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Abstract
The undisturbed flow behavior in the Queen’s University Low Speed Wind Tunnel was
investigated experimentally and computationally. The velocity profiles, turbulent parameters,
boundary layer and corner effects were detailed by traversing the lower left quadrant of the wind
tunnel with a seven-hole pressure probe and uniaxial constant temperature hot-wire anemometer.
The research goal was to provide a complete reference data set as a comparison standard for
future experimental work. The flow in the wind tunnel was verified using computational fluid
dynamics in order to present the model requirements and inlet conditions required to accurately
simulate the flow.
The experimental results indicated that the LSWT was capable of producing a mean axial flow
speed of 30 – 31 m/s, dependent on ambient conditions and atmospheric wind speeds, in a 1 m2
test section. Measurements were collected under a variety of external weather conditions and it
was determined that the average transient and spatial flow deviation from the mean was on the
order of 1.5% and 0.5% respectively. The boundary layer thickness at the exit of the test section
was found to be 10 cm above the floor and the corner effects were determined to extend 15 cm
into the test section. The turbulent intensity reached 10% at the wall boundaries decaying to a
constant uniform value of 3% in the center.
Computational simulations were performed for three specific sets of experimental data. The
results indicated that the mean axial velocity was predicted with an average deviation of 0.5%.
Solution results were extrapolated 1 m downstream from the contraction exit plane, averaged and
used to provide reference inlet conditions to a simplified test section model. The turbulence
model applied to the solution was varied; the Spalart-Allmaras, 𝑘 − 𝜀, 𝑘 − 𝜔, and the blended
𝑘 − 𝜔 𝑆𝑆𝑇 models were able to resolve the turbulent distribution and flow behavior in a
comparable manner. The flow was predicted within the bounds of engineering accuracy, the
discrepancy in the simulated and experimental mean velocity ranged from 0.4% to 0.02%.
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Chapter 1
Introduction
In aerospace sciences the two most important forces affecting an aircraft in flight are lift and drag
and the majority of research and design is based on performance optimization: obtaining the
maximum lift for minimal drag (the retarding force imposed by a fluid flow). In 2012, a low
speed wind tunnel was designed and constructed at Queen’s University in order to provide a
facility to test external flow around aerospace components and determine the fluid dynamic drag.
The Low Speed Wind Tunnel (LSWT) at Queen’s University was constructed as an open-circuit
suction wind tunnel; the inlet and outlet are both exposed to ambient atmospheric conditions. A
centrifugal fan located at the exit of the wind tunnel provides the force, a favorable pressure
gradient, needed to create flow acceleration. The LSWT is capable of producing a continuous
mean flow of 30 – 31 m/s in a 1 m2 square test section.

1.1 Objective
The objective of this study was to characterize the undisturbed flow behavior and distribution
through the LSWT. The research goal was to provide a complete reference data set as a
comparison standard for future experimental work. In addition to the experimental benchmark
studies, the flow in the wind tunnel was characterized using computational fluid dynamics in
order to present the model requirements and inlet conditions required to accurately simulate the
flow.
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1.2 Scope
Experimental testing of the nominal wind tunnel flow was performed with two flow measurement
devices, a seven-hole pressure probe and constant temperature uniaxial hot-wire anemometer.
The velocity profile, turbulent specifications, boundary layer and corner effects were analyzed by
traversing the lower left quadrant of the wind tunnel. Bi-axial symmetry was assumed.
The left quadrant of the wind tunnel from the contraction inlet to the test section measurement
plane was computationally modeled to predict the experimentally detailed flow behavior. The
computational specifications were analyzed to determine the conditions that provided the best
correlations to experimental data. Solution data was extrapolated from the computational domain
1 m from the contraction exit and utilized as an input condition to a computational model of the
test section. The test section is a simple square duct, which can be readily manipulated to simulate
the flow around test bodies.

2

Chapter 2
Wind Tunnel Theory
A wind tunnel is a device constructed to produce airflow relative to a test body. The airflow is
intended to be uniform in speed and direction, providing consistent conditions in the test section.
Wind tunnels are used as design and research tools in engineering enabling model testing of
objects immersed in airflow. Wind tunnel testing is widely utilized as the time and monetary
expense of testing new designs at full-scale is unreasonable.

2.1 Wind Tunnel Testing Parameters
2.1.1 Test Conditions
Accurate model testing requires conditions of both geometric (model size and scale) and dynamic
similarity. For aerospace testing the most commonly analyzed non-dimensional groups are
Reynolds number, Mach number, Strouhal number and the ratio of the specific heats. The
relations are displayed in equations (2-1), (2-2), (2-3) and (2-4)1.
𝑈𝐷
𝑣

(2-1)

𝑈
𝑎

(2-2)

𝑆𝑡 =

𝜔𝐿
𝑈

(2-3)

𝑘=

𝑐𝑝
𝑐𝑣

(2-4)

𝑅𝑒 =

𝑀𝑎 =

The Reynolds number provides a ratio of inertial forces to viscous forces and quantifies the
relative importance of the forces for a given flow condition. The Reynolds number must be
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explicitly determined as its value will strongly influence the turbulence of the flow, the behavior
of the boundary layer, the skin friction, wake generation and shear mixing.
The Mach number is used to compare the speed of an object to the local speed of sound. The
Mach number is utilized to determine the effect of variable density in the flow. In cases for which
the Mach number is less than 0.3 the flow may be considered incompressible, indicating that the
density variation is insignificant1.

2.1.2 Dimensional Analysis
The results obtained from wind tunnel testing are frequently analyzed as non-dimensional
variables so that results can be readily understood and are not application specific. The typical
dimensionless groups employed to describe a fluid flow are coefficient of pressure, drag/lift, and
skin friction. The relations are detailed in equations (2-5), (2-6) and (2-7) respectively.
𝐶𝑝 =

(𝑃𝑠,𝑔 − 𝑃𝑔 )
⁄1 2
( 𝜌𝑢max )
2

𝐶𝑑/𝑙 =

𝐶𝑓 =

(2-5)

𝐹𝑑/𝑙
⁄1
2
(2 𝐴𝜌𝑢max
)

(2-6)

𝜏𝑤
⁄1 2
( 𝜌𝑢max )
2

(2-7)

The coefficient of pressure, (2-5), is defined as the ratio of local static pressure referenced to the
inlet pressure to the velocity dependent, dynamic pressure. In the current study the reference
pressure is standard atmospheric (101.325 kPa) and gauge pressures are defined. The drag/lift
coefficient is non-dimensionally described in equation (2-6) as the ratio of retarding or lifting
force (opposing or orthogonal to the stream wise direction respectively) to the magnitude of the
4

dynamic pressure multiplied by the reference surface area. The reference area employed for
airfoil studies is the wing (planform) area. For external flow around test bodies the reference is
the projected frontal area: the area seen by the oncoming flow. Equation (2-7) accounts for the
viscous effects associated with wall bounded flow. The frictional force per unit area, 𝜏𝑤 , a
function of the velocity gradient at the wall, is normalized by the dynamic pressure of the flow
enabling determination of the kinetic energy losses generated at the wall interfaces1.

2.2 Wind Tunnel Configurations and Design
The layout of a wind tunnel may take two general forms, open circuit or closed return. In an open
circuit wind tunnel air is drawn into one end of the duct and expelled or blown out at the other. A
closed return tunnel has a loop design, which circulates the air continuously. In general most
“small” wind tunnels, with a cross sectional diameter less than or equal to 1 meter, will be
constructed as open circuit. Large wind tunnels will have closed circuits, as the size and power
requirements for a functional open-circuit layout would be inconvenient and costly.
2.2.1 Open-Circuit Wind Tunnels
An open-circuit wind tunnel may be powered by a fan at the exit, a “suction tunnel”, or with a fan
at the inlet, a “blower tunnel”. The fluid acceleration in an open flow suction tunnel is produced
by a favorable pressure gradient generated in the flow direction. The air is at ambient pressure at
the inlet and sub-atmospheric in the test section. In a blower type wind tunnel the fan is located
upstream of the test section, air is blown down the tunnel and exits at atmospheric pressure. There
is a pressure rise across the rotor and pressure is elevated above atmospheric in the test section2.
The position of the fan in a given open-circuit wind tunnel design is a function of the test
application. Blower tunnels are frequently used for cascade and turbine performance testing
where the flow leaving the working section is greatly disturbed and non-uniform, as it is noted
5

that disturbances in the flow upstream of the fan can greatly affect performance. A suction tunnel
is employed for model testing with small blockage ratios, for which recovery of the wake deficit
occurs rapidly. The blockage ratio is defined as the cross sectional area of the model body to the
cross sectional area of the test section. For open-circuit tunnels a blockage ratio of 3-5% is
typically recommended3.
It is well accepted that both blower and suction type open-circuit tunnels are sensitive to drafts
and obstructions in the inlet flow; care must be taken to ensure the entrance conditions are
monitored. Additional design considerations vary based on the selected fan position. A suction
flow wind tunnel requires a transition from the test section exit to the fan inlet in order to match
the fan cross-sectional area and obtain optimum inlet conditions. A flow expansion, diffuser, is
typically employed. Open circuit suction tunnels often suffer from inevitable flow leakage
through designed holes for experimental probes and devices driven by the static pressure gradient
between the surroundings and the test section. Care must be taken to properly seal the tunnel4.
When a blower tunnel is constructed it is necessary to make provisions for the non-uniform flow
generated downstream of the fan through the installation of flow straightening devices, such as
rigid stator vanes, designed to remove rotation. In blower tunnel design it is not necessary to
include a diffuser at the exit enabling specialized test section configurations, such as open-jets5.

2.2.2 Closed Return Wind Tunnels
The considerations for closed return tunnels are slightly more complex, as the flow must be
smoothly turned through 360 degrees, usually in four corners. Turning vanes or cascades and
rounded corner surfaces are required to provide flow guidance2. Flow disturbances, at both the
inlet of the test section and exit of the test section, must be minimized in order to provide stable
test and inlet fan conditions. Additionally, as the flow is continuously re-circulated, thermal
6

heating of the flow due to friction and the accumulation of dust and debris become design
concerns.

2.2.3 Wind Tunnel Contraction
Both open-circuit and closed return wind tunnels employ a contraction before the test section. A
contraction nozzle acts to accelerate the flow, increasing the velocity in the test section, while the
total pressure remains constant.
The design shape of the contraction nozzle has been extensively studied in literature. In the
absence of separation, the flow can be accurately modeled by the Laplace equations for the
stream function or velocity potential leading to the analytical and computational design of nozzles
of arbitrary shape. The design specifications employed for optimization are:
1. Exit flow uniformity
2. Avoidance of separation (leading to increased flow unsteadiness and boundary layer
thickness)
3. Minimum nozzle length (space and cost)
4. Minimum exit boundary layer thickness (test section blockage)6
In the 1970s Thomas Morel proposed a contraction design profile formed by two cubic curves
meeting at a central inflection or match point. He used a numerical solver to resolve the
contraction velocities and surface pressures to seek an optimum configuration. Morel’s numerical
analysis was based on a transitory boundary layer and the effect of separation at the outlet was
determined using the turbulent boundary layer separation criteria proposed by Straford6. In the
late 1980s, with the advances in computing power, Bell and Metha detailed the contraction
performance using a 3-dimensional flow code adapted to internal flows. The surface velocities
generated were used as input conditions for two boundary layer codes, a simple momentum
7

integral formulation and a 2-dimensional finite difference solver. The results indicated that the
turbulent boundary layer generated at moderate Reynolds numbers would re-laminarize in a
successful contraction due to the strong favorable pressure gradient experienced in concave
contraction regions, leading to investigation and optimization of polynomial contraction curves
according to laminar boundary layer theory and the empirical relations developed by Thwaites7.
The results indicated that for a fifth order polynomial curve fit and a contraction ratio of 7.7,
separation occurred for length to initial height ratios below 0.667 and above 1.79. Flow
uniformity increased with increased contraction length as the radius of curvature was decreased.
However, boundary layer separation was predicted at increased lengths caused by the effects of
boundary layer thickening.

2.3 Wind Tunnel Flow Quality
In the early 1930s engineers and scientists recognized the significant effect of turbulence on wind
tunnel performance. The primary goal of wind tunnel design evolved to producing a uniform
velocity with low levels of turbulent fluctuations, unsteadiness, in the test section.

2.3.1 Turbulence
Turbulence is defined as the irregular and chaotic motion of fluids. Turbulence is a feature of the
flow that is characterized by the random variations of flow quantities with time and space. In
order to analyze the instantaneously changing variables, a fluctuation term and a time averaged
mean component were introduced, as described in equations (2-8) and (2-9)1.
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𝑢 = 𝑢̅ + 𝑢′
𝑢̅ =

1 𝑇
∫ 𝑢 𝑑𝑡
𝑇 0

(2-8)
(2-9)

The influence of turbulent fluctuations in a flow are typically detailed by the level of free stream
turbulence, or turbulence intensity, the ratio of the root mean squared of the instantaneous
fluctuations, equation (2-11) to the mean velocity. The calculation of turbulence intensity as a
percentage is displayed in equation (2-10).
√∑𝑛𝑖=1 1 𝑢𝑖2𝑟𝑚𝑠
𝑛
𝑇𝐼(%) = 100 ∗
𝑈
𝑛

𝑢𝑟𝑚𝑠

1
= √
∑(𝑢𝑖 − 𝑢̅)2
(𝑛 − 1)

(2-10)

(2-11)

𝑖=1

2.3.2 Turbulent Theory
Turbulent flow can be realized as a superposition of eddies, groups of fluid with a coherent
localized motion, on a statistical mean flow. Turbulent eddies are defined by their size, a length
scale, 𝑙, characteristic velocity, 𝑢(𝑙), and a time scale 𝜏(𝑙) = 𝑙 ⁄𝑢(𝑙).
Turbulent flow consists of a large range of eddies of various sizes, length scales and velocities.
The eddies are described by analyzing the energy contained in the structure: the kinetic energy of
′ ′
̅̅̅̅̅̅
the velocity fluctuations, 𝑘 = 12𝑢
𝑖 𝑢𝑗 .

