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                            Abstract 
    
The wind tunnel is considered as an important device to test the aerodynamic performance 

of the different bodies. The wind tunnel performance depends on the characteristic of the air 

stream passing through the test section, and the aim of this research is to investigate pressure, 

velocity boundary conditions, and compressibility, incompressibility situations within the 

fully developed isentropic flow. Due to the specified maximum velocity of 50 m/s and 

subsonic flow located at the exit of the nozzle, the new nozzle geometry was designed. For 

the design hyperbolic analytical geometry equations and combination of the equation of 

motion, Mach number, and specific heat ratio were used. After that, a normal grid and a 

cylindrical grid were assembled at the exit of the nozzle to inspect changes at a car position 

(3 meters from the exit of the nozzle). The comparison of the theoretical results of pressures, 

velocities and density changes with the results of the Dynamic Gas table and Ansys Fluent 

analysis is performed. 
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CHAPTER 1-INTRODUCTION 

Description of the Subsonic Wind Tunnel 
 

1. What is the wind tunnel 
 

A wind tunnel is a tool used in aerodynamic research to study the effects of air moving past 

solid objects. A wind tunnel consists of a tubular passage with the object under test mounted in 

the middle. Air is made to move past the object by a powerful fan system or other means. The 

test object often called a wind tunnel model, is instrumented with suitable sensors to measure 

aerodynamic forces, pressure distribution, or other aerodynamic-related characteristics. 

(Vertical Wind Tunnel, February,1945) 

 

1.1 Description of the Wind Tunnel 
 

The airflow created by the fans that are entering the tunnel is itself highly turbulent due to the 

fan blade motion (when the fan is blowing air into the test section – when it is sucking air out 

of the test section downstream, the fan-blade turbulence is not a factor), and so is not directly 

useful for accurate measurements. The air moving through the tunnel needs to be relatively 

turbulence-free and laminar. The correct this problem, closely spaced vertical and horizontal 

air vanes are used to smooth out the turbulent airflow before reaching the subject of the testing. 

(Paul, 1993) 

 

 

                                                            Figure 1  Open and closed types of wind tunnel 
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CHAPTER 2-LITERATURE RESEARCH 

FUNDAMENTAL OF FLUID MECHANICS FOR LOW-SPEED WIND TUNNELS 
 

2.1    Boundary Layer 
 

In wind tunnels, the Boundary Layer plays an essential role in experiments. It is for this reason 

that in this section a brief overview is given on that part of the subject matter. Two-dimensional 

boundary layers are recommended to decrease the disparity between theory and tests. Whenever 

any fluid flows over an object's surface the molecules of the last layer are likely to be attached 

to the surface of the object. Consequently, the velocity of this layer is identical with the object's 

velocity. In terms of the wind tunnel walls, this layer velocity will be zero; due to the wall shear 

stress, this specific condition is known as Slip Condition. The velocity of fluid varies from zero 

to maximum in upright layers. It is this type of layer, formed near the wall of the wind tunnel, 

known as Boundary Layer, where viscosity plays an important role. It leads to a laminar form 

at low (Re), whereas the low converts to turbulent low as Re increase. According to the British 

physicist and engineer Osborne Reynolds, the general character of motion of fluids in contact 

with solid surfaces depends on the relation between a physical constant of fluid, and the product 

of the linear dimensions of space occupied by the fluid, and the velocity. If L t s complies with 

the length of the test section, U t s complies the velocity of air within the test section, then 

Reynolds number is shown by Re. Therefore one can rewrite all these parameters in the 

following (Kestin, 1962) 

 

 

                            Figure 2 Boundary Layer representation with laminar flow and turbulent flow 

       

 Reynold Equation: 

 

                          𝑅𝑒 =
𝑣∗𝐷

ν
= 𝑅𝑒 =

𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙  𝑓𝑜𝑟𝑐𝑒

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒
=

𝑓𝑙𝑢𝑖𝑑 𝑎𝑛𝑑 𝑓𝑙𝑜𝑤 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑖𝑒𝑠

𝑓𝑙𝑢𝑖𝑑 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑖𝑒𝑠
                        (2.1) 
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Where υ is kinetic viscosity and D is the hydraulic diameter 

Figure 2. Shows the height of free stream velocity U from the wall of the wind tunnel. Delta 

shows the Boundary layer thickness. U is the wall velocity. Figure 2. (a) Shows the laminar low 

in the boundary layer and figure 2. (b) Shows the turbulent low. There are many definitions for 

Laminar low. According to Smith fluid can low in one of two ways. One is in a smooth, layered 

fashion, in which the streamlines all remain in the same relative position with respect to each 

other. This type of flow is referred to as laminar flow. At high Reynold's numbers, the layer of 

air flow nearest to the wall surface acts as the wall surface. Due to many swirls being formed 

in this layer, all molecules become amalgamate, moving in an irregular fashion (Bauman) . 

 

2.2 The Continuity Equation 
 

The mathematical equation that represents the conservation of mass of moving fluid is known 

as the Continuity Equation. Suppose that fluid is in motion with the speed v, distance s moves 

as fluid in a time interval of ∆t then s can be calculated as below: 

 

                                                      𝑠 = 𝑣 ∗ ∆t                                               (2.2) 

 

Presumed that the fluid is in motion in a tube of a cross-sectional area of A, the volume V of 

the fluid can be express at a point as: 

 

                                                       𝑉 = 𝑣 ∗ ∆t ∗ A                                     (2.3) 

 

The mass flow rate of this fluid in the tube can be calculated by the following equation: 

 

                                                      
∆m

∆t
= q ∗ A ∗ 𝑣                                      (2.4) 

 

Where ρ is fluid density. If the mass of the fluid is constant between two points of the tube, this 

type of flow is called Steady Flow. As a result, the mass flow rate will be constant at both 

points. This can be expressed in the form of the following equation: 

 

                                              𝑞1 ∗ 𝐴1 ∗ 𝑣1  =  𝑞2 ∗ 𝐴2 ∗ 𝑣2                       (2.5) 
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In the case that the fluid within the tube is incompressible and at low speed, its densities at both 

points of the tube should be the same. Thus the equation can be rewritten as: 

 

                                                    𝐴1 ∗ 𝑣1  =  𝐴2 ∗ 𝑣2                                  (2.6) 

 
2.3    Bernoulli Equation 
 

Bernoulli's Equation basically represents the relation between velocity, density, and pressure. 

