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ABSTRACT

Wind tunnels play a crucial role in aerodynamic experiments, facilitating the study of
airflow behavior and its effects on various objects. They have several applications in
the field of aerodynamics and fluid dynamics, one of which is the integration of a gust
generator, which is crucial for studying gust effects on aerodynamic bodies. Without
a gust generator, controlled gust conditions cannot be replicated, making it difficult
to analyze their impact. This project focuses on the development of a subsonic wind
tunnel with a contraction ratio of 6 and the design and integration of a gust generator into
the wind tunnel capable of replicating a 1 − cosine longitudinal gust using oscillating
vanes. Smoke visualization is performed to observe the generated gust. The analytical
and simulation results are compared and show a good degree of agreement with an
error of 10.63 %. The wind tunnel achieved a Turbulence Intensity (TI) of 0.88 % at
the test section and 2.26 % at the outlet, with a calculated outlet error of 16.02 % with
a mean velocity of 8.6 m/s. The vanes with optimal parameters of 25 cm chord, 4 Hz

frequency, 15◦ deflection, and 300mm spacing were used, yielding Re of 147186.21, St
of 0.116 and k of 0.365 indicating unsteady flow. The wavelength of the generated gust
of 4Hz has been calculated to be 208.437 cm with an error of 3.05 %. Hence, this study
provides valuable insights into aerodynamic behavior induced by gust, contributing to
the broader field of unsteady aerodynamics.

Keywords: Wind Tunnel, Gust Generator, 1-Cosine Gust, Oscillating Airfoil, Flow Vi-

sualization
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CHAPTER ONE: INTRODUCTION

1.1. Background

1.1.1. Wind Tunnel

A wind tunnel is a structure used to study the aerodynamic properties of objects ex-
posed to airflow under controlled conditions. It is a fundamental tool for experimental
aerodynamics.

1
2

3 4

5

6

Figure 1.1: Schematic Diagram for Blower Wind Tunnel: (1) Blowing Fan; (2): First
Diffuser; (3): Settling Chamber with Honeycombs; (4): Contraction Zone; (5): Test

Section; (6): Second Diffuser

Figure 1.1 shows the schematic diagram of a subsonic, open-circuit, blower wind tun-
nel. A subsonic wind tunnel attains a maximum Mach number of 0.4. In a blower-type
wind tunnel, the airflow is generated by a fan placed at the entrance that pushes the
air into the wind tunnel. These tunnels are simpler to design and manufacture but can
produce turbulence and noise. An open-circuit wind tunnels cost less for their construc-
tion and allow the use of a substantial quantity of visualization using smoke without the
need to bleed. However, it is quite difficult to obtain a proper quality of the flow since
they are subjected more to external disturbances and tend to be noisier [2].

Section (1) is the blowing fan, generally driven by an electric motor, which supplies the
necessary pressure increase to counteract pressure losses in the tunnel circuit. Section
(2) is the first diffuser, which slows down the airflow before the test section, reducing
dynamic pressure. It helps to settle the turbulent airflow coming from the fans. Section
(3) is the settling chamber, a large constant area section, where the flow is present at a
low velocity and is, therefore, the ideal location for the placement of honeycombs and
screens to make the flow regular. Section (4) is the contraction zone, which reduces
in area continuously as defined by the contraction curve. In this section, the flow ac-
celerates to its maximum velocity before entering the test section. Section (5) is the

1



test section, where the object to be tested is usually placed. It has the requirement of
ease in accessibility and observability to facilitate the experimental procedure. The pri-
mary objective is to obtain a flow that is uniform and steady with minimal variation of
velocity in the axial direction in this section. Section (6) is the second diffuser, which
decelerates the flow efficiently to minimize kinetic energy losses. It is crucial to prevent
flow separation in this section, as it can significantly diminish efficiency and adversely
affect the overall performance of the wind tunnel.

Gusts are a critical phenomenon in the aerospace sector, whose effects are several and
severe. For instance, the unsteady additional gust loads exerted on the structure can
throw it right out of the flight envelope and act as the limiting factor. This leads to
significant structural deformation and even failure if not accounted for properly in the
design phase. Gust significantly adds to the static and fatigue loading conditions due
to the increased bending moment on the root of the wing and leads to deformation of
the wing [3]. It can change the aerodynamic characteristics of the aircraft abruptly,
causing fluctuations in aerodynamic loads [4]. This results in decreased flight perfor-
mance affecting stability and control [5]. Thus, it becomes necessary to understand the
response of aircraft structures to gusts to be able to design the structures to withstand
such effects and in essence to avoid the disastrous repercussions. Without a gust gener-
ator, controlled gust conditions cannot be replicated, making it difficult to analyze their
impact. The most simple method to effectively produce gusts is to integrate the gust
generator into the wind tunnel.

1.1.2. Gust

The flight of an aircraft is described in terms of the motion that is relative between the
vehicle and the flow bounding it. Any phenomenon that tends to change this state of
the flow will undoubtedly have an effect on it. Gust is such a phenomenon. A gust
is defined as a sudden and brief increment in the magnitude of wind velocity as well
as the direction compared to the average velocity of the wind in the region where the
gust occurs. The magnitude of the gust is described in terms of its velocity, which
needs to be considered such that it is compatible with aircraft dynamics. According
to the regulations, a head-on gust is assumed to act at angles between + 30°and −
30°, assuming the most adverse conditions. From the sea level to altitudes up to 6096

m (20, 000ft) the velocity of the gust is taken to be 15.2 m/s (50 fps) in Equivalent
Airspeed (EAS). The magnitude linearly decreases to 7.6 m/s (25 fps) in EAS up to
15240 m (50, 000 ft). The magnitude is assumed to be constant at any altitude above
50, 000 ft. Overall, the velocity must build up in 2 s at the most and last for 30 s at the
least [6].
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1.1.3. Gust Characterization

Owing to its importance, gust modeling has received a particularly increasing interest
in the research field over the years, the very first of which was published by NACA
in 1915 [4]. This is necessary to categorize the gust for designing and certification
purposes and is essentially achieved using a mathematical description of each type of
gust. It is important to note that various subclasses of gust models exist; among these,
only the ones currently adopted for designing and certification purposes are mentioned.
These are simply categorized as discrete and continuous to maintain consistency with
the current regulations [1].

1.1.3.1 Discrete Gust

It is a singular atmospheric flow structure that can manifest itself in different forms
some of which are depicted in the Figure 1.2.a. In essence, transverse, streamwise, and
vortex are the three types of discrete gust encounters [1]. All of these interact with the
wing in their distinct ways to give unsteady variations in the effective angle of attack
[4].
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Step Top-hat

1 – cosine

c   Canonical gust shapesb   Parameterization of a discrete gust

a   Three types of discrete gust encounters

iii   Vortexii   Streamwisei   Transverse

Figure 3

Discrete gust encounters. (a) Three types of discrete gust encounters. Each interacts with the wing
differently to produce unsteady variations in the effective angle of attack and camber. Transverse or normal
gusts contain velocities normal to the lifting surface, while a streamwise or longitudinal gust adds velocity in
the direction of flight. A vortex gust is generated when a coherent vortex interacts with the wing. Panel
adapted from Jones & Cetiner (2021). (b) Parameterization and canonical velocity profiles for discrete
transverse gusts. Transverse gusts are primarily parameterized by their gust ratio,GR = V/U∞, and velocity
profile gradient distance,H, and width,W. (c) Canonical velocity profiles for discrete transverse gusts.
Regulations typically refer to 1 − cosine gusts, but inviscid theories were derived for sharp-edged gusts.

linear models may vary in their application, they all include the assumptions of thin aerodynamic
wings, low angles of attack, and small deflections ormotion via the overarching assumption that the
flow remains completely attached.On 3Dwings, the rate of change of twist along the lifting surface
must be small enough that radial or spanwise flow is minimal so as to maintain local conditions of
approximate two-dimensionality and a planar wake that reaches to infinity.

The most inclusive of the many indicial (step) functions applied to transverse gust encounters
is Miles’s equation (Miles 1956), which models a gust moving with respect to an airfoil in a con-
stant uniform freestream. The modeling of gusts of arbitrary shapes is achieved via a convolution
integral that allows the responses of any number of linear forcing functions to be superimposed
(Bisplinghoff et al. 1955). Miles’s function introduces a weighting term λ that permits the gust
velocity to vary so that the gust can move in the same direction and speed as the freestream (λ =
1), resulting in the classic Küssner stationary gust (Küssner 1932, 1936) in which an airfoil enter-
ing a sharp-edged (transverse) gust experiences effective camber (von Kármán & Sears 1938), and
where the circulatory lift can be computed as c� = 2πw0ψ(s)/U∞ using the Küssner function for
nondimensional time s, ψ(s):

ψ (s)= 1
2π i

∫ ∞

−∞

Cg(k)
k

eik(s−1) dk

≈ 1.0 − 0.5e−0.13s − 0.5e−s.

Küssner’s function ψ(s) is found by integrating across all reduced frequencies k of the modified
gust Theodorsen function, Cg(k) = C(k)[Jo(k) − iJ1(k)] + iJ1(k), comprised of the Theodorsen
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Figure 1.2: Characterization of Gust [1]

Transverse or normal gusts comprise velocities perpendicular to the lifting surface, that
changes the flow angle. Streamwise gusts comprise velocities along the lifting surface.
Unlike transverse gusts, they don’t directly change the flow angle. In this scenario,
changes in lift are due to variations in local dynamic pressure for small disturbances.
However, for larger disturbances where flow separation occurs, viscous effects become
significant. Vortex gusts are more complicated than transverse and streamwise gusts
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because they create velocities in both directions. As a vortex gets closer to a wing, it
inevitably interacts with it. When a vortex is sufficiently close to the wing’s leading
edge and boundary layer, it decays due to the pressure gradient (inviscid effects) and
shear stress (viscous effects). In vortex–wing interactions, augmentation in the lift co-
efficient (CL) occurs when the vortex gust impinges at the leading edge of the wing.
This forms the counter-rotating Leading-Edge Vortex (LEV), followed by an opposite
transient surge in CL than usual upon reaching a distinct trailing edge before returning
to normal [1].

Parameterization of discrete transverse gusts can be fundamentally achieved using their
Gust Ratio (GR), velocity profile gradient distance (H), and width (W ). H is the dis-
tance that gust requires to achieve its maximum velocity magnitude. The gust can be
modeled either from one side or both sides, i.e., H signifies either or both Hs for arrival
and He for exit. Figure 1.2.c represents the canonical profiles of velocity for discrete
transverse gusts, which are dependent upon the value of H . The shapes shown are of
step, top hat, ramp, and sinusoidal [1].

1. Sharp-edge gust:

These include step and top-hat gusts, whose velocity profile is described by Equa-
tion 1.1 [4]. Here, V represents maximum gust velocity while v(s) is the value of
the velocity at the penetration distance (s = U∞ ∗ t).

v(s)

V
= 1 (0 < s < H)

v(s)

V
= 0 (s < 0 or s > H)

(1.1)

2. Linear Ramp Gust:

Their velocity have a linear increasing tendency with the gradient distance whose
velocity profile is mathematically described by Equation 1.2 [4].

v(s)

V
=

s

H
(0 < s < H)

v(s)

V
= 0 (s < 0 or s > H)

(1.2)

3. 1 - Cosine Gust:

The current regulation seeks the replication of 1-cosine gust for all testing pur-
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poses, whose shape is mathematically expressed by Equation 1.3 [4].

v(s)

V
=

1

2
∗ (1− cos(

πs

2H
)) (0 < s < 2H)

v(s)

V
= 0 (s < 0 or s > 2H)

(1.3)

1.1.3.2 Continuous Gust

Continuous gusts embody the atmospheric disturbances resulting in storms and clear
air turbulence. This is done to better represent the continuous and random atmospheric
gust conditions. This also accounts for the various gust frequencies that exist in the
gusts and is therefore much more realistic than the discrete representation [1].

