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Abstract
A low-speed closed-return wind tunnel is being designed and built at Houghton College.
Preliminary efforts focused on choosing the layout and appropriately sizing the tunnel. Once
this work was complete, individual components could be designed and built. This thesis will
discuss detailed design, construction, and preliminary testing of critical components in the
return portion of the wind tunnel: a 90-degree corner, the fan, and a diffuser. Corners are
used in the wind tunnel to turn the flow so that the tunnel forms one continuous loop. To
provide flow, a fan is utilized. Lastly, the diffusers are used to decrease the flow velocity in
all regions except for where testing is taking place. Test results will be shown and future
work discussed.
Thesis Supervisor: Dr. Kurt Aikens
Title: Aerodynamics Engineer
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Chapter 1
BACKGROUND ON WIND TUNNELS

1.1.

History of the Wind Tunnel

Early researchers were inspired by the flight of birds. Their goal was to build a machine that
would replicate the flight of a bird. This pursuit led to them to realize that to fly a machine,
they would require more information on the interaction between the air and their device [1].
To improve their understanding, researchers needed access to a controlled airstream that
allowed repeatable measurements to be taken. Natural winds are not sufficient in this
regard, because they are rarely uniform or repeatable. One of the first apparatus designed
for this purpose was the whirling arm, pictured in Figure 1. The whirling arm was first made
by mathematician Benjamin Robins [1]. The object on the whirling arm spun by a falling
weight acting on a pulley and spindle arrangement [1]. The whirling arm measured drag,
which is a force acting opposite to the relative motion of any object, by spinning objects in a
circular path. A depiction of the aerodynamic forces that act on an object in flight is shown
in Figure 2. Once the object reaches constant speed and there is no angular acceleration, the
torque produced by the drag counters the torque produced by the falling mass. With this
information the drag force can be measured. To measure the lift force, the component of the
force that is perpendicular to the oncoming flow direction, Robins would attach increasing
amounts of weight to the object until it remained horizontal while spinning. The lift force
then, equaled the total weight added. Robins tested various objects with different shapes and
was able to determine that despite having the same frontal area exposed to the airstream,
different shapes have different air resistance [1].
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Figure 1. Diagram of Benjamin Robins Whirling Arm. This machine consisted
of weight M which rotated the system and the test object P. Figure taken from
Ref. [1].

Figure 2. Diagram of a plane being tested, which shows air flow, lift, net force,
and drag.

The whirling arm was a big step for aeronautics; it provided most of the aeronautic data of
the 19th century. This information was crucial, but the whirling arm also had some flaws.
When spinning the test models, the whirling arm would create a mass of air swirling around
itself – an unsteady wake flow downstream from the moving model. As a result of this, the
airflow that the model traveled through was not as uniform as was desired for accurate
measurements. Furthermore, it made it difficult for experimenters to determine the relative
velocity between the model and the air, because the air speed was not zero [1].
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The need for more accurate measurements of the forces exerted on the test models led to the
invention of the wind tunnel. Frank H. Wenham, a Council Member of the Aeronautical
Society of Great Britain, is credited with designing the first wind tunnel [1]. The wind tunnel
provides a flowfield that is more uniform than that produced by the whirling arm, and it is
also more steady [1]. A wind tunnel consists of a fan that causes air to flow at high speeds
through an enclosed passage. Despite various designs of the wind tunnel, it will always
consist of four crucial elements: the drive system, test section, model, and test
instrumentation; these elements can be seen in Figure 3. The drive system is usually a
motor-driven fan that blows or pulls air through the wind tunnel. As shown in Figure 3, the
fan pulls air through the test section where a model has been placed. While the air is flowing,
the aerodynamic characteristics of the model can be measured using the test
instrumentation in the test section [1].

Figure 3. Figure of the four identifying elements of a wind tunnel. Every wind
tunnel has them although the specific details vary greatly from one design to
the next. Figure taken from Ref. [1].

The issue with the wind tunnel was that the test sections were too small to test full-sized
objects. Of course, it would be desirable to test full-scale models, but it is often too expensive
to do so [1]. Similar challenges remain with experimental fluid mechanics today. These are
elaborated upon in the next section, and complementary approaches to aerodynamics are
also discussed.
7

1.2.

Approaches to Fluid Mechanics

In addition to the experimental approach to fluid mechanics which was introduced in the
previous section, there are two others. The first is the theoretical approach, which is applying
Newton’s laws to the motion of a fluid. Progress in technology led to the development of the
other approach, computational fluid dynamics (CFD), which approximates the solution to the
equations that govern fluid dynamics. With the addition of CFD, there are now three methods
that can be used to solve problems in aerodynamics [ 2 ]. Each of the methods will be
discussed further in this section, including the advantages and disadvantages of each.
First, the theoretical approach involves analytically solving the laws of physics, applied to
the motion of a fluid, for scenarios of interest. In the theoretical approach simplifying
assumptions are made to make the problem tractable [2]. One of the advantages to the
theoretical approach is that one can obtain reasonable answers in a minimum amount of
time. The most important advantage, however, is that a theoretical solution is closed form.
This is helpful because the variables that influence the solution are clear. It is also easy to
examine how sensitive the solution is to these variables. If it were possible, the theoretical
approach would be used for every scenario. The disadvantage of the theoretical approach is
that one is limited to solving relatively simple problems where the governing equations
become linear; analytical solutions simply do not exist for most practical engineering
problems [2]. An example of a problem that has an analytical solution is the classic problem
of Couette flow. Couette flow is the flow of a viscous fluid in the space between two surfaces,
one of which is moving tangentially relative to the other [3]. An image of this is seen in Figure
4. The central assumption is that the two surfaces are infinitely large. Under this assumption,
the governing equations become linear and an analytical solution to the resultant ordinary
differential equation is possible. Of course, this exact scenario does not occur in nature.
However, the solution is still applicable to scenarios where the surfaces are sufficiently large
relative to the size of the gap between them.
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Figure 4. Figure of Couette flow between two surfaces. V represents the
speed of the upper wall, and the arrows between the walls represent the fluid
flow.

