstrates calibration runs for the intended use of the probe at Re≈4842. After
running repeated tests it was determined that the probe could produce reliable data for ranges of ±10o at
this Reynold’s number. Having the system in the lab also gives the ability to recalibrate the probe for
other values for Re which may have other ranges of useable data.
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Nomenclature
ai=Exponent in Uncertainty Analysis
C= Constant in Uncertainty Analysis
Cp,static,max= Maximum Measured Static Pressure Coefficient
Cp,static,min= Minimum Measured Static Pressure Coefficient
Cp,total,max= Maximum Measured Total Pressure Coefficient
Cp,total,min= Minimum Measured Total Pressure Coefficient
Cppitch= Pitch Calibration Coefficient
Cpstatic= Static Pressure Calibration Coefficient
Cptotal= Total Pressure Calibration Coefficient
Cpyaw= Yaw Calibration Coefficient
g= Gravitational Constant
P= Average of Static Pressure Ports 2, 3, 4, and 5 as Defined by Figure 6-2
P1= Pressure Measurement of Five-Hole Pressure Port 1 as Defined by Figure 6-2
P2= Pressure Measurement of Five-Hole Pressure Port 2 as Defined by Figure 6-2
P3= Pressure Measurement of Five-Hole Pressure Port 3 as Defined by Figure 6-2
P4= Pressure Measurement of Five-Hole Pressure Port 4 as Defined by Figure 6-2
P5= Pressure Measurement of Five-Hole Pressure Port 5 as Defined by Figure 6-2
Patms= Atmospheric Pressure
Pstagnation= Stagnation Pressure
Pstatic= Static Pressure
Ptotal= Total Pressure
R= Variable in Uncertainty Analysis
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Rair= Specific Gas Constant for Air
T= Air Temperature
V= Air Velocity
Vavg= Average Air Velocity
Wcp,static= Static Pressure Calibration Coefficient Uncertainty
Wcp,total= Total Pressure Calibration Coefficient Uncertainty
Wp1= Pressure Port 1 Uncertainty
Wp2= Pressure Port 2 Uncertainty
Wp3= Pressure Port 3 Uncertainty
Wp4= Pressure Port 4 Uncertainty
Wp5= Pressure Port 5 Uncertainty
WPatms= Atmospheric Pressure Uncertainty
Wpstatic= Static Pressure Uncertainty
Wptotal= Total Pressure Uncertainty
WR= Uncertainty of Variable R
WT= Air Temperature Uncertainty
WV= Air Velocity Uncertainty
X= Horizontal Position Relative to the Center of the Jet
Xi= Variable with Exponent=ai in Uncertainty Analysis
Y= Vertical Position Relative to the Center of the Jet
α= Pitch Angle of Five-Hole Probe
β= Yaw Angle of Five-Hole Probe
ρ= Density
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Chapter 1
Introduction
Motivation
With the constant push for increased efficiencies in turbomachinery, the precision and accuracy
of the instrumentation is vital. An efficiency increase of just one percent can be considered a major
breakthrough. As university and industry researchers continuously strive for more and more optimal
designs, they cannot claim to have the most superior design without first ensuring the quality and
accuracy of their testing instruments.
Gas turbines power major portions of our transportation and energy industries. They work by
pulling air into a compressor, which increases the air pressure. Burning fuel adds heat to the air creating a
high energy flow. This air is expanded as it passes over turbine blades converting this energy into a
rotational force used to power the compressor and a generator in the energy industry. In aeronautical
military jet engines, the remaining energy produces a propulsion force. The turbine inlet flow can reach
temperatures exceeding 1600oC and the materials used in turbine blades typically can melt at 1250oC [1].
This has the largest impact in the first row of blades and vanes of the turbine. Advanced cooling methods
are needed to keep the service life of the engine components as high as possible.

Figure 1-1: : Gas Turbine Schematic

To keep the blades and vanes from failing from the extreme temperatures, methods such as
external film cooling and internal cooling are used. Cooling air is typically drawn from the compressor
and is distributed through a series of snaking passages on the inside of the blades. In addition, film holes
along the blade form a thin film of cooling air protecting the surface [2]. This cooling is vital to the
longevity of the blade and the decrease of an airfoil's metal temperature by 25oC can double its part life
[3]. However, these cooling techniques compromise efficiency as it draws air from the compressor
causing a loss in pressure ratio and thrust in jet engines. A major engineering goal in gas turbines is
optimizing the amount of blade cooling with the least amount of flow in order to have an ideal balance of
part life and efficiency.
A major area of focus for the Penn State's Experiment and Computational Convection Laboratory
(ExCCL) is studying how to optimize turbine airfoil cooling techniques. This type of research involves
the modeling of complex flows located inside and outside blades. Different instruments are implemented
to study these complex flows, but one that offers unique advantages to this type of research are five-hole
pressure probes. In a flow field, this probe can give a three dimensional velocity and local static pressure
at a given point. Five-hole probes offer the advantage of being able to record small pressure differences
that can be converted to velocities allowing the analysis of how the main gas path flows react to different
blade cooling technologies. Other techniques, such as LDV or PIV, might not be useable if there is no
optical access, and they cannot take pressure measurements. Five-hole probes can provide valuable
information about optimizing a gas turbine's cooling flow, but are traditionally difficult to calibrate. Since
these probes measure flow three dimensionally, calibration must involve a process in which the three
dimensional flow is known. Many laboratories lack the equipment to calibrate these complex probes and
research on the subject has not been very widespread. In the past, Penn State researchers Treaster and
Yocum [4] studied the process and it was later improved upon by Town and Camci [5]. Now, with the
need for these probes in ExCCL's research, these processes need to be validated for the use in the
application of gas turbine blade cooling research.
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Objective
While there have been many different techniques developed to create calibration curves and
coefficients, this research used a method similar to the one employed by Town and Camci [5]. The
purpose of this research was to take this calibration technique and apply and validate it for use in the
ExCCL. It was essential to calibrate the probes to match the intended purpose of the probes. These fivehole probes are to be used for experimental designs in the geometry of airfoil cooling technologies. With
that in mind, the calibration rig designed in this research used a range of velocities expected for future
experiments. However, the goal was to determine how to automate and simplify the calibration of these
probes so that the calibration process can be modified to suit other experimental needs for the probes.
Since the probes measure flow three-dimensionally, the process of calibrating them is tedious and
inconsistent depending on the system used and how well they were aligned . The lack of an automated
way of calibrating them prevents many labs from calibrating the probe themselves. Improper handling or
small particles in the measurement fluid can cause the probe to go out of calibration. Laboratories having
an effective way to calibrate these probes can ensure the quality of their data.
The plan was to establish a method to calibrate these probes which was both efficient and
accurate. There were three main areas of focus that needed to be addressed in order to accomplish this
goal: a rig that could produce a known air flow; a device that could control the angle of the probe; and an
automated program that can run the calibration. If all three of these tasks were accomplished, the
laboratory would be able to perform reliable experiments with these probes.
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Chapter 2
Review of Relevant Literature
Pitot Probe
A fundamental instrument in fluid flow testing is a Pitot probe. A Pitot probe is simply a pressure
tap that can be directed into oncoming fluid flow giving a pressure reading at the stagnation point located
at the tip of the probe. There are also Pitot-static probes, which have several static pressure taps on the
sides of the tube giving the local static pressure reading. By taking the difference of the stagnation
pressure on the tip of the probe and the static pressure on the sides, velocity can be obtained through
Bernoulli's Equation.
ρV2
2