In actuality, gusts are a mixture of many flow structures including shear layers, coherent
vortices, updrafts, downdrafts, and turbulence. During the conduct of the experiments,
it is necessary to be driven by convenience and dissociate these various phenomena,
pinpointing a specific phenomenon and highlighting its key effects [1].

1.1.4. Governing Equations

1.1.4.1 Theodorsen Model

The Theodorsen function, C(k), is a complex-valued function representing the unsteady
aerodynamic response of an airfoil. It is computed using the Hankel and Bessel func-
tions:

C(k) =
H

(2)
1 (k)

H
(2)
0 (k) + iH

(2)
1 (k)

(1.4)

where H
(2)
n (k) are the Hankel functions of the second kind.

This model is used to describe the unsteady aerodynamic forces on a body, particularly
for airfoils undergoing oscillatory motion. The Theodorsen function takes into account
the reduced frequency (κ), which is a measure of the oscillation rate relative to the
flow velocity and describes both the reduction in amplitude and the phase change of the
unsteady aerodynamic response that reflects how the oscillatory motion of the airfoil
interacts with the surrounding flow, leading to time lags and reductions in the effective
aerodynamic forces compared to a purely steady state [7, 8].
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1.1.4.2 Bessel and Hankel Functions

Hankel functions are used to model propagating waves i.e., wake effects and lift-induced
velocity in cylindrical geometry. The Hankel function gives the solution of Bessels
equation. The Bessels equation is given as :

x2 d
2y

dx2
+ x

dy

dx
+ (x2 − ν2)y = 0 (1.5)

where:

• y(x) is the unknown function,

• x is the independent variable, and

• ν is the order of the Bessel function.

It is a second order differential equation which governs oscillatory motions including
airfoil oscillation to produce unsteady flow. The solution to Bessel’s equation yields
Bessels functions of the first and second kind which is given as follows:

y(x) = AJv(x) +BYv(x) (1.6)

where A and B are arbitrary constants, and v is the order of the function. Jv(x) is the
Bessel function of the first kind, which gives oscillatory solutions for finite values at
x = 0, and Yv(x) is the Bessel function of the second kind, which diverges at x = 0.

The Hankel functions, or Bessel functions of the third kind, are combinations of Bessel
functions and are written as:

H(1)
n (x) = Jn(x) + iYn(x) (1.7)

H(2)
n (x) = Jn(x)− iYn(x) (1.8)
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The general solution can also be written as:

y(x) = AH(1)
n (x) +BH(2)

n (x) (1.9)

where A and B are arbitrary constants.

Due to the linear independence of the Bessel function of the first and second kind,
the Hankel functions provide an alternative pair of solutions to the Bessels differential
equation [9]. Jv(x) and Yv(x) are computed solving the following equations:

Jv(x) =
∞∑
k=0

(−1)k(x/2)ν+2k

k!Γ(ν + k + 1)
=

1

Γ(1 + ν)

(x
2

)2
(
1− (x

2
)2

1(1 + ν)

)
(1.10)

Yv(x) =
Jv(x)cos(νπ)− J−v(x)

sin(νπ)
(1.11)

1.1.4.3 Circulation

Circulation represents the total amount of rotation or vorticity around a closed contour,
such as the path surrounding an airfoil. Mathematically, circulation (Γ) is defined as the
line integral of the velocity field v around a closed curve C, as given by the following
formula:

Γ =

∮
C

v · dl (1.12)

Where:

• Γ is the circulation,

• v is the velocity vector at a point along the contour,

• dl is the infinitesimal line element along the contour.

The integral is taken around a closed curve (e.g., an airfoil). For an oscillating airfoil, or
an airfoil experiencing unsteady motion, the circulation becomes dependent upon time.
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In this case, the motion of the airfoil induces unsteady vortices in the flow field, which
cause the circulation to vary over time [10]. The unsteady circulation can be written as:

Γ(t) = Γ0e
iωt (1.13)

Where:

• Γ(t) is the time-dependent circulation,

• Γ0 is the constant amplitude of the circulation,

• ω is the angular frequency of the oscillation (in radians per second),

• t is time.

The circulation is given by the Kutta-Joukowski theorem and is calculated as:

Γ = 2πα0U∞cC(k)eiωt (1.14)

where, α0 is amplitude, U∞ is free-stream velocity, c is chord, C(k) is Theodorsen
function, ω is angular velocity and t is time.

1.1.4.4 Biot-Savart Law

The Biot-Savart law is one of the most fundamental relations in the theory of inviscid,
incompressible flow. It describes the velocity field induced by a distribution of vorticity
in a fluid. A curved vortex filament induces a flow field in the surrounding space. If the
circulation is taken about any path enclosing the filament, a constant value is obtained.
Hence, the strength of the vortex filament is defined as Γ [10].

The radius vector from dl to an arbitrary point P in space is r. The segment dl induces
a velocity at P equal to:

v(P ) =
Γ

4π

∮
C

dl× r̂

|r|2 (1.15)

Where:
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• v(P )is the velocity at the point P induced by the vortex filament,

• Γ is the circulation (strength of the vortex filament),

• dl is an infinitesimal element along the vortex filament,

• r̂ is the unit vector pointing from the element dl to the point P ,

• |r| is the distance from the element dl to the point P ,

• The integral is taken along the closed contour C that encloses the vortex filament.

The vertical velocity induced by the oscillation of vanes is calculated as:

v = Im
( −Γ

2πz2

)
(1.16)

where z = x + iy is the complex coordinate of the point, and Γ is the time-dependent
circulation.

1.1.4.5 Strouhal Number

The Strouhal number (St) is defined as:

St =
fc

U
(1.17)

where f is the frequency, and c is the chord length and U is the velocity.

The Strouhal number indicates the relative significance of unsteady effects and helps
quantify the gust. A low Strouhal number (St < 0.1) is common for large-scale flow
oscillations. A moderate Strouhal number (0.1 ≤ St ≤ 0.3) is used to analyze un-
steady flows due to pitching vanes. A high Strouhal number (St > 0.3) indicates heavy
turbulence and extreme unsteadiness [11].

1.1.4.6 Reduced Frequency

The reduced frequency is defined as

k =
ωc

2U
(1.18)
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where ω is the angular velocity , c is the chord length, and U is the velocity.

The reduced frequency is a dimensionless parameter that indicates the unsteadiness of
the flow. A low reduced frequency (k < 0.05) represents quasi-steady flow conditions,
where unsteady flow theories cannot be adopted. A high reduced frequency (k > 0.05)
is used to analyze unsteady flows due to pitching vanes and indicates the presence of
significant unsteady effects [12].

1.2. Problem Statement

The wind tunnel developed by Chaudhary [13] was initially designed to provide a uni-
form flow velocity of 12 m/s at the outlet. However, experimental measurements re-
vealed that the maximum achievable velocity was around 5 m/s. The flow was highly
non-uniform at the outlet of the wind tunnel. Consequently, a new wind tunnel was re-
quired, maintaining uniform flow conditions for accurate gust generation. The simplest
method of generating gusts is to integrate the gust generator inside the wind tunnel. The
study of gust generation is important for various aerodynamic applications, particularly
for understanding controlled unsteady flow behavior.

Gusts play a crucial role in aerodynamic studies, influencing various aspects of flow dy-
namics. Controlled gust generation enables researchers to study unsteady flow phenom-
ena, improve experimental validation of numerical simulations, and develop techniques
to mitigate unsteady aerodynamic effects. However, without a gust generator, replicat-
ing controlled gust conditions remains a challenge, limiting the ability to analyze their
impact on flow structures.

With the advent of Computational Fluid Dynamics (CFD), the task of simulating such
phenomena has become comparatively simplified. Yet, experimental validation remains
essential, especially for characterizing gust-induced flow fields under controlled condi-
tions. The lack of reliable experimental data on gust formation and propagation neces-
sitates the development of a dedicated setup for gust generation. This project aims to
tackle two critical problems: design a wind tunnel that ensures a uniform airflow of 10
m/s at the outlet and integrate an active gust generator capable of producing controlled
gusts, enabling better understanding and modeling of unsteady aerodynamic behavior.
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1.3. Objective

1.3.1. Main Objective

To design and fabricate a low-speed wind tunnel with an integrated gust generator ca-
pable of experimentally observing the 1-cosine gust profile.

1.3.2. Specific Objectives

i. To design and develop a low-speed wind tunnel for obtaining uniform flow of 10
m/s at the outlet.

ii. To design and fabricate a gust generator using oscillating vanes for producing a
sinusoidal longitudinal gust.

iii. To set up a smoke visualization system to observe and analyze the generated gust
profile.

iv. To compare the analytical and simulation results and qualitatively validate the
generated gust profile.

1.4. Scope of Work

As the current project focuses on designing, fabricating, and testing a low-speed wind
tunnel integrated with a gust generator, it can be used to study the sinusoidal gust effects.
The wind tunnel is designed to maintain a uniform 10m/s flow, ensuring accurate gust
visualization. This project provides a foundation for further research on gust mitigation
techniques, real-time gust adaptation techniques, and advanced aerodynamic testing for
Unmanned Aerial Vehicle (UAV) and other aerial vehicles.

1.5. Applications

The possible applications of the project are listed below:

i. Wind tunnels can be used to study the airflow properties of objects such as lift,
drag and moment.

ii. Wind tunnels can be utilized for studying large-scale aerial vehicles, provided
that the Reynolds Number (Re) is maintained. This ensures that insights gained
from small-scale experiments remain applicable to full-scale studies.
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iii. The effect of gusts on UAV and other aerial vehicles can be studied, which is
crucial for their design, given by regulations.

iv. Gust can essentially be a troublesome phenomenon for aircrafts. This explains the
rigorous research being undergone for the development of active and passive gust
load alleviation strategies on a multitude of aerodynamic models. However, due
to the novel and early experiential nature of these models, a wind tunnel based
gust system allows for convenient, safe and speedy progress rather than the risky
outdoors.

v. Structural deformation of the part that is exposed to the flow as a result of gust
loading can also be measured using the gust generator system.

vi. The sudden increase in the angle of attack due to the encountered gusts can result
in flow separation. This can be studied using the gust generator system with the
help of visualization techniques.

vii. It is also possible to study the effects of gusts on buildings, bridges, radio towers,
power lines, wind turbines and so on using a gust generator system.

viii. The study of aero-elasticity using the gust system is also achievable, a topic which
has received considerable attention from researchers and experimentalists alike.

1.6. System Requirements

The system used in our project is divided into software and hardware as shown in Table
1.1 and 1.2 .
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1.6.1. Hardware Requirements

The list of hardware that was used in our project are shown below:

Table 1.1: Hardware Categorization

Category Item

Electronics and Actuation

12V Power Supply
Aluminum Flexible Shaft Coupling (4 mm × 8 mm)
Aluminum Spar (12 mm)
Arduino Uno R3
Bearings
Jumper Wires
Lathe Machine
Motor Driver (TB6600)
Stepper Motor

Experiment
High Processing Computer
Vane Anemometer
Wind Tunnel

Fabrication

Metal Pipe (2.54 cm)
3D Printing Filament
AC Welder
Carpentry Tools
CNC Laser Cutting Machine
Marble Cutter
Plywood
Smoothing Tape
Styrofoam
Wooden Beams

Flow Visualization

3-cell Lithium-ion Battery (11.2 V )
Duct Fan
Iphone 14 Pro Max
Pixel 8a
Plane Laser
PVC Pipes (2.54 cm)
Servo Tester
Smoke Collector
Smoke Generator
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1.6.2. Software Requirements

The list of software that was used in our project are shown below:

Table 1.2: Software Categorization

Category Item

Designing
CATIA V5

SOLIDWORKS v2023

Simulation and Data Processing

ANSYS FLUENT v2022

Fidelity Pointwise v2023

ImageJ
Inkscape
MATLAB v2023

Tecplot 360 v2024

Electronics Arduino IDE

Documentation
MS Excel v2024

TeXstudio
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CHAPTER TWO: LITERATURE REVIEW

2.1. Wind Tunnel

Low subsonic wind tunnels have served as a powerful medium to provide a large amount
of data in experimental aerodynamics. This is crucial because of the growing applica-
tions of UAV, Micro Aerial Vehicle (MAV), and wind turbines that have directed the
focus towards low Re aerodynamic experiments [14]. Therefore, numerous studies on
the design and construction of subsonic wind tunnels exist, some of which have been
referenced in this report and summarized in this section.