The second method, computational fluid dynamics (CFD) uses numerical methods to
approximate the solution to problems in fluid mechanics. In CFD, only a limited number of
physical assumptions are made and a high-speed digital computer is used to solve the
governing equations of fluid dynamics [2]. There is no restriction to linearity and
complicated phenomena can be solved [2,4]. Using CFD requires the division of the fluid
region into cells. See Figure 5 for an example of a mesh used for a CFD analysis of an airfoil.
The fluid properties, like density and velocity, are assumed to be uniform over each cell. The
more cells used the better the result, but the more expensive the calculation will be. Not using
enough cells can harm the accuracy of the simulation and can lead to truncation errors [5].
This illustrates one of the perpetual tradeoffs with CFD: accuracy versus expense. This also
becomes important when it comes to physical modeling. For example, to directly solve for a
turbulent flow with CFD, an impractically expensive direct numerical simulation (DNS) is
required [2]. For nearly all applications, alternative turbulence models are utilized that
introduce certain physical assumptions. As a result of these modeling assumptions, there are
many phenomena for which CFD results can be unreliable. For example, a non-exhaustive
list of flow phenomena that are difficult for CFD includes: multiphase flow, boiling,
condensation, combustion, and turbulent flows with separation or transition [2]. Despite
these downsides, CFD is used often because there are many problems for which using the
theoretical approach is not possible. Figure 6 shows a segment of a centrifugal compressor.
When looking at a complicated problem like centrifugal compressors, CFD is regularly used
to analyze the complicated flowfield.
9

Figure 5. An example of a mesh for CFD of fluid flow past an airfoil. The fluid
region has been divided into triangular-shaped cells. The fluid properties are
assumed uniform over each cell, so more cells are required in regions where
the gradient of fluid properties is large. Figure taken from Ref. [2].

Figure 6. Simulation grid of a segment of a centrifugal compressor. Figure
taken from Ref. [6].
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Despite having theoretical and computational methods, the experimental approach is still
used because it is capable of giving the most realistic results [2]. The experimental approach
involves physically testing scaled models in a wind tunnel facility. Testing a small-scale
model is acceptable because the measured lift, drag, and moment coefficients (i.e., the nondimensional results) will be the same as for the full-scale vehicle in free flight as long as the
Mach and Reynolds numbers for the test match those for the free flight case [4]. Despite the
advantages of obtaining results from physical experiments, there are some disadvantages.
First, when testing scale models, it is often difficult or impossible to perfectly match the
Reynolds and Mach numbers to those of the full-scale scenario. This requires that resulting
test data be interpreted carefully as effects that are sensitive to the Reynolds and/or Mach
numbers may not be captured accurately. Second, it is not always possible to directly
measure a desired quantity. For example, some fluid environments are too hazardous for
survival of instrumentation (e.g., in the combustor of a jet engine). The last and most
important limitation of the experimental approach is that experiments are extremely costly
in terms of both money and time. Not only are expensive wind tunnels often required, but
they cost money to run and tests can take months of meticulous planning and preparations.
This is much longer than is typically required for theoretical and computational studies [2].
In practice, the theoretical, computational, and experimental approaches are all used to
varying extents. This allows researchers to cross-check the results and improves confidence
in final conclusions. This underscores the importance of having access to experimental
resources.
1.3.

Objective of this Project

The objective of this project is to continue previous efforts of designing and building a low
speed wind tunnel. With a wind tunnel, Houghton College will have the capabilities of
running its own fluid dynamics experiments. Examples of future tests might include studies
of how tennis balls move through air, or how an aircraft handles turbulence. The wind tunnel
will help students gain experience with experimental testing. As mentioned, this is important
because fluid dynamics students need experience with the experimental method in addition
to the theoretical and computational methods.
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Through the work of previous students, general decisions about the Houghton College wind
tunnel design were made. Jaramillo developed a MATLAB script that used empirically-based
correlations to roughly size the wind tunnel given some basic design choices and constraints
[7]. After a reasonable corner vane geometry was chosen, Eager used CFD to estimate the
optimal number of turning vanes based on that geometry. His designs minimized the loss of
energy through each corner [ 8 ]. Similarly, Martin analyzed three nozzles in CFD and
determined which one was best for the wind tunnel. Martin determined this by considering
the stagnation pressure drop across the nozzle and the flow uniformity produced in the test
section [9]. Most recently, Durbin refined initial designs and began the construction of the
wind tunnel [10].
This thesis follows the work done by these previous students. Building on the work of Eager
[8], a corner vane cascade has been constructed and will be described here. Furthermore,
preliminary measurements of the flow through one of the diffusers have been made to check
that it is operating as expected. This project will also cover the general progress made on the
wind tunnel and the steps still needed to complete it.
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Chapter 2
THEORY

2.1.