P+

+ ρgz = constant

(1)

With the effects for gravity being negligible, the stagnation pressure read at the tip of the Pitot
probe can be equated to the static pressure and the dynamic pressure.
P𝑠𝑡𝑎𝑔𝑛𝑎𝑡𝑖𝑜𝑛 = P +

ρV2
2

(2)

Rearranging this equation allows us to calculate the velocity of the flow at the tip of the probe
using the pressure difference of the stagnation to static pressure.
1

2∗(𝑃𝑠𝑡𝑎𝑔𝑛𝑎𝑡𝑖𝑜𝑛 −𝑃𝑠𝑡𝑎𝑡𝑖𝑐 ) 2

𝑉=(

ρ

)

(3)

The limitation of these probes is that they only take velocity in one direction. Typically, a Pitot
probe with a rounded head can maintain dynamic head accuracy of approximately 1% with misalignment
of ±12o yaw [6].

Kiel Probe
Kiel probes are similar to Pitot probes except they have a much greater degree of allowance for
misalignment. They have a cylindrical tube that extends in front of the stagnation point guiding the flow

to the tip of the sensing hole. Kiel probes will provide total pressure readings accurate within angles of ±
45o [7]. These probes are very useful when taking velocity readings and greatly limit the human error
caused by probe misalignment.

LDV and PIV
Flow velocity can be determined three-dimensionally without the use of probes by Laser Doppler
Velocimetry (LDV) and Particle Image Velocimetry (PIV). LDV crosses three pairs of laser beams at a
specific frequency to give the three dimensional velocity a specific location in the flow. The crossing
laser beams create fringe patterns which are interrupted as particles in the flow pass through. Examining
the frequency at which particles interrupt the laser fringe pattern gives an accurate three dimensional
reading of fluid velocity at a given point [8]. Unlike LDV, PIV can give the velocity of an entire cross
section. It uses high speed cameras to tract movements of particles in fluid and map their velocities. These
two techniques give very accurate readings of complex flows [9]. However, they are expensive and
require large set ups. Also, they cannot give readings of internal flows unless clear material is used.

Multi-hole Probes
As its name implies, five-hole probes measure the pressure differences from five pressure ports.
There is one port in the front with four angled ports around it to give a velocity vector. This velocity
vector shows three dimensional fluid flow readings and static pressure measurements to give these probes
a distinct advantage over other pressure probes which can only give fluid velocity in a single direction.
The schematic view of a five-head probe is presented in figure 2-1.

Figure 2-1: Five-Hole Probe Head Schematic
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However, it is this three dimensional velocity capability that make calibrating these probes very
difficult. When calibrating, it is essential to know both the speed and direction flowing into the probe.
There is a wide range of specially design multi-hole probes that allow detection of the flow
velocity's direction as well as magnitude. These probes have the ability to give three dimensional readings
of internal flows and are less expensive than LDV or PIV. The drawback is the time and difficulty it takes
to calibrate them accurately. All multi-hole probes work on the same principle. The middle front hole
takes a stagnation pressure at the tip. The angled side holes can be used to take pressure differences
around the tip and the velocity components can be added to create a three-dimensional vector.
There are different variations of multi-hole probes including three-, five-, and seven-hole probes.
They all have one central hole at the tip with two, four, or six angled holes around this tip. More holes
will give a more accurate reading of the direction of velocity, but increase the price, difficulty of
calibration, and number of pressure readings needed to be taken. The type of multi-hole probe used
depends on the researcher's accuracy needs. The length and shape of these probes also varies. Probe heads
can be designed with wedges, a cone, a pyramid, and other shapes [7]. How the shape and length of the
probe head interferes with the flow has a large impact on the amount of error. Different styles of heads
have different flow separation characteristics which can cause much of this error [10].

Calibration of Five-Hole Probes
Calibration is essential to ensure the reliability of data acquired with a multi-hole probe. Five hole
probes are tedious and difficult to calibrate because the relationship between the pressure ports has to be
established three dimensionally. Two types of calibration that have been developed by researchers include
nulling and non-nulling.
The nulling method of calibration involves adjusting the pitch and yaw of the probes where
measurements are to be taken. The tip of the probe is kept within two perpendicular planes in front of the
air stream. The probe is manually adjusted until the four outer pressure sensors read equal pressure
readings according to a manometer. This manner of calibration can often be impractical due to the space
6

limitations where the measurements are being taken and the disturbances to the flow caused by the
equipment [11].
The non-nulling method of calibration involves testing the probe in a calibration fluid flow rig to
find the relationship between the pressures measured at each of the ports and the velocity approaching the
probe tip. A series of tests are taken in which the probe takes readings from a jet stream of desired
Reynolds number. The probe is adjusted along its yaw and pitch plane while recording the pressures in
each port. Non-dimensional calibration coefficients are established, which relate the angle of the probe to
the pressure readings so that nulling does not have to be performed in future tests [4].
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Chapter 3
Design of the Calibration System

The first area of design was the construction of a rig that could produce air flow at a known and
consistent velocity. The air was to be funneled through a small opening where the five-hole probe would
be positioned. Using pressure taps and other probes would validate that the flow coming out of the nozzle
is consistent, smooth, and in a range useful for the lab's research.
The next step in the process was creating a device to control the angles of the probe. In order to
calibrate the probes for three dimensional measurements, it needed to be held in front of the rig's flow
outlet and moved along its yaw and pitch planes. This device was going to require that, with the probe’s
tip at a fixed point, the probe could rotate to angles of at least forty degrees which is above the typical
maximum accurate measurement range of ±30o for non-nulling five-hole probe calibration [4]. It also
needed to provide this data to a computer so the pressure data and exact angles could be controlled and
analyzed. This device would provide the crucial information on the direction of the probe tip essential for
the calibration.
Finally, by automating the process, it would make calibrating the probes very straightforward. To
accomplish this, the rig would first be tested by controlling the process manually. Once it has been
established that everything was working properly, automating it could be done through a computer
program. Code would be written that can control the angles of the probes precisely and take
measurements at each of the angles. An automated program would save the hours it takes to perform
calibrations manually. With automation making calibrating swift, it would make using these high quality
probes more appealing for research labs in which time is very valuable.
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Air-Flow Rig Design Considerations
When designing the calibration rig, the goal was to produce a jet stream out of the nozzle that was
smooth and consistent as possible. It was decided to use an air blower to pressurize a long plenum which
would then reduce into a nozzle producing the air-jet. PVC pipe was chosen because of its low cost and
minimal friction factor. Design features such as a section packed with straws axial with the flow and three
wire-screens were included to reduce turbulence and velocity variations in the flow. Pressure taps were
inserted around the nozzle and plenum to measure the pressure drop. Also, a thermocouple inserted in the
plenum was used to record the flow temperature.

Blower Information
The blower used for the calibration rig was a Dayton High Pressure Centrifugal Blower
manufacture model number #4C108. It has a capacity of about 734 cfm at 1 in. static pressure and a wheel
diameter of 10.56 in.