The length of the test section is defined in terms of the hydraulic diameter. Barlow et.
al. provides a relationship between the hydraulic diameter and the cross-section of the
test section [15], as shown below:

Dh = 2

√
ΩTS

π
(2.19)

Here Dh is the hydraulic diameter and ΩTS is the cross-section of the test section.

For the test section length, (0.5 − 3)Dh is considered an acceptable range to avoid
boundary layer separation at the test section and ensure uniform airflow. If the length
is less than 0.5Dh, then it would be difficult to obtain uniform flow. If the length
is more than 3Dh, then the boundary layer would be likely to increase in thickness.
Mauro et. al. selected a value of 2 as a good trade-off to avoid the two extremes [16].
According to Mehta et. al., a common rule of thumb for the sizing of the test section is
to have a rectangular section with a ratio of 1.4 - 1 [17]. To facilitate the observation of
visualization techniques such as smoke, it is possible to construct the test section with
access doors or walls made of acrylic. The test section can also be illuminated with
Light Emitting Diode (LED) lamps [18].

The contraction section can be considered to be the most essential part of the wind
tunnel that determines the flow velocity as well as uniformity in the test section and has
to be designed very carefully. It is also the section that is the most difficult to design.

The study performed by Bell et. al. highlights the influence of contraction geometry
on boundary layer behavior, noting that 3D effects become significant in lower Aspect
Ratio (AR). Different contraction shapes of walls were evaluated to minimize boundary
layer separation and to obtain uniform flow. The profiles selected for the study are

15



third-order polynomial, fifth-order polynomial, seventh-order polynomial and matched
cubics. Computational tests confirmed that the fifth-order polynomial shape was the
most effective in preventing separation and also maintaining a reasonable Re and flow
uniformity. The study of various length-to-height ratios (L / H) was also conducted.
Neglecting excessively short and long contraction lengths is necessary as it leads to
separation at the inlet and exit due to adverse pressure gradients [19].

The contraction area ratio is a very important parameter that has to be picked with
proper consideration since it affects the entire efficiency of the wind tunnel. A large
area ratio results in a higher flow acceleration and lower total pressure losses at the
end of the section. Conversely, a very low area ratio causes high pressure losses in the
upstream wind tunnel components. A very high area ratio results in wind tunnel with
excessively large dimensions. Bell et. al. concluded that the area ratio in the range of 6-
10 is optimal to avoid the adverse effects. The nozzle cross-section area ratio should be
in the range of 6 – 10 [19]. Using an area ratio less than 6 leads to high pressure losses
in the upstream wind tunnel components, while an area ratio higher than 10 results in
an excessive inlet cross-section dimensions. Mauro et. al. used an area ratio of 7 as it
provides a good trade-off between performance and dimensions. In an open-loop wind
tunnel, the cross-section of the settling chamber is equal to the components that come
before and after it: contraction curve and inlet. The cross-section of the chamber is
constant [16]. Generally, the length of the section is taken to be 0.5 times the diameter
of the inlet [20].

It is common for a combination of honeycombs and screens to be placed in the test
section. The cells of the honeycomb should be aligned with the direction of the flow to
reduce fluctuations in the transverse velocity. In the stream wise direction, it’s effects
are minimal, as it leads to a very small reduction in the pressure.

The major design factors to be considered are porosity, which is the ratio between ac-
tual flow cross-sectional area and total cross-sectional area; hydraulic diameter, which
characterizes the effective diameter of a non-circular conduit for fluid flow analysis;
and length. From the geometric dimensions of the honeycomb, parameters such as the
number of divisions, cell lengths, and cross sectional areas are determined. A com-
plementary parameter to porosity is solidity, which is the ratio between cross-sectional
area of the solid sheet and the total cross-sectional area. Hence, the relation between
them is as shown below [16].
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σh + βh = 1 (2.20)

Here σh is the solidity and is βh the porosity. This relation allows the calculation of
porosity. The cell hydraulic diameter is calculated using the equality of areas. The
study conducted by Loehrke et. al. concluded that shorter cells (5-10 cell diameters)
are adequate for turbulence control [21].

Introducing a fine screen ahead of the honeycomb reduces streamwise turbulence. Farell
et. al. concluded that using a combination of honeycombs and screens results in greater
turbulence reduction than using honeycomb alone [22]. Work conducted by Prandtl
showed that using multiple screens with varying mesh sizes is more effective in reduc-
ing turbulence than using a single screen.

An important design parameter is the porosity of the screen, which should ideally in
the range of 0.58 - 0.8 [16]. Another important parameter is the spacing between the
screens. Two properties need to be considered. Firstly, the flow should fully recover
from the perturbation caused by the first screen before reaching the next. This allows
the pressure drops in the screens to remain independent from each other. Secondly, the
minimum spacing should be of the order of the larger of the eddies generated by the
screen. A spacing of 0 - 2 times the cross-section diameter of the test section is found
to be an ideal value. A very small spacing causes the flow to become highly distorted
after the last screen while a very large spacing causes high boundary layer growth [17].

2.2. Gust Generator

Gust can be generated using various means. Gust generator systems can be classified
into two categories. One of them is the passive method, where we bring some form of
blockage into a flow that will interact to produce turbulence. Another method involves
the active type, which utilizes controllable moving vanes or tabs that disseminate the
flow into larger flow structures and lend it the turbulent energy required to simulate the
required gust condition [23].

An active method for gust generation is chosen for the production of a 1-cosine discrete
gust as per the regulation FAR 14 CFR Part 25 [6]. It helps to maximize the gust
velocity and also allows for the adjustment of the gust frequency. An oscillating-vane
gust generator was chosen due to its ability to produce large longitudinal and lateral
gusts, simplicity of implementation, and suitability for the test section size [23]. These
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types of gust generators have been successfully used to produce large wind gusts in
a variety of wind tunnels [12, 24, 25, 26]. Oscillating vanes are simply airfoils that
span the entire width or height of the wind tunnel and rotate in an oscillatory motion to
produce a change in the pitch. This is similar to forcing a change in the angle of attack
of the flow simulating the atmospheric gust condition and has been integrated in the
wind tunnel by Lancelot et. al. [12].

2.2.1. Vanes

The vanes can be placed vertically or horizontally in the wind tunnel as per convenience,
although placing the vanes vertically is preferred over horizontal placement to avoid
gravity effects [27]. The vane airfoil needs to be thick due to lower airspeed and rotate
rapidly. Both static and dynamic loads need to be considered during the structural
design process. Static load tests check how the vane holds up under constant pressure,
while dynamic load tests see how it copes with changing forces. The vanes need to
be extended through the entire wall of the wind tunnel to prevent any wingtip vortices
and limit the size of the computational domain. The vane material selection should
be done carefully. Some essential criteria to be considered are the material weight,
machinability, toughness, stiffness, and smoothness [12]. Styrofoam is a reasonable
material because it provides a balance among the several properties mentioned. An
aluminum spar is added on the quarter-chord point of the vane for the actuation purpose.
It was surface-impregnated with epoxy resin to increase its toughness and smoothness
[12].

Regarding the number of vanes, having only one gust vane penalizes the uniformity of
the gust formed in space. This leads to the formation of a wake especially directly be-
hind the gust generator. Increasing the number of vanes can be considered to improve
gust uniformity. However, crowding the vanes too close together due to the improper
designation of numbers and lack of available space results in undesirable interaction be-
tween the flow wake and the model while increasing the complexity of fabrication and
setup. Setting up two vanes is a good compromise between gust uniformity and fabrica-
tion, and setup complexity [28]. Using a smaller chord will lead to a more lightweight
structure in contrast with thicker chords. Lower rotational inertia and reduced aero-
dynamic loads act on them, thereby decreasing the power requirements. However, the
amplitude of the gust will be lower. On the other hand, a greater chord will increase the
gust amplitude but this will need to be compensated with increased structural strength
and actuation power requirements [24].
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Considering that the two vanes are placed with a small vertical separation, the amplitude
of the gust can be increased. However, we need to account for the non-uniformity in the
gust, produced due to the smaller useful working area between the two vane wakes. On
the other hand, increasing the spacing will have the opposite effect, complementing the
required gust uniformity but with lower gust amplitude [24]. The minimum allowable
separation between the vanes should be the summation of the chord length of the vanes,
while the maximum separation should be less than the space of tangent of the curve at
the contraction zone [26].

2.2.2. Actuation System

Over the years, development of gust generator have been done using cam-based, servo
motors, and stepper motors. A cam-based system, for instance, is a simple and cost-
effective solution that employs rotational motion to produce linear displacement; how-
ever, it suffers from limitations in fine-tuning the intensity and frequency components
in the gust profiles generated, resulting in an unsteady airflow profile [25]. Servo mo-
tors also have been frequently used for gust generators. They offer closed-loop control
of both position and speed, allowing adjustable intensity and frequency of gust pro-
files. Servo motors are normally configured with a gear head between the motor and
the gust vanes, reducing power and torque requirements but offering precision location.
Lancelot et. al. describes how their servo system, controlled in a feedback loop, en-
sures accurate vane movement with smooth, high-frequency updates (1 kHz), allowing
for precise gust simulation [12]. Despite the accuracy of the system, it may face some
issues at high intensity gust generators [12, 29]. Stepper motors are also used in gust
generator system because of their programmability and control over frequencies of os-
cillation. French et. al. describes the use of a hybrid stepper motor which produces
enough torque (12.75 N − m) for the intended gust generator designs. Although step-
per motors may not be the ideal choice for generating high-frequency gusts, they can
generate repeatable and controlled gust profiles [23].
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3.1. Preliminary Phase

In this phase, initial research was conducted to establish a clear understanding of the
project’s objectives and significance. The scope was outlined, and a well-defined prob-
lem statement was formulated to guide the study.

3.2. Computational Phase

At this stage, various findings on the effects of airfoils undergoing upstroke and down
stroke motion were analyzed. A comprehensive review of gust generator fabrication
over the years was conducted which included how the gust vanes were designed and
how they were actuated. Additionally, a study on the design of wind tunnel was carried
out. These insights were ultimately incorporated into our project.

3.3. Numerical Methodology

Before proceeding with the phases outlined in Figure 3.3, simulation i.e., computational
phase was conducted. This was crucial for understanding the gust characteristics under
varying parameters and for determining an optimal set of conditions for experimental
observations.The computational phase have followed the steps outlined in Figure 3.5.

3.3.1. Governing Equations

The incompressible Unsteady Reynolds-Averaged Navier-Stokes (URANS) governing
equations were employed, as given in Equation 3.21 and 3.22, to simulate the unsteady
phenomena i.e., pitching up and down motion of the airfoil [30] .

Equation of Continuity:

∇ · u = 0 (3.21)

Equation of Momentum:

ρ

(
∂u⃗

∂t
+ u⃗ · ∇u⃗

)
= −∇p+∇ · τij + f⃗ (3.22)

where the viscous shear stress tensor τij is given as:

τij = τLij + τTij (3.23)
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τL = µ
(
∇u⃗+ (∇u⃗)T

)
− 2

3
µ(∇ · u⃗)I (3.24)

The k - ω Shear Stress Transport (SST) turbulence model was selected, as no signif-
icant differences in the results obtained from the convergence of Courant Friedrichs
Lewy (CFL) at 1, as reported by YIGILI et. al. [31]. Also, k - ω SST showed better
performance in enclosed flows compared to k - ϵ SST [26].

CFL =
U∆t

∆x
(3.25)

The instantaneous angle of attack, α, defining the oscillating motion of an airfoil, was
varied sinusoidally according to Equation 3.26.

α(t) = α0 + αasin(ωt) (3.26)

where, α is the angle of attack that varies with time, α0 is the mean angle of attack, αa

is the amplitude, ω is the frequency in radians per second, and t is the time in seconds.