Governing Equations

When studying aerodynamics, there are basic equations that aerodynamicists need to know.
Understanding these equations allows for better comprehension of the work described later
in this thesis. The equations that govern the dynamics of fluids will be presented and
explained in this section. The following discussion largely follows Anderson [4].
The continuity equation is one of the most fundamental equations of fluid dynamics. It
applies the physical principle of the conservation of mass to a finite control volume fixed in
space [4]. Figure 7 depicts an example of a control volume. The continuity equation in
integral form is
𝜕
𝜕𝑡

𝜌𝑑𝒱 +
𝒱

𝜌𝑉 ∙ 𝑑𝑆 = 0

(1)

,

where 𝜌 is the fluid density, 𝑑𝒱 is an elemental volume inside the control volume, 𝑉 is the
flow velocity, and 𝑑𝑆 is the vector elemental surface area. Within the first term is a volume
integral of density; it is equal to the fluid mass within the control volume. The first term as a
whole represents the time rate of change of mass within the control volume. The second
term, then, describes how the amount of fluid mass inside the volume can change as fluid
moves into or out of the boundary, 𝑆. If the fluid is moving into or out of the volume through
𝑆, the amount of mass within the volume changes.
The next governing equation represents conservation of momentum; it is developed from
the use of Newton’s second law applied to the motion of a fluid. The general form of Newton’s
second law is
𝐹. =
.

𝑑
𝑚𝑉 .
𝑑𝑡

(2)

Looking at the left hand side of Equation (2), the individual forces, 𝐹. , are of two fundamental
types:
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1. Body forces: gravity, electromagnetic forces, and other forces that act at a distance on
the fluid inside 𝒱.
2. Surface forces: pressure and viscous forces acting on the fluid along the control
surface, 𝑆.

Figure 7. Depiction of a fluid control volume. Figure taken from Ref. [11].

The momentum equation in integral form is
𝜕
𝜕𝑡

𝜌𝑉𝑑𝒱 +
𝒱

𝜌𝑉 ∙ 𝑑𝑆 𝑉 = −
,

𝑝𝑑𝑆 +
,

𝜌𝑓𝑑𝒱 + 𝐹4567896

(3)

𝒱

where 𝑝 is the pressure, 𝑓 is the net body force per unit mass exerted on the fluid inside 𝒱,
and 𝐹4567896 is the viscous force exerted on the fluid at the control surface. The first term in
Equation (3) is the time rate of change of the momentum contained at any instant inside the
control volume while the second term is the net flow of momentum in or out of the control
volume through the surface. As such, the entire left side of the equation represents the time
rate of change of momentum within the control volume – it represents the right hand side of
Equation (2). The right side of Equation (3) represents the forces acting on the fluid. The first
term on the right is the summation of the pressure force over the entire control surface, the
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second term is the total body force on the fluid in the control volume, and the last term
represents the contributions of viscous forces.
The last governing equation represents conservation of energy. The physical principle for
this equation comes from the first law of thermodynamics. Energy can be neither created nor
destroyed; it can only change in form [4]. The energy equation in integral form is
𝜕
𝜕𝑡

𝒱

𝑉;
𝜌 𝑒+
𝑑𝒱 +
2
=

,

𝑉;
𝜌 𝑒+
𝑉 ∙ 𝑑𝑆
2

𝑞 𝜌𝑑𝒱 + 𝑄4567896 −
𝒱

(4)

𝑝𝑉 ∙ 𝑑𝑆 +
,

𝜌 𝑓 ∙ 𝑉 𝑑𝒱 + 𝑊4567896
𝒱

where 𝑞 is the volumetric rate of heat addition per unit mass, 𝑄4567896 is the rate of heat
addition to the control volume due to viscous effects, 𝑊4567896 is the work performed on the
fluid by viscous forces, and 𝑒 is the internal energy per unit mass. Looking at the left-hand
side of Equation (4), the first term is the time rate of change of total energy inside the volume
(i.e., internal energy plus kinetic energy) due to transient variations of flow-field variables.
The second term is the net rate of flow of total energy across the control surface. The first
term on the right-hand side is the rate of volumetric heating, and when added with 𝑄4567896
it is the total rate of heat addition. The third term is the rate of work done on the fluid inside
the volume due to pressure force on the surface. Similarly, the fourth and fifth terms
represent the work done by body forces acting on the fluid throughout the control volume
and viscous forces along the control surface, respectively.
Stated above are the equations of continuity, momentum, and energy. Together these
equations have seven dependent variables: 𝜌, 𝑝, 𝑒, temperature, and 𝑉 , which has three
components. The previous equations only represent five equations; therefore, two more
equations are needed to close the set of equations. In many cases, it can be assumed that the
gas is a perfect gas with constant specific heats. Under these assumptions
𝑒 = 𝑐4 𝑇,
where 𝑐4 is the specific heat at constant volume and 𝑇 is the temperature, and
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(5)

𝑝 = 𝜌𝑅𝑇,

(6)

where 𝑅 is the specific gas constant. With the addition of Equations (5) and (6) to Equations
(1), (3), and (4), the fundamental equations of fluid flow form a closed set of equations.
2.2.

