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OZET

Bu calismada orta 6l¢ekli bir ses iistii tiflemeli riizgar tiineli i¢in 6n tasarim sunulmaktadir.
Test boliimiiniin kesit boyutlari, 0,4 m X 0,4 m olarak belirlenmistir ve hedeflenen
maksimum hiz Mach 4'tir. Diisiik maliyeti ve degisen Reynolds sayilarinda c¢aligma
kabiliyeti nedeniyle, “blowdown” tiinel tipi segilmistir. ilk tahminler, Mach 4'te 60
saniyelik bir ¢alisma siiresini belirlemek i¢in yapilmistir. Mach 4'te tiineli baslatmak igin
gereken giris basinci, ¢ikis basincinin deniz seviyesinde atmosfer basincina esit oldugu
varsayilarak yaklagik 15 bar olarak hesaplanmistir. Mach 4'te 60 saniyelik bir deneyi
miimkiin kilmak i¢in, maksimum sikistirma kapasitesi 40 bar olan bir kompresor ve toplam
kapasiteleri 40 m3 olan basing tanklar1 secilmistir. Tiinelin nozul “nozzle” geometrisini
olusturmak icin “Method of Characteristics” kullanilmisti. MATLAB yazilimi
kullanilarak bu yontem uygulanmis ve farkli parametrelere bagli olarak nozul geometrisi
olusturabilecek bir kod hazirlanmistir, MoC'den elde edilen koordinatlar, bir bilgisayar
destekli ¢izim yazilimina aktarilarak nozul geometrisi olusturulmustur. Son olarak,
ANSYS Fluent 2023 R1 yazilimi kullanilarak 2-boyutlu ve 3-boyutlu CFD yontemi ile
nozul geometrisi dogrulanmis ve ag bagimliligi “mesh dependency” caligsmasi yapilmistir.
Tim bu silireg, ¢o6ziimiin dogrulugunu kontrol edebilmek i¢in Mach 2 hizinda
tekrarlanmigtir. CFD analizi sonuglari, nozulun ¢ikis bolimiindeki Mach sayisi
diizglinliigiiniin tatmin edici oldugunu gostermektedir.
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ABSTRACT

The preliminary design for a mid-scale supersonic blowdown wind tunnel is presented in
this study. The cross-sectional dimensions of the test section are determined to be 0,4 m by
0,4 m, and Mach 4 is the target maximum operational speed of the wind tunnel. The
blowdown intermittent tunnel type was selected due to comparatively low built costs and
its ability to operate at varying Reynolds numbers. First estimates are made in order to
determine a run time of 60 seconds at Mach 4. The required inlet pressure to start the
tunnel at Mach 4 is calculated to be roughly 15 bars, assuming that the output pressure is
equal to atmospheric pressure at sea level. To enable a 60-second run time at Mach 4, a
compressor with a maximum compression capacity of 40 bars feeding a series of tanks
with total volumetric capacity of 40 m? are chosen. The Method of Characteristics is
implemented to develop the converging diverging nozzle geometry utilizing a code
developed in MATLAB. Nozzle geometry is constructed by importing the contours’
coordinates provided by the MoC approach into a computer-aided design program.
Moreover, ANSYS Fluent 2023 R1 is used to confirm the nozzle geometry through both
two-dimensional and three-dimensional CFD analyses. Meanwhile, mesh dependency
study is performed to optimize the CFD analyses setup. The whole process is repeated for a
different Mach number, Mach 2, to validate the methodology. The CFD study results
indicate that there exists acceptable Mach number distribution uniformity at the exit border
of the nozzles for both Mach 2 and Mach 4.
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The symbols and abbreviations used in this study are presented below along with their

explanations.

Symbols

A T T <« Cc 4

<

Abbreviations

AR
CFD
MoC
SST

Descriptions

Speed of sound
Area

Skin friction coefficient

Wall distance
Mach number
Pressure

Gas constant

Reynolds Number

Temperature

Velocity

Specific heat ratio

Mach angle
Density

Shear stress

Prandtl-Meyer angle

Descriptions

Aspect Ratio

Computational Fluid Dynamics
Method of Characteristics

Shear Stress Transport



1. INTRODUCTION

Wind tunnels are used to study the interaction of an object in contact with a moving fluid
(generally air). They are utilized to test scaled models in a free stream flow provided under
controlled conditions as if they are flying in real conditions [1]. Wind tunnel tests are
widely used in fluid dynamics researches especially in aerospace applications. High-speed
air vehicles that can reach supersonic conditions need these tests more due to their high
cost and difficulty of testing in real conditions.

The main difference between low-speed testing and high-speed testing is compressibility
of the air. In contrast to incompressible flow, where the fluid’s density remains constant,
compressible flow is commonly defined as variable density flow [2]. Based on
configuration variations and their operational Mach number, wind tunnels can be classified
into several groups. They can be categorized as subsonic (M < 0.8), transonic (0.8 < M <
1.2), supersonic (1.2 < M < 5) or hypersonic (M > 5) wind tunnels based on their operating
Mach number. The tunnels can be either continuous or intermittent type depending on their

configuration [3, 4].