3.3.2. Computational Model and Mesh

The Pulchowk Campus wind tunnel, developed by Chaudhary, is a subsonic open-
circuit wind tunnel [13]. The gust vanes were pivoted at the quarter chord location
(0.25 c) from Leading Edge (LE) of the airfoil. A rectangular grid for 2 vane configu-
ration was used as shown in Figure 3.7, for which ANSYS FLUENT solver was used
to simulate the dynamic motion. The mesh was created using Fidelity Pointwise, that
allowed meshing process a lot smoother than in-built ANSYS meshing software.
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Figure 3.7: Simulation Domain Discretization
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Figure 3.8: Coarse Mesh Domain for 25 cm chord

Grid Independence tests as reported in YIGILI et. al., showed no significant change in
the induced vertical velocity so this test was postponed to the optimization phase [31].
A structured rectangular grid of 1000m× 3500m was used for the simulation as shown
in Figure 3.7. The grid was applied with a growth rate of 1.2 for 25 layers near LE and
the spacing were made constant for a y + of 0.5. The grid configuration near the airfoil
is shown as Figure 3.9.

X

Y

Z

Figure 3.9: Near Airfoil Mesh

The design parameters that needed to be studied were varied to study its effects as
shown in Table 3.3. These included the spacing between them (dh), chord length (c),
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frequency (f ), and maximum deflection angle (θmax).

Table 3.3: Parameters for Studying Effects

Design Parameter Values

Spacing between gust vanes (dh) 1c, 1.5c, 2c
Chord Length (c) 20, 25, 30 (cm)
Frequency (f ) 2, 3, 4 (Hz)
Maximum deflection angle (θmax) 5◦, 10◦, 15◦

In ANSYS Fluent, dynamic meshing was performed by compiling the User Defined
Function (UDF) file, provided in Listing 1. The mesh was configured with a diffusion
parameter of 1.5, and smoothing and re-meshing were applied. These dynamic mesh
regions governed the simple harmonic motion.

3.3.3. Boundary Conditions

The streamwise velocity was specified at the inlet, while the outlet was set as pressure
outlet with zero gauge pressure. No-slip and adiabatic conditions were applied to the
airfoils and walls, as these walls represent the tunnel boundaries. The density and vis-
cosity were assumed constants at 1.2 kgm−3 at 293K, and 1.812 × 10−5, respectively.

Table 3.4: Boundary Conditions for Simulation

Flow Parameter Value Flow Parameter Value
Velocity (U∞) 5ms−1 Reynolds Number 82742.59

Chord Length (c) 20, 25, 30 cm Reduced Frequency 0.314

Temperature 293K Pitching Amplitude 10◦

Density 1.2kgm−3 Pitching Axis 0.25c

Dynamic Viscosity 1.812851×10−5N · s ·m−2 Time Step Size 0.002s

Total Time Step 1000

3.3.4. Modeling of the Vanes

The vanes for this study were modeled using CATIA V5 software. The available sty-
rofoam material at the department was not sufficiently thick to consider thicker airfoil
profiles. As a result, NACA 0016, was selected for modeling the vanes. The total height
of each vane is 720mm and the model of designed frame is shown in Figure C.1.
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3.4. Analytical Modeling Phase

In this section, the vertical velocity induced by two oscillating airfoils was analytically
solved given by Equation 1.16 to demonstrate the generation of a sinusoidal gust down-
stream. Using the unsteady aerodynamic Theodorsen model and the Biot-Savart law,
the induced vertical velocity at a designated observation point was computed.

The total velocity at the observation point was taken as the superposition of contribu-
tions from both the airfoils. A phase correction was also introduced to align the sim-
ulated and analytical results, reducing the phase mismatch and improving agreement
with the result from simulation.

The solution was obtained by varying the following parameters:

Table 3.5: Varying Parameters

Parameter Values
Chord Length (cm) 20, 25, 30

Amplitude (θ◦) 5, 10, 15

Frequency (Hz) 2, 3, 4

Plots of vertical velocity versus time were obtained in MATLAB at (x = 1 m, y = 0

m).

3.5. Experimental Phase

3.5.1. Vane and Frame Fabrication

After selecting the vane configuration from the simulation phase, the vanes were manu-
factured using a Computer numerical control (CNC) Foam Cutter and Styrofoam. The
surfaces were sanded to smoothen, and smoothing tape was wrapped around the vanes
to improve their toughness as shown in Figure C.8. A hole with a diameter of 10 mm

at quarter-chord was placed to provide the pitching axis. An aluminum solid rod was
inserted into this hole, which was then integrated into the initially designed frame, man-
ufactured with corresponding holes based on results from the simulation as shown in
Figure C.9.
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3.5.2. Actuation System

For the actuation purpose, stepper motors were selected, specifically Nema-23, capable
of providing 1.89 Nm holding Torque. They were driven via TB6600 motor driver
with the help of Arduino Uno. The Arduino was programmed to deliver the correct step
sequence to the motor driver. The schematic diagram for the electronic circuit required
is shown in Figure 3.10. In order to join the stepper motor with the spar, an aluminum
flexible shaft coupling was used for the connection.

Figure 3.10: Schematic Diagram for Actuation Circuit

Micro stepping was enabled from TB6600 to 6400 revolutions per cycle to reduce the
vibration produced from the motors. The number of steps, delay for the motor to repli-
cate the frequency was done using Table 3.6. It was found that the delay for the actua-
tion is 0.02 sec from expected value.
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Table 3.6: Stepper Motor Input Parameters

Parameter Value 1 Value 2
Frequency 2 Hz -
Time for Half Oscillation 0.125 s -
One Complete Oscillation 6400 steps 360◦

Desired Degree of Oscillation 177.778 steps 10◦

Time for One Step 7.03× 10−4 s -
Delay 703.125 µs -

3.5.3. Preliminary Testing

Experimental observations were then conducted to visualize the gust generated using
smoke. The parameters were selected based on the results obtained from simulation.
Two vanes, each with a chord length 25 cm, were positioned at 1.5 c distance apart.
The vanes were oscillated at a frequency of 2 Hz with a maximum deflection angle of
10◦.

During oscillation, the vanes were held in position by the designed frame as shown in
Figure C.9. The frame was installed into the wind tunnel test section outlet. Actuation
was performed using stepper motors. Smoke was injected through a series of pipes
connected to the smoke generator outlet.

3.6. Data Collection

The output observed was the gust profile and the uniformity of the wind tunnel flow at
the outlet.

3.7. Optimization

The optimization procedure adopted is explained in this section.

3.7.1. Design of Wind Tunnel

The wind tunnel was designed using CATIA. The main factors considered in the design
process were a uniform flow of velocity of 10m/s at wind tunnel outlet. The design of
the entire wind tunnel is based on these considerations.

The Pulchowk wind tunnel designed by Chaudhary inlet consists of an array of ten
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blower fans present as the drive system of the wind tunnel [13]. The dimension of the
inlet section is 2.95m× 1.15m, which was determined on the basis of the fan diameter
of 20 in. To accommodate the fans in the matrix of 5 × 2 while avoiding interference,
a width of 116 in and a height of 45 in was necessary. The inlet features ten evenly
spaced holes with a diameter of 20.5 in to facilitate the airflow into the wind tunnel.
The inlet was left unaltered for the designing and manufacturing purposes. The details
of the fan is provided in the Table B.7.

The simulations were conducted from the region where a consistent velocity of 1.5m/s

was observed, which occurred at the end of the previous wind tunnel’s settling chamber
at 0.85 m. The dimensions of this section are the same as those of inlet, i.e., 2.95 m

× 1.15 m. A length of 450 mm was chosen for the settling chamber based on the
simulation performed, which confirmed that the velocity contour at the test section was
adequately uniform.

The contraction profile was obtained using a fifth-degree polynomial curve, given by
Equation 3.27, to achieve flow uniformity and prevent boundary layer separation. MAT-
LAB software was used to apply the following equation to obtain the profile.

Y (X) = Hi − (Hi −He)[6(X
′)5 − 15(X ′)4 + 10(X ′)3] (3.27)

The theoretical contraction ratio of the entire wind tunnel was set to 6. However, con-
sidering that the space for the test section was not much narrower, the width of the
tunnel was selected as 0.52 m, and the height was 1 m. In actuality, the contraction
ratio was determined as follows:

Actual Contraction Ratio =
Inlet Area

Outlet Area
=

2.95× 1.15

0.52× 1
=

3.3925

0.52

= 6.524

(3.28)
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(a) 1 m (b) 2 m

(c) 1.5 m (d) 2.5 m

Figure 3.11: Velocity Contour for Different Contraction Zone Length

The length of the contraction section was varied between 1000 mm, 1500 mm, 2000
mm and 2500 mm. 2D simulations were performed using ANSYS FLUENT and ve-
locity magnitude contours were analyzed as shown in Figure 3.11. The results showed
that the flow accelerated most uniformly for a contraction length of 2500 mm. Hence,
a contraction length of 2500 mm was selected for the contraction section. A 3D model
was then designed for this length as shown in Figure 3.12 and simulations were per-
formed, confirming its suitability.
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Figure 3.12: New Wind Tunnel Section

The designed wind tunnel has a hydraulic length of 1 m, and the minimum required
diffuser length for static pressure recovery is five times the hydraulic length, making the
total tunnel length 10 m. However, due to space and resource constraints, the diffuser
section was omitted from the design.

Grid Independence for the wind tunnel was done evaluating the averaged velocity at
the outlet section at different mesh sizes. The edges were refined with a factor of

√
2,

growth rate of 1.2 for 25 layers both at the beginning and ending of the edges. 3D
simulation was performed with the inlet velocity set to 1.5 m/s and with a TI of 40 %,
obtained using Equation 3.29. The maximum and minimum velocity recorded was 3.3
m/s and 1.4m/s at the inlet of new wind tunnel design.

Table 3.7: Grid Independence Study Size

Mesh Type Mesh Size

Coarse 853,200
Medium 2,434,825
Fine 6,868,800
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The total length of the wind tunnel was obtained to be 5 m. The overall dimensions of
the individual sections of the wind tunnel are presented in Table 3.8, which are labeled
further in Figure 3.13.

Table 3.8: Wind Tunnel Dimensions

Section Dimension

Inlet 2.95m (W ) × 1.15m (H)

Settling Chamber 2.95m (W ) × 1.15m (H) × 1.3m (L)

Contraction Zone 2.5m (L)

Test Section 0.52m (W ) × 1m (H) × 1.2m (L)
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Figure 3.13: Wind Tunnel Parts Labeled

3.7.2. Fabrication of Wind Tunnel

The designed wind tunnel was manufactured at IIEC. The remaining sections for the
tunnel were individually fabricated, assembled, and attached to the main inlet section to
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develop an open-circuit fan array (blower-type) subsonic wind tunnel. The frame, which
serves as the support structure to hold the wind tunnel, was designed and fabricated
using 2.54 × 2.54 cm2 metallic square pipes. The base frame to support the wind tunnel
was also designed as shown in Figure 3.14.
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Figure 3.14: Wind Tunnel Base Frame

The entire length of the tunnel was divided into four sections to provide ease during cut-
ting and assembly. Optimal areas of the designed wind tunnel sections to be cut were
marked using CATIA Drafting module as shown in Figure C.7. The required plywood
was procured, and the necessary portions and curvatures were marked and cut using a
CNC laser cutter available at the Manufacturing Lab of DMAE. A plywood thickness
of 3 mm was used for the top and bottom sections, while a 5 mm flexible plywood
was used for the contraction section. The contraction zone was fabricated using the
trapezoidal approximation, i.e., marking the inlet and outlet heights, and nails were
hammered to hold the sides with wooden beams. Assistance from the Pulchowk Car-
pentry department was sought during the assembling of the wind tunnel. The sections
were connected to each other with M10 bolts.