Useful Approximations of the Governing Equations

2.2.1. Bernoulli’s Equation
Bernoulli’s equation is one of the most famous equations in fluid dynamics. It marked the
first time where a relationship between pressure and velocity in an incompressible fluid with
negligible viscosity was first understood [4]. Bernoulli’s equation is derived from the
conservation of energy and was first presented by Euler [12] (see Ref. [13] for an English
translation) as
1
𝑝 + 𝜌𝑉 ; = constant,
2

(7)

where 𝑝 is pressure (also known as the static pressure), 𝜌 is density, 𝑉 is velocity magnitude,
and the constant is referred to as the total pressure or stagnation pressure. The pressure in
Equation (7) represents a new form of potential energy that fluids have, the second term
represents kinetic energy, and the total pressure represents the total energy which is
constant. Bernoulli’s equation can also be written as
1
1
𝑝K + 𝜌𝑉K; = 𝑝; + 𝜌𝑉;; .
2
2

(8)

Equation (8) relates 𝑝K and 𝑉K at point 1 on a streamline to 𝑝; and 𝑉; at another location,
point 2, on the same streamline. A series of streamlines is shown in Figure 8. For reference,
streamlines are curves whose tangent at any point is in the direction of the velocity vector at
that point [4]. It should be noted that if the flow is assumed to be irrotational (i.e., the curl of
the velocity is zero), the equation applies to any two points in the flowfield.
Bernoulli’s equation is useful for understanding the operation of wind tunnels. In some
situations, the viscous losses can be assumed to be negligible. In other cases, where the losses
are not small, the losses will produce a drop in the total pressure of the fluid.
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Figure 8. Depiction of streamlines for steady flow through a diffuser.

2.2.2. Quasi-One-Dimensional Flow
Similar to Bernoulli’s equation in the previous section, a more useful form of the continuity
equation can also be obtained by making additional assumptions about the flowfield in a
wind tunnel. Quasi-one-dimensional flow considers the flow-field variables to be a function
of only one spatial dimension. Strictly speaking, the flow in wind tunnels is fully three
dimensional. However, if it is assumed that the flowfield variation in the transverse
directions is negligible (i.e., the flow is uniform at each streamwise location), the flow
essentially becomes one dimensional [4]. Under this assumption, a closed-form solution to
the continuity equation can be obtained.
Figure 9 shows a situation where the quasi-one-dimensional assumption can be applicable.
The area of the passage, 𝐴 , is a function of x. Therefore, the fluid properties (density,
pressure, etc.) are also functions of x. Equation (1) for steady flow (i.e., there is no timedependence, so the first term is zero) becomes
𝜌𝑉 ∙ 𝑑𝑆 = 0.

(9)

,

Equation (9) can be applied to the duct in Figure 9. In this figure the control volume is
bounded by cross-sectional areas 𝐴K on the left, 𝐴; on the right, and the upper and lower
walls of the duct [4]. Therefore, Equation (9) can be written as
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𝜌𝑉 ∙ 𝑑𝑆 +
MS

𝜌𝑉 ∙ 𝑑𝑆 +
MR

𝜌𝑉 ∙ 𝑑𝑆 = 0.
MNOPPQ

(10)

Figure 9. Figure of quasi-one-dimensional flow in a duct. As the crosssectional area, 𝐴, changes with x, the flow variables do also. Figure taken
from Ref. [4].

The velocity at the wall cannot have a component into or out of the wall by definition.
Therefore, the fluid velocity and 𝑑𝑆 are perpendicular at each point along the wall, and 𝑉 ∙
𝑑𝑆 = 0. This means that the last integral term in Equation (10) is zero. The remaining terms
can be simplified if an important assumption is made: the flow properties are uniform at
each x value (i.e., at each streamwise location). Noting that since 𝑑𝑆 and 𝑉 are in opposite
directions at station 1 of Figure 9, the first integral term in Equation (10) becomes
𝜌𝑉 ∙ 𝑑𝑆 = −𝜌K 𝐴K 𝑉K .

(11)

MS

The same uniform flow assumption can be made over area 𝐴; in Equation (10). Since 𝑑𝑆 and
𝑉 are in the same direction in station 2, the equation can be written as
𝜌𝑉 ∙ 𝑑𝑆 = 𝜌; 𝐴; 𝑉; .

(12)

MR

Note that the assumption that the flow variables are uniform over the cross-sectional area is
required for Equation (11) and Equation (12). Substituting both into Equation (10) produces
𝜌K 𝐴K 𝑉K = 𝜌; 𝐴; 𝑉; .
18

(13)

Equation (13) is the quasi-one-dimensional continuity equation. In some cases, it is
reasonable to further assume that the flow is incompressible – that 𝜌 is constant. This is
generally a good assumption for low speed (i.e., low Mach number) wind tunnels. Therefore,
Equation (13) can be simplified to
𝐴K 𝑉K = 𝐴; 𝑉; .