The largest eddies in the flow are created by inviscid instabilities in the mean flow field, they are
production eddies and contain the largest portion of turbulent energy. The large eddies are highly
unstable and anisotropic. They breakdown rapidly transferring energy to smaller eddies. The
cascade of energy continues until the Reynolds number (the ratio of inertial to viscous forces) of
the smallest eddy is on the order of 1 indicating that viscous contributions to dissipation become
9

important. The energy drain and viscous dissipation must be in exact balance. The smallest length
scale is defined as the Kolmogorov length scale, 𝜂. Kolmogorov proposed that at sufficiently high
Reynolds numbers the small-scale motions are statistically isotropic and can be uniquely
determined by the dissipation, 𝜀, and viscosity, 𝜈. Kolmogorov’s second hypothesis stated that for
eddies in the intermediate range (inertial sub-range) viscous effects can be neglected; the decay is
only a function of dissipation, enabling the derivation of energy as a function of wavenumber,
𝜅 = 2𝜋⁄𝑙, as demonstrated in equation (2-12)9.
2

−5

𝐸(𝜅) = (𝐶𝜅 𝜀 3 )𝜅 3

(2-12)

It follows that the energy cascade exhibits a universal characteristic distribution from the energy
carrying range (large eddies) to Kolmogorov scales, displayed in Figure 2-1.
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Figure 2-1: Measurements of one-dimensional axial velocity spectra. Experimental data
provided Saddoughi and Veeravalli8.
Discrete Fourier transforms, equation (2-13), are employed to provide information about how the
energy of turbulent fluctuations (signal) are distributed with respect to wavenumber, providing a
spectral representation of the turbulence.
𝑁⁄2

𝑢𝑛 =

∑

𝑢̂𝑘 𝑒 𝑖𝜔𝑘 𝑡𝑛

𝑘=(𝑁⁄2)+1

𝜔𝑘 = 2𝜋𝑘⁄𝑇
The Fourier coefficients are given by equation (2-14).
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(2-13)

𝑁

1
𝑢̂𝑘 = ∑ 𝑢𝑛 𝑒 −𝑖𝜔𝑘 𝑡𝑛
𝑁
𝑛=1

(2-14)

𝑁

𝑢𝑛 =

1
∑ 𝑢𝑛 𝑒 𝑖𝜔𝑘 𝑡𝑛
𝑁
𝑛=1

∗
(when 𝑢𝑛 is real 𝑢̂𝑘 = 𝑢̂−𝑘
)

As the time, 𝑇, or length, 𝐿, for spatial resolution, goes to infinity the approximation becomes
1
∗ 9
exact and the energy spectrum is defined as 𝐸(𝜔𝑘 ) = 𝛥𝜔
𝑢̂𝑘 𝑢̂−𝑘
.

In order to increase the resolution of the spectrum and decrease the signal noise windowing
functions are employed. As windowing functions decay to zero at the boundaries, the signal is
periodically sampled to ensure that no significant frequency structures are neglected. This
procedure is visually demonstrated in Figure 2-2.

Figure 2-2: Raw fluctuation signal with proposed windowing and overlap methodology9.
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2.3.3 Measurement of Turbulence
Turbulent quantities can be measured using several techniques including particle-imaging
velocimetry (PIV), laser-Doppler anemometers (LDA) and hot-wire or constant temperature
anemometers (CTA). PIV involves tracking seeded particles as they follow the flow dynamics.
The particles are illuminated capturing the flow field at time intervals. LDA employs the science
of laser refraction and intensity to measure the velocities of particles in the fluid flow. The most
common and least expensive measurement method is CTA. CTA measurement is based on
convective heat transfer from a heated sensor to the surrounding fluid; the heat transfer rate is
primarily a function of velocity, enabling the determination of the flow10.
This study utilizes CTA hot wire anemometers to detail the turbulent parameters; the
measurement features are described in Appendix A and B.
2.3.4 Undesirable effects of Turbulence and Unsteadiness
It is accepted that the wind tunnel flow quality, in particular the free steam turbulence will
significantly affect the accuracy of aerodynamic prediction by altering the stability and effective
Reynolds number of the flow leading to expedited laminar to turbulent transition, increased
mixing in shear layers and variation in the behavior of the boundary layer, the shape factor and
skin friction coefficients. The scaling of the effects of free stream turbulence have not been fully
determined.
In the 1980s, W.H. Bell performed a comparison study of drag measurements on a circular
cylinder at various free stream turbulence levels. The results are depicted in Figure 2-3 in contrast
to a “standard”, very low turbulence, drag curve.
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Figure 2-3: Circular cylinder drag as a function of Reynolds number as obtained by several
investigators at various values of turbulence intensity11.
The drag coefficient is approximately 1.0 - 1.2 until a Reynolds number of 2E5. This value is
typically denoted as the critical Reynolds number where natural instabilities in the flow cause the
laminar boundary layer to transition to turbulent flow through the Tollmien-Schlichting (T-S)
amplification process. Succinctly, the T-S process stems from infinitesimal disturbances, slight
departures from steady state average values of velocity or pressure, in a laminar boundary layer.
When these disturbances can no longer be damped by viscosity the instabilities will grow and
evolve in time. In a characteristic boundary layer transition an initial instability will trigger 2-D
T-S waves of finite amplitude in the stream wise direction. The 2-D waves are aligned until three
dimensions fluctuations, termed the secondary instability of the T-S waves, cause the T-S waves
to stretch and bend creating hairpin vortex structures. When the vortices are strained the flow
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enters a breakdown process: the stretched vortices begin a cascading breakdown to smaller and
smaller units. When the frequencies and wave numbers reach stochastic states intense local
changes create turbulent spots that eventually coalesce (merge) into fully random turbulent
flow12.
The increased kinetic energy associated with turbulent boundary layers enables prolonged
attachment of the flow in the adverse pressure gradient on the back half of the cylinder, reducing
the pressure (wake) drag. This transitory effect can be trigger by extraneous effects such as
surface roughness and free-stream turbulence levels, which causes a premature onset of the
critical regime. The data collected by Bruun and Davies at a turbulence intensity of 3.8%
illustrates this expected phenomenon.
The summarized data indicates the substantial effect and potential error associated with the
turbulence of wind tunnel flow. Bell examined the apparent discrepancies in the subcritical
regime in order to detail the conditions of the depicted experiments and the quality of data, which
could lead to potential bias. No definitive statements were made on the quality of the data but
several theories for the contradictions and differences in the presented data are were discussed11.
1. Acoustical disturbance in the test facility can couple with the T-S amplification
mechanism triggering transition at low levels of turbulence (< 1%). The acoustic
signal would be overwhelmed at appreciable turbulent levels.
2. Measurement limitations of turbulent intensities over 10% are generated by drastic
directional changes in flow direction which lead to non-linearities in the thermal
response of hot-wire or hot-film. Reynolds stated that a linearizing electronic
amplifier should be used to compensate for the non-linearities. Hinze inferred that

15

without compensation measurement of flows with turbulent intensity of 20-25%
could have a measurement error on the order of 10%.
3. Non-standard generation of turbulence leads to insufficient data on the characteristics
of turbulence at the test location.
4. Three-dimensional flow effects generated by tunnel wall boundaries. The present
examiners in Figure 2-3 did not use end plates to prevent wall boundary layer
pressure from affecting the results. Bearman and Wadcock detailed the magnitude of
this effect over a cylinder with an aspect ratio of 30. The cylinder location was varied
across the span of the tunnel and the base drag varied from 0.85 to 1.22 from the ends
to the center respectively. When endplates were employed the drag coefficient was
consistently predicted across the span. The results indicate that when the test object is
immersed in a boundary layer the effect on drag prediction was severe with up to
≈ 30% error. This is particularly applicable to the work of Dryden et al. at a turbulent
intensity of 0.3%. The results follow the expected general trend but are substantially
lower. The work was completed with a cylinder of 10 mm in a wind tunnel with a
diameter of 51 mm; the area ratio was small such that boundary layer interference
may have impact the results.
5. Secondary flow effects generated by square/rectangular test sections and pressure
leaks in suction tunnels can increase the three-dimensionality of the flow. The
majority of the investigators used wind tunnels with square test sections and only one
investigator explicitly mentioned the use of corner fillets to reduce the cross-axis
secondary flow effects.
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6. Wind tunnel walls confine the flow around an object (effective blockage) and
correlations may be required to correct the experimental data. The present
experiments employed large diameter test bodies to obtain high Reynolds numbers.
The effect of solid body blockage is to increase the axial velocity experienced by the
object, such that the calibrated velocity applicable to the empty wind tunnel must be
corrected before it is used in the calculation of force coefficients. The corrections are
typically expressed in the form of 𝑈 = 𝑈∞ (1 + 𝜀), where 𝜀 is principally dependent
on the ratio of object to test section area. The effect of the blockage correction
employed on the drag curve is depicted in Figure 2-4.
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Figure 2-4: The fractional change in drag coefficient as a function of the percent of wind
tunnel blockage for several correctional schemes11.
The final theory proposed by Bell for the discrepancy in the collected drag data was based on the
assumption that the influence of turbulence is manifested in both intensity and length scale. He
proposed that users must consider the spectral distribution of free-stream turbulent energy and the
effect of separating boundary layers on shear layers and the near wake. Bell recommended that in
future experiments care be taken to characterize the flow three dimensionality, blockage,
measurement accuracies and description of turbulence; enabling a more reasonable and precise
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calculation of the fluid dynamic drag. Additionally, fixing the location of transition, through the
use of a trip wire, can mitigate effects of unstable transition at higher levels of turbulence.

2.3.5 Turbulence Reduction Methods
Reduction of turbulence and flow non-uniformity is achieved through careful design and
application of turbulence suppression devices and control of the tunnel boundary layers.
2.3.5.1 Contraction
As the flow is accelerated through the contraction nozzle the total pressure remains constant such
that the mean and fluctuating components are nominally reduced to a smaller fraction of the
increased mean velocity. In 1953, Batchelor theoretically derived the reduction of mean velocity
variation and turbulent intensity as a function of the contraction ratio, c7.

𝑢′ =

𝑈 = 1⁄𝑐

(2-15)

𝑉, 𝑊 = √𝑐

(2-16)

1
[3(ln(4𝑐 3 ) − 1)]1/2
2𝑐
𝑣 ′, 𝑤 ′ =

(3𝑐)1/2⁄
2

(2-17)

(2-18)

As detailed in equations (2-15) to (2-18), the contraction nozzle is more efficient in suppressing
stream wise mean variation than longitudinal components. This can be easily demonstrated by
applying Bernoulli’s equation to the contraction flow. In terms of the turbulent fluctuations 𝑢′ is
reduced while 𝑣 ′ and 𝑤 ′ are increased due to the effect of vortex stretching and compression.
However, the measured level of 𝑢′ is typically higher than the transverse fluctuations due to the
contribution of unsteadiness originating from the fan and/or intermittent boundary layer
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separation; the 𝑢′ component is generally measured and the transverse components are assumed
as a fractional percent of 𝑢′ .
2.3.5.2 Control of Flow Separation
One proposed mechanism for reducing wind tunnel unsteadiness is to control the laminar
separation occasionally seen at the inlet of a contraction. Ideally, separation is mitigated in the
design stage through the incorporation of a sufficiently long contraction, minimizing the adverse
pressure gradients.
K. Ghorbanian and colleagues detailed the contraction separation process. The separation stems
from small non-uniformities emerging from screens at the inlet of the contraction, or from the
pressure distribution generated by the amalgamation of streamlines about the inlet round. The
instabilities are then amplified by a combination of the stream wise adverse pressure gradient,
lateral pressure gradients and Gortler, centrifugal, instabilities (vortices generated when the
boundary layer thickness is comparable to the radius of curvature)13. The process is depicted in
Figure 2-5.
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Figure 2-5: Schematic diagram for the conceptual model of 3-D separation in a
contraction14.
Experimental studies performed by Nishizawa, Takagi and Tokugawa identified that the turbulent
boundary layer, generated and thickened in the concave inlet portion of the contraction, will
undergo a re-laminarization process as the flow accelerates over the convex contraction regime.
The re-laminarized boundary layer will then experience a standard inflectional transition process
further downstream15.
In order to control the complex flow and undesirable separation in wind tunnel contractions
Manshadi and Ghorbanian researched the application of boundary layer trip wires.
The results indicate that the addition of a trip wire, provided the position was suitable and
optimized, leads to an increase in pressure coefficient for low speeds (<40m/s). The pressure
coefficient though the contraction profile are displayed in Figure 2-6.
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(a)

(b)

Figure 2-6: (a) Pressure distribution through contraction (clean – no trip wire). (b) Pressure
distribution through contraction with a trip wire located at x/L =0.11514
At low speeds, the trip wire acts to reduce the probability of inlet separation by fixing the
transition and adverse pressure gradient to the inlet of the contraction. The enhanced control of
the adverse pressure gradient in the contraction, lead to a reduction in the test section turbulence
intensity at all velocity levels14,16 when the contraction was tripped at x/L=0.115, 30 cm. The
results are displayed graphically in Figure 2-7.
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Figure 2-7: Variation of turbulent intensity as a function of inlet velocity for flow through
the clean and tripped contraction cases14.
2.3.5.3 Corner Fillets
It is well documented that the flow in ducts with square cross sections are accompanied by a
cross-axis secondary flow. This flow behavior is caused by a discrepancy in the pressure at the
wall boundary layers, which generates transverse velocity gradients and propels the fluid from the
corners towards the midpoint of the walls/the center of the test section. Additionally, in order to
prevent stagnation, eight roughly triangularly shaped eddies are generated in the mean flow to
circulate high momentum fluid into the corners. The expected vortex structures are depicted in
Figure 2-8. The secondary flow effect is nominally reported to be 2-3% of the bulk mean flow17.
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(a)

(b)

Figure 2-8: (a) Secondary flow in a square duct (experimental)18. (b) Mean secondary
velocity vectors from a numerical simulation of square duct flow19
The predominate effect of square duct secondary flow patterns in wind tunnel testing is to
increase the 3-dimensionality of the flow. The span wise fluctuations increase leading to
expedited coalescence of the turbulent spots generated in the T-S transition waves. In order to
mitigate the effect of slowed, recirculating flow in the corners and to increase the flow uniformity
triangular shaped corner fillets or wedges are employed. Brundett and Baines briefly noted that a
linear corner fillet in a square section duct reduced the peak voriticity by half18. Unfortunately,
the majority of the research presented is based on determination of secondary flow features in a
square duct rather than methodologies to reduce the secondary flow. There is limited research on
the optimization of corner fillets and the application is typically device specific: the size of the
wedges are varied and optimized until a constant static pressure is obtained in the, now, octagonal
test section8. For the wind tunnels with explicit design information on the corner fillets, the height
and length of the linear fillet is approximately 10% of the test section dimension.
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2.3.5.4 Honeycombs and Screens
Honeycombs and screens are employed to minimize velocity fluctuations, by reducing large and
small vortex structures. A screen may be thought of as a distributed resistance that produces
control of flow direction at the expense of a pressure loss. Honeycombs and screens are employed
in the settling chamber prior to the contraction nozzle. The flow velocity is at a minimum at the
contraction inlet decreasing the pressure losses across the effective flow resistance.
Screens break up the inherent vortex structures into smaller eddies that decay rapidly in short
distances, decreasing the overall turbulent variation. There is a large subset of literature
discussing the suppression of turbulence by screens focused on the development of empirical
correlations to predict screen performance. The correlations are valid for turbulent screen flow,
indicating that the screen will contribute to the turbulent structures. The flow through a screen is
expected to be turbulent when the local Reynolds number, based on wire diameter, is greater than
80. Screens employed for turbulent reduction are recommend to have a ratio of open area to total
area greater than 0.57 in order to avoid flow instability associated with the mutual entrainment of
jets for low porosity screens3.
The theoretical correlations seek to relate a turbulence reduction factor, 𝑓: the ratio of
downstream to upstream turbulence, to a pressure loss coefficient, 𝐾 = 𝛥𝑝 ⁄ 12𝜌𝑢2 , across the
screen. The initial correlation derived by Prandtl stated that screens can be used to obtain a more
uniform velocity distribution across a duct cross section and the moderate velocity difference was
approximately lowered by a factor of 1⁄(1 + 𝐾). This factor has been extended to apply to
turbulent reduction across the screen.
Dryden and Schubauer equated the mean resistance across the screen to the energy change across
the screen. The relation was derived from the difference in the upstream and downstream
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turbulent energy. It was reasoned that the change in turbulence occurs only on the upstream side
of the screen; the downstream turbulence will not change after it leaves the screen. Turbulent
velocity is proportional to the square root of the turbulent energy, such that the turbulent
reduction was detailed as (2-19).
𝑢3′
⁄𝑢′ = 1⁄
√1 + 𝐾
1