At the test section, a hinged door was installed to provide access for the model to be
placed inside. For ease of observation, a rectangular transparent glass panel of 0.5m ×
0.5 m was embedded in the side wall of the section. Additionally, a rectangular acrylic
sheet of 1 m (L) × 0.5 m (W ) was placed on the top surface. The interior of the
test section was painted black to enhance smoke visualization. Two rectangular wire
meshes were added in the settling chamber to reduce the large eddy vortices. Any gaps
resulting from imperfections in the joining process were filled by attaching Formica
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plywood of 0.8 m at the joining edges. The final assembled wind tunnel is shown in
Figure 3.15.

Figure 3.15: Side View of Manufactured Wind Tunnel

The gust profile can be properly visualized after the flow is fully developed. The test
section was not sufficient to develop the flow. Hence, a detachable test section of 1.8m
as shown in Figure C.13 was fabricated with glass panels and was assembled.

3.7.3. Smoke Generation Mechanism

To enhance smoke intensity, the smoke generation mechanism was also optimized. The
outlet of the smoke generator is connected to a reservoir equipped with a valve, allowing
momentary accumulation of smoke before release. A duct fan, powered by a three-
cell lithium ion battery and regulated via a combination of Electronic Speed Controller
(ESC) and a Servo tester, was placed at the outlet of the reservoir to facilitate suction
of the collected smoke, which is directed outwards into the flow through a series of
Polyvinyl chloride (PVC) pipes. The schematic diagram for the setup is as shown in
Figure 3.16. The smoke has been injected at 400mm from the beginning of test section
and 30mm downwards from upper wall.
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Figure 3.16: Schematic Diagram of Smoke Generation Mechanism

Servo Tester, ESC, Battery

Smoke 
Generator

Smoke Collector

Valve

Pipe`

 Duct Fan

Figure 3.17: Experimental Smoke Generation System

3.7.4. Actuation System

Clamps were 3D-printed to secure the stepper motors, preventing unintended rotation
that was seen in 1st phase of the experiment and minimize vibrations. The dimensions
for the clamp is shown in Figure C.5. An Aluminum Flexible Shaft Coupling of (4mm

× 8 mm) was installed between the motors and the spars. The spars were drilled on a
lathe machine to ensure proper transmission of rotary motion from stepper motors. The
spars were integrated with the vanes into the wind tunnel at desired spacing. The upper
ends of the spars were supported by bearings housed within 3D-printed casings, whose
dimension is as shown in Figure C.6. The overall setup for the optimized actuation sys-
tem is shown in Figure 3.18 and 3.19. The weight was added to counter the unexpected
movement of base frame.
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3.7.5. Computational Phase II

Simulations were carried out again after obtaining a set of optimal parameters from
experiment with updated parameters shown in Table 3.9. The parameters were selected
as two vanes with chord length of 250mm spaced 300mm apart and oscillating with a
frequency of 4 Hz with a deflection angle of 15◦. The inlet velocity was set to 8.6m/s

with a TI of 0.88 %. All other parameters were kept the same and the induced vertical
velocity obtained at a point (x = 1000mm , y = 0mm).
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Table 3.9: Updated Parameters for Simulation

Parameter Value
Inlet Velocity(m/s) 8.6

Turbulence Intensity (TI %) 0.88

Reynolds Number 147186.21

Reduced Frequency 0.365

The mesh was now refined with a refinement factor of
√
2. The grid independence was

done by computing the vertical induced velocity at (x = 1000 mm, y = 0 mm) with
coarse, medium, and fine meshes.

Table 3.10: Grid Independence Study for Gust Simulation

Label Number of Elements
Coarse 51,475
Medium 130,105
Fine 216,859

Simulations were also performed for 20 cm chord vanes varying their separation be-
tween 1c, 1.5c, and 2c. The vanes were oscillated at 2 Hz with a deflection angle of
10◦. This was done to study the effect of spacing on gust profile, as this effect was not
studied in the previous phase.

3.7.6. Analytical Modeling Phase II

Analytical modeling was repeated with the free stream velocity set to 8.6 m/s. The
parameters were selected as two vanes with chord length of 25 cm spaced 300 mm

apart and oscillating with a frequency of 4 Hz with a deflection angle of 15◦. All other
parameters remained unchanged. The induced vertical velocity was measured at (x =

1m, y = 0m).

3.7.7. Experimental Phase II

Testing includes evaluating the uniformity and velocity of the wind tunnel outlet and
test section flow. Uniformity was assessed by measuring and calculating the turbulence
intensity at the outlet and test section. A 10 x 5 grid with 10 cm x 10 cm cells was
created using thread as shown in Figure 3.21. At the center of each grid cell, three sets of
maximum and minimum velocity measurements were taken using a vane anemometer
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available at the DMAE. The recorded data were then averaged. The averaged values
were used to calculate the turbulence intensity using the Equation 3.29.

TI % =
U ′

Umean

× 100 (3.29)

Where,

• U ′ represents the difference between the maximum velocity (Umax) and mean
velocity (Umean).

• Umean is the average between the maximum (Umax) and minimum (Umin) veloci-
ties.

Experimental observations were then reconducted to analyze the gust generated. The
schematic diagram illustrating the complete experimental setup is shown in Figure 3.20.

Detachable Section

dh

xCamera
Camera

Laser

Test Section Vane

Smoke Pipe

Figure 3.20: Schematic Diagram of the Experimental Setup (Dimension in mm dh:
200, 300 mm, x: 1000 mm)

Three sets of vanes of chord lengths 20, 25 and 30 cm were fabricated. The parameters
were varied for the different chord lengths as; frequency ( 2, 3, 4Hz ), Deflection angle
( 5◦, 10◦, 15◦), and vane spacing (200, 300, 400 mm). The vanes were oscillated while
being secured in position using the new frame as shown in Figure 3.23 and actuation
setup. Due to the stepper motors heating up, each experiment was conducted only for
a duration of around 30 s at a time. The smoke was introduced into the flow using the
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smoke generation mechanism. Smoke, combined with a plane laser as shown in Figure
3.22 was used for visualization of the gust.

Figure 3.21: Division of the Wind Tunnel
Outlet

Figure 3.22: Plane Laser Projection at the
Outlet of Smoke Pipe

Figure 3.23: Integration of Vanes in the Wind Tunnel
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3.7.8. Data Collection Phase II

The data collected was maximum and minimum flow velocity at wind tunnel outlet and
test section. Also the visualized gust profiles remarks were recorded in the logbook as
shown in Appendix D. The wavelength of the generated gust was measured.

3.8. Documentation

All the procedures conducted throughout the project have been documented along with
the results. This information has been reported concisely in the standard format indi-
cating the successful completion of the project. Finally, conclusions have been drawn,
shortcomings and possible future enhancements have been listed as well.
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CHAPTER FOUR: RESULTS AND DISCUSSIONS

4.1. Analytical & Simulation Result Before Optimization

The upstroke, midstroke, and downstroke of the gust vanes are shown in Figures 4.24,
4.25, and 4.26, respectively. These figures indicate the generation of 1-cosine gust
profile. Also, the upstroke phase leads to an increase in the velocity within the domain.
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Figure 4.24: Deflection of Two Vanes Upstroke
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Figure 4.25: Deflection of Two Vanes MidStroke
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Figure 4.26: Deflection of Two Vanes Downstroke

The effects of other design parameters shown in Table 3.3 for the two vanes configura-
tion are studied further below.
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4.1.1. Effect of Varying Deflection Angle

An increase in gust velocity is observed with the increment in the deflection angle,
which in turn increases the vertical induced velocity. Minimum error is observed at a
deflection angle of θmax = 10◦. This confirms 10◦ is enough to produce a uniform gust
profile.
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Figure 4.27: Vertical Velocity versus Time for c = 0.25m, f = 2Hz, θmax = 5◦
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Figure 4.28: Vertical Velocity versus Time for c = 0.25m, f = 2Hz, θmax = 10◦
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Figure 4.29: Vertical Velocity versus Time for c = 0.25m, f = 2Hz, θmax = 15◦

4.1.2. Effect of Varying Chord

Figure 4.30: Gust Angle versus Chord at f = 2Hz, θmax = 10◦

An increase in the gust angle was observed with the increase in the chord length (c).
These findings align with the analytical modeling, confirming that if the generated gust
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velocity is insufficient, the chord length could be increased. The results also align with
the findings of [12], further validating the observed trends.

4.1.3. Effect of Varying Frequency
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Figure 4.31: Vertical Velocity versus Time at f = 2Hz, θmax = 10◦

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (s)

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

In
du

ce
d 

V
el

oc
ity

 (m
/s

)

Analytical (Blue Dotted) and Simulation (Red Solid)

Figure 4.32: Vertical Velocity versus Time at f = 3Hz, θmax = 10◦

Increasing the frequency increased the peak magnitude but came with the cost of uni-
formity. This led to the decrease in the vertical induced velocity due to the introduction
of vortices formed. The experiment conducted by Amiralaei et. al. on a pitching NACA
0012 airfoil demonstrated that increasing the amplitude of oscillation leads to stronger
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and more extensive vortex generation [32]. When these vortices become more pro-
nounced, gust magnitude increases at the expense of uniformity. This makes gust more
variable in magnitude and direction.

The results obtained from simulation and analytical modeling is found to be in accor-
dance with the findings of [32]. Thus, 2Hz frequency for 25 cm with a deflection angle
10◦ is seen optimal. Based on the parameters taken, the Strouhal number is calculated
as St = 0.1.

4.1.4. Experimental Result Before Optimization

The Gust profile obtained is shown in Figure 4.33. The gust profile exhibited sinusoidal
nature to a certain degree. However, there was the presence of non-uniformities in the
baseline flow at the outlet of the wind tunnel, which was observed as shown in Figure
4.34 without gust generator. This significantly questioned the generated gust profile.
As a result, redesigning the wind tunnel to achieve a more reliable gust was deemed
necessary.

sinusoidal gust.pdf

1920 x 1080

Expected 
Smoke

Figure 4.33: Initial Gust Profile (250 cm chord, 2 Hz, 10◦, 375 cm spacing)
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Figure 4.34: Smoke Visualization for Observing Flow Uniformity at Outlet of the
wind tunnel

The smoke produced by the generator was not as dense as desirable for effective gust
visualization. The concentration and uniformity of the smoke needed to be increased to
improve visualization quality which also necessitated visualization optimization.

The frame and the actuation system presented challenges due to excessive vibration,
non-synchronization of the oscillatory motion of the two vanes, and difficulties in setup
at the beginning of each experimental observation. Therefore, the frame and the actua-
tion system also needed to be improved to address these issues effectively.

4.2. Outcomes after Optimization

4.2.1. Wind Tunnel Data

The velocity contour for the wind tunnel at the outlet section is obtained as shown in
Figure 4.36. Along with this, the velocity contours for the mid-plane of XY and YZ
planes as shown in Figure 4.38 and 4.37. The findings suggests that the designed wind
tunnel can provide a consistent 10.5 m/s at the outlet region. Figure 4.35 displays
the grid convergence for 3D simulation of the tunnel. It shows the test value are not
changing much indicating that the solution is nearly grid-independent.
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Table 4.11: Grid Independence Study Result

Mesh Type Mesh Size Velocity Average % Reduction

Coarse 853,200 10.17736 -
Medium 2,434,825 10.177608 0.0024

Fine 6,868,800 10.177751 0.0014

Figure 4.35: Mesh Independence with Richardson Value of Wind Tunnel

Figure 4.36: Outlet Velocity Contour of the Wind Tunnel
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Figure 4.37: XZ Mid Plane Velocity
contour

Figure 4.38: XY Mid Plane Velocity
contour

At the outlet region, the maximum and minimum velocity contours recorded experi-
mentally are presented in the Figure 4.39 and 4.40. Similarly, the profile was plotted at
the test section inside the tunnel as shown in Figure 4.41 and 4.42. The TI was com-
puted for both the outlet & test section using Equation 3.29 and is displayed in Figure
4.43 and 4.44. The averaged values are presented at Appendix B. The value for TI was
computed as 2.26 % at outlet and 0.88 % at test region. The mean velocities at the outlet
and test regions are computed for the purpose of simulation as 8.53m/s and 8.60m/s.