(14)

Equation (14) is the quasi-one-dimensional continuity equation for incompressible flow.
It should be clarified that the key assumption here – assuming that the flow-field variables
are only functions of x – can break down [4]. If, for example, there is a sudden expansion or
contraction, the flow variables will not be uniform over each x=constant plane. The most
extreme example of this is if the flow separates. Under this condition, the flow detaches from
the wall leaving a high velocity core and an approximately zero velocity wake near the wall.
2.3.

Wind Tunnel Performance

As previously discussed, the wind tunnel is composed of multiple sections. Each section
contributes to the overall function of the wind tunnel. In Section 2.2.1, Bernoulli's equation
was introduced. Under ideal conditions (i.e., no fluid viscosity), the total pressure of a fluid
is constant. In practice, the flow in a wind tunnel experiences a loss in energy, and therefore
total pressure, when it flows through a given section. The purpose of this section is to
introduce general loss estimations for common wind tunnel components. Specifically, losses
in diffusers and corners will be expanded upon because they are relevant to the work
completed as part of this project. For a more detailed summary of losses in wind tunnel
components, see Barlow, et al. [14].
2.3.1. Loss Estimation Overview
The loss in a section is defined as the mean loss of total pressure sustained by the flow as it
passes through that section [14]. The loss coefficient is given in dimensionless form by the
ratio of the pressure loss in the section to the dynamic pressure at the entrance to the section,
𝐾=

∆𝑝V
.
1 ;
𝜌𝑉
2 K

(15)
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In Equation (15), ∆𝑝V is the drop in total pressure, 𝑉K is the velocity magnitude at the
beginning of the component, and 𝜌 is the density of the fluid. This is a convenient form for
the loss coefficient because the total pressure loss and the dynamic pressure are easily
measurable. Furthermore, for many wind tunnel components, the loss coefficient is
independent of or only weakly dependent on the fluid velocity. This makes the loss
coefficient easier to develop a model for than the total pressure loss directly. A side effect of
the loss coefficient being approximately independent of the fluid velocity is that the total
pressure loss scales as the velocity squared. Therefore, it is very beneficial to minimize flow
velocities in all portions of the wind tunnel where a high velocity is not needed. This idea will
be expanded upon while talking about diffusers.
2.3.2. Corner Performance
The corners in wind tunnels can produce large losses compared to other components. A
diagram of what corners often look like is seen in Figure 10. To avoid significant loss, turning
vanes need to be implemented into the wind tunnel. Also, as mentioned in the previous
section, corners should be located in a large-area section where the flow speed is low. Losses
can be further reduced in corners in two ways: (1) by selecting an efficient vane crosssectional shape and adjusting it for proper alignment with the flow, and (2) by choosing the
best chord-to-gap ratio [14].
The specific loss coefficient empirical model for corners, as developed by Wattendorf [15],
is
𝐾7 = 0.10 +

4.55
(logKV 𝑅𝑒7 );.]^

(16)

where 𝑅𝑒7 is the local Reynolds number based on the corner vane chord length, c,
𝑅𝑒7 =

𝜌𝑉K 𝑐
,
𝜇K

(17)

where 𝜇K is the viscosity. The Reynolds number has a powerful influence over the properties
of a boundary layer and viscous flows in general [4]. Equation (16) decreases as the Reynolds
number increases. While Equation (16) does not capture the influence of the shape of the
corner vanes or the spacing between them, it gives a reasonable preliminary estimate for the
loss coefficient value.
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Figure 10. Diagram of a typical wind tunnel corner showing vanes which help
turn the flow 90 degrees. The arrows represent the flow. Corner vanes, when
properly designed and implemented, improve flow uniformity and minimize
total pressure losses.

2.3.3. Diffuser Performance
The diffuser is a wind tunnel component where the flow goes from a small cross-sectional
area to a larger one as seen in Figure 8. Therefore, according to the quasi-one-dimensional
continuity equation, Equation (13), the fluid velocity decreases through the diffuser and is
therefore lower for all downstream components. This helps reduce losses in components
downstream of the diffuser.
However, diffusers must be designed with care. Given that the velocity decreases through
the diffuser, Bernoulli’s equation (Equation (7)) shows that the pressure correspondingly
increases. This is referred to as an adverse pressure gradient, and it can produce flow
separation. Flow separation occurs when the fluid detaches from the wall of the diffuser. An
image showing fluid separation is seen below in Figure 11. Separation like this can cause
vibrations, oscillations in flow velocity throughout the wind tunnel, oscillatory fan loading,
and higher losses in downstream components [16].
To avoid flow separation, the equivalent cone angle and area ratio of the diffuser must be
properly selected. Using the equivalent cone angle, 𝜃a , the diameters of the ends of the cone
diffuser match the hydraulic diameter of the rectangular diffuser. A figure of a cone shaped
diffuser is seen in Figure 12. Mathematically,
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𝜃a = arctan

𝑅c − 𝑅9
1 𝐴e − 1
= arctan
,
𝐿
2 𝐿/𝐷9

(18)

where 𝑅c and 𝑅9 are the downstream and upstream radii of the diffuser, 𝐿 is the length of
the diffuser, 𝐴e is the diffuser area ratio 𝐴c /𝐴9 , and 𝐷9 is the hydraulic diameter at the
upstream end. For diffusers that are not conical, the radii in Equation (18) should be replaced
with half the hydraulic diameter of the upstream and downstream areas. The hydraulic
diameter for a rectangular cross-section is defined by Blevins [18] as
𝐷=

2𝑙𝑤
,
𝑙+𝑤

(19)

where 𝑙 and 𝑤 are side lengths.