(2-19)

Another researcher, Collar, used Bernoulli’s equation to equate the total pressure loss across the
screen to the difference in total pressure upstream and downstream. The axial force across the
screen was related to the change in axial momentum. Equation (2-20) was derived based on the
assumption that the turbulent velocities are small in comparison to the mean flow.
𝑢3′
(2 − 𝐾)
⁄(2 + 𝐾)
⁄𝑢′ =
1

(2-20)

Taylor and Batchelor presented a more sophisticated analysis that accounted for misalignment of
the upstream flow to the manipulator (screen). Experimental data indicated that the downstream
to upstream ratio of the flow angle normal to the screen was approximately constant. The ratio
was extrapolated from the experimental data as 𝛼 = 1.1⁄√1 + 𝐾 , which was additionally used to
describe the transverse turbulent reduction factor. The axial reduction, detailed in Equation
(2-21), was derived from potential flow theory with consideration of the upstream and
downstream boundary conditions.
𝑢3′
(1 + 𝛼 − 𝛼𝐾)
⁄(1 + 𝛼 + 𝐾) (2-21)
⁄𝑢′ =
1
By definition the flow angle ratio varies between 0 and 1, and for α values of zero equation (2-21)
reduces to Prandtl’s turbulent reduction relation.
Comparing the theoretical results to experimental data the axial turbulent reduction appeared to
agree with Prandtl’s relation of 1⁄(1 + 𝐾), and the lateral reduction was predicted by Dyrden and
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Schubauer’s approximation of 1⁄√1 + 𝐾 20. These correlations fail to predict the data for
honeycomb screens for which the transverse suppression is much larger than the axial reduction.
Overall, the results indicate that a honeycomb screen, with a cell length 6-8 times the cell
diameter, followed downstream by traditional wire screens provide the best combination of
turbulent reduction4. The correlations provide reference reduction data on the order of 20%
accuracy, which can be used in the initial design of a turbulent screen system. When multiple
screens are employed the pressure drop through each screen is additive in the calculation of the
pressure loss coefficient K. Multiple screens must have a finite spacing distance between them so
that the generated turbulence may be damped out before the second screen. Spacing values of 30
times the mesh size, or 500 times the wire diameter have been suggested3.
A suction wind tunnel (of similar dimension to the LSWT) at the Thermal Engineering and
Applied Hydraulics Laboratory at the National Polytechnic Institute was recently optimized to
reduce the turbulent intensity in the test section. A honeycomb with a cell size of 10.5mm, length
of 85 mm and thickness of 2 mm was installed. Downstream of the honeycomb five stainless steel
screens were installed with a wire diameter of 0.23mm and an open area ratio of 0.67. The
separation between screens was 120 mm (521 wire diameters). The screens were located 500 mm
downstream of the honeycomb and 500 mm upstream of the contraction to enable adequate time
for turbulent dissipation. The screen configuration is pictorially represented in Figure 2-9 to
provide clarity.
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Figure 2-9: Application of honeycomb and mesh screens for turbulent reduction for the
wind tunnel at the Thermal Engineering and Applied Hydraulics Laboratory. All
dimensions are in mm21.
The screen configuration in Figure 2-9 leads to a significant improvement of test section flow
quality. The velocity variations were reduced from 2% to less than 1% and the turbulent intensity
was reduced from 6.5% to 0.5%21.

2.4 Computational Fluid Dynamic Modeling
The equations governing turbulent flow are non-linear and exact analytical solutions are
unavailable. Numerical methods are applied to generate turbulent flow solutions through the
discretization of the flow regime into small differential elements. The numerical methods
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employed are Direct Numerical Simulation (DNS), Large-Eddy Simulation (LES) and Reynolds
Averaged Navier-Stokes Equations (RANS).

2.4.1 Direct Numerical Simulation
In the DNS method no modeling is employed and all the scales of motion are completely
resolved, enabling the determination of the instantaneous velocity field and turbulent statistics. In
order to capture and resolve the detailed turbulent flow structures the size of the computational
numerical grid must be on the order of the smallest scale of motion, turbulent dissipation. For a
typical turbulent flow a DNS solver must discretize the fluid domain such that the number of cells
is proportional to the 𝑅𝑒 3 and 𝑅𝑒 3.6 for wall-bounded flow9. For practical flow problems, with
moderate to high Reynolds numbers, the computational expense of DNS is unrealizable.

2.4.2 Large-Eddy Simulation
Turbulent flow can be spatially characterized by the defining three-dimensional rotational groups
called turbulent eddies. Each turbulent eddy is detailed by a turbulent length scale, wave number,
and frequency, which can be related to the energy contained in the structure. Higher energy levels
are carried in large structures and energy cascades from the largest to the smallest eddies where
eventually energy dissipation occurs.
Large-Eddy Simulation resolves the large high-energy turbulent structures and models the smallscale dissipative structures that are typically isotropic, uniform in all directions. The structures are
separated through a spatial filtering process. The small-structures, identified as sub-grid-scale
(SGS) stresses, are isolated in the filtered equations and are modeled to achieve closure. By
modeling the small-scale turbulent structures, the computational cost of LES is reduced to 𝑅𝑒 0.6
and 𝑅𝑒 2.4 for wall-bounded flows9.
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2.4.3 Reynolds Averaged Navier-Stokes Modeling
For most industrial engineering applications a time-averaged description of the flow field is
sufficient to provide accurate results. Osborne Reynolds proposed the method of analyzing timeaveraged quantities as defined in equation (2-8).Through substitution of time-averaged and
fluctuating variables into the fluid momentum equations the incompressible Reynolds Averaged
Navier-Stokes (RANS) transport equations are obtained. The RANS equations are described in
Einstein notation in equation (2-22).
𝜌[

𝜕𝑢𝑖
𝜕
𝜕𝑃
𝜕
𝜕𝑢𝑖
′ ′
̅̅̅̅̅̅
+
(𝑢𝑘 𝑢𝑖 )] = −
+
(𝜇
+ 𝜌𝑢
𝑖 𝑢𝑘 ) (2-22)
𝜕𝑡
𝜕𝑥𝑘
𝜕𝑥𝑖 𝜕𝑥𝑘 𝜕𝑥𝑘

′ ′
̅̅̅̅̅̅
The decomposition of fluid properties introduces six additional unknown terms, 𝜌𝑢
𝑖 𝑢𝑘 , which

express the momentum transfer associated with turbulent fluctuations. The products of the
turbulent fluctuations are nominally referred to as the Reynolds stresses. In order to provide
closure for the incompressible RANS mean flow equations the Reynolds stress terms must be
modeled.
The majority of modern turbulence models employ Boussinesq approximation to relate the
momentum transport of the turbulent fluctuations, Reynolds stress terms, to the mean flow field.
Boussinesq proposed that Reynolds stress components could be related to mean velocity gradients
(effective strain rates) and the kinetic energy, 𝑘, through the addition of an effective turbulent
viscosity term, 𝜇𝜏 , as detailed in Equation (2-23)8.
𝜕𝑢𝑖 𝜕𝑢𝑖
2
𝜕𝑢𝑖
′ ′
̅̅̅̅̅̅
−𝜌𝑢
+
)𝛿
) − (𝜌𝑘 + 𝜇𝜏
𝑖 𝑢𝑗 = 𝜇𝜏 (
𝜕𝑥𝑗
𝜕𝑥𝑖
3
𝜕𝑥𝑘 𝑖𝑗

(2-23)

1 ̅̅̅̅
′2 + ̅̅̅̅
𝑘 = (𝑢
𝑣 ′2 + ̅̅̅̅̅
𝑤 ′2 )
2
The advantage of the Boussinesq approach is the relatively low computational cost associated
with modeling the turbulent viscosity term. It is important to note this approximation is based on
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the intrinsic assumption that the turbulent viscosity is an isotropic scalar quantity. Although it has
been shown that the physics of turbulence is vastly different from the physics of molecular
movement for simple shear flows the turbulent viscosity hypothesis can provide reasonable
results. There are several methods used to calculate the turbulent viscosity term, which forms the
basis for different turbulent solvers.
The most common and widely used turbulent model is the 𝑘 − 𝜀 model. The 𝑘 − 𝜀 model is a
complete two-equation model that provides closure through the addition of two transport
equations for kinetic energy, 𝑘, and turbulent dissipation, 𝜀. Turbulent viscosity is determined
through the application of equation (2-24)8.
𝜇𝜏 = 𝜌𝐶𝜇

𝑘2
𝜀

(2-24)

These dependent variables provide a representation and description of the turbulent flow scales of
velocity (𝑘

1⁄
2 ),

length (𝐿 =

3
𝑘 ⁄2
)
𝜀

𝑘
𝜀

and time (𝜏 = ).

The application of the 𝑘 − 𝜀 model to wall bounded flows requires modifications for the
treatment of the near wall viscous flow regime. Based on numerous experiments the near wall
regime can be defined by three sub-regions or layers; the viscous sub layer, the buffer or blending
region and the fully turbulent or log-law region. These regions are approximated using empirical
correlations determined as a function of non-dimensional variables of 𝑦 + (distance from wall)
and 𝑢+ (velocity) as detailed in equations (2-25) and (2-26).
𝑢

𝜏

𝑢+ = 𝑢 , 𝑢𝜏 = √ 𝜌𝑤
𝜏

𝑦+ =

𝑦𝑢𝜏
𝜈
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(2-25)

(2-26)

In industrial computational fluids dynamic software there are two basic wall treatment types
including standard wall functions and enhanced near wall treatment. Standard wall functions
employ empirical boundary layer relations to calculate the near wall flow profile and turbulent
quantities without a turbulent model. In contrast, enhanced wall functions completely resolve the
viscous wall region. This is achieved by using a two-layer model, which blends the fully turbulent
core flow equations to a one-equation modified boundary layer model. The complete resolution of
the boundary layer greatly increases the computational cost of solution due to the requirement to
calculate 𝑘 and 𝜀, which are highly variable, in the near wall region.
In order to decrease the computational cost of boundary layer flow an, arguably simpler, oneequation turbulence model was defined. The Spalart-Allamaras model solves only one additional
transport equation for turbulent viscosity. Turbulent velocity behaves statistically benignly
(decreasing) at wall boundaries, simplifying the resolution of the near wall region. This model
was specifically designed for aerodynamic flows and resolution of thin shear layers.
Overall, the performance of the 𝑘 − 𝜀 model is generally acceptable for simple flows, but can be
significantly inaccurate for complex flows. The inaccuracies in the model stem from turbulent
viscosity hypothesis and the 𝜀 transport equation. Additionally, linear closure models are
incapable of predicting unique values for the normal Reynolds stress tensor terms. Therefore in
separated, recirculating and secondary flow, where the flow is driven by non-zero transverse
normal stress differences, the models will fail to accurately predict the flow regime22.
The second most widely used turbulence model is the 𝑘 − 𝜔 model which stems from a
modification to the 𝑘 − 𝜀 model. In the 𝑘 − 𝜔 model the expression for turbulent viscosity and
kinetic energy remain unchanged, but rather than directly solving a transport equation for
𝑘

turbulent dissipation the turbulent frequency, 𝜔 = 𝜀 , is defined and analyzed. The 𝑘 − 𝜔 model
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is superior in its ability to resolve the viscous near-wall effects and accounting for streamline
curvature and pressure gradients. However, the treatment of non-turbulent mixing layers, or shear
flows, is problematic. Therefore based on the best behavior of both the 𝑘 − 𝜀 and 𝑘 − 𝜔 models a
blended model was designed, identified as 𝑘 − 𝜔 SST. The model employs a blending function
ranging from zero to unity, such that close to the walls the standard 𝑘 − 𝜔 model is calculated
and in free shear flows the 𝑘 − 𝜀 model is used.
For any particular flow the performance and accuracy of the model can likely be improved by
adjusting the model constants. However ad hoc flow-dependent adjustments reach a limited
value, as a complete single specification of the constants is required for solution. The standard
values represent a compromise chosen to give the “best” solution over a range of flow
applications8.

33

Chapter 3
Experimental Apparatus
The study of the flow in the Queen’s University Low Speed Wind Tunnel requires several pieces
of equipment including specialized flow measurement probes, a linear traverse, and computerized
data acquisition systems (DAQ) to register and record the output data.

3.1 Queen’s University Low Speed Wind Tunnel
The Queen’s University Low Speed Wind Tunnel, depicted in Figure 3-1 and further referred to
as the LSWT, is an open flow suction type wind tunnel driven by a doubled-sided centrifugal fan
powered by a 56 kW (75 HP) electric motor. The LSWT is capable of producing a continuous
mean flow of 30-31 m/s, dependent on external atmospheric conditions, in a 1 m2 square test
section.

Figure 3-1: The Queen’s University LSWT23.
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3.1.1 Geometric Specifications
3.1.1.1 Inlet Contraction
Air is drawn into the LSWT through a bell mouth contraction. The contraction profile is specified
by the fifth order polynomial, (3-1) initially proposed by Bell and Metha7.
𝑥 5

𝑥 4

𝑥 3

𝑦(𝑥) = 𝐻𝑖 − (𝐻𝑖 − 𝐻𝑒 ) [6 (𝐿 ) − 15 (𝐿 ) + 10 (𝐿 ) ] (3-1)
The inlet height, 𝐻𝑖 , is 3.5 m decreasing to the test section exit height, 𝐻𝑒 , of 1 m, creating a
contraction ratio of 12.25. Additionally a 0.28-meter round surrounds the inlet of the contraction,
enabling smooth flow acceleration and reduced inlet separation. The length of the full
contraction is 2.8 m.
3.1.1.2 Test Section
The contraction profile merges to a constant cross sectional area 1 m2 square duct, where flow
testing is performed. The complete duct is 13.662 m in length, passing through the building
housing the wind tunnel structure.
The test section is 2 m long and is accessible through a Plexiglas door installed into the right wall
of the wind tunnel, depicted in Figure 3-2. The test section is located 3.23 m from the exit plane
of the contraction.
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Figure 3-2: Illustration of the LSWT test section and access plane23.
The test section is constructed of wood enabling modification for mounting test objects and the
addition of flow measurement devices and pressure taps. The remainder of the duct and
contraction are aluminum. The aluminum components are welded together in order to reduce the
roughness associated with riveted components.
3.1.1.3 Blower and Exit Diffuser
A 65 kW double-sided centrifugal blower powers the LSWT. At the exit of the constant area duct
the flow must be split so that it will evenly flow into each blower inlet. To facilitate this transition
a semi-circular duct insert with a radius of 0.865 m is employed to split the flow into two 0.5 m
ducts.
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Geometrically, the blower has an external radius of 0.97 m, with an exit area of 1.11 m. At the
blower exit a 6°, 2.74 m long diffuser is employed to decelerate the flow and recover static
pressure.
The transition and exit diffuser employed are illustrated in Figure 3-3.