Figure 4.39: Maximum Velocity
Contour at Outlet

Figure 4.40: Minimum Velocity
Contour at Outlet
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Figure 4.41: Maximum Velocity
Contour at Test Section

Figure 4.42: Minimum Velocity
Contour at Test Section

Figure 4.43: TI at Outlet Figure 4.44: TI at Test Section
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The error for the velocity obtained at the outlet was determined as follows:

Error(%) =
SimulationV elocity − ExperimentalV elocity

SimulationV elocity
× 100

=
10.17− 8.54

10.17
× 100

= 16.027%

Higher turbulence was observed near the walls due to non-smooth contraction curves
at the end of the contraction profile. This is due to the approximation fittings of the
curve with trapezoidal approximation. To improve the flow uniformity, binding tape
was applied to the interior sections of the wind tunnel, while wooden beams were used
externally to refine the shape of the contraction profile.

The non uniformity in the velocity both at the outlet and test sections was seen due to the
absence of the honeycomb structure at the settling chamber. The newly designed wind
tunnel exhibits lower turbulence levels, ensuring a more uniform base flow for efficient
gust visualization. Overall, the fabricated wind tunnel (Pulchowk Wind Tunnel (PWT)
2.0) addressed most of the non-uniformity present in Chaudhary’s wind tunnel [13].

4.2.2. Gust Experiment

For vanes of 25 cm chord, increasing the frequency of oscillation is seen to improve
the profile of sinusoidal gust . At 2 Hz, the gust is not very well-defined; 3 Hz shows
slight improvement to the profile, 4 Hz produces a good sinusoidal gust, and at 5 Hz,
further improvement was expected. However, the actuation system was found to limit
the smooth oscillation of vanes at this frequency, so it was omitted. Similarly, increasing
the deflection angle also improves the gust. At 5◦, a weak gust profile is observed; 10◦

produces better gust profile ; 15◦ generates a proper sinusoidal gust , and 20◦ was likely
to provide better result. However, 20◦ again tends to push the actuation system beyond
its smooth operating range, so it was omitted. The spacing between vanes also plays
a role: 200 mm is seen to produce a weak gust, 300 mm produces better gust profile,
but 400 mm was not feasible due to space limitations in the wind tunnel test section,
so it could not be tested. Based on these findings, the optimal parameters for the 25

cm chord vanes were determined to be 4 Hz, 15◦ deflection, spaced 300 mm distance
apart.
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Figure 4.45: Gust Being Developed (4
Hz, 300mm spacing, 15◦, 250mm

chord) at t = 5.63 s

Figure 4.46: Gust Profile(4 Hz, 300mm
spacing, 15◦, 250mm chord) at

t = 11.23 s

Figure 4.47: Gust Profile (3 Hz, 300mm
spacing, 15◦, 250mm chord) at t =

20.00 s

Figure 4.48: Gust Profile (3 Hz, 300mm
spacing, 15◦, 250mm chord) at t =

22.55 s
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Figure 4.49: Gust Profile (4Hz, 200mm
spacing, 15◦, 250mm chord) at

t = 21.62s

Figure 4.50: Gust Profile (4Hz, 200mm
spacing, 15◦, 250mm chord) at

t = 21.65s

For vanes of 20cm chord, smaller spacing of 200mm and 300mm resulted in highly
linear profile of the flow, with no clear sinusoidal behavior. Even increasing the spacing
to 400 mm led to only minor improvements. At 4 Hz, there was a slight sinusoidal
profile. Increasing the deflection even up to 20◦ resulted in the gust remaining mostly
linear. Obtaining proper gust profile using 20 cm chord would require higher frequen-
cies, deflections, and spacing, which is not feasible. Hence, 20 cm chord vanes were
omitted.

Figure 4.51: Gust Profile (2 Hz, 200
mm spacing, 10◦, 200mm chord)

Figure 4.52: Gust Profile (3Hz,
200mm spacing, 10◦, 200mm chord)
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Figure 4.53: Gust Profile (4 Hz, 200
mm spacing, 15◦, 200mm chord)

Figure 4.54: Gust Profile (4Hz,
300mm spacing, 15◦, 200mm chord)

While the 30cm chord configuration was expected to yield better results, it was omitted
as the actuation system could not provide sufficient power for its operation. This project
successfully observed the 1 − cosine gust profile experimentally. Gust visualization
was conducted qualitatively using smoke and laser-based techniques.

4.2.3. Gust Simulation & Analytical Result

The grid independence study for the gust simulation is shown in Table 4.12. The max-
imum vertical induced velocity from the fine mesh is computed as 1.29m/s. Also, the
analytical model for this grid was done as shown in Figure 4.55. The error obtained
from the simulation and analytical is computed as 10.63% at (t = 0.41s). The induced
vertical velocity shows a strong correlation between the simulation and analytical re-
sults at the selected optimal parameters.

Table 4.12: Grid Independence Study Result for Gust Simulation

Label Number of
Elements

Maximum Vertical
Induced Velocity

Percentage Reduction
(%)

Coarse 51,475 1.824 -
Medium 130,105 1.621 11.04

Fine 216,859 1.641 1.218
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Figure 4.55: Comparison of Analytical and Simulation Result

For vanes configuration of chord 20cm oscillating with a frequency of 2Hz oscilla-
tion frequency at a 10◦ deflection angle, the results show that at 100cm spacing, the
gust velocity is the highest. However, due to the limited spacing, there was significant
wake interactions between the vanes, which causes non-uniformity in the generated
gust. Increasing the spacing to 200cm results in lower gust velocity but improved gust
uniformity. At a spacing of 300mm, the flow remained more stable with minimal wake
interactions, ensuring a smoother gust profile. This highlights the trade-off between
gust magnitude and uniformity at various spacing. The results are in agreement with
those concluded by [12].
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Figure 4.56: Effect of Spacing on Vertical Velocity for 20cm chord (2Hz, 10◦)

4.2.4. Gust Characterization

The gust generated was qualitatively characterized. The captured gust video was post-
processed and converted into individual frames. A specific frame corresponding to a
time of 3.26 seconds after gust initiation was selected for analysis. The wavelength of
one complete gust cycle was measured using the background of extended test section
mirror as a reference, whose physical length is known to be 96 cm. By comparing the
number of pixels corresponding to the known mirror length as shown in Figure 4.57, the
pixel length of the gust wavelength was measured and then scaled to obtain its actual
physical magnitude.

The experimentally measured wavelength was found to be 208.437 cm. To validate this
result, the theoretical wavelength was calculated using the relation:

λ =
U

f

where λ is the wavelength, U is the free-stream velocity (8.6 m/s), and f is the gust
frequency (4 Hz). The resulting theoretical wavelength is 215 cm. The percentage error
was calculated to be 3.05%, validating the accuracy of the observed gust profile. Figure
4.59 represents the sinusoidal nature of the generated gust.
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Figure 4.57: Setting the scale Figure 4.58: Measuring wavelength

Figure 4.59: Sinusoidal Profile

57



4.3. Utilization of Wind Tunnel and Gust Generator

The developed wind tunnel and gust generator has been utilized by various other project
teams, which shows further applications and widens the scope of our project.

1. Project group performing ” Experimental Study of Leading Edge Sinusoidal Tu-
bercles on NACA 63215 Wing at Low Reynolds Number” utilized the wind tunnel
to calibrate load cell to validate the increase in stall angle by introducing Tuber-
cles in contrast to traditional wing as shown in Figure C.15.

2. Project group performing ”Fabrication, Structural Integrity and Dynamic Re-
sponse of a Carbon Fiber Wing With Study on Material Properties and Vibra-
tion Characterization” utilized the wind tunnel to perform vibration analysis on a
composite wing as shown in Figure C.18.

3. Project group performing implementation of Digital Twin Technology for Air-
craft Wing’s Real-Time Structural Health Monitoring” utilized the wind tunnel
to calculate structural deformation on the wing obtained by the tunnel airflow as
shown in Figure C.17.

4. Project group performing ”Integrated Control System for Active Fin Controlled
stabilization and Guidance of a Rocket” utilized the wind tunnel to study pitch
optimization through automatic fin actuation of rocket as shown in Figure C.16.
The effect of gust on the fin deflection was also observed. The introduction of
gust led to higher deflection of the rocket fin to obtain desired pitch of 15◦.
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Figure 4.60: Fin Deflection Angle for Rocket with and without gust

4.4. Limitations

The main limitations of the project are listed below:

1. Hot wire Anemometer:

The lack of a hot-wire anemometer made it difficult to validate the induced gust
velocity against the simulation and analytical models, which in turn made it
harder to accurately characterize the gust profile quantitatively.

2. Actuation:

The limitations of the stepper motor caused jerking motion during vane oscilla-
tion, which impacted the smoothness and accuracy of the gust generation. Using
a more powerful stepper motor along with better driver like DM556T could help
achieve smoother and more consistent actuation.

4.5. Problems Encountered

The various problems encountered in the duration of the project are listed below.

1. Actuation Issues:
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The selected NEMA 23 stepper motor was unable to provide the necessary torque
for oscillation of vanes at higher frequency and degree of oscillation. This led to
inconsistent vane motion, affecting the accuracy of gust generation. The step-
per motor driver introduced excessive vibrations which also caused mechanical
instability. This affected the sinusoidal nature of the gust profile achievable.

2. Frame Stability:

The initial frame design did not provide sufficient rigidity, causing excessive vi-
bration of the vanes during oscillation. This affected the accuracy of vane os-
cillations and overall experimental reliability while causing delay in the smooth
progress of the project, as much of the time was taken up integrating the frame
into the wind tunnel to limit vibration.

3. Wind Tunnel Non-uniformities:

Flow non-uniformities which were observed at the previous wind tunnel outlet
affected the proper formation of initial gust profiles visualized. This required
modifications to the tunnel design. This delayed progress in gust visualization.

4. Smoke Intensity:

The smoke generator produced smoke intensity was inconsistent and insufficient ,
making it difficult to effectively visualize the flow characteristics. Improvements
in the smoke injection method was needed to improve visualization.

4.6. Budget Analysis

The total budget used for this project is around NPR. 34,000 and is shown in Table
4.13. It has been described in detail in Table B.1.

Table 4.13: Financial Distribution Across Categories

Category Amount Nrs.
Chemical 5,408

Electronics 2,500
Hardware 23,974

Miscellaneous 1,690

Grand Total 33571.85
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4.7. Work Schedule

The work conducted for this project throughout the year is presented in Figure 4.61 as
described by Table B.10. They have been categorized into subtasks. Each of them have
been given respective duration for their completion.
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Experiment Work 2nd Phase

Computational & Analytical Work 2nd Phase

Data Processing

Documentation

Figure 4.61: Project Timeline Chart
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CHAPTER FIVE: CONCLUSION AND FUTURE
ENHANCEMENT

5.1. Conclusion

The project of developing a wind tunnel with integrated oscillating vanes to generate
a sinusoidal gust profile and perform smoke visualization for qualitative analysis was
successfully completed. The parameters for vane oscillation were systematically varied.
The vertical induced velocity at (x = 1 m, y = 0 m) from the LE obtained from
simulation and analytical methods showed good agreement, which was used to select an
optimal set of parameters. Experimental tests were conducted with smoke visualization.
However, the sinusoidal profile was not highly pronounced.

To address flow non-uniformity, the wind tunnel design was optimized, achieving a TI
of 0.88% at the test section and 2.26% at the outlet, with a calculated outlet error of
16.027% using simulation with a mean velocity of 8.6 m/s. Experimental tests were
repeated with varying parameters to obtain refined set of optimal parameters (25 cm

chord, 4 Hz frequency, 15◦ deflection, and 300 mm spacing). The Re is calculated to
be 147186.21, St as 0.116, and k as 0.365. Simulations and analytical modeling were
performed with the optimal parameters. The results for the induced vertical velocity at
(x = 1 m, y = 0 m) from the LE showed an error of 10.63%. The wavelength of the
generated gust of 4Hz has been calculated to be 208.437 cm with an error of 3.05 %.