Figure 11. Image of air bubbles in water shows the separation of a laminar
boundary layer. Because it is free bubbles, the boundary layer appears as a
dark line at the left. The flow area is increasing, as the flow travels from left
to right, similar to what occurs in a diffuser. In this case, the area expansion
occurs so rapidly that the boundary layer separates tangentially near the
start of the convex surface. The boundary layer remains laminar for the
distance to which the dark lines persist, and then it becomes unstable and
turbulent. Notice that the bubbles in the separation region follow chaotic
patterns unlike those in the laminar portions of the flowfield. Figure taken
from Ref. [17].

The main constraint on the angle is that it be small enough so that the turbulent boundary
layer does not separate [14]. Barlow et al. [14] recommend that the typical equivalent cone
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angle be in the range of 2-3.5°, and that the area ratio be between 2-3. Blevins [18] defines
guidelines based on the area ratio and the length of the diffuser. Figure 13 shows his area
ratio vs. non-dimensional length guidelines for three different kinds or diffusers: annular,
conical, and two-dimensional. The non-dimensional length is defined as
𝐿k =

𝐿
.
𝑅9

(20)

In Figure 13, the area to the bottom right of a given curve shows the portion of the design
space where the diffuser should avoid "stall" – boundary layer separation. The upper right
hand, alternatively, shows the combinations of area ratio and non-dimensional length where
appreciable separation is likely. This is qualitatively similar to the guidelines from Barlow et
al. Large area ratio diffusers that are short (i.e., have a large equivalent cone angle) are the
most likely to have separation present. The design of the diffusers for the Houghton College
wind tunnel are closest to a conical diffuser and will be compared to these guidelines in
Chapter 3.

Figure 12. Figure of a cone shaped diffuser. 𝐴9 is the upstream area, and 𝐴c
is the downstream area. 𝑅9 and 𝑅c are the radii of the upstream and
downstream areas, respectively. 𝐿 is the length of the diffuser.

For the purpose of modeling losses in diffusers, two kinds of losses occur: wall friction and
expansion losses. The loss coefficient is often defined as the sum of a friction loss coefficient
and an expansion loss coefficient indicated by Barlow et al. [14] as
𝐾c = 𝐾l + 𝐾am
where
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(21)

𝐾l = 1 −
and

1
𝑓
𝐴e; 8 sin 𝜃a

𝐾am = 𝐾a 𝜃a

𝐴e − 1 ;
.
𝐴e

(22)

(23)

In Equation (21) , 𝐾l represents the unavoidable losses due to the fact that there is friction
between the walls and the fluid. 𝑓 is defined as the friction coefficient. 𝐾am , the expansion
loss coefficient, is represented as a product of two factors. One factor, 𝐾a (𝜃a ), is a function of
the equivalent conical angle [14]. The second factor is a function of diffuser area ratio, 𝐴e .
For both terms, losses increase as the area ratio increases. This loss modelling all assumes
that there is no fluid separation. If any separation is present, the total pressure loss increases
dramatically. For more information on this, see Barlow et al. [14].

Figure 13. Graph showing regions of the design space for diffusers where
separation is likely and unlikely to occur. To avoid stall, the allowable
diffuser area ratio is a function of non-dimensional length. Graph taken from
Ref. [18].
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Chapter 3
WIND TUNNEL APPARATUS

3.1.

Construction of the Wind Tunnel

Deciding whether to make an open return wind tunnel or a closed return wind tunnel was
one of the first questions faced by researchers at Houghton College. Due to the small size of
the laboratory space, an open return wind tunnel was impractical. Open return wind tunnels
effectively use the room as the return portion for the wind tunnel, so using a small room for
this produces larger losses [7]. The closed return wind tunnel, when properly designed and
built, can also offer better results than its open return counterpart. While more expensive to
build, they can be more efficient and produce more uniform test section flow. Ultimately, a
closed-return design was chosen, and the current design is depicted in Figure 14.
While designing the Houghton College wind tunnel, the losses for each component were
modeled using the loss coefficients described in Section 2.3 for corners and diffusers. Loss
coefficients for the other components were obtained from Barlow et al. [14]. A Matlab script
was developed to estimate the flow losses and evaluate many competing designs [7]. Once a
specific design was chosen, an appropriately sized wind tunnel fan was acquired.
A few of the components in Figure 14 are especially important to the work completed here:
the corners, the transitions, and the second diffuser. Each corner will have a series of corner
vanes as seen in Figure 10. Work from previous student Daniel Eager [8] helped determine
the number of vanes that produced the minimal total pressure drop. This scenario also
approximately corresponds to the most uniform flow downstream of the corners. Due to its
advantageous aerodynamic properties, an airfoil corner vane cross section was chosen. The
specific vanes used here can be seen in Figure 15. Using CFD simulations, Eager found that
13 vanes were needed for Corners 1 and 2, and 19 vanes were needed for Corners 3 and 4.
With regards to the transitions on either side of the fan, they are designed to maintain
approximately constant cross-sectional area, but transition from a circular cross section to a
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square one. The rest of this chapter will introduce the detailed design of a corner vane
assembly and preliminary testing of the two transitions, the fan, and Diffuser 2.