Figure 3-1: Dayton Air-Blower

Piping Design Information (lengths, screens, plenums)
The rig was designed with an 8 in. diameter plenum leading to a 2 in. diameter nozzle. The 2 in.
diameter nozzle was desired to give a fairly large jet stream while allowing the ability to achieve the
desired velocities. Since the intended use of the probes was for velocities from 5m/s to 40m/s, the 8 to 2
in. diameter reduction was calculated to achieve this range with the blower's pressure capabilities. The
9

blower had a 4 in. diameter opening; therefore, a 4 to 8 in. coupling was used to connect the blower to the
plenum.
To decrease the turbulence from the blower, straws and screens were used. The first section of the
plenum was a 9 in. long pipe section filled completely with 7 ¾ in. long plastic straws axial with the flow.
This can decrease the turbulence because the turbulent fluctuations are reduced by the diameter of each
individual straw. A progression of three wire-screens, each with a finer mesh than the next, was used
because turbulent fluctuations larger than the mesh openings cannot travel through them. Each screen was
separated by a 10 in. long pipe section which was chosen due to restrictions caused by the length of the
flanges available for 8 in. diameter pipes. The first coarse screen was metal-wire. The second finer screen
was made from fish net material. The last and finest screen was a mesh screen usually used in windows
and doors. Before the reduction to the nozzle is made, a plenum section two diameters long was needed
after the last screen section to ensure all remaining disturbances are damped out. This was accomplished
by adding 16 in. section after the last mesh screen. This section was used to insert the thermocouple and
pressure taps. An 8 to 4 in. reducing coupling was attached to a 4 to 2 in. reducing coupling to connect the
plenum to the nozzle. The nozzle section was 6 ½ in. long and had a 2 in. diameter with four pressure taps
inserted around the end.
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Figure 3-2: Calibration Rig CAD Model

Figure 3-3: Calibration Rig Piping and Mounting

Instrumentation (pressure taps, thermocouples)
Eight static pressure taps were inserted into the rig using 1/16 in. diameter brass tubes. This was done
by drilling holes in the PVC, making the end of the tube flush with the inner wall of the pipe, and using
epoxy to create a seal around the tube. Using these pressure taps, the pressure drop from the plenum and
nozzle could be read and compared to the Pitot probe reading received from the jet stream. Figure 3-4
shows the locations of the pressure taps. The pressure taps were connected to a pressure transducer which
converts the pressure difference to a readable voltage. The pressure transducer used was a Setra Model
264. It had a maximum range of 0-5 ins. of water column.
11

Figure 3-4: Static pressure Tap Diagram

Thermocouple wire was also inserted into the flow through the side of the plenum in order to
record the air flow temperature. A digital thermocouple reader was used to read the temperature from the
wire.

Figure 3-5: Thermocouple Connected to Thermocouple Reader

Validation techniques
A lot of effort went into validating that the rig was producing a consistent flow. First, the rig was
tested for leaks by coating areas of possible leaks with a bubble solution, capping the end of the nozzle,
and pressurizing the rig to observe if any air was escaping. If any bubbles form, that would indicate a
leak. A series of tests were then run using a Pitot probe, a Kiel probe, and the static pressure taps to
12

investigate and map out the jet stream produced from the nozzle. It needed to be validated that a large
enough region in the center of the flow existed at a consistent velocity which could be used to represent a
known air speed and direction for the five-hole probes to measure. All tests used the same calibrated
pressure transducer to maintain consistency.

Pitot Probe Tests
To measure the air velocity from the nozzle, a static-pressure Pitot probe was attached to a
horizontal and vertical traverse system which was controlled manually. The probe takes the pressure
difference from the stagnation pressure at the tip and the static pressure in order to calculate the air
velocity. The stagnation and static pressure tubes were attached to the pressure transducer. A power
supply was connected and set to12V for the transducer to operate. The Pitot probe could then be carefully
aligned with the flow and pressure readings could be taken for an entire profile of the air flow for one
given distance from the nozzle opening. Various tests were run at different frequencies of the blower and
distances from the nozzle.
The pressure difference of the Pitot probe could be measured by taking the voltage across the
pressure transducer. Using the voltage reading of the pressure transducer pressure can be calculated in
inches of water using an equation derived from previous calibration. With a barometer giving the
laboratory's atmospheric pressure and the thermocouple giving the air temperature, the density of air
could be determined for each pressure measurement using the ideal gas law.
𝑃

ρ = R𝑎𝑡𝑚T
𝑎𝑖𝑟

(4)

With both the pressure difference and density known, equation 3 can be used to determine the
velocity at the probe's point in the flow.

13

Figure 3-6: Pitot Probe Mount on Traverse aligned with Air-Jet

Kiel Probe Tests
A Kiel probe was used to further validate the Pitot probe readings. The head of the Kiel probe is
designed to compensate for errors in alignment. It takes one pressure measurement which would be
attached to the high pressure measurement of the pressure transducer. Three different pressure references
were used for the low pressure measurement of the transducer: atmospheric pressure, the average of the
nozzle static pressure taps, and the plenum static pressure tap farthest downstream. To obtain the average
of the nozzle pressure taps, rubber tubing connected all four pressure taps on the nozzle to a junction
which was then connected to the pressure transducer. Like the Pitot probe, the velocity could be
determined by assuming the static pressure around the Kiel probe is at atmospheric pressure. The two sets
of measurements in which the low side of the pressure transducer is connected to either the nozzle or the
atmosphere should reflect the air velocity. The measurements using the plenum pressure tap as a reference
should give pressure readings close to zero because the pressure in the plenum should be approximately
equal to the stagnation pressure at the Kiel probe, if the flow velocity is considered negligible in the
plenum. This is due to the conversion of static pressure in the plenum to dynamic pressure out of the
nozzle. An entire profile of the air jet exiting the nozzle could be taken and compared to the Pitot probe
readings.

14

Figure 3-7: Kiel Probe Mounted on Traverse Axially Aligned with Air-Jet
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Chapter 4
Design of the Probe Fixture System

In designing the probe fixture system, the goal was to have the ability to control the horizontal
and vertical position and the pitch and yaw orientation of the probe through a motorized system.
Motorized traverses were needed to control the position and rotary tables were needed to control the
orientation. As shown in Figure 4-1, the vertical traverse was to be attached on top of the horizontal
traverse. A large rotary table would be mounted to the vertical traverse. A customized bracket would be
rotated by the rotary table in order to rotate the probe’s pitch position while maintaining the probe’s tip in
a fixed location. A smaller rotary table to control the yaw would be attached to the side of the bracket in
which the probe could be held. The bracket would keep the probe tip in a fixed location and provide the
system enough space from the nozzle to ensure it does not interfered with the flow. The initial concept is
shown in Figure 4-1.

Figure 4-1: CAD Model of Probe Fixturing System
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Working with Velmex, a company specializing in manual and motorized positioning equipment, a
design was finalized which fit the system’s requirements. Two MN 10-0050-E01-21 BISLIDE’s were
ordered for the horizontal and vertical positioning requirements. Both had a 5 in. range of motion and
were motorized. The large rotary table was a Velmex B4800TS which would control the pitch. The
smaller rotary table is a Velmex B5990TS which would hold the probe and control the yaw. A customized
bracket was machined by Velmex to mount the rotary tables. The length of the bracket was designed to
keep all parts of the traverse away from the opening of the nozzle in order to eliminate any blockage
effects.