Gust visualization using smoke and a plane laser confirmed a sinusoidal gust profile
qualitatively. However, proper quantitative characterization could not be done due to
the unavailability of a hot-wire anemometer, which would have allowed direct experi-
mental validation. Future work can include quantitative gust characterization and Par-
ticle Tracking Velocimetry (PTV) for better gust analysis. The developed wind tunnel
and gust generator offer significant potential for aerodynamic studies and testing.
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5.2. Scope for Future Enhancement

Our project provides a functional gust generator integrated into a low-subsonic wind
tunnel, with numerous potential for further refinement and optimization. Several meth-
ods exist for improving both the efficiency and the precision of the system, which could
enhance its overall performance.

i. Horizontal Vanes: To increase the gust amplitude, it was necessary to increase
the number of vanes. However, due to space limitations in the outlet section of
the wind tunnel, only four vanes could be used. Also, increasing spacing was not
feasible. This could be achieved using horizontal vanes for the designed wind
tunnel, which can be actuated using a crank-rocker linkage mechanism.

ii. Flow Visualization Techniques: The incorporation of advanced flow visualiza-
tion techniques, such as Particle Tracking Velocimetry (PTV), to obtain more
detailed velocity field measurements and obtain more reliable quantitative gust
characterization can be done.

iii. Smoke Streamline Visualization: Improving smoke injection techniques to gen-
erate proper and smooth streamlines for better flow visualization and analysis of
gust effects can be done. Air Compressor can be used to pass the smoke for
increasing the intensity rather than a duct fan.

iv. Wind tunnel Inlet: The flow at the outlet, although better than the previous
wind tunnel, is still non-uniform. This could be made more uniform by adding a
diffuser section after the inlet. However, this would have required modifying the
inlet section itself by giving it a octagonal shape. This could be taken up as a part
of future project to optimize the wind tunnel flow uniformity at the outlet.

v. Honeycombs and Screens: Adding honeycomb structures and screens at the
wind tunnel settling chamber to further reduce turbulence intensity and improve
flow uniformity for better experimental observations can be done.
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APPENDIX A: COMPUTATIONAL CODES

User-Defined Function for SHM Motion for Airfoil

Listing 1: UDF Code for SHM Motion of Airfoil

1 #include "udf.h"

2 #define Freq 2.0

3 #define angular_freq 2.0*M_PI*Freq

4 #define tetmax 10.0*M_PI/180

5

6 DEFINE_CG_MOTION(shm, dt, cg_vel, cg_omega, time, dtime)

7 {

8 real omega;

9 omega = tetmax * angular_freq * cos(angular_freq * time);

10

11 cg_vel[0] = 0.0;

12 cg_vel[1] = 0.0;

13 cg_vel[2] = 0.0;

14

15 cg_omega[0] = 0.0;

16 cg_omega[1] = 0.0;

17 cg_omega[2] = omega;

18 }

19

20 }

Stepper Motor Arduino Code

Listing 2: Arduino Code for Stepper Motor

1 const int stepPin = 5;

2 const int dirPin =2;

3 const int enPin = 8;

4

5 void setup(){

6 pinMode(stepPin, OUTPUT);

7 pinMode(dirPin, OUTPUT);

8

9 pinMode(enPin, OUTPUT);

10 digitalWrite(enPin, LOW);

11

12 }
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13 void loop()

14 {

15 digitalWrite(dirPin, HIGH);

16

17 for(int x=0;x<267;x++){

18 digitalWrite(stepPin,HIGH);

19 delayMicroseconds(234);

20 digitalWrite(stepPin, LOW);

21 delayMicroseconds(234);

22 }

23 delay(0);

24 digitalWrite(dirPin, LOW);

25

26 for(int x=0;x<267;x++){

27 digitalWrite(stepPin,HIGH);

28 delayMicroseconds(234);

29 digitalWrite(stepPin, LOW);

30 delayMicroseconds(234);

31 }

32 delay(0);

33 }

Comparison of Analytical & Simulation Code for Deflection Angle and Frequency

Listing 3: Analytical Code to Compare with Simulation

1 clc;

2 clear all;

3 close all;

4

5 filename = ’fine.csv’;

6 data = readmatrix(filename);

7 x_csv = data(:, 1);

8 y_csv = data(:, 2);

9

10 [˜, idx_1sec_csv] = min(abs(x_csv - 1));

11 x_1sec_csv = x_csv(idx_1sec_csv);

12 y_1sec_csv = y_csv(idx_1sec_csv);

13

14 U_inf = 8.6;

15 c = 0.25;

16 alpha_0 = deg2rad(15);
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17 f = 4;

18 omega = 2 * pi * f;

19 k = (omega * c) / (2 * U_inf);

20

21 separation = 0.3;

22 num_airfoils = 2;

23

24 dt = 0.002;

25 t = 0:dt:2;

26

27 x_point = 1;

28 y_point = 0;

29

30 H0 = besselh(0, 2, k);

31 H1 = besselh(1, 2, k);

32 C_k = H1 / (H0 + 1i * H1);

33

34 phase_correction = pi / 2;

35

36 v_total = zeros(size(t));

37

38 for i = 1:num_airfoils

39 x_airfoil = (i - 1.5) * separation;

40 z = (x_point - x_airfoil) + 1i * y_point;

41 Gamma = 2 * pi * alpha_0 * U_inf * c * C_k .* exp(1i * ...

42 (omega * t + phase_correction));

43 v_induced = imag(-Gamma ./ (2 * pi * z.ˆ2));

44 v_total = v_total + v_induced;

45 end

46

47 [˜, idx_1sec_analytical] = min(abs(t - 1));

48 t_1sec_analytical = t(idx_1sec_analytical);

49 v_1sec_analytical = v_total(idx_1sec_analytical);

50

51 figure;

52

53 plot(t, v_total, ’b--’, ’LineWidth’, 2, ’DisplayName’,

’Analytical’);

54 hold on;

55 plot(x_csv, y_csv, ’r-’, ’LineWidth’, 2, ’DisplayName’,

’Simulation’);
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56 xlim([0 2]);

57

58 xlabel(’Time (s)’, ’FontSize’, 20, ’FontName’, ’Times New

Roman’);

59 ylabel(’Induced Velocity (m/s)’, ’FontSize’, 20, ’FontName’,

...

60 ’Times New Roman’);

61 title(’Analytical (Blue Dotted) and Simulation (Red Solid)’,

’FontSize’, ...

62 18, ’FontName’, ’Times New Roman’);

63 set(gca, ’FontSize’, 18, ’FontName’, ’Times New Roman’);

64 grid on;

65 hold off;

Average Velocity Code for the Wind Tunnel

Listing 4: Average Velocity

1 data1 = load(’data1.mat’);

2 data2 = load(’data2.mat’);

3 data3 = load(’data3.mat’);

4

5 data1 = data1.data;

6 data2 = data2.data;

7 data3 = data3.data;

8

9 averageData = (data1 + data2 + data3) / 3;

10

11 disp(’The average data is:’);

12 disp(averageData);

Contour Plot Code for the Wind Tunnel

Listing 5: Contour Plot

1 close all;

2 clear;

3

4 dataStruct = load(’data.mat’);

5 velocity = dataStruct.data;

6

7 ny = size(velocity, 1);

8 nx = size(velocity, 2);
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9 Lx = 52;

10 Ly = 100;

11

12 x = linspace(0, Lx, nx);

13 y = linspace(0, Ly, ny);

14

15 %smoothness

16 nx_fine = 100;

17 ny_fine = 100;

18

19 x_fine = linspace(0, Lx, nx_fine);

20 y_fine = linspace(0, Ly, ny_fine);

21 [X_fine, Y_fine] = meshgrid(x_fine, y_fine);

22

23 velocity_fine = interp2(x, y, velocity, X_fine, Y_fine,

’cubic’);

24

25 figure;

26 contourf(X_fine, Y_fine, velocity_fine, 20);

27 colormap(turbo);

28 colorbar;

29 cb = colorbar;

30 cb.FontSize = 14;

31 cb.FontName = ’Times New Roman’;

32 xlabel(’Width (cm)’, ’FontSize’, 14, ’FontName’, ’Times New

Roman’);

33 ylabel(’Height (cm)’, ’FontSize’, 14, ’FontName’, ’Times New

Roman’);

34 title(’Minimum Velocity Contour’, ’FontSize’, 16, ’FontName’,

’Times New Roman’);

35 pbaspect([52/100, 1, 1]);

36

37 set(gca, ’YDir’, ’normal’);

TI Calculation and Contour Code for th Wind Tunnel

Listing 6: TI calculation

1 clear;

2 close all;

3 load(’maximum.mat’);

4 load(’minimum.mat’);
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5

6 U_mean = (maximum + minimum) / 2;

7 very_mean = mean(U_mean(:));

8

9 u_prime = maximum - U_mean;

10

11 turbulent_intensity_grid = (u_prime ./ U_mean) * 100;

12

13 average_turbulent_intensity =

mean(turbulent_intensity_grid(:));

14 disp([’Mean Velocity: ’,num2str(very_mean)]);

15

16 disp([’Average Turbulent Intensity: ’,

num2str(average_turbulent_intensity) , ’%’]);

17

18 x_actual = linspace(0, 52, size(turbulent_intensity_grid, 2));

19 y_actual = linspace(0, 100, size(turbulent_intensity_grid, 1));

20

21 figure;

22 contourf(x_actual, y_actual, turbulent_intensity_grid, 100,

’LineColor’, ’none’);

23 colorbar;

24

25 title(’Turbulence Intensity Contour Plot’, ’FontSize’, 16,

’FontName’, ’Times New Roman’);

26 xlabel(’X (cm)’, ’FontSize’, 14, ’FontName’, ’Times New

Roman’);

27 ylabel(’Y (cm)’, ’FontSize’, 14, ’FontName’, ’Times New

Roman’);

28

29 colormap(’parula’);

30

31 axis tight;

32

33 pbaspect([52/100, 1, 1]);

34

35 cb = colorbar;

36 cb.FontSize = 14;

37 cb.FontName = ’Times New Roman’;

38

39 set(gca, ’FontSize’, 14, ’FontName’, ’Times New Roman’);
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APPENDIX B: DATA

Detailed Budget Analysis

Table B.1: Detailed Budget Breakdown Used for the Project

S.No Expense
Details

Quantity Estimated
Amount (NPR)

Remarks

Hardware
1 Aluminum

Rod
4 3,600 900 per unit

2 Bearing 8 400 50 per unit
3 Clear Glass

(3.5mm)
2.7 sq.ft 500 185 per sq.ft

4 Coupler 4 1,000 250 per unit
5 Drill Bit

(3mm)
10 300 30 per unit

6 Metal Cut-
ting Wheel

4 200 50 per unit

7 Metal Pipe 23 ft 3,450 150 per ft
8 Polycarbon

Sheet
5 sq.ft 2,123.85 424.77 per sq.ft

9 Plywood - 12,000 Flexible + C grade Plywood
10 10mm Nut

Bolt
600g 400 700 per kg

Electronics
11 3D Printing

Machine
1 - Already available in DMAE

Flow Visualization Lab
12 Arduino 1 - Already available in DMAE

Flow Visualization Lab
13 CNC

Machining
1 - Already available in DMAE

Flow Visualization Lab
14 Drilling

Machine
1 - Already available in IIEC

15 iPhone 14
Pro Max

1 - Already available at Team

16 Marble
Cutter

- - Already available in Robotics
Club
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17 NEMA 23
Stepper
Motors

2 - Already available in DMAE
Flow Visualization Lab

18 Oil Pump 1 2,500 2,500 per unit
19 Pixel 8a 1 - Already available at Team
20 Plane Laser 1 - Already available in DMAE

Flow Visualization Lab
21 PLA Fila-

ment
1 - Already available in DMAE

Flow Visualization Lab
22 Smoke

Generator
1 - Already available in DMAE

Flow Visualization Lab
23 Styrofoam 1 - Already available in DMAE

Flow Visualization Lab
24 TB6600

Motor
Driver

1 - Already available in DMAE
Flow Visualization Lab

25 Vane
Anemome-
ter

1 - Already available in DMAE
Flow Visualization Lab

26 Welding
Machine

1 - Already available in IIEC

Chemical
27 Black

Enamel
Paint

1 Ltr 1,000 1,000 per unit

28 Colin 1 113 113 per unit
29 Dendrite 1500 ml 1,225 1,225 per unit
30 Fog Liquid 3 litre 3,000 1000 per litre
31 White Ce-

ment
1 kg 70 70 per unit

Miscellaneous
32 Binding

Tape
5 500 100 per unit

33 Black
Chart Paper

7 140 20 per unit

34 Electric
Tape

2 50 25 per unit
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35 Jumper
Wires and
Connectors

- 100 100 per unit

36 Paint Brush 1 50 50 per unit
37 Double

Sided Tape
4 400 100 per unit

38 Nails 5 pkt 450 90 per pkt

Grand Total 33,571.85

Wind Tunnel Data

The velocity recorded by vane anemometer is shown in the Tables[B.2, B.3, B.4]. These
values were then averaged to compute the maximum and minimum velocities for ob-
taining TI.