Continuous type tunnels allow more control of conditions to the users. And also, users can
provide stable testing conditions for a longer period of time [3]. Intermittent type
supersonic wind tunnels have several advantages over continuous type such as ease of
installation, lower cost and etc. [5]. Also, due to lower setup time, it is more convenient for
model testing. Moreover, by comparing blow-down and indraft tunnels, blowdown type is
more common as it allows to vary the Reynolds number widely at a particular Mach
Number [3]. Considering all the advantages and disadvantages, blow-down intermittent
type wind tunnels are the most commonly used type comparing the others. In this type of
tunnel, the air does not circulate in the system and is released into the atmosphere from the
outlet of the diffuser. Figure 1.1 presents a schematic of a blow-down supersonic wind

tunnel and its main components.

Creating a steady, uniform flow in the test section over a range of Reynolds numbers is the
primary objective of design a wind tunnel. The Reynolds number (Re), can be defined as
the relationship between a typical inertial force and a typical viscous force and strongly
influences the behavior of boundary layers, is the most important dimensionless group for
tunnel design [4].



A stream of supersonic flow can be generated in a variety of ways, but the most typical
method is to expand the test gas from a high-pressure reservoir via a nozzle to the
appropriate Mach number [5]. Pressurized air is supplied from a compressor and there are
several types of compressors that may be used to fill the storage tanks of a blowdown wind
tunnel, but the piston compressor is by far the most popular, owing to its low cost and wide
availability in a variety of sizes [6]. The pressure regulator is a high-frequency response
valve to allow necessary pressure to start the tunnel and then regulate the flow rate to the
desired operating conditions. In the settling chamber, the airflow becomes uniform
utilizing flow straighteners upstream the nozzle. Then in the nozzle throat, the flow
accelerates from subsonic speed to the desired supersonic speed and enters the test section.
In addition to flow straighteners, nozzle geometry (contour) plays a crucial role to obtain a
uniform flow inside the test section. The expansion duct or "diffuser" downstream of the
working section is designed to slow down the flow [4]. Finally, a silencer is utilized to
minimize the sound level of the system [7]. Figure 1.1 illustrates the schematic view of a

supersonic wind tunnel.

Compressors are devices that supply air to the storage tank. Filling times vary depending
on the capacity of the compressor and the volume of the tank. The air directed by the
compressor passes through the dryer before it reaches the tank and the humidity decreases.
The high humidity value of the air in the tunnel is a situation that significantly affects the
test conditions. The air moving through the tunnel -if the humidity is not low- will start to
condense in the test section by cooling down. Condensation will prevent reaching the
desired speed value in the test section, but will cause a fog to seriously affect the imaging

and measurements. For this reason, the air that will flow in the tunnel must be dried.

The pressure tank supplies compressed air to feed the airline. The volume of the tank is
determined depending on the operation time. Tunnel run time is determined by considering

the type and amount of data required during a particular run.
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Figure 1.1. Schematic view of a supersonic wind tunnel

Gate valve is essentially a valve on which a plate is slid across the flow passage of the
pipe. In the closed position, the sealing surfaces on the plate and valve body are forced into
close contact with the pressure difference. When it is turned on, it allows air passage to the
system. Almost often, wind tunnels are built to run at a steady stagnation pressure during
any particular operation. A unique valve called the pressure control valve, which is

depicted in Figure 1.2, is used to lower the available pressure in the storage tank while
maintaining a steady wind tunnel stagnation pressure.
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Figure 1.2. Schematic view of pressure regulator



The air from the wide-angle diffuser enters the settling chamber, which usually consists of
a cylindrical shell with one diameter or more. Its length helps to produce uniform flow and
lowers air turbulence. After the settling chamber, the air settles in the subsonic part (inlet)

of the "nozzle" section.

Nozzles are located between the settling chamber and the test section, this structure, which
has a converging and diverging form, is designed to reach the required Mach number in the
test section. The subsonic speed in the rest room reaches the speed of sound due to the
expansion after the throat part of the "nozzle". If the required pressure ratio is set, a
supersonic nozzle is a convergent—diverging device that allows the flow to transition from

subsonic to supersonic flow conditions [8].

\_/

M<1 M=1 M=1

Figure 1.3. Nozzle geometry

One technique for calculating supersonic irrotational flow is the method of characteristics.
This method uses a sequence of points distributed along the nozzle for which we know the
flow parameters and lines linking these points, known as characteristic lines, to build the
divergent portion of the nozzle [9]. Unique forms for the diverging part of the Laval nozzle
are needed for each test section Mach number in order to provide a uniform Mach number

distribution, which is necessary for wind tunnels [10].

Alongside the more traditional solid wall test sections, supersonic tunnels are sometimes
arranged so that testing is done as a fully open or closed free jet without a diffuser. The
scaled models are tested under the desired conditions in the test section and the necessary

data are obtained.

In wind tunnels, load measurement systems are used to measure the forces and moments
that models are generally exposed to in multiple axes (generally 6 components). These

loads are generally examined in two parts as static and dynamic loads. Static load
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measurement systems are used in most of the wind tunnels because of ease of use and

more accurate results. Figure 1.4 shows the forces and moments that act on a model.