Figure 4-2: Rotary Table Bracket Assembly

In order to mount the probe to the rotary table, a customized probe holder had to be machined.
The five-hole probe in the lab had a 3/8 in. diameter shaft which had to go through the rotary table and be
attached to the screw pattern shown in the Figure 4-3.

17

Figure 4-3: Velmex B5990TS Drawing

To achieve this, a flange-style pipe fitting was used to match the screw pattern on the rotary table.
A model number 45735K291 Thin-Wall Butt-Weld 304/304L Stainless Steel Pipe Fitting Unthreaded, ½
in. Pipe Size Stub End was purchased from McMaster-Carr to be custom fitted to the rotary table. The
screw pattern on the rotary table was machined into the flange of the pipe fitting using a mill located in
Penn State’s Learning Factory. A ½ in. copper tube was cut to be used as a sleeve for the probe and was
slid into the flange. Rubber tubing with 3/8 in. inner diameter was cut to line the inside of the copper
tubing preventing the probe from sliding and serving as a gasket to protect the probe. To hold the probe,
the flange was attached to the rotary table. The rubber tubing was then slid onto the probe shaft and the
copper sleeve was slid over to the rubber tubing. The copper sleeve could then be inserted into the flange
and a threaded hole was machined into the side of the flange in which a set screw could be placed to hold
the copper sleeve in place. To help hold the probe in position more rubber tubing could be placed at the
end of the brass sleeve and a hose clamp could then be slid over and tightened on both the flange and
rubber tubing to keep the probe locked in place. The probe holding components are shown in the Figure
4-4.
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Figure 4-4: Probe Holding Components

The entire system was motorized and could be either manually controlled by the Velmex VXM-4
programmable stepping motor control or through the provided Velmex Cosmos software. The larger
B4800TS rotary table could control the pitch of the probe. 80 steps of the motor rotated the probe’s pitch
orientation 1o. The smaller B5990TS could control the yaw of the probe. 100 steps of the motor rotated
the probe’s yaw orientation 1o. For calibration tests, the system could be used to quickly position the
probe in the center of the air jet. While holding the probe test position constant, the rotary tables could run
through a series of orientations while the probes collected pressure measurements. The ability to control
the system’s orientations in this manner greatly reduced the time it would take to manually adjust the
probe to each angle.

Figure 4-5: Probe Fixture System
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Chapter 5
Calibration Jet Validation Results

Velocity Range for Calibration Jet
A series of tests were run to ensure that the calibration jet would provide consistent and reliable
air velocities. The first experiment involved varying the air blower frequency and determining the
velocity at different distances from the nozzle using a Pitot probe at the center of the jet. The frequency
was brought from 0 to 50 Hz at intervals of 5 Hz and brought back from 50 to 0 Hz to account for
hysteresis. The blower frequency was not set above 50 Hz because of concerns that a higher frequency
would cause a voltage output from the transducer above 5 volts, which would indicate over-pressurization
of the transducer's intended range and potential damage to the transducer.
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Figure 5-1: Air velocity vs. blower frequency at a distance of 1/8 in. from the nozzle
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Figure 5-2: Air velocity vs. blower frequency at a distance of 1/2 in. from the nozzle

The data appears to indicate that the velocity is a linear function of blower frequency. From the
data, the calibration rig produced a velocity range of approximately 0 to 45.3 m/s. Table 5-1 lists the
approximated Reynolds number for each frequency for a five-hole probe with tip diameter of 0.095 in.
Table 5-1: Average Reynolds Number vs. Blower Frequency

Frequency
(Hz)
Reynolds
Number

0

5

10

15

20

25

30

35

40

45

50

0

747

1542

2355

3168

3983

4804

5618

6451

7242

8045

Velocity Profiles at Various Jet Distances
Data was also taken at a constant frequency of 30 Hz, while varying the vertical position of the
Pitot probe along the centerline of the nozzle. 30 Hz was used because it produces a velocity of about 27.7
m/s which was a desired usage velocity for the probes. Points were taken from the bottom of the nozzle to
the top and back to the bottom (to investigate hysteresis) at intervals of 0.1 in.. The data shows the measured
velocity at each point divided by the average free stream velocity. It can be seen from the data how the
shear layer expanded as the distance from the nozzle increased. At each distance from the nozzle from the
nozzle there was an area of consistent velocity in the center of the jet stream.
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Figure 5-3: Non-dimensionalized velocity vs. vertical centerline position

Tests were also run to compare the Pitot probe reading of the jet velocity to the values obtained by
the measurement of the pressure drop from the plenum chamber to the nozzle using the pressure taps. The
pressure transducer was individually attached to each pressure tap and the average pressure drop between
the plenum chamber and nozzle was measured. Equation 3 could be applied in the same manner as the Pitot
probe if it was assumed the velocity in the plenum was negligible compared to the velocity in the nozzle,
allowing the static pressure drop between the plenum and the nozzle to be used to calculate velocity. Using
equation 3, the plenum static pressure was used as the stagnation pressure while the nozzle static pressure
was used as the static pressure. This measurement is then compared to a Pitot probe reading in Table 5-2.
Table 5-2: Comparison of Pitot Probe Velocity Measurements to the Pressure Taps Calculated Velocity

Distance from Nozzle
(in)

Pitot Average
(m/s)

Tap Velocity
(m/s)

Percent Error
(%)

0.125

27.67

27.64

0.13

0.5

27.70

27.70

0.004

1

27.65

27.58

0.26

2

27.68

27.75

0.23

4

27.66

27.71

0.19
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This measurement determined how well the static pressure difference could be used to estimate the
jet centerline velocity accurately so that a Pitot probe would not be needed for calibration runs.
To further verify the nozzle was producing a constant jet stream, tests were run on the horizontal
centerline from left to right. Each test conducted was set at various distances from the nozzle.

Figure 5-4: Non-dimensionalized velocity vs. horizontal centerline position

The data showed a similar trend of loss of velocity around the ends as the distance from the
nozzle increased. At 2 in. from the nozzle, the right side of the jet lost velocity closer to the center than
the left. This may have been due to unsteady conditions in the shear layer and it may be beneficial to run
calibrations within 2 in. from the nozzle. Overall, the data suggested that a useable region of constant
velocity existed in the center on the jet stream.
A complete velocity profile across the entire jet was captured to ensure there were no regions in
the stream with unexpected variations in velocity. The following experiments used an X and Y traverse
system to map out a complete profile of the jet. Data was taken from left to right of the stream at
increments of 0.2 in. at a set Y location. Then a different Y location was set at increments of 0.2 in. and
data again was taken from left to right until an entire jet profile was measured. Once again different
distances from the nozzle were taken. This process usually took at least three hours to complete one
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profile and illustrated the need for automation in the final process. Figures 5-5 to 5-7 are contour plots of
the velocity measurements from 0.125 in., 1.0 in., and 2.0 in. downstream of the jet exit.

Figure 5-5: V/Vavg profile 0.125 in. from nozzle

Figure 5-6: V/Vavg profile 1.0 in. from nozzle
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Figure 5-7: V/Vavg profile 2.0 in. from nozzle
Table 5-3: Average Velocities within the 0.7 in. Radius Center of the Jet

Distance From Nozzle
(in.)