Table B.2: Recorded Velocity at Grid Data 1 (Outlet)

Maximum Minimum
7.57 7.87 8.27 8.19 7.72 7.26 7.64 8.14 8.16 7.41
8.00 8.44 8.41 8.19 7.65 7.92 8.27 8.30 8.07 7.47
8.05 8.62 8.60 8.45 8.25 7.87 8.45 8.50 8.37 7.80
7.78 8.76 8.61 8.75 8.66 7.41 8.67 8.36 8.57 8.06
8.04 9.00 9.02 9.01 8.70 7.88 8.92 8.72 8.83 8.52
8.15 8.93 9.10 9.10 8.99 7.79 8.78 8.94 9.00 8.77
7.28 9.07 9.37 9.35 9.26 6.99 8.90 9.01 9.08 9.14
8.24 9.11 9.61 9.58 9.13 8.01 8.92 9.40 9.25 9.05
8.21 9.12 9.66 9.42 9.21 7.82 8.97 9.31 9.02 9.07
7.77 8.90 9.60 9.45 9.00 7.32 8.74 9.38 8.84 8.95
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Table B.3: Recorded Velocity at Grid Data 2 (Outlet)

Maximum Minimum
7.60 7.81 8.40 8.34 7.71 7.45 7.69 8.26 8.12 7.49
8.31 8.46 8.36 8.10 8.03 7.82 8.18 8.12 8.05 7.45
8.02 8.82 8.54 8.25 8.27 7.72 8.64 8.25 8.09 7.74
8.16 8.89 8.68 8.82 8.26 7.55 8.61 8.55 8.36 7.95
7.88 8.73 8.85 9.09 9.01 7.48 8.46 8.61 8.54 8.48
8.15 9.01 9.20 9.20 8.82 7.50 8.33 8.72 8.83 8.73
8.31 9.06 9.22 9.18 9.21 7.77 8.52 8.64 8.86 8.55
8.31 9.20 9.54 9.60 9.30 7.70 9.15 9.04 9.38 8.96
8.20 9.34 9.70 9.45 9.19 7.97 9.11 9.40 9.36 9.10
8.17 9.23 9.80 9.37 9.08 7.85 8.89 9.29 8.87 8.98

Table B.4: Recorded Velocity at Grid Data 3 (Outlet)

Maximum Minimum
7.77 8.05 8.44 8.25 7.31 7.24 7.76 8.30 7.39 6.20
7.99 8.48 8.45 8.27 7.94 7.94 7.96 8.27 7.39 6.61
8.13 8.73 8.62 8.34 8.43 7.38 8.57 8.21 8.28 7.53
8.22 9.05 8.71 8.59 8.81 7.67 8.60 8.67 8.51 7.73
8.29 9.12 9.15 8.72 8.90 7.72 8.61 8.73 8.65 8.17
8.05 9.24 9.53 9.07 8.95 7.48 8.61 8.93 8.84 8.17
8.02 9.43 9.70 9.58 9.04 7.19 8.86 9.14 9.09 8.27
8.48 9.40 9.85 9.78 9.12 7.02 8.91 9.30 9.32 8.20
8.33 9.50 9.85 9.59 9.19 7.23 9.03 9.51 9.47 8.14
7.99 9.03 9.79 9.39 9.15 6.89 8.93 9.11 8.97 8.19

Table B.5: Averaged Maximum and Minimum Values (Outlet)

Maximum Minimum
7.65 7.91 8.37 8.26 7.58 7.32 7.70 8.23 7.89 7.03
8.10 8.46 8.41 8.19 7.87 7.89 8.14 8.23 7.84 7.18
8.07 8.72 8.59 8.35 8.32 7.66 8.55 8.32 8.25 7.69
8.05 8.90 8.67 8.72 8.58 7.54 8.63 8.53 8.48 7.91
8.07 8.95 9.01 8.94 8.87 7.69 8.66 8.69 8.67 8.39
8.12 9.06 9.28 9.12 8.92 7.59 8.57 8.86 8.89 8.56
7.87 9.19 9.43 9.37 9.17 7.32 8.76 8.93 9.01 8.65
8.34 9.24 9.67 9.65 9.18 7.58 8.99 9.25 9.32 8.77
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Table B.6: Averaged Maximum and Minimum Values (Test Section)

Maximum Minimum
8.25 8.57 8.95 8.93 8.86 8.06 8.24 8.69 8.85 8.84
8.87 9.10 9.02 8.99 8.85 8.59 8.95 8.93 8.77 8.74
8.41 9.04 9.10 8.97 8.83 8.26 8.87 8.93 8.91 8.75
8.36 8.86 9.14 8.89 8.82 8.00 8.77 8.91 8.82 8.75
8.79 8.77 8.93 8.56 8.79 8.69 8.68 8.71 8.54 8.75
8.60 8.85 8.88 8.78 8.73 8.48 8.69 8.83 8.72 8.63
8.66 8.65 8.76 8.47 8.32 8.50 8.54 8.52 8.30 8.20
8.66 8.66 8.84 8.70 8.73 8.61 8.65 8.69 8.54 8.57
7.88 8.25 8.43 8.45 8.48 7.06 8.15 8.19 8.37 8.23
7.81 8.82 8.25 8.57 7.85 7.68 8.75 8.23 8.45 7.71

Table B.7: Fan Description

Attribute CG (6 Fans) Usha (4 Fans)
Company CG Usha

Model CGFFA030 Farrata EX

Power Rating 130W 160W

Motor Speed 1400 rpm 1400 rpm

Number of Fans 6 4

Air Delivery - 90m3/min

Size 20 in 20 in (500mm)

Mass of Vanes

Table B.8: Mass of the Vane

Chord (cm) Mass (g)
20 140

25 180

30 255
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Mass of Spar

Table B.9: Mass of the Aluminum Spar

Diameter (mm) Mass (g)
12 318

Project Timeline

Table B.10: Project Timeline

Task Start Date End Date Days
Literature Review 13-May-24 28-Feb-25 291
Computational & Analytical Work 1st Phase 20-Jun-24 22-Dec-24 185
Development of Actuation System 10-Nov-24 22-Nov-24 12
Development of Gust Generator 22-Nov-24 2-Dec-24 10
Experiment 1st Phase 18-Nov-24 24-Jan-25 67
Flow Visualization 25-Nov-24 1-Mar-25 96
Wind Tunnel Design Optimization 4-Jan-25 12-Jan-25 8
Wind Tunnel Fabrication 15-Jan-25 11-Feb-25 27
Fabrication of New Gust Generator Setup 22-Jan-25 10-Feb-25 19
Experiment 2nd Phase 12-Feb-25 5-Mar-25 21
Computational & Analytical Work 2nd Phase 30-Jan-25 27-Feb-25 28
Data Processing 20-Feb-25 3-Mar-25 11
Documentation 13-May-24 4-Mar-25 295
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Figure C.1: Initial Frame Design
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Figure C.2: 2D Mesh for the Wind Tunnel for 2500mm Contraction Zone Length
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Figure C.3: Medium Mesh of Wind Tunnel

Figure C.4: Assembled Wind Tunnel

XIV



43

42

30

15

1 8R
72

Figure C.5: Housing for Stepper Motor

20

4 0

32 . 1
12 . 1

Figure C.6: Housing for 12mm
Bearing

450

1
5
0
0

1
4
5
0

1
2
0
0

1 000

300

7
0
0

1
5
0
0

9
5
0

1
4
5
0

1
0
0Ply 1

Ply 1
Extra

Ply 1
Extra Used

Ply 2 Half

OPly

OPly

OPly

OPly

Ply 2 Half
Extra Used

Ply 2 Half: Extra

0

1

2

3

4

5

6

2.1

2.1

0   A   B
1   A   B
2   A   B
3   A   B
4   A   B
5   A   B
6   A   B
2.1 A   B

Figure C.7: Plywood Cutting Sections
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Fabrication

Figure C.8: Fabricated Vane NACA
0016 of 0.25m chord

Figure C.9: Integration of Vanes in the
Initial Frame

Figure C.10: Assembly of Plywoods for
Top View Wind Tunnel

Figure C.11: Assembly of the Tunnel In
progress
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Figure C.12: Fabricated Wind Tunnel
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Figure C.13: Detachable Extension
(520mm(W )× 1800mm(L)×

1000mm(H)) Figure C.14: Frame being Fabricated

Experiment

Figure C.15: Smoke Visualization on a
Wing Observing Stall Angle

Figure C.16: Rocket Integration in
Wind Tunnel with Gust Generator
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Figure C.17: Digital Twin Technology
being Performed in Wind Tunnel

Figure C.18: Vibration Analysis being
done in Wind Tunnel
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APPENDIX D: EXPERIMENTAL LOGBOOK

Experiment Details:

• Objective: Measure the effects of varying vane spacing (dh), degree of oscillation
(θ), frequency (f ), and chord length (c) for producing gust.

• Vane Details: Styrofoam.

Variables:

• Varying Spacing (dh): 10, 20, 30, 40 cm

• Varying Degree of Oscillation (θ): 10, 15, 20, 25 ◦

• Varying Frequency (f ): 2, 3, 4 Hz

• Varying Chord Length (c): 20, 25, 30 cm

Table D.11: Chord Length of 20cm

Chord Length (c) = 20 cm

Experiment Number Remarks
1 No effect of the gust was seen at 100 mm spacing, 2

Hz, θmax = 10◦: Linear Profile Observed

2 There was slight deflection of the flow at 200 mm

spacing, 2 Hz, θmax = 10◦: Linear Profile Observed

3 The profile still remained linear at 200 mm spacing,
3 Hz, θmax = 10◦: Linear Profile Observed

4 Glimpses of sinusoidal profile was observed at 200
mm spacing, 4 Hz, θmax = 15◦

5 Glimpses of sinusoidal profile was observed with
slight increase in magnitude at at 300 mm spacing,
4 Hz, θmax = 15◦
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Table D.12: Chord Length of 25cm

Chord Length (c) = 25 cm

Experiment Number Remarks
1 No Effect of the Gust Response Seen at 200mm spac-

ing, 2 Hz, θmax = 10◦: Linear Profile Observed

2 The flow got slightly got deflected at 3 Hz, θmax =

10◦ , 200mm spacing. The flow was still linear.

3 A weak sinusoidal pattern was observed at 4 Hz,
θmax = 10◦, 200mm spacing.

4 Glimpses of more desired sinusoidal gust was ob-
served at 4 Hz, θmax = 15◦, 200mm spacing.

5 A more pronounced gust was observed at 3Hz,
θmax = 15◦, 300mm spacing

5 An Uniform high magnitude gust was observed at
4Hz, θmax = 15◦, 300mm spacing

Table D.13: Chord Length of 30cm

Chord Length (c) = 30 cm

Experiment Number Remarks
1 Stepper Motor was unable to provide enough torque

for the oscillation of the vanes.
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