Figure 1.4. Forces and moments acting on the model under test

Most supersonic wind tunnels are built with a diffuser with a convergent section, a zone of
minimal cross section called a "second throat”, and then a divergent section. The test
section Mach number is progressively slowed by a sequence of reflecting oblique shocks
produced by the converging geometry, until a weak normal shock at the diffuser's end

causes the flow to reach subsonic speed [11, 12].

|
M, > 1l I M, <1

*- M - ] — #
Py, : | PO,
! m 5=
/
Figure 1.5. General view of diffuser geometry

The noise of a high-speed wind tunnel can be irritating and cause serious health problems

at close range. Silencers are designed to reduce the sound of the system.



Within the scope of this study, supersonic wind tunnels are those whose normal operating
speeds require the inclusion of compressible flow effects are researched. The flow is
assumed as adiabatic that means there is no heat transfer and it is reversible [13].
Assuming isentropic expansion through the nozzle, it is possible to estimate the total
operating time of the tunnel during which the supersonic flow fills the diverging section of
the nozzle [14]. The test section cross-sectional dimensions are chosen as 0,4 m by 0,4 m
and maximum speed is aimed as Mach 4. The type of the tunnel is chosen to be blow-down
considering its relatively low cost and capability of operating at different Reynolds
numbers. Preliminary calculations are performed to obtain a run time of 60 seconds at the

speed of Mach 4, assuming the outlet pressure as atmospheric pressure at sea level.

12 different supersonic and trisonic tunnels are compared with respect to their Mach
envelope, Reynolds number, test section dimensions, run time, tank capacity and
stagnation pressure. There are some missing informations about several items due to lack
of corresponding data in literature. Main objective of this comparison is to validate the

goals of our design with current supersonic tunnels around the world.

All the tunnels are chosen as intermittent blow-down type. They differ in their test section
size (some of them are very large sized). CAAA and ISL tunnels are most similar tunnels
comparing to our design in terms of test section size and Mach envelope. Table 1.1
compares 12 supersonic blowdown wind tunnels to our design in terms of major

properties.

Table 1.1. Supersonic & Trisonic wind tunnels

Tank
Test .
. Capacity .
Type of Section Mach Reynolds . Stagnation
Tunnel Name o Runtime / Mass
the Tunnel | Size (in | Envelope | Envelope Pressure
Flow
mm.)
Rate
100 x 1985 m"3
1 INCAS o 1200 x
) Trisonic 1.1-35 | 10M6-150 | 5-60 sec. (three
(Romania) 1200
x 106 tanks)
ITU Trisonic 04-22
2 ] o 150 x
Wind Tunnel Trisonic &22-
150
(Turkey) 4.0




Table 1.1. (continued) Supersonic & Trisonic wind tunnels

BAE
3 Supersonic ] 1200 x up to 30
. Supersonic 1.4-3.8
Wind Tunnel 1200 sec.
(BAE)
VTI T-38 o 1500 x up to 115
4 . Trisonic 0.2-4.0
(Spain) 1500 x 106
0.3to
DSTO . 806 x 2 x10"6 -
5 | (Australigy | Transomic | gng L2 | ax100
University of
Sydney,
Y y- ] 200 x more than
6 Supersonic Supersonic 16-35 .
) 200 2 min.
Wind Tunnel
(Australia)
Von Karman
7 ) ] 800 x 8-25
Institute Supersonic 3.5 50 x 10”6 y 3-18 bar
. 100 min.
(Belgium)
CAAA . 600 x 12 x 10”6
) ) Supersonic 04-45 up to 15 atm
(China) 600 -30 x 10”6
Flow Science
Limited,

’ Transonic / 210 x
9 Goldstein ) 0.3-20 45 sec. 130 m"3
Supersonic 150
Research Lab.

(England)
ISL S-30 . 300 x upto 2 x 30-120
10 Supersonic 15-4.4 1.2 - 20 bar
(France) 300 10"6 sec.
20 x 1076 280 kgls
11 . 1000 x 150 - 1400
JAXA (Japan) | Supersonic 1.4-40 - 60 x 40 sec. mass flow
1000 kPa
1076 rate
TUDELFT

12 ST-15 Transonic/ | 150x | 45 4 800 sec.

(Netherlands) Supersonic 150

40 m"3
tank
13 . . 400 x approx. 25 capacity /
Our Design Supersonic 400 4.0 x 1076 60 sec. 27 kgis 7.2 bar

mass flow
rate




2. METHODOLOGY

As mentioned earlier, the tunnel is selected as intermittent blow-down due to its several
advantages over the continuous type such as ease of installation, lower cost, and shorter
setup time. In this type of tunnel, the air does not circulate in the system and is released
into the atmosphere from the outlet of the nozzle. Figure 2.2 shows schematic of the main

components of a supersonic blow-down wind tunnel.

A flow diagram is given that represents steps of the progress of this study (see Figure 2.1).