Average Velocity
(m/s)

Max Percent Error
(%)

0.125

27.71

0.43

1

27.72

0.20

2

27.69

0.34

The data showed the expected trend of an expanding shear layer as the distance from the nozzle
increased. The center on the stream appeared consistent with the average velocity. Note that the rough
nature of the edges of the contours in the figures was due to the limited resolution of the measurements in
the regions of high velocity gradient at the edge of the jet.
Another series of tests were run using a Kiel probe. The Kiel probe was positioned 1 in. from the
nozzle and data points were taken at three locations in the jet stream were tested in reference to the center
of the nozzle: (0,0), (0.5 in.,0), and (0, 0.5 in.). Tests were run in which the frequency and position of the
Kiel probe was varied while referencing the low pressure port on the transducer to atmosphere and then
each nozzle pressure tap individually. The frequency of the blower was set to 10, 20, and 30 Hz. Figure 5-
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8 shows how the average velocity of all three positions behaved as frequency increased at the center of
the jet.

Figure 5-8: Average Velocity measured by Kiel probe vs. frequency

The velocity increased in a linear function as expected. Then the data was analyzed to determine
if any trend occurred in percent error by varying frequency or horizontal and vertical position. Figure 5-9
shows the results of analyzing how the blower frequency affected the accuracy of determining jet velocity
by using the nozzle outlet pressure taps. The atmospheric pressure data was used as a reference for the
percent error and Figure 5-9 showed no clear trend in the error as frequency increased. Figure 5-10 shows
the trend in this percent error when grouped by position. When analyzing the data not all taps had a
pattern, but pressure tap 4 clearly had high error at position 3. Pressure tap 3 also was higher but not as
dramatically.
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Figure 5-9: Absolute percent error of pressure taps vs. frequency

Figure 5-10: Absolute percent error of pressure taps vs. position

It was then decided to measure an entire profile of the jet stream using the Kiel probe. Different
pressure readings were obtained by connecting the high pressure port of the pressure transducer to the
Kiel probe, then the low pressure port was connected to either the atmosphere, the average of the nozzle
pressure taps, or the plenum pressure tap number 5. Using the atmosphere and the nozzle as reference
points provided two ways of calculating velocity which was compared to the Pitot probe's measurements
and used to check the performance of the pressure taps. Using the plenum as a reference produced a
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pressure difference comparing the Kiel stagnation pressure to the plenum static pressure. This pressure
difference was expected to be approximately zero assuming the plenum’s flow pressure was negligible
due to low velocity. Due to the limited length of the available Kiel probe, the top of the jet stream was
clipped in the data; however, the data still offered good insight into the behavior of the jet stream.

Figure 5-11: Kiel V/Vavg profile in reference to the atmosphere.

Figure 5-12: Kiel V/Vavg profile in reference to the nozzle pressure
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Figure 5-13: Kiel ΔP/(1/2*ρ*Vavg^2) profile in reference to the plenum pressure

Looking at Figure 5-11, the Kiel probe in reference to the atmospheric pressure showed results
that validated what was demonstrated in the Pitot probe test. When the nozzle static pressure was used as
a reference (Figure 5-12), there was a noticeable drop in the calculated average jet velocity. Also, near the
top of the jet stream there was a slight drop in the velocity not seen in other tests. This behavior was
explained in later tests. The measured pressure difference between the Kiel probe and the plenum pressure
difference was non-dimensionalized by the pressure change over the average dynamic pressure in the airjet determined by the Pitot Probe:
1
ρVavg 2
2

(5)

This pressure difference was expected to be close to zero which is shown in Figure 5-13.
Effect of Blockage on Nozzle Exit Pressure
Looking at the velocity data referenced to the nozzle pressure, it appears the position of the Kiel
probe was influencing the behavior of the pressure taps. Figure 5-14 shows the percent error of the
velocity using the nozzle pressure as a reference compared to using atmospheric pressure as a reference.
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Figure 5-14: Percent error of velocity measurement vs. position

There was clearly an increase in percent error that occured near the top of the nozzle. This was
enough to suggest that the position of the Kiel probe holder and traverse may have an effect on the
pressure tap readings. While looking at the setup of the Kiel probe, the traverse had to be positioned very
close to the nozzle to place the probe in the jet stream. As the height of the Kiel probe increased, some of
the moving parts of the traverse would move in front of the nozzle which could explain the increase in
percent error. This suggested that a blockage effect may have been occurring which could explain the
error in the pressure taps.
It was then decided to test if a blockage effect existed when the traverse was positioned in front
of the nozzle. Three vertical positions of the traverse were used to test different levels of blockage as
shown in Figure 5-15. The pressure transducer was connected to all four pressure taps which gave the
average pressure reading of the nozzle. Frequencies of 10, 20 and 30 Hz were used at all three positions
and also readings were taken with the traverse completely removed from the system, which was labelled
as position 0 on the graph and represented the control variable of the test. Figure 5-15 shows the three
positions used to test how much effect the traverse components have on the pressure taps.
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Position 1 (0,-1.2)

Position 2 (0,0)

Position 3 (0,0.9)

Figure 5-15: Three Positions Tested for Blockage Effects

Figure 5-16: Nozzle pressure reading vs. positions 0, 1, 2, and 3 of traverse

Figure 5-16 clearly illustrated that the pressure reading was affected by the position of the
traverse. Position 0, in which the traverse is completely removed from the system, eliminated almost all
of the added pressure that the pressure taps were measuring. This demonstrated why there was some error
in the Kiel probe readings when the nozzle pressure taps were used as a reference. This test showed the
importance of how the probe holding mechanism needed to keep the probe in front of the flow with the
least amount of interference possible. This need became a major focus on the design of the probe holder.

Comparison of Pitot and Kiel Probe Measurements
Next, the results of the Pitot probe were compared to the results of the Kiel probe. In this test the
Kiel probe calculated velocity using equation 3 with the Kiel’s measured pressure as the stagnation
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pressure and atmospheric pressure as the static pressure. Figure 5-17 shows the results of the horizontal
centerline of both probes at 1 in. from the nozzle and 30 Hz

Figure 5-17: Pitot and Kiel probe horizontal centerline V/Vavg
Table 5-4: Average of Pitot Probe and Kiel Probe Measured Velocities at 1 in. from the nozzle and 30 Hz

Average Pitot
(m/s)
27.72

Average within 0.7 Radius Core
Average Kiel
Percent Error
(m/s)
(%)
27.66

0.22

Both the Kiel and Pitot probes gave consistent results concerning the velocity of the jet stream.
The Kiel measured a slightly smaller shear layer, which most likely comes from air velocity hitting the
Kiel probe at angles out of the Pitot probe’s range; however, this would not affect the calibration process
if only the center of the jet stream was used. The data from all the tests led to the conclusion that the
calibration rig ran at consistent velocities within a 0.7 in. radius range in center of the jet stream. The
maximum velocity percent error found in the 0.7 in. radius for the Pitot probe velocity measurements was
±0.2% while the Kiel probe had a maximum percent error of ±0.4%. This provided a useable area for
calibration where the maximum velocity error was approximately ±0.1 m/s. Taking the average between
the Pitot and Kiel measurements of 27.69 m/s, an approximate air-jet Reynolds number of 103,700 was
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calculated by the 2 in. diameter nozzle and an average air viscosity of 1.38x10-5 m2/s. This Reynolds
number was used for all of the calibration tests. However, for other applications of the probes different
Reynolds numbers for calibration would need to be analyzed.
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Chapter 6
Five-Hole Calibration Tests

With a reliable source of air velocity, the following tests were run to determine how accurate the
system could calibrate the probes. The five-hole probe used in the experiments was a United Sensor
conical head five-hole probe shown in Figure 6-1. The probe head had a 0.095 in. diameter head with
0.012 in. diameter pressure sensing holes

Figure 6-1: 5-Hole Probe Head

Figure 6-2 shows the plane used to define positive yaw and pitch and defines the pressure ports.
Pitch was defined by α and yaw was defined by β.