Figure 3-3: Depiction of the flow splitter, blower and exit diffuser at the LSWT23.
3.1.2 Instrumentation
3.1.2.1 Linear Traverse
The LSWT is equipped with an Arrick Robotics® XY traverse table with a nominal range of 0.5
m by 0.5 m. Two stepper motors provide movement with step sizes of 0.127 and 0.0314 mm in
the X and Y coordinate directions. A slit, spanning the entire length of the wind tunnel, located
1.47 m into the test section, enables a flow measurement device mounted in a 6.35 mm diameter
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cylindrical probe support to pass through the floor of the wind tunnel. The slit is sealed under
suction pressure with sliding belt system made of two retractable polyester belts. The traverse and
sliding belt system are depicted in Figure 3-4.
(a)

(b)

Figure 3-4: (a) Outlet plane traverse. (b) Traverse sealing system.
The traverse was installed to investigate the bottom left quadrant of the wind tunnel, due to
constructional constraints (angle iron supports) the full range of the device was restricted. The
traverse facilitates flow measurement in the horizontal direction from 1 cm (with an angled
probe) to 45 cm, as referenced to the left wall, and from 1 cm to 37 cm from the bottom wall in
the vertical direction.
3.1.2.2 Weather Monitoring
A Davis Instrumentation® weather monitoring system provides measurement of the external
atmospheric conditions. An anemometer and wind vane, installed on a pole located next to the
wind tunnel intake, enable measurement of wind speed and direction. Additionally, temperature,
pressure and humidity sensors are located under the wind tunnel contraction. Data is collected
and logged to a control panel mounted by the wind tunnel test section.
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3.2 Flow Measurement
To characterize the flow in the LSWT a multi-hole pressure probe was used to measure the
pressure statistics, mean velocity and flow direction and a constant temperature hot-wire
anemometer was employed to determine turbulent quantities.

3.2.1 Data Acquisition
Data acquisition of flow measurements were performed using two National Instruments® USB
connected and powered data acquisition devices: NI USB 6120, an 8 channel 16 bit device with a
250 ks/S scan rate, and NI USB 9215, with 4 continuously sampled analog BNC pin inputs at
100kS/s per channel. The devices were connected and controlled with MathWorks MATLAB®
software on a Dell® Optiplex GX620 MT mini tower computer operating Windows® XP.

3.2.2 Seven-Hole Probe
Seven-hole pressure probes were used to determine the mean flow velocity in the LSWT with an
accuracy of ± 0.5 m/s and the mean flow angles, ±1°. The working principle of multi-hole
pressure probes involves the simultaneous measurement of pressure in all ports. The magnitude,
dynamic pressure, and directionality of the flow is determined through the analysis of the
diametrically opposite pressure ports. Non-dimensional coefficients are defined, which are
correlated to flow angles and pressure magnitude through a calibration procedure24. The
calibration procedure used is described in section Appendix B.
The seven ports of the seven-hole pressure probe were connected to a group of Omega PX 139001D4V differential pressure transducers. The pressure transducers were arranged in groups of
eight in a box arrangement. The transducers have a range of ± 1 psi, with reported repeatability
error of ± 0.3% of the full scale. Temperature error effects were neglected, as the calibration
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temperature is equivalent to the flow temperature in the LSWT. The calibration procedure for the
pressure transducers is detailed in Appendix B.
The outputs from the pressure transducers were directly connected to the analog signal channels
of the NI USB 6210 data acquisition device. The raw voltage data collected was converted to
pressure data using the linear pressure calibration fit. The pressure data was then manipulated to
yield directional flow velocities and dynamic, static and total pressures using the data conversion
procedure developed by James Crawford24.

3.2.3 Hot-Wire Anemometer
A constant temperature hot-wire anemometer was employed to measure velocity and turbulent
profiles in the test section of the LSWT. The anemometer used is a Dantec Dynamics® 55P16
general-purpose probe. The probe was calibrated in a unit flow generated by a variable speed
wind tunnel. The calibration procedure is described in Appendix B.
The raw hot-wire voltage data is generated through the use of a high frequency Wheatstone
bridge (“Mini CTA” 54T42) provided by Dantec Dynamics®. The voltages are captured through
the use of high speed NI USB 9125 data acquisition device. The output analog signals are
monitored, converted and reduced to mean velocity and turbulent fluctuation data using the “Mini
CTA” software package and Mathworks MATLAB® installed on the LSWT Dell Optiplex
computer. The instructions for use of the CTA software package are explained in the manual
provided by Dantec Dynamics®25.
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Chapter 4
Experimental Results
The flow behavior in the Queen’s University Low Speed Wind Tunnel was investigated by
measuring the velocity profile, boundary layers and turbulent intensity. Measurements were
collected under a variety of weather conditions and wind speeds. The results indicate that the
LSWT is capable of producing and maintaining a mean flow speed of 30 – 31 m/s, dependent on
atmospheric wind speeds, with a transient and spatial standard deviation on the order of 1.5% and
0.5% respectively. The boundary layer thickness at the exit plane of the test section was found to
be 10 cm above the wind tunnel floor. The corner effects in the square wind tunnel duct were
determined to extend 15 cm into the test section, at a 45° angle, as referenced to the floor and left
wall. The corner effect was distinguished by the generation of transverse velocity vectors on the
order of 2-3 m/s, flowing from the corner to the central mean flow regime. In the mean flow
region the transverse velocity components decayed to 1 m/s and were stochastic in nature.
The turbulent intensity in the LSWT displayed a characteristic distribution of increased
turbulence at wall boundaries with decay to a constant uniform value in the central mean flow
region. The turbulence data indicates that average turbulent intensity at the center of the wind
tunnel is 3%, increasing to 10% at the walls.

4.1 Validation of Sampling Parameters
A study was performed to determine the acceptable sampling parameters for data acquisition in
the Queen’s University Low Speed Wind Tunnel. The results are summarized in Table 4-1, which
details the sampling parameters and errors associated with flow measurement. The errors were
derived from the calibration process detailed in Appendix B.
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Table 4-1: Sample Parameters and Error for Flow Measurement in the LSWT.
Measurement Device

Sampling Parameters

Error

(Frequency, Time, Iterations)

(Calibrated)

Seven-Hole Pressure Probe
In-House Manufacture

Velocity: 1.5%
(1 kHz, 4 seconds, 2)

CTA Uniaxial Hot-Wire
Dantec® 55P16

Ptotal, Pdyn, Pstatic: (1.7, 2.3, 2.7)%
Velocity: 1.7%

(10 kHz, 2 seconds, 5-10)

Turbulent Intensity: 2.3%

4.1.1 Seven-Hole Pressure Probe
To determine the effect of sampling parameters on the velocity statistics generated from seven
hole probe pressure measurements, the mean axial velocity and standard flow deviation were
analyzed as a function of sampling frequency and number of samples acquired.
Initially, the axial velocity near the latitudinal center of the wind tunnel located 45 cm from the
left wall was observed at three vertical locations: 2.0, 8.5 and 33 cm as referenced to the floor.
The mean velocity and standard deviation from the mean were analyzed at 5 sampling rates: 100,
200, 500, 800 and 1000 Hz. The sample size was 1024 points and the results are displayed in
Figure 4-1.
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Figure 4-1: The effect of sample rate on the determination of mean axial flow at three
longitudinally central locations with variable height from the bottom wall.
The results indicate that the unsteadiness associated with all three locations can be accurately
predicted with a high sample frequency and the entirety of the wind tunnel can be sampled with
one standard frequency rate. It is noted that the flow deviation from the mean decreases with
distance from wind tunnel wall boundaries. The standard deviation at 1000 Hz increases from
0.78% at the central location to 1.80% and 2.39% at 8.5 and 2.0 cm respectively.
Due to the inherent fluctuations in the incoming axial velocity it was difficult to discern the
difference between standard deviation in the incoming flow and the reduction in standard
deviation as a function of sampling rate. To resolve this conflict the mean flow in the central
43

location was sampled continuously for 20 seconds with a sampling rate of 800 and 1000 Hz, as
displayed in Figure 4-2. This sample time was selected as it was determined that the running
average stabilized to variations on the order of 10-2 after approximately 10 seconds with a
standard deviation of ±1-2%, depending on the atmospheric conditions. The results are shown in
Figure 4-3.

Figure 4-2: The transient variation of axial velocity near the center of the wind tunnel.
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Figure 4-3: Validation for selection of transient sampling time.
The mean velocity and standard deviation statistics were calculated as 31.0 ± 0.4 and 30.8 ± 0.4
m/s for sampling rate of 800 and 1000 Hz respectively. The same transient data set was then
manipulated by restricting the number of samples used to quantify the mean flow and deviation
statistics. This enabled the determination of the impact of sample size on measurement accuracy.
In order to isolate this effect, the standard deviation of the entire transient flow data set was
subtracted from the absolute standard deviation of each sample size group.
The effect of sample size groups of 256, 512, 1024, 2048 and 4096 points on the mean velocity
and flow deviation are displayed in Figure 4-4 as a function of the acquisition time.
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Figure 4-4: The effect of sampling time on the ability to correctly capture the mean flow
statistics.
It is recommended that when using a seven-hole pressure probe in the Queen’s University Low
Speed Wind Tunnel, a sample frequency of 1000 Hz with a sampling time greater than 4 seconds
is employed in order to accurately resolve the transient variability of mean flow. The standard
deviation of the mean flow should also be monitored and used to correct uncertainty analysis
calculations.
For the remainder of the experiments performed with a seven-hole probe, the sample size
analyzed was 4096 points at a sample frequency of 1000 Hz.
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4.1.2 Hot-Wire Anemometer
A similar sampling study was performed for the 1-dimensional hot wire anemometer, which was
used to characterize the unsteadiness in the Low Speed Wind Tunnel.
The sampling frequency required to resolve the turbulent scales in the LSWT was determined by
analyzing the energy spectrum. The energy spectrum was analyzed at two vertical locations of 33
cm and 2 cm at a horizontal location of 45 cm from the left wall. The energy spectrum was
detailed by computing the Fourier coefficients of the analog signal. In order to increase the
resolution of the spectrum the signal was periodically sampled using a sample size of 29 and a
segment overlap of 50 percent was employed to ensure that no significant frequency structures
were neglected. The signal data in each periodic segment was filtered using a Hanning
windowing function to create a smooth solution. The Hanning window function is characterized
by a cosine wave with the peak center in the middle of the signal domain. Additionally the
calculated Fourier coefficients were averaged over five iterations of signal data.
The energy spectra, normalized by mean axial velocity squared, are shown in Figure 4-6 and
Figure 4-6 as a function of Strouhal number (equation 1-1). The results are presented for free
stream and boundary layer flow respectively.
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Figure 4-5: Resolution of the energy spectra at various sampling frequencies in the free
stream LSWT flow.
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Figure 4-6: Resolution of the energy spectra at various sampling frequencies in the
boundary layer.
The results demonstrate that a sampling frequency of 10 kHz was adequate to resolve the energy
cascade in the inertial sub range, as indicated by a energy decay equivalent to wavenumber to the
power of -5/3. It is noted that near the centerline in free stream flow, the cascade of energy to
dissipation occurs in a more consistent manner than the dissipation of energy near the wall. The
energy cascade at the centerline is expected to be self-similar in magnitude and frequency for all
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components of the flow, indicating flow isotropy. At the wall the rate of energy cascade is
reduced, as demonstrated by a gentler slope. This reduction in the decay rate is a function of the
compressive boundary conditions imposed by the wall and the subsequent flow anisotropy, which
causes energy transfer from one flow dimension to another in addition to the harmonic
breakdown to Kolmogorov scales.
The sampling parameters for data collection at 10 kHz were detailed by calculating the sample
time and number of samples required for consistent prediction of the mean velocity. The results
are shown in Figure 4-7.

Figure 4-7: Determination of sample time required for prediction of the mean axial velocity.
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The results indicate that a sample time of approximately 2 second, capturing 20,000 samples, is
adequate to resolve the mean flow. To determine the accuracy of this measurement 10 iterations
of data were collected at each location. Two seconds of data was collected at 10 kHz. For each
iteration the mean velocity, turbulent fluctuations and turbulent intensity were calculated. The
results are displayed in Figure 4-8.

Figure 4-8: Mean axial velocity, turbulent fluctuation and turbulent intensity calculated for
10 iterations of data.
In order to determine a reasonable number of iterations for accurate measurement the statistics
were calculated for varying population size. The initial 10 iterations were periodically sampled
for population sizes ranging from 2 to 10. The segmented results were averaged and plotted as a
function of population size in Figure 4-9. The error bars indicate the uncertainty for a 95%
confidence interval assuming a normal population distribution.
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Figure 4-9: Variation in measurement uncertainty with population size (number of sample
iterations).
The mean velocity is reliably predicted to within 0.03% at the center and 0.14% near the wall for
all population sizes. Similarly the turbulent fluctuation and intensity are predicted within 0.5%.
The effect of increasing the population size and number of iterations of data collected was to
reduce the standard deviation and uncertainty in the measured data. The reduction in mean
velocity uncertainty from 5 iterations to 10 iterations is 0.3% at the center and 0.7% near the wall,
it was determined that 5 iterations was sufficient for accurate data collection at the center,
yielding an uncertainty in mean velocity measurement of 0.75%. Due to the inherent flow
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variability at the wall 10 iterations of data collection are maintained providing a measurement
uncertainty of 2.54%.
For the remainder of the turbulence study data was collected over 5 iterations in the center and for
10 iterations within the boundary layer, with a sample frequency of 10 kHz for 2 seconds.