- ) N
Determine the
system
requirements
!
] r ™
Spemfy_ nozzle Create noz;le Creat_e geometry Apply mesh on _S_et boundary
design contour with with CAD created geometry conditions and perform
parameters MoC software g CFD analysis
. vy T
Carry on mesh
dependency
study
. J
Evaluate
solution results

Figure 2.1. Flowchart of the study

The first challenge is to design an appropriate nozzle to have the maximum flow
uniformity inside the test section at the desired operating conditions. The second objective
is to design a diffuser with minimum losses. For the preliminary design, we assume to have
sonic flow at both throats (nozzle and diffuser) as well as isentropic flow through the
nozzle. Moreover, the flow is assumed to be adiabatic inside the tunnel. Using these
assumptions and the following equations the nozzle and the diffuser throat areas are

calculated.

Apy.p1.01 = Apa. p3. 05 (2.1)

Az /A = p1-ax ] pz.az (2.2)
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v :
I". I| II %
v | v 1
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b t h N —
/'{ | L
| .I'. .
Gate valve .' Settling chamber Test section

Pressure regulator
Figure 2.2. Schematic of the main components of a supersonic blow-down wind tunnel

In Eq. 2.1 and Eq. 2.2, A;; and A,, represent the cross-sectional areas of nozzle and
diffuser parts, respectively. a; and a; indicate the speed of sound in these parts and are

considered to be equal.

Ap2/An = p1/pz = (Pi/RT7) [/ (P2/ RT;) (2.3)

Nozzle throat area, A, is calculated as 0,015 m? by using isentropic flow properties.
Also, process is assumed as adiabatic. So, the diffuser cross-sectional area is determined
by Equation (2.4):

te _ i
Ay P (2'4)
where Ty = T3 and 4, = 0,108 m?
p 2 y&D 25
* 1

_ Poy

AtZ —_ Atl XP_ (26)
02

The pressure ratios ? are estimated as 7,2 from the isentropic flow assumption to achieve
02

Mach 4 at the test section. Required pressure ratio to start the tunnel can be considered as

the double of pressure ratio for operating conditions [1, 3].

The mass flow rate at Mach 4 is calculated as 27 kg/s using the following equation:
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m o= [A.P /To ] % [

y+1

where A* = Ag.

y+1

10

2.7)

The total mass of the air needed for a 60 seconds tunnel operation is calculated as 1650 kg.

Utilizing a compressor with a compression capacity of 40 bars, a reservoir tank of 40 m3

will be sufficient to store enough air to run the tunnel for 60 seconds.

With the same pressurized air reservoir capacity, if the desired speed in the test section is

changed, the operation time changes as well. Table 2.1 and Figure 2.2 shows the run times

of the tunnel at different Mach Numbers, beginning from Mach 1,5 up to Mach 4 with 0,5

increment. Our calculations show that the tunnel will have a run time of 111 seconds at

Mach 1,5. Tunnel operating pressures which are given in the following table, satisfy the

reference values given in Figure 2.2 [3].

Table 2.1. Run times vs. Mach number

Mach Number Operational Pressure (bar) Run Time (sec)
1,5 1,08 111
2 1,4 92
2,5 2 81
3 3,04 73
3,5 4,7 67
4 7,2 60
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2.1. Nozzle Design

The nozzle is most critical part of a supersonic wind tunnel, channeling flow to the test
area and accelerating it to a specified speed and condition. Nozzles are not just for wind
tunnels; they're also widely utilized in jet engines for propulsion applications.

The supersonic nozzle is made up of two parts: a subsonic component that accelerates the
settling chamber flow to sonic speed, and a supersonic segment that accelerates the flow

even further and delivers it to the test section as a uniform stream [3].

Achieving the desired and appropriate velocity in the wind tunnel is highly dependent on
the nozzle contour properties, with the definition of the nozzle contour being a function of
both the aerodynamic and physical properties of the nozzle design [15]. In a convergent
divergent nozzle, the reduction of the flow cross section in the case of a subsonic flow
leads to acceleration of the gas. The flow surface converges until the minimum surface
area, that is the throat. In the throat, the current flows at the speed of sound. Downstream

of the geometry, the diverging section can accelerate the gas to the supersonic limit [16].

There are two main categories of supersonic nozzles: minimum length nozzles and
gradually expanded nozzles. Minimum length nozzles are commonly used to decrease the
weight and length of the nozzle, especially in rockets and jet engines. They are especially
used for an optimization of nozzle thrust efficiency is an important factor [17]. Gradual-
expansion type nozzles are generally used where providing a high-quality flow is a

significant factor, such as wind tunnels [18].

Y% S N
. » s [ e W h : N
Sonic Line & 7 ¥ 3 Sonic Line

Figure 2.5. Gradual-expansion nozzle (left) vs minimum length nozzle (right)
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2.1.1. The Method of Characteristics

The method of characteristic is the most often used direct design methodology for
developing the nozzle contour among those used to produce nozzle geometry. Ludwig
Prandtl and Adolf Busemann proposed the method of characteristic, which is a graphical
approach to solving a flow field, in 1929 [19 - 21]. Method of Characteristics (MoC) is a
suitable numerical method for solving two-dimensional compressible flow problems.
Using this technique, flow characteristics such as direction and velocity can be calculated
at different points throughout the flow field [3, 11].