Figure 6-2: Yaw and Pitch Planes and Pressure Port Schematic
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Next, the calibration coefficients Cptotal, Cpstatic, Cppitch, and Cpyaw were defined by the traditional
equations used for five-hole probe measurements.
𝑃5−𝑃4
𝑃1−𝑃

𝐶𝑝𝑃𝑖𝑡𝑐ℎ =
𝐶𝑝𝑦𝑎𝑤 =

𝑃2−𝑃3
𝑃1−𝑃

𝐶𝑝𝑡𝑜𝑡𝑎𝑙 =

(7)

𝑃1−𝑃𝑡𝑜𝑡𝑎𝑙
𝑃1−𝑃

(8)

𝑃−𝑃𝑠𝑡𝑎𝑡𝑖𝑐
𝑃1−𝑃

(9)

𝐶𝑝𝑠𝑡𝑎𝑡𝑖𝑐 =
𝑃=

(6)

𝑃2+𝑃3+𝑃4+𝑃5
4

(10)

For all the five-hole probe tests, all pressures were referenced to the plenum using pressure tap 5
(see Figure 3-4). For calibration, Ptotal was measured as the plenum static pressure and Pstatic was measured
as the nozzle static pressure.

Alignment Process
Alignment of the probe was a crucial step in the calibration process. There was an important
distinction between the aerodynamic and geometric alignment of the probe. To geometrically align the
probe involved locating the exact position where the tip of the probe was aligned to the air-jet velocity.
To aerodynamically align the probe was to orient the probe until the side pressure ports read the same
pressure readings. Due to imperfect manufacturing these points are not typically in the same alignment.
Aligning the probe to its aerodynamic center was a simpler process. However, in future applications of
the probe the direction of the air flow may not be known. This means if the aerodynamic center was
located it may not be practical to relate it to the orientation of the probe. For the lab’s purposes
calibrations would be preferred at the geometric center of the probe. A consistent alignment process was
developed to determine when this probe center was in line with the air-jet velocity.
The first step in aligning the probe was to ensure both the calibration rig nozzle and traverse
system were on a level plane and orientation. This could be done by adjusting the mounting legs that
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supported the traverse system until both gave level readings. A 90o squaring tool could then ensure the
outer side of the axial direction of the nozzle was square to the sides of the traverses. It was important to
use the outer side of the nozzle as a consistent datum point. This ensured the horizontal and vertical
traverses were oriented with the calibration rig. Then, to align the pitch angle of the probe, the squaring
tool could be used to visually check that the shaft of the probe was perpendicular to axial direction of the
nozzle. It was very important to note that this alignment was done to the thicker 3/8 in. diameter shaft of
the probe and not smaller diameter shaft which holds the probe head. These two shafts were noted as not
co-linear and one had to be chosen as the reference point for the calibration. This meant that the pitch data
could appear non-centered in the tests, because the probe head was not perfectly 90o to the holding shaft.
However, calibrating the probe in this manner allows in future tests that the probe’s pitch could be aligned
to the longer shaft and the calibration data compensates for the misaligned head. This method made it
easier to find the pitch’s reference point in future experiments.
Aligning the yaw angle was a more difficult process because the small probe head was more
difficult to align parallel to the axial direction of the nozzle. To accomplish this an alignment tool was
designed as shown in Figure 6-3.

Figure 6-3: Alignment Tool

The tool could be slipped onto the end of the nozzle. The tool was then aligned with the nozzle by
using a caliper to measure the distance from the end of the alignment tool to the end of the rig’s reducing
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nozzle. Also, a level was used to ensure that the alignment tool was on a level plane. The end of the tool
was capped off with a cardboard disk in the center of which a hole was pierced. A similar disk was
located inside the tool, where instead a of hole, cross-hairs were drawn in the center of the disk. A hole
drilled into the side of tube allowed the probe head to be moved into the center of the tool in between the
two disks. The location of the hole was designed to locate the probe head at 1.5 in. away from the nozzle,
which placed it within a reliable range of the air-jet velocity. To align the probe, a light source was used
to shine a light though the hole in the cardboard disk hitting the back of the probe head and casting a
shadow of the probe near the cross-hairs. A hole drilled in the top of the tool allowed the shadow to be
observed. The probe could then be repositioned until the shadow’s horizontal and vertical positions were
located on the cross-hairs. Then, the yaw could be adjusted until the slimmest shadow was cast ensuring
the probe yaw angle was aligned with the nozzle. At this point, both the position and orientation should
be aligned and, using the traverse software, all four motor positions should be nulled to position zero. The
probe could then be moved out of the alignment tool and the tool can be removed from the nozzle. This
alignment was a critical point at which human error could occur and have a significant effect on the
consistency of the calibration data. Each calibration test run involved performing the same alignment
process. Any improvements in this alignment process going forward would most likely provide the
greatest source of improved calibration reliability.

Validation Results
To validate that the system functioned correctly, initial tests were run by taking data points along
the pitch angles, while keeping yaw at 0o, and, also along the yaw angles, while keeping pitch at 0o. Each
test used a blower frequency of 30 Hz which was shown to produce an average velocity of about 27.6 to
27.7 m/s depending on the atmospheric pressure and air temperature. Using the five-hole probe head’s
diameter, an average Reynolds number of 4842 was calculated for the calibration tests. The same
transducer was used in the initial five-hole tests. The transducer only had the capability to measure one
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pressure port at a time, making gathering data a longer process. Results were compared to an existing
calibration of the probe. Some concerns were raised about the existing calibration when unexpected
results were obtained in an unrelated experiment. This was kept in mind while analyzing the test results.
Figure 6-4 depicts the measured Cpyaw and Cppitch coefficients versus the given calibration data.
The measured data was taken at a range of ±40o at intervals of 5o and with a Reynolds number of
approximately 4842. The original calibration data was taken at different intervals so a direct comparison
could not be achieved, but the closest available angle ranges were used. Figure 6-3 also depicts the
original calibration with pitch angles at a range of -39.7o to 31.5o at a constant yaw angle of -0.027o. The
range of yaw angles is from -31.5o to 31.5o at constant pitch angle -0.118o. The graph below showed that
the trend in coefficients slightly differed from the original calibration. Much of this difference could have
possibly arisen from alignment or slight changes in the probe’s head position since being calibrated. Also,
accuracy seemed to be lost on the outer edges of the yaw and pitch ranges. This is expected because fivehole probes are typically not reliable outside ranges of ±30o and some experts prefer using even smaller
ranges. Showing the slight misalignment from the original calibration demonstrated how the lab’s ability
to calibrate the probes themselves would help keep the probes in calibration and know exactly how the
probe was orientated during calibration.