4.2 Validation of Probe Orientation
Due to the construction constraints of the angle iron wind tunnel supports it is necessary to angle
the seven-hole pressure probe in order to survey the left corner of the wind tunnel ranging from
horizontal coordinates of 1 cm to 6 cm. The constructional constraint and the angled probe
orientation are show in Figure 4-10.
(a)

(b)

Figure 4-10: (a) Traverse interference with wind tunnel angle iron support. (b) Seven-hole
pressure probe angled towards left wall.
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4.2.1 Angled Seven-Hole Pressure Probe
The probe was angled 28° towards the left wall. This falls well within the calibrated range of
angular flow measurement of ± 55° discussed in Appendix B. A trigonometric reduction was
employed to convert the angled probed coordination system to the nominal wind tunnel
coordinate system. To verify the accuracy of angled measurement, the flow was analyzed at three
horizontal locations of 15, 20, and 25 cm from the left wall, from a vertical height of 1 to 34 cm.
Data was collected with the probe directly aligned into the axial flow, angled towards the left wall
and angled towards the center of the channel. At each location the data was sampled twice to
ensure consistency in the collected data. Once it was confirmed that no anomalies were found in
the repeat samples the quantities were averaged. The variation in displacement in the axial plane
for the angled probe configuration was neglected. For an angle of 28° this displacement was 1.3
cm and it is assumed that the stream wise gradients are small enough that this will not effect the
data collected.
The results obtained for each probe orientation are shown in Figure 4-11. The percent error of the
difference in flow measurement for the angled configurations as referenced to a straight probe
was analyzed at each location and averaged to determine the uncertainty in angled measurements.
In order to isolate the absolute difference in flow measurement derived from probe configuration,
the nominal standard flow deviation as calculated from 20 seconds of transient data was
deducted. The average configuration error was determined to be 1%, increasing to 2-3% at the
wall. This error is within the measurement uncertainty of the straight seven-hole pressure probe.
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Figure 4-11: Error analysis of angled seven-hole probe measurement of axial wind tunnel
velocity.
The effect of angular misalignment of 1° in either direction was analyzed by recalculating the
error data assuming a rotation of 27° or 29°. The effect was negligible; the trend remained the
same and the solution accuracy changed by an insignificant fractional percentage.

4.3 Atmospheric Considerations
The LSWT draws in external air; therefore, it is important to consider the effect of atmospheric
conditions on the flow generated in the test section. The building that houses the LSWT is
oriented such that Northwest winds blow directly into the back, or exit of the wind tunnel and a
Southeast wind blows into the inlet contraction. In the Kingston region from 1971 to 2000 the
55

annual average wind speed was 16 kph in a Southwest direction. The average temperature in the
winter months (November to April) was -2°C and 15°C in the summer months (May to
October)26.
In order to analyze the effect of atmospheric variation on wind tunnel flow behavior three
parameters were monitored: the axial mean flow and transient standard deviation, the average
centerline free stream velocity and spatial standard deviation, and the centerline boundary layer
thickness. The results are summarized in Table 4-2.
The transient mean flow and standard deviation were calculated from 20 seconds of data sampled
at 1000 Hz. The data was collected in a central location 45 cm from the left wall and 37 cm above
the floor. The average centerline free stream flow and boundary layer thickness were calculated
by averaging three vertical traverses ranging from 1 to 37 cm above the floor at horizontal
locations of 43, 44, and 45 cm referenced to the left wall. The traverse step size was 1 cm. The
height of boundary layer thickness was calculated as the point at which the axial velocity first
reaches 98% of the centerline free stream value. A percentage of 98% rather than the nominal
99% was selected due to the large variability of 1-2% in wind tunnel airflow.
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Table 4-2: The Effect of Atmospheric Conditions on the Centerline Axial Flow in the
Queen’s LSWT.
Weather Data

Wind

Centerline

Centerline

Centerline

Temperature

Conditions

Axial Velocity

Velocity (m/s)

Boundary

(°C), Pressure

(kph, direction)

(m/s)

Spatial

Layer

(kPa)
Clear: 9, 102.34

Transient
0-8 NW/W

Thickness (cm)

30.9 ± 0.5

30.9 ± 0.2

9

0-8 NW/W

31.1 ± 0.6

30.8 ± 0.2

8

Grey: 2, 101.6

16-24 NW/W

30.0 ± 0.7

30.0 ± 0.2

9

Clear: 1, 101.1

32-48 NW/W

29.8 ± 0.8

30.0 ± 0.3

8

Grey: 7, 102.2

0-8 NE

31.0 ± 0.4

30.7 ± 0.2

10

(Into exit plane)
Grey*: 8, 102.0
High Humidity

(Cross-wind)
Sunny: 13, 103.0

0-8 NE/E

31.2 ± 0.4

31.1 ± 0.1

10

Clear: 6, 104.1

0-8 NE/E

31.0 ± 0.4

31.1 ± 0.2

10

Sunny: 11, 103.0

16-24 S/SE

30.8 ± 0.4

31.0 ± 0.2

9

Grey: 17, 100.2

16-24 SE

31.2 ± 0.3

31.2 ± 0.1

9

(Into entrance)
*Grey is equivalent to overcast skies.
The results presented in the Table 4-2, provide confidence in the ability of the LSWT to provide
consistent test conditions under a variety of external wind and temperature conditions. In order to
identify the effective working parameters on the day of testing it is recommended that wind
tunnel users follow the suggested protocol in Appendix D.

4.4 Axial Velocity Distribution
The axial velocity distribution in the bottom left quadrant of the wind tunnel was evaluated
through the use a seven-hole pressure probe. The results are shown in Figure 4-12, as a contour
57

plot of axial velocity, Figure 4-13, centerline boundary layer traverses of the left wall and floor
and in Figure 4-14, a detailed profile of flow in the left corner of the wind tunnel. The boundary
layer was analyzed by averaging three vertical or horizontal (depending on the wall in question)
traverses with step sizes of 1 cm. The floor boundary layer was analyzed at horizontal locations
of 43, 44, and 45 cm and the boundary layer on the left wall was measured at vertical heights of
34, 35 and 36 cm. The full quadrant contour plot represents a combination of two separate
traverses: one completed with an angled probe, detailing the axial velocity from 1 to 10 cm, and a
straight probe traverse from 7 to 43 cm. The step size was 3 centimeters in both the horizontal
and vertical directions. Where the grids overlapped the results were averaged to yield a
continuous merged solution. At each traverse location two complete flow measurements were
taken in order to verify that the resulting data was not anomalous. Once consistency was
confirmed the two data sets were averaged.
(a)

(b)

Figure 4-12: Detailed description of the axial velocity of airflow in the lower left quadrant of
the LSWT for two sets of test data (a) 6°C, 0-8 kph S/SE (b) 11°C, 16-24 kph NE/E.
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(a)

(b)

(c)

Figure 4-13: Boundary layer effects on the left wall (a) and floor (c) of the LSWT at the
traverse locations indicated (b).
Multiple traverses of the left quadrant of the wind tunnel were obtained; the data presented in
Figure 4-12 and Figure 4-13 provides a representative picture of the expected flow field in the left
quadrant of the LSWT. In Figure 4-12 the contour line directly above 30 m/s provides an
indication of the transitory velocity contour, taken as 98% of the transient free stream velocity.
Above this contour level in the mean free stream region the flow can be described as a function of
the transient and spatial standard velocity deviation as expounded in Table 4-2. A visual
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comparison of two traverses in Figure 4-12 indicates that the exact distribution of the boundary
layer varies with atmospheric conditions and there is asymmetry in the flow. The floor boundary
develops more rapidly than the left wall boundary. Due to traverse limitations the asymmetry was
not qualified and it was concluded that the boundary layer effects were confined to 10 cm normal
to the wind tunnel walls. The parabolic distribution of the velocity in the boundary layer is
presented in Figure 4-13. The velocity contour plot in Figure 4-14 indicates that the effect of the
corner structure extends 15 cm from the left wall and floor of the wind tunnel. The corner effects
were analyzed using a fine traverse with a step size of 2 cm within this 15 cm square region.
(a)

(b)

Figure 4-14: Analysis of (a) gauge pressure contours (Pascals) and transverse flow vectors
and (b) axial velocity contours (m/s) in the left corner of the LSWT.
The results demonstrate that in the corner there is a slight pressure gradient effect, where a higher
local static pressure at the wall junction drives the flow towards the central lower pressure region,
leading to transverse velocity vectors of 2-3 m/s. These transverse velocity components decay to
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1 m/s away from the corner, limiting the transverse effect in the mean flow regime to 2-3% of the
free stream flow. In the mean flow there is no predominate pattern in the transverse structures, as
the flow is driven by slight stochastic changes in static pressure, measurement error and flow
transience.

4.5 Measurement of Turbulence
The unsteadiness of flow in the wind tunnel was determined by calculating the turbulent intensity
of stream wise, axial fluctuations. The left quadrant of the wind tunnel was traversed in order to
indicate the distribution of turbulence in the square test section. The vertical distribution of
turbulent fluctuations were determined at three horizontal locations: 6, 25 and 45 cm from the left
wall. Data was collected at 6 locations ranging from 2 to 37 cm above the wind tunnel floor. The
results are displayed in Figure 4-15.
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Figure 4-15: Distribution of turbulent intensity in the lower left quadrant of the wind
tunnel.
The turbulent intensity distributions shown in Figure 4-15 follow an expected trend. The highest
turbulent fluctuations are found at the wind tunnel floor with values of 12.3, 11.3 and 10.5% for
horizontal location of 6, 25 and 45 respectively, decaying to a constant free stream value in the
mean flow regime. Additionally the value of mean turbulence in the center of the duct decreases
with distance from the left wall, as specified by a change from 5% at 6 cm to a value of 3% at 45
cm.
The dependence of wind tunnel turbulence on atmospheric conditions was determined by
analyzing the turbulent intensity at two central locations 45 cm from the left wall and vertical
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positions of 2 cm, in the boundary layer, and 33 cm, near the centerline. The results are
summarized in Table 4-3.
Table 4-3: The Effect of Atmospheric Conditions on Wind Tunnel Turbulent Intensity.
Weather Data

Wind

Temperature

Conditions

(°C), Pressure
(kPa)
Clear: 14, 103.0

Clear: 11, 102.4

Sunny: 12, 103.8

Sunny 11, 103.0

Sunny: 14, 102.5

Grey: 9, 103.3

Average

Location

Mean Axial

Turbulent

[x, y] cm

Velocity

Intensity

(m/s)

(%)

(MPH,
direction)
0-8 NE/E

Center: [45, 33]

31.2 ± 0.1

2.3

(Cross-wind)

Wall: [45, 2]

27.3 ± 0.8

10.8

8-16 NE/E

[45, 33]

31.0 ± 0.2

3.2

[45, 2]

27.3 ± 1.0

10.5

8-16 SE/S

[45, 33]

31.2 ± 0.2

3.0

(Into entrance)

[45, 2]

27.0 ± 0.6

10

8-16 SE/E

[45, 33]

31.0 ± 0.1

2.3

[45, 2]

26.9 ± 0.6

9.6

0-8 SW/S

[45, 33]

31.2 ± 0.3

3.7

(Cross-wind)

[45, 2]

28.0 ± 0.7

9.4

0-8 SW/W

[45, 33]

30.9 ± 0.3

4.2

[45, 2]

28.5 ± 0.8

9.8

[45, 33]

31.1 ± 0.2

3.1

[45, 2]

27.5 ± 0.7

10.0
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The results indicate that there are not substantial changes in wind tunnel turbulence with
variations in external atmospheric conditions, therefore the average wind tunnel turbulence was
determined to be 3% in the central mean flow region, increasing to 10% at the floor wall
boundary.
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Chapter 5
Computational Simulation
A computational fluid dynamics study was performed to verify the flow behavior in the LSWT.
ANSYS FLUENT 14® was utilized to simulate wind tunnel airflow. A quarter of the wind tunnel
was modeled based on the assumption of bi-axial symmetry in a duct with a square cross section.
The lower left quadrant was simulated in order to directly compare to experimental results. The
results indicated that the mean axial velocity was computationally predicted with an average
discrepancy of 0.5% for all three simulated experiments. Variation of the roughness parameter
indicated that the normalized roughness associated with commercial metals was within the
hydraulically smooth flow regime, such that the surface roughness did not affect the outer wake
region and mean flow regime.
The results from the wind tunnel simulation were extrapolated 1 m from the contraction exit
plane and used to provide inlet conditions to a simplified model of the test section, a square duct.
The inlet conditions were studied and it was determined that complete specification of the inlet
velocity profile and experimental turbulence data provided the most accurate comparisons to the
experimental data. The simulated solutions from the three weather specific data sets were
averaged to provide a reference inlet condition for future wind tunnel users. The averaged inlet
velocity condition was applied to the test section domain and the model selected to simulate the
time-average turbulent flow was varied. The results indicated that all three models, SpalartAllmaras, 𝑘 − 𝜀, 𝑘 − 𝜔, and the blended 𝑘 − 𝜔 𝑆𝑆𝑇 model were able to resolve the flow in a
comparable manner, with a maximum velocity discrepancy of 0.4% and a minimum of 0.02%.

65

5.1 Computational Simulation
5.1.1 Flow Conditions
The flow conditions input to the computational simulation were derived from the experimental
testing discussed in Chapter 4. The reference conditions employed are summarized in Table 5-1.
Table 5-1: Computational Reference Conditions.
Static Temperature

282 K

Operating Pressure

101.325 kPa

Exit Gauge Pressure

-609.75 Pa

Viscosity

1.429E-5 m2/s

Turbulent Intensity

3%

The turbulent intensity was derived from the experimentally determined stream wise free stream
flow fluctuations. The results were collected over a variety of atmospheric conditions and
averaged. The flow exit pressure was determined by calculating the mean static gauge pressure of
the transient centerline flow as determined with a seven-hole probe sampled at 1000 kHz for 20
seconds. The reference data was collected at a temperature of 9°C. The wind tunnel flow has a
Mach number of ≈ 0.1. The flow was assumed to be incompressible, as it is noted that
compressibility effects can be neglected for Mach numbers less than 0.31.

5.1.2 Boundary Conditions
The left quadrant of the wind tunnel contraction and transition to a square duct test section were
modeled assuming that the air originates from stagnate atmosphere. Symmetry conditions were
applied to the exposed faces of the modeled quadrant. A simple pictorial representation of the
model is displayed in Figure 5-1.
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Figure 5-1: Simplified schematic of the modeled wind tunnel domain.
The atmospheric conditions were imposed through a pressure inlet boundary condition. Static
temperature, gauge pressure (0 Pa), turbulent intensity and the hydraulic diameter of the duct
were specified normal to the boundary. Similarly the pressure gradient driving the flow was
established by identifying the exit gauge pressure as an outlet condition. The contraction and
tunnel duct wall boundaries, depicted in grey in Figure 5-1, were modeled as adiabatic no-slip
walls. The walls were initially modeled as smooth surfaces. The test section entrance Reynolds
number is on the order of 106 greater than the transitory value of 5E51, therefore the flow was
assumed to be fully turbulent and the effects of laminar to turbulent transition were ignored.
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5.1.3 Solver Settings
The momentum equations were discretized using second order central differencing schemes. The
flow variant turbulent properties were discretized using a second order upwind scheme to account
for the highly unidirectional flow generated in a wind tunnel. To confirm the validity of
employing a second order approximation the solution was also calculated using QUICK, a higher
order scheme based on the weighted average of second order upwind and central differencing. As
detailed in Table 5-2 the solutions converged to the same result.
Table 5-2: Validity of the Numerical Discretization Scheme
Discretization

Maximum Exit

Contraction Skin

Test Section Skin

Scheme

Axial Flow Velocity

Friction Coefficient

Friction Coefficient

31.12

0.00272

0.00300

31.07

0.00273

0.00304

(m/s)
Second Order
Upwind
QUICK

A pressure-based solver was employed to solve the discretized equations sequentially and the
SIMPLEC pressure velocity-coupling scheme was utilized to ensure that the individual equations
converged. The coupling scheme effectively verifies if the velocities calculated from the
momentum equation also satisfy the continuity equation by correcting the pressure.