Figure 14. Depiction of the Houghton College wind tunnel with various
components labeled. Figure taken from Ref. [10].

Figure 15. Diagram of the cross section of the corner vanes used in the
Houghton College wind tunnel. This geometry is the High Efficiency Profile
(H-E-P) Turning Vane designed and sold by Aero-Dyne.
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3.2.

Building Corner 2

After the optimal number of corner vanes was estimated by Eager [8], construction could
begin. Each vane needed to be cut to 19.5 in. lengths for Corners 1 and 2 (see Figure 14). The
decision to start with Corners 1 and 2 was made because those corners are smaller and
require fewer and shorter corner vanes. This allowed for less waste if something went
wrong. Using a Jet 414471 HBS-1321W, 13” x 21” Semi-Auto Horizontal Bandsaw, the initial
attempts to cut the vanes led to substantial deformations of the vane geometry. Figure 16
shows an example of the deformation.

Figure 16. Image of an early attempt cutting the vanes.

To reduce the amount of deformation, the speed was optimized to decrease the rate at which
the saw cut through the material. This, however, was not successful and a different approach
was necessary. A dense foam was purchased from the company Smooth-On: their SmoothOn’s FOAM-iT!TM 10 product. The mixture of the product will expand to approximately six
times its original volume. Duct tape was placed over one end of the vane to seal it, and the
mixture was added from the other end. The necessary amount of foam was estimated such
that the vane would be filled on the inside once the foam had fully expanded and cured. Once
filled, the vane was much more rigid and did not deform easily when cut with the bandsaw.
As an added benefit of this extra rigidity, this will decrease the likelihood of the vanes
deforming or vibrating during operation of the wind tunnel. In addition to filling the vane, a
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support form was made from the foam to help with securing the vane on the bandsaw. A
diagram of this is shown in Figure 17.

Figure 17. Diagram of the foam support form for the corner vanes.

After cutting the vanes to their appropriate length, they were assembled and made into a
vane cascade with plexiglass on either end as seen in Figure 18. Holes were cut into the
plexiglass to align with the desired positions of the holes in the vanes. The vanes were then
fixed to the plexiglass using the Hillman Group 532590 4D, 1.5 in. nails. The diameter of the
nails were 0.109 in., while the corner vane holes were 0.105 in. (see Figure 15). Building the
vanes into an assembly like this allows for them to be installed and/or removed from the
rest of the wind tunnel as a group. The vanes could then easily be replaced if they were
damaged somehow, and there would be no need to rebuild the entire corner. Once the vane
cascade is installed, the corners will look like Figure 10 from the top and Figure 19 from the
side.
3.3.

Diffuser Testing

After building Diffuser 2 as seen in Figure 14, a pitot-static tube was used to measure
velocities and check for flow separation in the diffuser. Flow separation is noticed when
there are areas in the diffuser where the flow velocity is close to zero. A Pitot-static tube is
an instrument used to measure the difference between the total pressure and the static
pressure. With the result from the Pitot-static tube and the fluid density of the air in the
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laboratory, the flow velocity is calculated using Equation (8). Bernoulli’s equation is valid
here as the flow away from the walls should remain approximately irrotational (i.e., the curl
of the velocity is zero in the interior of the flow). A Pitot static tube is depicted in Figure 20.
Figure 21 shows the Dwyer Mark II Manometer which was used to measure the difference
between the total and static pressure.

Figure 18. Image of the completed corner vane assembly. Notice the tancolored foam that fills each corner vane.

To understand how a pitot-static tube operates refer to Figure 20. Hole A is exposed to the
total pressure, which is defined as the fluid pressure when the fluid is brought to rest. The
fluid at A cannot move into the probe because it is sealed, and the flow splits about that point.
The holes at location B are exposed to the fluid moving at speed 𝑉, where the fluid pressure
is the static pressure. Hole A is attached to channel 1 and the holes at B are attached to
channel 2. This way, the higher pressure at A causes the fluid in the manometer to be pushed
from high to low.

29

Figure 19. Diagram of the vane cascade viewed from the side once it has been
installed into a corner.

Figure 20. Figure of a Pitot-static tube. A is the point that is exposed to the
total pressure. B is where the static pressure is measured. The arrows
represent air flow. Channels 1 and 2 are connected to the manometer.
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Figure 21. Image of the Dwyer Mark II Manometer.

The difference in pressures was measured at different distances from the inlet and different
depths at each distance. Five holes were drilled into the top of Diffuser 2 at the locations
depicted in Figure 22. The holes were separated by approximately 35 cm. The pitot-static
tube was inserted in increments of 2 cm in each hole. The first distance was at 6 cm
downstream of the inlet to ensure that the nose of the pitot-static-tube was completely
within the diffuser. While not in use, the holes were plugged using rubber stoppers.