Figure 6-4: Centerline Cp,pitch vs. Cp,yaw Data
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Figures 6-5 and 6-6 depict the Cptotal and Cpstatic coefficients. They show the same range of data in
which the pitch was constant at 0o while the yaw was varied and then the yaw was constant at 0o while the
pitch was varied. The original calibration data depicted the yaw which was constant at -0.118o and the
pitch which was constant at -0.027o. Figure 6-4 shows the Cptotal data followed a similar trend as the
original calibration. However, the constant pitch data showed a slight difference in the trend. This could
have been from a natural variance in calibration data, a slight difference in alignment, or other differences
between this system’s calibration and the original. The constant yaw data seemed to follow the same trend
with smaller variation but its consistency was further investigated in later tests.

Figure 6-5: Cp,total at Constant Pitch=0

Figure 6-6: Cp,total at Constant Yaw=0

39

Although the Cpstatic data also depicted similar trends as the original data, the variation seemed to
be greater. A noticeable variation occurs in Figure 6-8 where a noticeable spike occurred between pitch
angles 15o to 20o in the original calibration data. Although a slight hump in the data occurred in the test
data, it was not as extreme as the original calibration. This hump could have been indicating possible flow
separation which occurred at angles in this range. A difference in the behavior of the side pressure ports
was noted in the range of 20o during preliminary tests with the five-hole probe. This indicted an area of
interest where considerations needed to be made on the reliability of probe accuracy at this angle range.
This can demonstrate how different styles of probe heads can offer unique advantages related to flow
separation depending on the user’s intended data ranges.

Figure 6-7: Cp,total at Constant Pitch=0

Figure 6-8: Cp,static at Constant Yaw=0
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Next, a series of four calibration runs were performed to test how the profile of the calibration
map compared to the original calibration and how much repeatability can be expected from the system. A
Scanivalve DSA3217 Pressure Scanner was used instead of the pressure transducer used in early tests.
This pressure scanner had 16 available channels capable of taking pressure readings and could convert the
voltage readings into pressure measurements and upload these values onto the computer. This allowed for
simultaneous measurements of all five pressure ports on the probe and a static pressure measurement
from pressure tap 1 on the nozzle. All of the pressure measurements were referenced to pressure tap 5 of
the plenum. This greatly reduced the experimental time it took to collect data. Previously, it took
approximately three hours to collect the yaw and pitch centerline data at 5o interval. This equated to
approximately 5.7 min per data point. With the new pressure scanner, the entire profile of yaw and pitch
angles in a range of -30o to 30o at intervals of 5o were obtained in an hour. This equated to approximately
a data point every 25 sec. The data was taken at a Reynolds number of approximately 4842.
Before each test, the probes were aligned using the process described previously. During test 1,
six data samples were taken at each orientation of the probe. During tests 2 through 4, eight data samples
were taken at each orientation of the probe. These tests produced the data shown in Figure 6-9 for the
pitch and yaw coefficients. The lighter yellow data points represent the data for the original calibration in
a range of yaw angles -31.53o to 31.47o and pitch angles -31.62o to 31.38o. Examining Figure 6-9 showed
the trend in the data points followed a similar trend to the original data, but had some variation. This
variation may be an indication of how precisely the probe can be aligned with the current method.
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Figure 6-9: Cp,pitch vs. Cp,yaw for Calibration Profile Tests 1-4

Next, the values for Cptotal and Cpstatc can be examined by looking at a series of pitch angles with
a constant yaw of 0o. It could be observed how the variation in the data increased as the angle increased in
Figure 6-10. Cpstatic followed a similar pattern as previous tests where it did not have the same spike in
data as the original calibration. Before these calibration tests were run, concerns were expressed about the
accuracy of the original calibration, because of unexpected results in another unrelated experiment using
the five-hole probe. This abnormal data in the static pressure coefficient demonstrates an area where the
new calibration differs from the original and may have been a cause of the unreliable original calibration.

Figure 6-10: Cp,total at Constant Yaw=0 for Calibration Profile Tests 1-4
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Figure 6-11: Cp,static at Constant Yaw=0 for Calibration Profile Tests 1-4

The four calibration runs were averaged to give a usable set of calibration data. Figures 6-12
through 6-14 illustrate the results of the average calibration coefficients.

Figure 6-12: Average Cp,pitch vs. Cp,yaw
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Figure 6-13: Average Cp,total

Figure 6-14: Average Cp,static

Uncertainty Analysis
The main objective of the previous tests was to determine the repeatability of the system and
ensure that the calibrations produced will be accurate. First, Table 6-1 lists the uncertainty associated with
the calibration process. The pressure uncertainty was calculated using the manufacturer’s given value of
±0.02% of full-scale reading. The temperature uncertainty was determined by the precision error of the
thermocouple reader used. The barometer uncertainty was calculated based on the lab’s digital pressure
gauge Setra Model 370, with a given uncertainty of ±0.02% of full-scale reading.
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Table 6-1: Uncertainty Values for Measured Variables

Scanivalve
Measurement:
P (%)

Thermocouple
Reader:
T (oC)

Barometer:
Patms
(Pa)

±0.02

±0.5

± 20

Variable
Uncertainty

Equations 11-13 show the variables of interest derived similarly by Treaster and Yocum [4]:
𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃1 − 𝐶𝑝, 𝑡𝑜𝑡𝑎𝑙 ∗ (𝑃1 − 𝑃)

(11)

𝑃𝑠𝑡𝑎𝑡𝑖𝑐 = 𝑃 − 𝐶𝑝, 𝑠𝑡𝑎𝑡𝑖𝑐 ∗ (𝑃1 − 𝑃)

(12)

𝑉 = (2 ∗

𝑃1−𝑃
𝜌

1
2

∗ (1 + 𝐶𝑝, 𝑠𝑡𝑎𝑡𝑖𝑐 − 𝐶𝑝, 𝑡𝑜𝑡𝑎𝑙))

(13)

Equation 14 shows the uncertainty was found using the root-sum-square (RSS) method:
1

𝑊𝑅 /𝑅 = (∑ (𝑎𝑖 ∗

𝑊𝑋𝑖 2 2
) )
𝑋𝑖

(14)

where R was a variable in the following form:
𝑅 = 𝐶 ∗ 𝑋1𝑎1 ∗ 𝑋2𝑎2 … 𝑋𝑛𝑎𝑛

(15)

Using this method, uncertainty equations 16 through 19 were formed:

𝑊𝑃𝑡𝑜𝑡𝑎𝑙
𝑃𝑡𝑜𝑡𝑎𝑙

𝑊𝑃𝑠𝑡𝑎𝑡𝑖𝑐
𝑃𝑠𝑡𝑎𝑡𝑖𝑐

=[

𝑊𝑝1 2
( 𝑃1 )
𝑊𝑝4 2

(

𝑃4

+

) +(

𝑊𝑝1 2
(
)
𝑃1
𝑊𝑝4 2

=[
(

𝑃4

𝑊𝑝2 2
( 𝑃2 )
𝑊𝑝5 2
𝑃5

+

𝑃5

+

1
2

]
𝑊𝑐𝑝,𝑡𝑜𝑡𝑎𝑙 2
)
𝐶𝑝,𝑡𝑜𝑡𝑎𝑙

(16)