5.2 Computational Domain
5.2.1 Numerical Grid
A 3-dimensional structured grid was created to spatially discretize the flow through the
computational domain. ANSYS ICEM CFD® was employed to create a c-grid topology, enabling
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selected refinement of the wall boundary interfaces. The grid was defined such that height of the
c-grid structure grew with the contraction profile. Based on the constraints of modeling a
geometric expansion/contraction wall functions were employed to maintain high quality
computational cells.
The numerical grids were generated parametrically based on the size of an element (cell) in the
mean flow test section regime. The boundary layer refinement was specified by the initial height
of the first cell and a growth rate of 1.1. The height of the first node was initially determined
based on the wall shear stress as derived from Prandtl’s power law approximation for skin friction
coefficients as a function of Reynolds number1. The initial height was then adjusted based on the
solution results. The grid modifications are summarized in Table 5-3.
Table 5-3: Specification of Computation Grids for Application of Wall Functions
Mesh
Identification

Mean Flow
Cell Size

Cell Count

Contraction 𝒚+

(BL Nodes)

(min, max)

Test Section
Mean 𝒚+

(cm)
Coarse

2

710351 (25)

(7.5, 21.1)

15.7

𝑦 + Shift (+10)

2

710351 (25)

(7.5, 33.2)

24.5

𝑦 + Shift (+15)

2

710351 (25)

(7.5, 39.1)

29.3

BL Coarse

2

465590 (12)

(7.5, 33.2)

24.5

BL Fine

2

804391 (30)

(7.5, 33.2)

24.5

Medium

1.8

926256 (25)

(7.5, 33.2)

24.5

Fine

1.5

1458938 (25)

(7.5, 33.2)

24.5

The grid refinement study was preformed sequentially. First, the grid was modified to determine
if variation in the height of the first cell within the logarithmic region of the viscous near wall
flow regime (𝑦 + >15) affected the solution results. The shift was defined by augmenting the
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relative height of the first cell by 40% effectively increasing the 𝑦 + by 10, then subsequently by
20% increasing the 𝑦 + by 5. Additionally, the effect of boundary layer nodes was analyzed by
altering the number of nodes by a 50% reduction and 20% increment. Once uniformity was
confirmed, the effect of the mean flow cell size was identified.

5.2.2 Solution Convergence
The grid convergence study was performed for the ideal wind tunnel model with smooth wall
boundaries. The solution was initialized using the potential flow model and all initial calculations
were performed using the 𝑘 − 𝜀 turbulence model and scalable wall functions. Convergence was
achieved when the linearly decaying residual values fell to 10-6. The skin friction coefficient in
the contraction and test section were also monitored each iteration to determine solution
convergence. Grid convergence was realized when the mean outlet velocity, test section boundary
layer height and skin friction coefficients were consistently predicted: unaffected by further grid
refinement. The results are summarized in Table 5-4.
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Table 5-4: Dependence of Solution on Grid Refinement: Wall Functions.
Mesh

Maximum

Boundary

Midpoint

Test Section

Axial Outlet

Layer Height

Contraction

Cf

Velocity (m/s)

(cm)

Cf

Coarse

31.12

15.56

0.00272

0.00301

Coarse: 𝑦 + = 25

31.12

15.56

0.00272

0.00300

Coarse: 𝑦 + = 30

31.12

15.56

0.00271

0.00299

Coarse BL

31.13

15.56

0.00265

0.00314

Fine BL

31.12

15.56

0.00273

0.00300

Medium

31.12

14.86

0.00272

0.00300

Fine

31.11

15.03

0.00272

0.00301

In order to ensure that the flow within the wind tunnel boundary layer was resolved, the velocity
profile was examined at the test section measurement plane in a central axial location, 45 cm
from the left wall. The velocity profile was normalized to inner wall units, 𝑢+ and analyzed with
respect to the empirical law of the wall, as depicted in Figure 5-2.
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Figure 5-2: Comparison of simulated results to the empirical law of the wall for boundary
layer flow at the center of the test section measurement plane.
As demonstrated in Figure 5-2, the simulated velocity distributions converge to a single solution
that is representative of the expected profile. The convergence study indicated that for this
relatively simple accelerating flow problem, mean grid refinement did not alter the solution
results. The variation in boundary layer height was a function of slight parametric changes in the
node locations with variation of mean cell size. The boundary layer height was consistently
predicted to be 15 cm. Therefore the coarse grid, with a test section 𝑦 + of 25 and 25 nodes in the
boundary layer was selected for further computational study as it provided an accurate
representative solution at reduced computational cost.
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5.3 Results
5.3.1 Experimental Data
In order to determine the ability of the simulated solution to capture the flow behavior in the wind
tunnel the simulation was performed and directly compared to three sets of experimental data,
with specified exit static pressure and air temperature. The solution was calculated using the 𝑘 −
𝜀 standard turbulence model with wall functions. Smooth walls were assumed. A comparison of
the simulated solution and experimental results at the approximate centerline, 45 cm from the left
wall, on the traverse plane are displayed in Figure 5-3.

Figure 5-3: Comparison of simulated solution to experimental axial velocity data at the
centerline (x=45 cm) on three different test days.
The experimental data displayed shows the experimental average of three horizontal traverses
taken at 43, 44 and 45 cm, with vertical increments of 1 cm, as well as the raw data set at x = 45
cm, indicating the relative confidence in the averaged data. The simulated solution agrees very
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accurately with the experimental results for all three sets of test data. The mean flow velocity is
predicted within 0.4, 1, 0.1% for the experimental temperatures of 9, 13, and 7°C respectively.
The equivalency is further expounded in Figure 5-4 through analysis of the simulated and
experimental turbulent intensity.

Figure 5-4: Simulated and experimental turbulent intensity distribution at the LSWT test
section traverse plane.
In the simulation the turbulent intensity was specified at the inlet and outlet (in the event of
reverse flow) pressure boundary conditions, with a constant value of 3%. The simulated solution
clearly resolves this input condition and additionally captures the experimentally determined
increase in turbulent intensity across the tunnel, with a transverse gradient in the turbulent
intensity of 0.2%/cm. The simulated turbulent intensity was consistently predicted for all three
experimental tests. The variation in the simulated and experimental data at a horizontal location
of 45 cm is a function of the fact that the input boundary condition was taken as the average of
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several sets of turbulent wind tunnel data, where as the experimental test data displayed is the
lower bound, 2.73%, of the range of wind tunnel turbulence indicated in Table 4-3 of Chapter 4.
In order to determine the effect of the inlet turbulence parameters on the solution, the turbulent
intensity was incremented to 10%. The simulated turbulent intensity results converged to the
same value. The solution was constrained by the smooth wall boundary layer development in the
test section.
Additionally, evaluation of simulated flow behavior through the contraction profile was analyzed
1

2
as a function of pressure coefficient (𝐶𝑝 = (𝑃𝑠,𝑔 − 𝑃𝑔 )⁄( 2 𝜌𝑢max
)) and axial velocity. The results

are displayed in Figure 5-5 as a function of deviation from the inviscid potential flow solution.

Figure 5-5: Simulated pressure coefficient and axial velocity through the LSWT contraction
and test section.
The simulations indicate the majority of the losses in the LWST occur at the exit of the
contraction, at the second convex bend, where the flow is accelerating rapidly and through the
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entrance region of the square duct as viscous effects are dominant for developing flow. The
pressure drop through the square duct of the LSWT is shown in Figure 5-6. As the pressure drop
approaches linearity, the flow becomes fully developed and the viscous pressure losses reach a
constant value.

Figure 5-6: Axial static pressure through the square duct of the LSWT.
Figure 5-5 and Figure 5-6 demonstrate that it can be assumed that the flow achieves a linear
pressure drop at the test section inlet (3.23 m).

5.3.2 Surface Roughness
To detail the effect of surface roughness on the simulated solution, the roughness parameter for
the simulation corresponding to an exit static pressure of -614 Pa was manipulated. The
roughness height, ε, was set to 5E-5m, the average expected roughness for commercial metals1,
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and then incremented to 30E-5, to produce transitional roughness. The roughness constant was set
to 0.5, reproducing a uniform roughness distribution.
The effect of surface roughness is to move the effective wall position outward which breaks up
the thin viscous sub layer and increases the wall friction. The increase in wall friction
monotonically shifts the empirical law of the wall profile downward as a function of the
roughness parameter 𝑘 +, 𝑘 + = (𝜀𝑢𝜏 )⁄𝑣. Experimentally, the surface roughness does not affect
the outer velocity of wake region (𝑦 + > 10E3) if the roughness parameter 𝑘 +is less than 4. The
solution is assumed to be hydraulically smooth. As the surface roughness increases the flow
enters the transitional roughness regime, 4 < 𝑘 +< 60, where the solution will have moderate
Reynolds number sensitivity27. The simulated parameters are summarized in Table 5-5,
demonstrating the increased wall friction with surface roughness.
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Table 5-5: The Effect of Surface Roughness on Simulated Solution Parameters.
Roughness

Maximum Axial

Wall Shear Stress

Boundary Layer

Height (m)

Outlet Velocity

(Pa)

Height (cm)

(m/s)
Smooth Walls

31.66

1.596

15.56

5E-5, 𝑘 + = 4

31.66

1.694

15.56

31.66

2.3232

15.56

“Hydraulically
Smooth”
30E-5, 𝑘 += 30
“Transitional
Roughness”

As shown by the results given in Table 5-5, the surface roughness did not explicitly alter the
measured mean flow parameters of velocity and boundary layer thickness. The effect of
incremented surface roughness is shown in Figure 5-7. The increased wall friction augmented the
pressure losses associated with the flow through the contraction.

78

Figure 5-7: Simulated pressure coefficient through the contraction as a function of surface
roughness.
Based on the expected effect of surface roughness on wall shear stress, the flow behavior in the
near wall regime was examined. The simulated boundary layer profile was calculated, in terms of
inner wall variables in Figure 5-8 and as a function of the equilibrium velocity deficit profile,
(𝑈 − 𝑢)⁄𝑢𝜏 in Figure 5-9.
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Figure 5-8: The effect of surface roughness on the empirical law of the wall.

Figure 5-9: Equilibrium velocity deficit profile normalized by uτ as a function distance to
the centerline of the LSWT.
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The graphical results indicate that as the roughness height was increased there was a significant
downward shift in the empirical law of the wall caused by increased wall friction and therefore
frictional velocity, Figure 5-8. The increased wall friction leads to increased boundary layer
thickness as demonstrated in Figure 5-9.
Overall both the smooth wall and hydraulically smooth solutions directly corresponded to the
experimental results and it was deemed unnecessary to manipulate the surface roughness
parameter.

5.4 Applications to Experimental Comparison
When wind tunnel users seek to computationally simulate experimental results it is necessary to
ensure that the inlet boundary conditions are representative of the flow conditions. For this
application it is not practical to model the entire contraction and the outlet conditions are the
unknown quantity in question. This study provides a methodology and procedure to determine
average inlet conditions for the LSWT and a sample inlet profile.
5.4.1 Test Section Domain
The computational mesh was identically reproduced in order to model a quarter of the square test
section duct. The domain is 3.59 meters in length; the inlet plane was located 1 meter downstream
of the contraction exit and the outlet was aligned with the experimental flow traverse. 328,500
grid points were used to discretize the flow, with 25 nodes in the boundary layer. The near wall
was resolved to 𝑦 + values less than 1 to enable examination of the complete boundary layer
profile. The test section flow was calculated using the standard k-ε turbulence model, the solution
was analyzed with scalable wall function and with enhanced wall treatment to determine solution
consistency. The inlet boundary condition was specified as a velocity inlet, the velocity profile
was derived from the full contraction simulation on the corresponding plane. The turbulence was
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described by a turbulent intensity of 3% and the duct hydraulic diameter of 0.5 meter. The outlet
was designated as a simple outflow condition to ensure that there were no constraints on the
simulated solution. The results are summarized in Table 5-6.
Table 5-6: Summary of Test Section Mesh Refinement.
Mesh

Maximum Axial

Test Section Mean
𝒚+

Wall Shear Stress

Outlet Velocity (m/s)

Wall Function

24.4

31.66

1.577

Wall Resolved 1

1.75

31.66

1.580

Wall Resolved 2

0.88

31.66

1.578

As demonstrated by the results in Table 5-6, the solution calculated with scalable wall functions
and wall refinement of 𝑦 + < 1 yielded consistent results; there is a 0.064% change in the
simulated wall shear stress. This result is further verified through analysis of the boundary layer
with respect to the law of the wall, Figure 5-10, and the distribution of turbulent kinetic energy in
the near wall region, Figure 5-11.
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Figure 5-10: Simulated flow in the test section boundary layer with respect to the law of the
wall as calculated with scalable wall functions and complete near wall treatment.

Figure 5-11: Near wall distribution of turbulent kinetic energy normalized by the friction
velocity, by uτ.
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Figure 5-11 shows that the wall refined simulated solution is able to accurately capture and
resolve the expected peak in the near wall turbulent kinetic energy profile and the magnitude of
the peak value as contrasted to direct numerical simulation results for turbulent channel flow8.
The solution calculated with scalable wall functions is only able to predict the decreasing profile
of turbulent kinetic energy and does not capture the peak value.

5.4.2 Inlet Conditions
In order to detail the appropriate boundary conditions for the determination of flow through the
test section of the LSWT the initial input conditions were varied and compared to the
experimental and simulated (from the full contraction profile) data set corresponding to an outlet
traverse pressure of -614.9 Pa and a temperature of 13°C.
As in the test section verification study, the standard 𝑘 − 𝜀 turbulence model was used to
calculate the expected flow behavior. All of the solutions were initialized with the full velocity
profile and static pressure extrapolated from the contraction simulation for the experimental data
on the corresponding plane. The details of the turbulent information initially supplied to the
simulation were varied from a uniform turbulent intensity specification of 3% to complete
identification of the turbulent kinetic energy and dissipation. The 𝑘 and 𝜀 profiles were derived
from the experimental turbulent intensity data recorded vertically at three horizontal locations of
6, 25, 45 cm from the left wind tunnel wall. The relationships between turbulent intensity, kinetic
energy and dissipation are summarized in Equation (5-1), Dh is the hydraulic diameter of the duct
and Cμ is a predetermined model constant (Cμ ≈ 0.09)8.
2

3

𝑘 = 2(𝑢𝑎𝑣𝑔 ∗ 𝑇𝐼)

(5-1)
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3

3

𝜀 = 𝐶𝜇4 (𝑘 2⁄𝑙 )
𝑙 = 0.07𝐷ℎ

Table 5-7 provides a summary of the effect of inlet boundary conditions on the mean flow
parameters and the flow behavior was graphically analyzed in Figure 5-12 and Figure 5-13. In the
specified figures the solutions calculated with scalable wall functions and enhanced wall
treatment converged on the same solution, and are depicted as a single data set.
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Table 5-7: Effect of Inlet Conditions on Simulated Flow Solution.
Simulation

Static Exit Pressure

Maximum Axial

Test Section

Parameters

(Pa)

Outlet Velocity

Cf

(m/s)
Quarter Contraction

-614.90

31.66

0.00260

-613.41

31.61

0.00247

-613.44

31.61

0.00246

-615.27

31.66

0.00257

-615.30

31.66

0.00257

Test Section
Inlet Profiles:
Velocity, TI=3%
Wall Function
Test Section
Inlet Profiles:
Velocity, TI=3%
Wall Resolved, 𝑦 + < 1
Test Section
Inlet Profiles:
Velocity, 𝑘, 𝜀
Wall Function
Test Section
Inlet Profiles:
Velocity, 𝑘, 𝜀
Wall Resolved, 𝑦 + < 1
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Figure 5-12: Effect of inlet boundary conditions on simulated velocity profile at three
horizontal locations in the left quadrant of the wind tunnel.