For both two-dimensional and three-dimensional flows, the method of characteristics was
devised. However, the two-dimensional flow technique is commonly used due to its ease
of application. A rectangular supersonic nozzle with parallel side walls and curved top and
bottom walls is an example of a two-dimensional flow with flow changes in two

dimensions.

The idea behind the Characteristics Method (MoC) in terms of nozzle design is the
expansion of the steady supersonic flow through the use of expansion waves. The opposite
of shock compression waves, which impede airflow, are these Mach waves [22]. This is

governed by the Prandtl-Meyer function:

Leading
Mach
wave

Trailing
Mach
wave

M, N\
_—

Figure 2.1.1. Gradual expansion of supersonic flow [22]

dv + d§ = o320k g (2.8)

y
vV = /ii—i arctan /ii—i (M? —1) - arctanvM? — 1 (2.9
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The parameter v is known as the Prandtl-Meyer angle and where Mach angle, p, is defined
as [21]:

(2.10)

The parameters are as follows: 0 is the flow angle with respect to the nozzle centerline, s is
the arc length along the characteristic, y is the radial distance, y is the specific heat ratio,
and p is the Mach angle, which is defined as arcsin (1/M). In the case of axisymmetric
flow, ¢ = 1, and for 2-D flow, ¢ = 0. Radian is used for all angles. The "+" in Equation
(2.8) denotes right-running traits as well as the "—" to left-running traits. Mach lines are
angles that radiate from a point. & + u represents the left characteristic and 6 — u
represents the right characteristic. Equation (2.8) is used to calculate the Mach lines
defined by:

L — tan(6 + ) (2.11)

dx

-
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Figure 2.1.2. Design procedure of nozzle geometry [23]

A MATLAB code is utilized to perform the method of characteristic. 100 characteristic
lines were created with this program to solve nozzle geometry. As the number of lines
increases, created nozzle wall contour gets smoother. However, over 100 characteristic
lines, there was no improvement on the boundary and also some conflicts occurred. Figure
2.7 and 2.8 show the 2 Mach and 4 Mach nozzle contours, results of MoC. Outputs of the
MATLAB code are also obtained as x and y-axis coordinates. To create the geometry of

the nozzle, these coordinates are imported to a computer-aided drawing program. Figure
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2.9 and Figure 2.10 shows the created nozzle geometry. Area ratio between outlet of the
nozzle and the throat is found as 10,72 which is consistent with previous calculations

assuming isentropic flow condition through the nozzle.

That geometry, which created by using MATLAB, creates a boundary beginning from the
throat ends with the exit of the nozzle i.e. entrance of the test section. Nozzle exit is
extended for half length of the test section where the model will be placed [3]. To create
inlet geometry of the nozzle, hyperbolic tangent function was used. The hyperbolic tangent
function, often denoted as tanh, is a mathematical function commonly used in various
fields, including mathematics, physics, and machine learning. It is widely used in neural
networks and other mathematical models due to its desirable properties, such as being

differentiable and mapping input values to a bounded range.
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Figure 2.1.3. Mach 2 nozzle contour
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Figure 2.1.6. Mach 2 nozzle geometry
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2.2. CFD Analysis

Besides the wind tunnel testing, Computational Fluid Dynamics (CFD) analysis has an
important role on design and development of aerial vehicles. CFD methods are used to
simulate the real flight conditions of an aircraft. Both wind tunnel testing and CFD are
performed to estimate the behavior of a model that is flying through the air. Great fidelity

of CFD approaches improves wind tunnel testing [24, 25].

The flow quality of the wind tunnel test section is related to the temporal and spatial
aspects of the flow. Along the streamwise tunnel axis, distributions of flow specify the
flow quality [26]. The flow evolution and its quality can be checked by using CFD
(Computational Fluid Dynamics) analysis. ANSYS Fluent 2023 R1 provides
comprehensive modeling capabilities for various laminar and turbulent compressible and
incompressible fluid flow problems. For all flows, ANSYS Fluent 2023 R1 solves mass
and moment conservation equations. Additionally, for flows involving heat transfer or

compressibility, it also considers energy conservation equation [14].

There are two main solver types as pressure-based and density-based in Fluent. For
highspeed flows, a density-based solver is a better option due to high compressibility of the
air in supersonic flows. The density-based solver simultaneously solves the equations that
govern continuity, momentum, and (when appropriate) the transfer of energy and species
[14].

Despite that the flow can be assumed inviscid in supersonic conditions, an inviscid CFD
analysis is not suitable to investigate the boundary layer development. So, a different

turbulence model must be used.

To perform the simulation, k — w SST (shear stress transport) turbulence model is utilized.
This model is widely used in many aerodynamic applications involving boundary layer
evolution. Basically k — w SST combines two equations k — w on near the wall and k — €
model in the free-stream. It gives a better solution compared to the inviscid model and

other viscous models on boundary layer.
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3. CFD SIMULATIONS RESULTS AND DISCUSSION

CFD analysis of the nozzle of the designed supersonic wind tunnel will be presented in this
section. Firstly, designed geometry is meshed by using Fluent Meshing and Pointwise
softwares. For this process Y+ value (will be discussed in following sections) is estimated.
Then providing the mesh quality criteria, different sized meshes are applied on the
geometry for both 2D and 3D models. CFD analysis are performed based on these
references and considering the computational limits of existing hardware (work station

computer).