) +(

𝑊𝑝2 2
+(
)
𝑃2
𝑊𝑝5 2

) +(

𝑊𝑝3 2
( 𝑃3 )

+

𝑊𝑝3 2
(
)
𝑃3

+

1
2

]
𝑊𝑐𝑝,𝑠𝑡𝑎𝑡𝑖𝑐 2
)
𝐶𝑝,𝑠𝑡𝑎𝑡𝑖𝑐

(17)

) +(

1

𝑊𝑣
𝑉

=

2
𝑊𝑝1 2
𝑊𝑝2 2
𝑊𝑝3 2
𝑊𝑝4 2
𝑊𝑝5 2
( 𝑃1 ) + ( 𝑃2 ) + ( 𝑃3 ) + ( 𝑃4 ) + ( 𝑃5 )
1
[2 ∗ (
)]
𝑊𝑃𝑎𝑡𝑚𝑠 2
𝑊 2
𝑊𝑐𝑝,𝑡𝑜𝑡𝑎𝑙+𝑊𝑐𝑝,𝑠𝑡𝑎𝑡𝑖𝑐 2
+ ( 𝑃𝑎𝑡𝑚𝑠
) + ( 𝑇𝑇 ) + ( 1−𝐶𝑝,𝑡𝑜𝑡𝑎𝑙+𝐶𝑝,𝑠𝑡𝑎𝑡𝑖𝑐 )

(18)
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To calculate the accuracy of the calibration system, the error for the total and static pressure
coefficients was found by subtracting the maximum coefficient by the minimum and dividing that value
by two. This value for error gave a more conservative estimate for error than using the standard deviation.
𝑊𝐶𝑝,𝑡𝑜𝑡𝑎𝑙 = +⁄− ∗ (𝐶𝑝, 𝑡𝑜𝑡𝑎𝑙, 𝑚𝑎𝑥 − 𝐶𝑝, 𝑡𝑜𝑡𝑎𝑙, 𝑚𝑖𝑛)

(19)

𝑊𝐶𝑝,𝑠𝑡𝑎𝑡𝑖𝑐 = +⁄− 2 ∗ (𝐶𝑝, 𝑠𝑡𝑎𝑡𝑖𝑐, 𝑚𝑎𝑥 − 𝐶𝑝, 𝑠𝑡𝑎𝑡𝑖𝑐, 𝑚𝑖𝑛)

(20)

1
2

1

Using the Scanivalve’s provided uncertainty of ±0.02%, the pressure measurement’s uncertainty
was calculated to be the following:
𝑊𝑃1
𝑃1

=

𝑊𝑃2
𝑃2

=

𝑊𝑃3
𝑃3

=

𝑊𝑃4
𝑃4

=

𝑊𝑃5
𝑃5

= 0.0002

(21)

Using the equations derived above, the uncertainty in pressure and velocity was calculated for
each orientation of the probe and shown in Figures 6-15 through 6-18. It can be concluded that within the
range of ±10o yaw and pitch, the total pressure data was reliable with an uncertainty of approximately ±5
Pa. If the range is expanded to ±20o, the uncertainty increases to a range of approximately ±5 to 15 Pa.
Beyond this range the data began to become unreliable. The static pressure measurement error shown in
Figure 6-16 seemed to be more sensitive to orientation. To receive the most accurate data, ranges should
be kept within ±10o which had an error of approximately ±5 to 17 Pa. Examining Figures 6-17 and 6-18,
the range of reliable velocity readings could be estimated at about ±20o where the velocity error was
about ±0.5 m/s
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Figure 6-15: Total Pressure Error (Pa) at Re≈4842

Figure 6-16: Static Pressure Error (Pa) at Re≈4842
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Figure 6-17: Velocity Error (m/s) at Re≈ 4842

Figure 6-18: Velocity Percent Error (%) at Re≈4842
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Chapter 7
Conclusions

The work presented in this thesis demonstrates the construction and validation of a five-hole
probe calibration system. A calibration rig was constructed with a 2 in. diameter nozzle that produced a
reliable air-jet. The air-jet had a useable core of flow with a 0.7 in. radius where the maximum air
velocity error was approximately ±0.1 m/s. A system of traverses and rotary tables was also constructed
to control the probes position and orientation either manually or controlled by computer software. For
calibration purposes, the vertical and horizontal traverses could be used to align the tip of the probe in the
center of the air-jet. The rig could produce an air-jet whose velocity and pressure could be measured
through pressure taps located in the nozzle and the plenum of the rig. The two rotary tables could be run
through a calibration process in which the probe collected pressure data at a chosen range of yaw and
pitch angles. The pressure data could then be used to generate a map of static, total, yaw, and pitch
pressure coefficients effectively calibrating the five-hole probe.

Accurate Ranges of Calibration
The calibration runs taken in this research were at a Re≈4842 which was in the range for the
intended use of the probe. The calibration data could be reliable within a range of ±10o for all pressure
measurements. The data began to become less reliable at ±20o where the static pressure error becomes
large. The estimated error is shown in the Table 7-1.
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Table 7-1: Approximate Calibration Error at Re≈4842

Total Pressure Error
(±Pa)

Static Pressure Error
(±Pa)

Velocity Error
(±m/s)

± 10o

5

5 to 17

0.3

±20o

5 to 16

>20

1

It was important to realize that this range of data was most useful at Re≈4842. For other Reynolds
number ranges, different calibration coefficients should be generated. The range of useable data most
likely will expand or decrease depending on the Reynolds number used for the calibration. The relatively
high velocity used in this calibration most likely was causing the static pressure to have the smaller range
of useable data. Overall, the purpose of the system was to give the lab researchers the ability to calibrate
the five-hole probes for their specific needs, while cutting out the cost and time it would take to send the
probe to a company or other lab for calibration. The data presented in this paper showed that this system
had the capability of providing accurate calibrations.
Another goal of the project was to decrease the length of time for a calibration run. Automating
the system was desired to accomplish this. The calibration runs presented in this paper proved the
accuracy of the system, but taking data took hours to complete. The system had the capability of being
automated and preliminary code had been written using LabVIEW to run a calibration with one click.
However, a few improvements were still needed to ensure the accuracy of the calibration by the time of
the completion of this paper. Going forward this automation will be completed for the lab’s use and the
time to collect each data point could be reduced to a few seconds.
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Recommendations for Future
For other five-hole probe calibration rigs developed in the future, there are several areas that
could be improved upon. First in the rig itself, sharp corners in the nozzles and diffusers could be
eliminated to produce a more perfect air-jet. It was discussed earlier in the project of custom
manufacturing a nozzle that would have a more gradual funneling shape to reduce turbulence in the flow.
Also, instead of pressure taps in the plenum a small Kiel probe could be inserted into the plenum flow to
receive more accurate pressure data.
Another area that could use improvement is the aligning process. This was the part of the process
where the most human interaction affected the accuracy of the system. Any improvements to this process
would add the most benefits to the repeatability of the system.
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