Figure 5-13: Effect of inlet boundary conditions on the simulated turbulent intensity.
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The results indicate that with the use of appropriate inlet conditions the simplified wind tunnel
geometry, the square duct test section, provided reasonable and accurate flow solutions. The
solution accuracy increased when both the velocity and turbulent inlet boundary conditions were
fully specified. The errors associated with the simplified model, were on the order of 1% and
0.065% in the prediction of skin friction and static outlet pressure respectively. As demonstrated
in Figure 5-13, when the turbulent profile was specified at the inlet positive agreement is
achieved. The quality of the agreement decreases near the wall boundaries, where experimental
error associated with hot-wire anemometry is highest, due to wall effects and anisotropy.

5.4.3 Turbulence Models
The effect of the model employed to calculate the turbulent flow through the test section of the
Queen’s University LSWT was analyzed. The flow behavior was simulated with the SpalartAllmaras, 𝑘 − 𝜀, 𝑘 − 𝜔, and 𝑘 − 𝜔 𝑆𝑆𝑇 turbulence models on the wall resolved grid with
𝑦 + values less than 1. The effect of the model selected on the mean flow parameters is
summarized in Table 5-9 and Figure 5-14. The inlet conditions were specified by the full velocity
profile extracted from the contraction simulation and the experimentally detailed turbulent
profile. The additional turbulent parameters required for the SA and 𝑘 − 𝜔 models are derived
using equations (5-2) and (5-3)8.
3

𝑣̃ = √2(𝑢𝑎𝑣𝑔 ∗ 𝑇𝐼 ∗ 𝑙)

1

𝜔 = (𝑘 2⁄ 1 )
𝐶𝜇4 ∗ 𝑙
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(5-2)

(5-3)

In order to provide reference conditions that can be applied to future wind tunnel work, the
simulated inlet velocity profile and static pressure were derived as the average of the three
weather dependent contraction simulations given in section 5.3.1. The reference conditions are
described in Table 5-8. Analysis of the inlet profiles indicated that the average profile was a
representative mean condition: there was approximately a 1% difference between the average and
the exact inlet profiles.
Table 5-8: Average Reference Conditions for Computational Simulation of Test Section.
Static Temperature

283 K (10°C)

Operating Pressure

101.325 kPa

Inlet Gauge Pressure

-580.70 Pa

Viscosity

1.429E-5 m2/s

Table 5-9: Effect of Turbulent Model Selection on Simulated Flow Solution.
Turbulent

Maximum

Difference in

Boundary

Test Section

Model

Axial Outlet

CFD and Exp.

Layer Height

Cf

Velocity (m/s)

Mean Velocity

(cm)

SA

31.31

0.40 %

15.56

0.00277

k–ε

31.29

0.23 %

15.56

0.00259

k–ω

31.29

0.11 %

15.56

0.00261

k – ω SST

31.26

0.02 %

15.56

0.00264
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Figure 5-14: Effect of the turbulent model employed on the simulated velocity profile at
three horizontal locations in the left quadrant of the wind tunnel.
The results summarized in Table 5-9 indicate that the choice of model used to represent the timeaveraged turbulent flow has only a slight effect on the simulated solution. All three models and
the blended model (𝑘 − 𝜔 𝑆𝑆𝑇) were able to predict the velocity profile, Figure 5-14. As
demonstrated in Table 5-9 the blended 𝑘 − 𝜔 𝑆𝑆𝑇 provided the most exact representation of the
approximate centerline axial velocity profile. The mean velocity profile was predicted to within
0.02%. A visual comparison of the simulated (𝑘 − 𝜔 𝑆𝑆𝑇) and the experimental axial velocity
contours in the lower left quadrant of the LSWT is displayed in Figure 5-15.
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(a)

(b)

Figure 5-15: Simulated (a) and experimental (b) contours of axial velocity in the left
quadrant of the LSWT.
The wall shear stress and coefficient of skin friction vary with the model employed to calculate
the turbulent flow. The variation is shown in Figure 5-16, which details the velocity distribution
in the near wall regime normalized to inner wall units, 𝑢+ and 𝑦 + . These differences are a
function of the semi-empirical equations employed in the time-average turbulent models.
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Figure 5-16: Simulated flow in the boundary layer with respect to the law of the wall,
calculated with various turbulent models.
As demonstrated by the results given in Figure 5-16, a slight difference in the near-wall relations
used in the simulation of boundary layer flow is apparent. The Spalarat-Allmaras model simulates
1
𝜅

the experimental law of the wall (𝑢+ = log 𝑦 + +𝐵), with κ=0.40 and B=5.5, as derived by J.
Nikurasde for simple pipe flows. The two-equation models simulates the correlation with values
of κ=0.41 and B=5.0, as amended by Coles and Hirst in 196827. The slight downward shift in the
law of the wall associated with the SA solution supports the prediction of elevated wall shear
stress. Although without experimental information detailing the wall shear stress expected in the
Queen’s LSWT, it was difficult to decide which model provided the most accurate comparison to
the test section boundary layer flow.
The effect of the model choice on turbulent intensity is shown in Figure 5-17.
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Figure 5-17: Effect of turbulence model on the simulated turbulent intensity.
Visual inspection of the turbulent profile shown in Figure 5-17 indicates that with specific input
of the expected experimental turbulent parameters, the models were able to accurately represent
the turbulence intensity. The discrepancies in the selected turbulent models were based on the
relations and constants employed to provide closure to the Reynolds stress tensor terms (2.4.3);
all of the turbulent models provided sufficiently accurate simulation results.
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Chapter 6
Conclusions
The flow behavior in the Queen’s University Low Speed Wind Tunnel was experimentally
investigated and computationally verified. The velocity distribution, turbulent parameters and
boundary layer effects were analyzed in order to provide standard reference conditions for future
experimental work.
The experimental results indicated that the LSWT was capable of producing a mean axial flow
speed of 30 – 31 m/s, dependent on ambient conditions and atmospheric wind speeds.
Measurements were collected under a variety of external weather conditions and it was
determined that the average transient and spatial flow deviation from the mean was on the order
of 1.5% and 0.5% respectively. The boundary layer thickness at the exit of the test section was
found to be 10 cm above the floor. The corner effects were determined to extend 15 cm, at an
angle of 45° from the left corner, into the test section. The corner effect was distinguished by
transverse velocity vectors with magnitudes on the order of 2 - 3 m/s flowing from the corner into
the mean flow regime, where the transverse velocity components decayed to 1 m/s and became
stochastically oriented. The turbulent intensity in the LSWT was experimentally detailed using
hot-wire anemometry. The results indicated that the turbulent intensity reached 10% at the wall
boundaries decaying to a constant uniform value of 3% at the center.
The detailed turbulent specifications and atmospheric test conditions were used as input
conditions for the computational simulation of the wind tunnel contraction and test section. The
computational simulation was performed for three specific experimental data sets. The results
indicated that the mean axial velocity was predicted with an average accuracy of 0.5% for all
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three simulated experiments. The computational boundary layer was predicted to have a
displacement thickness of 15.56 cm, an over-prediction of the experimental results. It was
concluded that this variance was a function of the transient and spatial deviation in the wind
tunnel flow that effectively blurs the transition, and the spatial discretization employed in the
computational domain, limiting the resolution to grid components.
The effect of the surface roughness parameter in the computational simulation was analyzed
employing the expected roughness for commercial metals. This was equivalent to a normalized
roughness parameter of approximately 4. The solution was theoretically and computationally
described as hydraulically smooth, such that the surface roughness did not affect the outer wake
region and mean flow regime. This theoretical result was confirmed and both the smooth wall and
hydraulically smooth solutions corresponded to experimental results and it was therefore deemed
unnecessary to manipulate the roughness parameter.
For future wind tunnel users the results from the wind tunnel simulation were extrapolated 1 m
downstream from the contraction exit plane and used to provide inlet conditions to a simplified
test section model. The inlet conditions were studied and it was determined that complete
specification of the inlet velocity profile and experimental turbulent data provided the most
accurate comparisons to experimental results. The simulated solutions from three specific
experimental data sets were averaged to provide a representative reference inlet condition. The
averaged inlet velocity condition was applied to the simplified test section domain and the
turbulent model selected for solution was varied. The results indicated the Spalart-Allmaras, 𝑘 −
𝜀, 𝑘 − 𝜔, and the blended 𝑘 − 𝜔 𝑆𝑆𝑇 models were able to resolve the turbulent distribution and
flow behavior in a comparable manner. The maximum discrepancy in the simulated mean flow
was 0.4% for the Spalart-Allmaras model and a minimum of 0.02% was achieved for the blended
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𝑘 − 𝜔 𝑆𝑆𝑇 model. All three models and the blended model were able to predict the flow well
within the bounds of engineering accuracy.
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Appendix A
Hot-Wire Anemometry
A.1 Working Principle
A hot-wire anemometer is an analog instrument which provides spatial and temporal resolution of
the unsteady fluctuations associated with turbulent flow. The sensor is constructed of a thin (on
the order of microns) cylindrical metal wire millimeters in length. The wire is selected to fill
specific temperature dependent requirements, including a high temperature coefficient of
resistance, high specific resistance and high mechanical strength. Based on these parameters
tungsten is typically employed28. The tungsten wire is electrically heated above the ambient
temperature of the surroundings, such that the flow of the surrounding fluid around the sensor
will have a cooling effect. To keep the wire sensor at a constant temperature, electrical voltage
must be supplied to the wire at exactly the same rate as the heat loss to the surrounding fluid. This
objective is achieved through the use of a feedback circuit, a Wheatstone bridge. The hot-wire,
𝑅𝑤 , is placed in one arm of the bridge configuration, opposite from a variable resistor, 𝑅0 . The
variable resistor defines the operating resistance and subsequently the working temperature of the
hot-wire sensor, and is set prior to experimentation. This is nominally referred to as the overheat
ratio, 𝑎, equation (A.1-1).
𝑅𝑤 − 𝑅0
𝑎=(
)
𝑅0

(A.1-1)

When the velocity is constant, the bridge will be balanced. The bridge is regulated using a current
amplifier, which enables the circuit to respond to velocity fluctuations. For example, as the
velocity increases, the wire resistance will decrease causing an error voltage reading at the input
99

of the amplifier. The probe current will increase, heating and restoring the resistance of the hot
wire to balanced conditions. The wire time constant, the response of the electric circuit, defines
the measurement frequency of the sensor. Typically a high gain amplifier is used, which ensures
that the condition of a balanced bridge is maintained practically independent of the flow velocity
and changes are registered in fractions of milliseconds or microseconds28. The hot-wire system
used in the current experiments has a frequency response range of 1-10 kHz.

A.2 Determination of Flow Velocity
The voltage drop across the Wheatstone bridge is directly related to the current through the hotwire sensor as all of the other resistors in the circuit remain constant. This output voltage reading
is related to the flow velocity through a transfer function derived from an energy balance on a
cylindrical sensor wire element. For constant temperature incompressible fluid flow King’s power
law expresses voltage-velocity relationship and is defined in equation (A.2-1)29. This function is
derived with the assumption that radiation and conduction heat transfer effects are negligible and
that the velocity impinging on the wire sensor is perpendicular (normal) and uniform over the
wire length.
𝐸 2 = 𝐴 + 𝐵𝑈 𝑛

(A.2-1)

In order to determine the velocity from equation (A.2-1) it is necessary to perform an inversion
calculation, which for large matrices can be computationally intensive. George et al. introduced a
polynomial curve fit for the expression of velocity as a function of voltage, equation (A.2-2).
𝑈 = 𝐴 + 𝐵𝐸 + 𝐶𝐸 2

(A.2-2)

+ 𝐷𝐸 3 +..
The constants in equations (A.2-1) and (A.2-2) are calculated through a calibration procedure.
The measurement accuracy for King’s power law and for polynomial curve fits of third order or
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higher yields acceptable measurement accuracy of 𝜀𝑢 ≈ 0.1 − 0.15%29. The calibration
procedure employed is described in Appendix B.
In non-isothermal flows it is necessary to modify the recorded voltages to compensate for the
changes in ambient temperature, 𝑇𝑎 , equation (A.2-3).
𝑇𝑤 − 𝑇0
𝐸𝑐𝑜𝑟𝑟 = 𝐸𝑎 (
)
𝑇𝑤 − 𝑇𝑎

(A.2-3)

In equation (A.2-3), 𝑇𝑤 and 𝑇0 represent the anemometer wire temperature and calibration
reference temperature respectively.
Ideally a hot-wire sensor will be placed in the flow, such that the wire is perpendicular to the flow
and the supporting prongs are parallel. The flow is normal to the wire sensor as assumed in the
transfer relations. For a single wire sensor, properly oriented to the flow, the directional
sensitivity of the probe is a function of pitch (angle between the velocity and wire normal) and
yaw (angle between velocity and wire plane) flow angles.
The directionality can be determined using the following relation, equation (A.2-4), proposed by
Hinze and modified by Jorgenson (to include pitch)28.
2
𝑈𝑒𝑓𝑓
= 𝑈𝑥2 + 𝑘 2 𝑈𝑦2 + ℎ2 𝑈𝑧2

(A.2-4)

In equation (A.2-4), k and h are the pitch and yaw coefficients respectively, and the equation can
be expanded to include the pitch and yaw angles through the addition of trigonometric terms28.
This application was not applied to the current study, as the flow is nominally unidirectional.