3.1. Y+ Estimation

When constructing the mesh, it is often useful to be able to estimate the wall-distance
needed to obtain a certain Y+ value. To estimate this, the following steps can be applied:

1. Compute the Re number:

Re — p- Ufreestream :‘boundary layer (31)

2. Estimate the skin friction
Cr = [2.logy (Rey) — 0,65]7%3 for Re < 10° (3.2)
3. Compute the Wall shear stress:
1 2
Tw = Cf 'S P Ufreestream (3.3)

4. Compute the Friction velocity:

v = [ (3.4)

b (3.5)

Where p is density u, is friction velocity, h is first layer thickness and u is dynamic
viscosity.

Y+ value should be in the range 1-30. As the Y+ value decreases, the mesh quality

increases. Considering the capacity of the computers, that value is selected average of the
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limits, as 15 for 3D CFD analysis and 1 for 2D CFD analysis. So, the first layer thickness
is calculated by using Equation (3.1) — Equation (3.5).

To estimate the first layer thickness, following inputs given in Table 3.1.1 and Table 3.1.2

were used:

Table 3.1.1. Y+ Calculation inputs for Mach 4

Input Value
Freestream velocity 4 Mach ~1384 %
Freestream air density 0,0577 %
Boundary layer length 1300 mm
Desired Y+ value 1 (for 2D analysis) — 15 (for 3-D analysis)

Table 3.1.2. Y+ Calculation inputs for Mach 2

Input Value
Freestream velocity 2 Mach ~ 692 =
Air density 0,220 %
Boundary layer length 1000 mm
Desired Y+ value 1 (for 2D analysis) — 15 (for 3-D analysis)

Air density and dynamic viscosity values were obtained by using ideal gas properties at
desired velocity and pressure inside the test section at the altitude of the facility (~1200m).

The boundary layer lengths were measured from the created geometry on Solidworks.

Providing the desired Y+ value, different sized meshes are applied on the geometry.

Following criteria were utilized to improve the mesh quality [14]:

» Orthogonal Quality in meshing refers to the degree to which the angles between
neighboring elements (such as triangles or quadrilaterals in 2D, or tetrahedra or
hexahedra in 3D) are close to being perfectly perpendicular (90 degrees). A mesh
with higher orthogonal quality has elements that approach a state of orthogonality,

meaning the angles between them are closer to 90 degrees.
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» Skewness is the measure of how much the shape of a cell differs from that of an

equilateral cell with the same volume.

* Aspect Ratio in meshing refers to the ratio of the longest side of an element (such
as a triangle or quadrilateral in 2D, or a tetrahedron or hexahedron in 3D) to its
shortest side. In simpler terms, it measures the elongation or distortion of an
element's shape. A low aspect ratio indicates that the element is closer to being
equilateral or cube-shaped, while a high aspect ratio suggests that the element is
stretched or distorted (must be lower than 20-30) [14].

Mathematically, the aspect ratio (AR) of an element can be defined as:

AR = Longest side length
" Shortest side length

3.2. Mesh Dependency

A mesh dependency study is a process used in numerical simulations, particularly in the
context of finite element analysis (FEA) or computational fluid dynamics (CFD). In
numerical simulations, the computational domain is discretized into smaller elements or
cells, forming a mesh. The accuracy of the simulation results is influenced by the quality

and density of this mesh.

The purpose of a mesh dependency study is to assess how sensitive the simulation results
are to changes in the mesh size or refinement. This involves running the simulation with
different mesh resolutions and analyzing how the results change as the mesh is refined or

coarsened.

Another goal of a mesh dependency study is to ensure that the simulation results are not
excessively influenced by the choice of mesh and that the results are reliable and accurate.
It helps in optimizing the computational resources by using a mesh that is fine enough to

capture important features of the problem without unnecessary computational cost.
3.3. Boundary Conditions & Initial Conditions

To perform CFD analysis Fluent needs boundary and initial conditions as input values. In

this setup, density-based solver is chosen as it has a better accuracy than pressure-based
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solver for compressible flows. For Mach 4 geometry, inlet and outlet conditions are
selected as pressure-inlet and pressure-outlet and their values are 7,2 bar and 4611 pascal,
respectively from the calculations mentioned before. By using the same calculations, Mach
2 boundary conditions were found as 1,4 bar and 17894 pascal, respectively. The no-slip
condition is enforced at the boundaries of the surface, resulting in a velocity of zero at the
wall. This is a common characteristic of viscous flow within the boundary layer. For initial
conditions of the environment standard room conditions are chosen. To provide

compressibility effect on air, ideal gas properties are used.
3.4. 2D CFD Analysis

Considering the mesh quality criteria and desired Y+ value, 5,6x10%m of first layer
thickness is calculated for Mach 4 nozzle geometry and 3,14x10~m for Mach 2 nozzle
geometry. Achieving square-shaped meshes at the middle of the geometry, growth rate and
number of layers - given in Table 3.4.1 and Table 3.4.2 - were obtained.