Figure 22. Diagram of Diffuser 2 with 5 holes drilled above. The numbers
represent the distance of each hole from the start of the diffuser. 𝑉 is the local
fluid velocity, and the arrows represent air flow.

After this testing, the data was analyzed to calculate the velocity at each location and check
for signs of separation. It is expected and hoped that there will be no separation because of
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the guidelines followed in Section 2.3.3. Diffuser 2 has an equivalent cone angle of 3.12°, area
ratio of 1.91, and the non-dimensional length is 6.98. Given the guidelines in Figure 13 for a
conical diffuser (the closest approximation to the present diffuser design) and this nondimensional length, the maximum area ratio Diffuser 2 can have is approximately three. The
present value of 1.91, therefore, provides ample safety margin. The guidelines from Barlow
et al. are also met because the equivalent cone angle is less than 3.5° and the area ratio is less
than three. The velocity measurement results are presented and discussed in Chapter 4.
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Chapter 4
EXPERIMENTAL RESULTS

4.1.

Wind Tunnel Diffuser Data Collection

As seen in Figure 22, five holes were drilled in the top of Diffuser 2. These hole are 6 cm, 41
cm, 75 cm, 109 cm, and 144 cm from the upstream end of the diffuser, respectively. At each
hole the pressure difference was measured in depth increments of 2 cm. The fan used was
manufactured by New York Blower. It was a Vaneaxial, 21” Diameter, Arrangement 4M, 33degree blade pitch fan. The motor for the fan was 7.5 HP with a max speed of 3600 rpm. A
variable frequency drive (VFD) was used to control the fan. The VFD was manufactured by
Saftronics, and was their C10 2007-1, AC Vector Drive model. The speed of the fan was set to
30 Hz, yielding a fan rotational speed of approximately 1750 rpm. Figure 23 shows the
results of this experiment. The air velocity is plotted on the x-axis and distance from the
center of the wind tunnel was calculated and plotted on the y-axis.

Figure 23. Figure of the wind tunnel Diffuser 2 air velocity measurements.
Results are plotted at different distances downstream from the diffuser
entrance.
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From these results, it is observed that the air speed in the diffuser gets slower the further
the pitot-static tube is from the fan. The purpose of the diffuser is to slow down the air flow
by expanding the cross sectional area (see Section 2.2.2), so this result is expected. With that
said there are a couple of interesting features in the results. First, the locations closest to the
fan have a region of reduced flow velocity near the middle of the diffuser. This happened
because the motor for the fan blocks the flow of air through the center of the diffuser. This is
shown in Figure 24. The further the pitot-static tube was from the fan the less obvious this
feature is. The second strange feature is that the flow is not symmetric from top to bottom
as might be expected. There are a couple of reasons why this might be. One issue that can be
seen in Figure 24 is that there are additional components in the flow path that could
contribute to blockage: the plate on which the fan is mounted, a box on the right side of the
image, and a power cable that connects on the right. Another issue is that the flow, especially
near the fan, has a considerable amount of swirl. This decreases the accuracy of the measured
velocity. To accurately measure the velocity, the pitot-static-tube would need to be pointed
antiparallel to the fluid velocity. No attempt was made to do this in the experiment.
Nevertheless, the results in Figure 23 are still meaningful. Specifically, they show that there
are no areas where the flow approaches zero velocity. This suggests that there are no large
regions of separation in the diffuser at this operating condition.

Figure 24. Image of the inside of the motor fan in the Houghton College wind
tunnel. This image is taken from a perspective looking upstream through the
diffuser towards the fan.
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Chapter 5
CONCLUSIONS AND FUTURE WORK

5.1.

Conclusions

In this work, the history of the wind tunnel was reviewed and the experimental approach
was compared and contrasted with the other approaches to problems in fluid mechanics.
Because experiments continue to be important, a wind tunnel is being developed at
Houghton College. Past work on the wind tunnel was reviewed and current work on the wind
tunnel was discussed. The objective of this project was to build a corner vane assembly to
implement at each corner of the wind tunnel. This was done by filling each vane segment
with rigid foam, and cutting them to the appropriate length. The vanes were then built into
a removable cascade that will be installed into the wind tunnel corners.
This project also included testing Diffuser 2 and checking for regions of separation. The
results showed that the diffuser flow velocity qualitatively follows the results of the quasione-dimensional continuity equation: as the area increased, the velocity decreased. There
were also no large regions of flow separation seen in the results.
5.2.

Future Work

Future work includes completing the vane assemblies for each of the corners, and finishing
the construction of the rest of the wind tunnel. There is also considerable work required on
choosing instrumentation to implement in the test section. Currently in consideration is
mounting the tested object to a balance. A wind tunnel balance measures the aerodynamic
forces and moments that a model experiences in the test section. A challenge that comes with
balances is that the various force and moment components can vary widely in value at any
given air speed [14]. If one is not careful, a given load component can exceed the structural
limitations of the balance. The solution to this problem is to have several balances that are
designed and built for different load ranges so that an appropriate one can be selected
depending on the situation [14].
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Once the wind tunnel is complete, it can be used for a variety of experiments. These
experiments can aid existing classes at Houghton College, as well as make way for future
aerodynamics and fluid mechanics courses. The wind tunnel can also make more
opportunities for current students to perform research through the Houghton College
Summer Research Institute.
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