A.3 Hot-Wire Uncertainty
For application in the LSWT the uncertainty of hot wire measurement is a function of the
calibration procedure, linearization of data (curve fitting), A/D board resolution and probe spatial
positioning. The contributions of the error terms are defined in Table A.3-1. Additionally the
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probe must be cleaned and recalibrated regularly to avoid effects of dirt and contamination, which
will alter the heat transfer properties of the wire sensor.
Table A.3-1: Sources of Hot Wire Anemometer Error28
Source of

Input

Uncertainty

Typical Relative Error Output Relative Standard
Value

Error

Calibrator

𝛥𝑈𝑐𝑎𝑙

2%

/

0.02

Linearization

𝛥𝑈𝑓𝑖𝑡

0.5%

/

0.005

A/D Resolution

𝐸𝐴𝐷

10 V

1 𝐸𝐴𝐷 𝜕𝑈
∗
∗
𝑈 2𝑛 𝜕𝐸

0.001

n

12 bits

θ

1°C

1 − cos 𝜃

≈0

Probe Position
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Appendix B
Calibration Apparatus and Procedures
B.1 Pressure Transducers
The pressure transducers were calibrated using a standing water manometer. One leg of the
manometer was left open to the atmosphere while the other was attached to a boxed group of
eight transducers. The manometer was manually pressurized and the pressure and output voltages
were measured and recorded. The pressure transducers were calibrated through their rated
operation range, using 10 data points. To confirm repeatability three zero pressure readings were
recorded throughout the calibration.
LabVIEW® 5.1 software was used to interpret the voltage output from the transducers and the
outputs were calibrated using a linear correlation. The system is highly linear, the manufactured
linearity of the sensors is stated as ± 0.1% of the full scale, to a maximum of ± 0.5%. The error in
the calibration was taken to be the manufacturer’s reported value for maximum non-linearity.
Hysteresis effects were neglected due to the magnitude of data analyzed and averaged each time a
pressure measurement was experimentally recorded. To mitigate the errors associated with
atmospheric conditions the pressure transducers were recalibrated whenever seasonal changes,
with significant fluctuations in temperature and humidity, were experienced.

B.2 Calibration Wind Tunnel
Calibration of the flow measurement devices was performed using a variable speed open jet wind
tunnel capable of delivering wind speeds up to 60 m/s. The wind tunnel speed was set to achieve
similarity between experimental and calibration flow velocities. Therefore, the maximum velocity
used for calibration was 35 m/s (Ma ≈ 0.1) and compressibility effects were ignored.
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The flow was driven by a 16-inch centrifugal blower power by a 5 HP motor and speed variation
was achieved using a Reliance Electric variable speed motor controller. The blower was
connected to a 5-inch diameter pipe with a length of 13 feet. Providing a length to diameter ratio
of approximately 30, fulfilling the entrance length criteria for fully developed turbulent flow at a
maximum Reynolds number of 4.8𝑒 51. Additionally, swirl was suppressed through the use of an
8-inch flow straightener with quarter inch vanes installed in the middle of the pipe.

B.3 Seven-Hole Probe Calibration
The seven-hole probes used in this experimental work were calibrated using a procedure
proscribed by James Crawford24. The probe position is defined using a two coordinate systems.
An X-Y coordinate system defined by pitch (α) and yaw (β) for low angle flows and a polar
coordinate system of cone (θ) and roll (γ) for high flow angles. A schematic of the flow angles is
given in Figure B.3-1.

Figure B.3-1: Seven-hole pressure probe flow angle and coordinate system24.
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The calibration wind tunnel was equipped with a rotary traverse, which enabled variable probe
position of 1.8° per step in pitch and 0.32° per step in yaw. The traverse was able to rotate the
probe through angles up to 60° without causing significant outlet flow blockage. The probe was
installed in the traverse such that the probe tip was located at the intersection of the pitch and yaw
axis, ensuring that the spatial positioning of the probe tip relative to the wind tunnel remained
constant, mitigating any effects of exit flow non-uniformity. The error in this alignment
procedure was approximated as ± 0.5° in both axis directions. The error in the probe tip location
was estimated as ± 1mm in the X and Y coordinate directions. This error was neglected, as the
effect would be to slightly move the probe position on the outlet plane and for fully developed
flow it is surmised that velocity gradient at the probe location was small.
The probe was connected to a calibrated group of pressure transducers using silicon tubing and a
reference pressure measurement was recorded. The probe was then cycled through a sequentially
ordered list of pitch and yaw coordinates defining a calibration grid that was uniform in cone and
roll and achieved a maximum cone angle of 55° with a grid spacing of 5°. The recorded pressure
data at each grid point was read and analyzed using LabVIEW® software and the sort and fit
FORTRAN programs of James Crawford24. The pressure calibration resulted in the pressure
coefficients required to obtain flow velocity and direction.
The uncertainties associated with seven-hole calibration procedure are estimated as root mean
squared averages of 1.2° and 0.63° in the yaw and pitch angles respectively, with pressure errors
of 1.7%, 2.3% and 2.7% for total, dynamic and static pressures.
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B.4 Hot-Wire Anemometer Calibration
In this experimental work a one-dimensional hot-wire anemometer was used to measure the axial
turbulent parameters of the Queen’s LSWT. The probe employed is the Dantec Dynamics®
55P16 general-purpose anemometer, depicted in Figure B.4-1.

Figure B.4-1: A schematic of the Dantec Dynamics® 55P16 general-purpose anemometer
dimensioned in millimeters 30.
The probe was built into a modified seven-hole probe structure24, such that the probe mounting
stems would be of consistent diameter, 6.35 cm, and length, 60 cm, enabling interchangeable use
in the installed wind tunnel traverses. The configured probe was placed in the existing seven-hole
rotary traverse, which was locked into a stationary position offset 1cm horizontally from the
center of the wind tunnel. The probe tip was located 2.1 cm into the calibration wind tunnel
referenced to the exit plane. A 1/8” pitot-static pressure probe was mounted at equivalent height
and offset, diametrically opposite to the hot-wire probe, in order to record the reference flow
conditions during calibration. The pitot-static probe was mounted such that axial location of the
static ports was aligned with the hot wire probe tip, 2.1 cm from the exit plane. Figure B.4-2
shows a visual image of the probe orientation in the variable speed calibration wind tunnel.
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Figure B.4-2: Depiction of probe alignment in the variable speed wind tunnel.
The hot-wire probe was positioned in the center of the wind tunnel, in the potential core flow.
This central location was selected based on the known characteristics of turbulent channel flow,
as displayed in Figure B.4-3.

Figure B.4-3: Mean stream wise velocity profile and the fluctuation products (Reynolds
Stresses) normalized by the frictional velocity in turbulent channel flow as a function of
distance from wall31.
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As shown above, the stream wise velocity profile in turbulent channel flow reaches a plateau
along the centerline and the Reynolds stresses tend towards a uniform centerline values. Ideally
for consistent calibration the hot-wire must be located in the central region where both the stream
wise velocity gradient is small leading to reduced and relatively constant fluctuation components.
For one directional hot-wire calibration, this provides the most stable voltage reading.
The error in probe alignment was estimated as ±1 mm in both the horizontal and vertical
direction. This error was neglected on the premise that a slight shift within the fully developed
potential core region would not greatly affect the results due to insignificant velocity gradients in
the transverse directions.
With the probe properly aligned, the anemometer was calibrated over the range of velocities
expected in the LSWT, 20 to 30 m/s. The output voltages where captured and recorded using the
Dantec Dynamics “Mini CTA” software package. The calibration voltage at each velocity was
calculated as the mean of 1024 data points sampled at 2 kHz. The reference velocity was
calculated from the flow dynamic pressure as predicted by the pitot-static pressure probe. Using
the same data acquisition system used for the seven-hole pressure probe and the pressures were
monitored in MATLAB®. A script was developed to calculate the velocity from the recorded
dynamic pressure, equation (B.4-1).
𝛥𝑃
𝑉=√
2𝜌

(B.4-1)

At each calibration velocity setting, the flow was allowed to settle for approximately 3 minutes.
The average static and stagnation pressure were determined from 10 seconds of data sampled at
1000 Hz and the reference velocity was printed to the screen for user analysis.
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The hot-wire output voltage at 20 different velocity settings, ranging from 6.5 m/s to 40 m/s, was
recorded. To relate the voltage data to the reference velocity a fourth order polynomial transfer
function was fit to the data set, equation (A.2-2). It is noted that the velocity range was extended
by 5-10 m/s on either end of the interval to avoid the asymptotic divergence associated with
higher order polynomial fits. The hot-wire anemometer calibration used in the present study is
displayed in Figure B.4-4.

Figure B.4-4: The polynomial fit and the associated curve fitting error for the hot-wire
anemometer calibration.
Figure B.4-4 displays the polynomial transfer function generated and the error associated with
employing a curve fit to reference data points. The curve fitting error fluctuates consistently
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between ± 1% of the reference velocity. It is noted that the reference velocity measurement
recorded from the pitot-static pressure probe has a standard deviation from the mean of ± 0.036
m/s, ± 0.3%, over 10 seconds of transient data. This encompasses and negates a portion of the
curve fit error as the reference velocity is not exact.

B.5 Hot-Wire Anemometer Calibration Validation
In order to test the accuracy of the calibration of the hot-wire probe the variable speed wind
tunnel was employed. The first experiment performed detailed the effect of number of samples
and sample frequency on accurate determination of the mean flow. The hot-wire probe is able to
sample at accelerated frequency rates ranging from 1-10 kHz. For the purpose of this verification
study, low speed calibration flow with large-scale turbulence, sample rates of 1- 2 kHz are
acceptable28. Figure B.5-1 displays the effect of the aforementioned frequencies on the
determination of mean velocity as a function of sample rate.
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Figure B.5-1: The effect of sample frequency on the determination of mean velocity.
The results indicate that sample frequency does not affect the accuracy of the determination of
mean velocity. The mean axial velocity was consistently predicted with a sample size of 4096
points or greater. For the remainder of the validation study data was collected using a sample rate
of 2 kHz and a sample size of 4096, data is recorded for two seconds. Figure B.5-2 displays the
axial velocity measured with the hot-wire anemometer as a function of the reference velocity for
four blower settings. The trend is clearly linear validating the ability of the probe to predict the
calibration wind tunnel velocity at various speeds. Five iterations of data were collected at each
velocity setting in order to analyze repeatability of hot-wire probe measurement. The results
indicate that the mean axial flow was reliably predicted, with a range of ± 0.2-0.3%, for all tested
velocity settings.
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Figure B.5-2: Validation of accurate prediction of mean axial flow with a hot-wire
anemometer.
The percent difference between the reference velocity ± 0.3%, and the hot-wire measurement
±0.25%, was found to be 0.24% averaged over all four velocity measurements. This is well
within the expected nominal calibration error of 2.5% provided by Dantec Dynamics®28 and
discussed in Appendix A.
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Appendix C
Application of Turbulence Measurement
The axial turbulent parameters in the Queen’s University Hot Gas Wind Tunnel (HGWT) were
experimentally determined to provide a complete specification of the inlet conditions for
computational simulations. The results indicate that the turbulent intensity follows a characteristic
distribution of increased turbulence at the wall boundary, 10.1%, decaying to a constant uniform
value of 4.2% in the mean flow regime.

C.1 Hot Gas Wind Tunnel
The HGWT is a research wind tunnel that can produce high velocity (100 m/s) and high
temperature (650°C) airflow. The wind tunnel is used to simulate the exhaust from a gas turbine
engine. The HGWT is an open-circuit blower type tunnel. A New York Blower Company 2512A
centrifugal blower capable of delivering 3500 CFM at 50.6 inches of water for an input of 33 hp
drives the wind tunnel flow. The wind tunnel flow passes through an Eclipse “I” burner 440
TAH-O before transitioning to a circular duct with a radius of 0.203 m.

C.2 Experimental Hot-Wire Measurements
The hot-wire sample parameters determined for the LSWT were employed for data collection in
the HGWT, such that 10 iterations of data were collected at each location. Data was acquired for
two seconds with a sample rate of 10 kHz, yielding a centerline and boundary layer standard flow
deviation of 0.75% and 1.5% respectively.
The HGWT was run at a Reynolds number of 4.6E5 with a flow temperature of 30°C. Velocity
profiles and turbulent measurements were detailed 0.26 m upstream from the exit of the circular
duct. Results were obtained with two different experimental exhaust ducts: a circular to square
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cross-section diffuser with an area ratio of 1.5 and a complex S-bend duct. The velocity and
turbulent profile in the circular duct are summarized in Figure C.2-1 and Figure C.2-2
respectively.

Figure C.2-1: Axial velocity profile in the HGWT.
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Figure C.2-2: Distribution of turbulence in the HGWT.
The results indicate that the velocity and turbulent profile remains consistent with the addition of
alternative exhaust test structures confirming the determined mean turbulent intensity of 4.2%
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Appendix D
Recommendations
This appendix is intended to provide recommendations for acquisition and simulation of
experimental test data for the Queen’s University Low Speed Wind Tunnel.

D.1 Experimental Methology
Prior to performing experiments in the LSWT it is necessary to familiarize oneself with the
standard operating procedures and safety protocols, as detailed in the Energy and Fluid System
Lab’s 1 m x 1 m Low Speed Wind Tunnel SOP23.
When the user is ready to collect data, it is recommended to let the wind tunnel “warm-up” for
approximately 5 minutes to ensure that the flow has reach steady state. The LSWT is
instrumented with a seven-hole pressure probe and a constant temperature uniaxial hot-wire
anemometer which enables determination of the three velocity components, flow direction and
one-dimensional turbulent fluctuations. The probes are mounted on a linear traverse, which
provides access to the lower left quadrant of the wind tunnel from 1 cm (accessed with an angled
probe) to 45 cm in the horizontal direction as referenced to the left wall and 1 cm to 37 cm
vertically. The Arrick Robotics traverse can be programmed using an in house MATLAB®
function “moveTrav.m” and grid files can be generated using “generategrid.m”. Coarse and fine
meshes utilize step sizes of 3 cm and 1 cm respectively. Voltages corresponding to the seven-hole
pressure data are collected using “getVoltage.m”. Two example programs are provided
“Traverse.m” and “Unsteady.m”. “Traverse.m” performs a seven-hole traverse over a 2-D plane
and “Unsteady.m” collects transient data at a fixed location.
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Based on the comprehensive sampling study performed in Chapter 4, it is recommended that
pressure data be collected at a frequency of 1 kHz for at least 4 seconds in order to resolve the
transient variability of the flow. The standard deviation of the mean flow should also be
monitored, by collecting 20 seconds of transient data at 1 kHz at the central traverse location, in
order to determine the standard deviation of the mean flow. This will be used to correct
uncertainty analysis and provide the weather specific operating conditions of the current study.
The traverse code can be manipulated to provide triggered movement in the 2-D test plane. This
facilitates measurement with the hot-wire anemometer which uses an external data acquisition
program, “Mini CTA” software, provided by Dantec Dynamics®. The sampling parameters
recommended for turbulent data acquisition with the CTA is 5 iterations of 4096 samples at 2
kHz for calibration, and 5 iterations of 2 seconds of data collection at 10 kHz for LSWT
applications.

D.2 Computational Simulation
The computational methodology utilized in this study is expounded in Chapter 5. The goal was to
provide the boundary conditions required for accurate experimental comparison. The results
indicated that specification of an appropriate inlet velocity profile and the experimental turbulent
distribution is required. The wind tunnel user has two choices: to complete a full simulation of the
wind tunnel contraction based on the exact flow conditions, temperature and test section exit
static pressure, and extract a plane of inlet data or to apply the average inlet profiles provided in
the Wind Tunnel User Data folder.
The wind tunnel mesh was created parametrically using a script file in ICEM CFD®. The grid
was specified by a mean flow unit cell size of 2 cm and a c-grid topology was utilized to resolve
the wall with 25 boundary layer nodes with an expansion ratio of 1.1. The location of the first
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node is variable based on the desired 𝑦 + value. The code is available to future students and is
designated as “testsection.txt”.
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