Table 3.4.1. Mesh dependency study of 2D model for Mach 4

Mesh Numpe FLiECayer Growth Rate | Orthogonal Quality | v+ \alue
(million) Thickness (m)
1 1,33x1073 1,2 >0,71 ~12,3
2 6,66x10~* 1,15 >0,72 ~9,82
4 3,33x1075 1,12 >0,72 2,8
8 5,6x107° 1,019 >0,72 ~1,21

Table 3.4.2. Mesh dependency study of 2D model for Mach 2

Mesh Number First Layer Growth Rate | Orthogonal Quality | v+ value
(million) Thickness (m)
1 1,00x10~* 1,15 >0,71 ~11,39
2 3,00x107° 1,12 >0,72 ~3,435
4 1,00x10~° 1,1 >0,72 1,126
8 3,14x10°° 1,015 >0,72 ~0,79
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Growth rate is generally chosen between 1-1,2. As this value decreases, accuracy of the
solution increases. So, for this study it is chosen lower rates to get better results.

Figure 3.4.1. Close view of surface mesh

After the meshing process is done, ANSYS Fluent 2023 R1 software is used to perform
CFD analysis on 2D model for both 2 geometries. As can be seen in Figure 3.4.2 to Figure
3.4.5, the airflow inside the test section can reach the desired Mach numbers. Also, results
of the solution at the boundary are satisfactory. Figure 3.4.8 to 3.4.10 shows the Mach
number vertical distribution at the outlet of the nozzle between solutions in terms of mesh
number. Also, mesh convergence study is performed. Ensuring that the model has reached
a solution is confirmed by a mesh convergence investigation (see Figure 3.4.11 to Figure
3.4.14). Further refining is not required because it also offers support for mesh
independence. Nozzle walls surface pressure distributions are shown in Figure 3.4.6 and
Figure 3.4.7.

Figure 3.4.2. Mach number contour from the Fluent simulation of the Mach 4 nozzle
geometry
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Figure 3.4.3. Mach 4 geometry velocity contour of the boundary layer
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Figure 3.4.4. Mach number contour from the Fluent simulation of the Mach 2 nozzle
geometry
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Figure 3.4.5. Mach 2 geometry velocity contour of the boundary layer
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Surface pressure distribution (Mach 4)
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Figure 3.4.6. Surface pressure distribution for Mach 4 nozzle
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Figure 3.4.7. Surface pressure distribution for Mach 2 nozzle
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Figure 3.4.8. Mach number vertical distribution in the outlet of the nozzle for different
mesh numbers (in millions) (Mach 4)
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Figure 3.4.9. Mach number vertical distribution in the outlet of the nozzle for different
mesh numbers (in millions) in a close range (Mach 4)
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Figure 3.4.10. Mach number vertical distribution in the outlet of the nozzle for different
mesh numbers (in millions) in a close range for Mach 2
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Figure 3.4.11. Mach 2 nozzle mesh convergence study (2d)
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Figure 3.4.12. Mach 4 nozzle mesh convergence study (2d)
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Figure 3.4.13. Mach 2 nozzle mesh convergence plot (2d — 4m mesh)

1e-024

1e-034

1e-044

1e-057

1e-06

1e-071

27

1000

1e-08.
0

100 200 300 400 500 600 700 800 900
Iterations

1000

|

— continuity — x-velocity — y-velocity — z-velocity - energy k omega

Figure 3.4.14. Mach 4 nozzle mesh convergence plot (2d — 4m mesh)

3.5. Mesh Dependency on Boundary Layer

Mesh dependency study was performed on boundary layer for 2D CFD analysis worked

before. Results for different number of meshes (1m, 2.5m, 4m and 5m) were illustrated in
Figure 3.5.1 and Figure 3.5.2.
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Figure 3.5.1: Mach number distribution at the boundary layer for different Mesh numbers
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Airspeed in the test section gets uniform approaching to the mid-plane between +0.15 and -
0.15 meters. So that the remaining area creates the boundary layer velocity profile given
above. Concluding the results, increasing mesh number -with increasing mesh quality-
gives better velocity profile solution. It is clear to see the airspeed Mach number is closer

to the desired value for higher mesh numbers in boundary layer section.



3.6. 3D CFD Analysis

After completing 2D CFD analysis for both cases, 3D CFD analysis of the geometries were
performed. By considering computational capacity of the available hardware (work station
computer), it becomes too hard to achieve the desired Y+ values. So, by increasing the first
layer thickness and providing a high-quality mesh, this analysis is done for higher Y+
values. In next steps, the mesh number will be increased by decreasing the first layer

thickness as shown in Table 3.5.1 and 3.5.2. Also, mesh convergence study is applied for

these cases as well (see Figure 3.5.9 to Figure 3.5.12).

Table 3.6.1. Mesh statistics for 3D model for Mach 2

Mesh Number

First Layer Thickness

(million) m) Growth Rate Y+ Value
4 2,00E-04 1,2 22,84
8 1,80E-04 1,16 20,18
12 1,30E-04 1,12 15,02
16 1,00E-04 1,10 11,5

As a results of 3D CFD analysis, Mach number distributions at the exit of the nozzle is

satisfactory in terms of desired Mach number and boundary layer thickness as can be seen

in following figures.
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Figure 3.6.1. Mach number contours for 3D CFD analysis of Mach 2
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Figure 3.6.3. Mach number vertical distribution in the outlet of the nozzle for different
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Figure 3.6.4. Mach number vertical distribution in the outlet of the nozzle for different
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Table 3.6.2. Mesh statistics for 3D model for Mach 4

Mesh Number First Layer
. ) Growth Rate Y+ Value
(million) Thickness (m)
4 2,00E-03 1,2 232
8 1,60E-03 1,18 151
12 5,00E-04 1,17 71,1
18 1,00E-04 1,15 58,3
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Figure 3.6.10. Mach 4 nozzle mesh convergency study (3d)
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Figure 3.6.11. Mach 4 nozzle mesh convergence plot (3d — 12m mesh)
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Figure 3.6.12. Mach 2 nozzle mesh convergence plot (3d — 8m mesh)

3.7. Comparison of 2D and 3D CFD Analysis

In this section of the study, 2D and 3D CFD analysis were compared. Results of the
highest number of mesh analysis were used. The same boundary conditions were used on
ANSYS Fluent 2023 R1.

As can be seen in Figure 3.6.1 and Figure 3.6.2, 2D analyses give different results than the
3D analyses due to the mesh quality depending on computational limits and increasing
wall effects on 3D solution domain. The boundary layer thickness is lower for 3D analyses

which sounds more promising.

Mach Number Distribution at the Exit (2d vs 3d)
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Figure 3.7.1. Comparison of 2D and 3D CFD analysis (Mach 2)
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Mach Number Distribution at the Exit (4 Mach 2d vs 3d)
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Figure 3.7.2. Comparison of 2D and 3D CFD analysis (Mach 4)
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4. CONCLUSION

The preliminary design of an intermittent blow-down supersonic wind tunnel with
maximum speed of Mach 4 is presented. Achieving desired parameters such as obtaining
a Mach 4 maximum velocity in test section, running the system for 60 seconds, necessary
calculations and assumptions were performed to obtain working conditions and nozzle
and diffusor throat dimensions. The pressure ratios were specified by using isentropic
flow properties. Pressurized air reservoir capacity was calculated depending on these
parameters and run times of the tunnel with different Mach numbers (1.5 to 4) are

calculated.

The most challenging part of this study was to obtain nozzle geometry. Researches on
literature showed that the most common and accurate solution for this subject is Method
of Characteristics. Method of characteristics (MoC) is useful numerical technique for
resolving two-dimensional compressible flows evolution. This method allows the
calculation of flow properties at various locations within the flow field, including
direction and velocity. A MATLAB code derived to create desired nozzle geometry
contour coordinates. To compare and validate the accuracy of the solution of Mach 4
nozzle, another case was created as Mach 2 nozzle and the whole operations mentioned

above, were applied on the new case.

Coordinates of the nozzle boundary are imported to a CAD software, Solidworks. The test
section's nozzle outlet is extended for half its length, where the model will be positioned.
To control flow quality and evolution, Computational Fluid Dynamics (CFD) analysis
was executed with ANSYS Fluent 2023 R1 program which has comprehensive modeling
capabilities for a wide range of both turbulent and laminar compressible and
incompressible fluid flow. As in that case, density-based solver is a more appropriate
choice due to its capability of solving high-speed flow problems. The Shear Stress

Transport turbulence model, k — w SST, was chosen for this case.

In order to obtain a more accurate solution, nozzle geometry was meshed obeying mesh
quality criteria. Also, Y+ estimation was done to specify wall distance of the mesh. For
both 2D and 3D cases, appropriate Y+ values were calculated by considering

computational limits of available hardware.
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To determine how responsive the simulation results are to adjustments in the mesh size or
refinement, a mesh dependency analysis was conducted. In order to do this, the
simulations were conducted at various mesh resolutions, and the effects of mesh
refinement or coarsening were examined for both 2D and 3D analysis. With different
mesh sizes, mesh metrics, flow uniformity, Y+ values and Mach number distribution

changes at the exit of the nozzle were compared.

Results from CFD analysis show that Mach number magnitude and its uniformity
throughout the outlet boundary of the nozzle are satisfactory for both cases. Comparing
with different mesh numbers of solution domains, proved that by increasing the mesh
number (providing mesh quality within the limits) creates better solution. Mesh
convergence study was conducted for all cases to compare relations between exit Mach
numbers, mesh numbers and solving times. Also, a mesh dependence study applied and

illustrated on boundary layer of the test section walls and results were satisfactory as well.

In terms of future works, these analyses should be performed utilizing a more capable
hardware to acquire more accurate results especially for 3D solution as it enables to

capture whole flow-field including corner flows of the nozzle.
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