Since density is a constant, as explained in the previous section, the following equation 

expresses the relation of pressure and velocity between P2 and the conditions at P1 (Yunus A. 

Çengel, 2006): 

 

                 𝑃1 +
1

2
∗  

𝑚

𝑉
∗ 𝑣2 +

𝑚

𝑣
∗ g ∗ ℎ1   =  𝑃2  +  

1

2
∗

𝑚

𝑣
∗ 𝑣2 +  

𝑚

𝑣
∗ 𝑔 ∗ ℎ2    (2.7) 

 

In the following equation, presented by Nicholas in College Physics to understand more deeply 

the relation of pressure and velocity, 
𝑚

𝑉
 is the density of the fluid which can be written as ρ. 

Therefore one could rewrite it in the form below, known as Bernoulli's equation (Yunus A. 

Çengel, 2006); 

 

               𝑃1 +
1

2
∗ 𝜌 ∗ 𝑣1

2 + 𝜌 ∗ 𝑔 ∗ ℎ1 = 𝑃2 +
1

2
∗ 𝜌 ∗ 𝑣2

2 + 𝜌 ∗ 𝑔 ∗ ℎ2            (2.8) 

 

𝑃1, 𝑃2- static pressure at point 1 and point 2  

𝑣1, 𝑣2- flow speed at point 1 and point 2  

ℎ1, ℎ2- the height of two ends of the tube at point 1 and point 2 

In the case that v = 0 the pressure at two points is equal. Hence it only appears when the fluid 

is in motion. If the Bernoulli Equation is expressed in terms of the work-energy theorem, then 

the total mechanical energy of the fluid is conserved when moving from one place to the other. 

Still, a part of the energy is likely to be transferred from kinetic to potential or vice versa (Yunus 

A. Çengel, 2006).  

 

The air flow through the wind tunnel will get pressure losses, which can be compensated by a 

raised pressure of the fans. As a result, the ratio between the lost pressure in a particular 

section and the dynamic pressure at the entrance of the wind tunnel can be written in the 

following form: 
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                                                            𝐾1 =
 ∆H

1

2
𝑝1𝑣1

                                             (2.9) 

 

Where K1 is the loss coefficient without dimension, ∆H  can be defined as head loss at the 

section of measurement of the loss coefficient. 

 

2.3.1 Darcy-Welsbach 
 

The Darcy–Welsbach equation is an empirical equation, which relates the head loss, 

or pressure loss, due to friction along a given length of pipe to the average velocity of the fluid 

flow for an incompressible fluid. The equation is named after Henry Darcy and Julius 

Welsbach. 

The Darcy–Welsbach equation contains a dimensionless friction factor, known as the Darcy 

friction factor. This is also variously called the Darcy–Welsbach friction factor, friction factor, 

resistance coefficient, or flow coefficient. 

 

                                                 ∆H = 𝜇 ∗
𝐿

𝐷
∗

𝑣2

2𝑔
                                 (2.10) 

 

 

2.4 Reynold’s and Mach number 
 

The dimensionless Reynolds number plays a prominent role in foreseeing the patterns in a 

fluid’s behavior. The Reynolds number, referred to as Re, is used to determine whether the fluid 

flow is laminar or turbulent. It is one of the main controlling parameters in all viscous flows 

where a numerical model is selected according to pre-calculated Reynolds number (Yunus A. 

Çengel, 2006). 

Although the Reynolds number comprises both static and kinematic properties of fluids, it is 

specified as a flow property since dynamic conditions are investigated. Technically speaking, 

the Reynolds number is the ratio of the inertial forces and the viscous forces. In practice, the 

Reynolds number is used to predict if the flow will be laminar or turbulent (Yunus A. Çengel, 

2006). 

If the inertial forces, which resist a change in velocity of an object and are the cause of the fluid 

movement, are dominant, the flow is turbulent. Otherwise, if the viscous forces, defined as the 

resistance to flow, are dominant – the flow is laminar.                  
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2.4.1 Fluid, Flow and Reynold’s number 
 

The applicability of the Reynolds number differs depending on the specifications of the fluid 

flow such as the variation of density (compressibility), a variation of viscosity (Non-

Newtonian), being internal or external flow, etc. The critical Reynolds number is the expression 

of the value to specify transition among regimes which diversifies regarding the type of flow 

and geometry as well. Whilst the critical Reynolds number for turbulent flow in a pipe is 2000, 

the critical Reynolds number for turbulent flow over a flat plate, when the flow velocity is the 

free-stream velocity, is in a range from 10^5 to 10^6. 

The Reynolds number also predicts the viscous behavior of the flow in case fluids are 

Newtonian. Therefore, it is highly important to perceive the physical case to avoid inaccurate 

predictions. Transition regimes and internal as well as external flows with either low or high 

Reynolds number in use, are the basic fields to comprehensively investigate the Reynolds 

number. Newtonian fluids are fluids that have a constant viscosity. If the temperature stays the 

same, it does not matter how much stress is applied to a Newtonian fluid; it will always have 

the same viscosity. Examples include water, alcohol, and mineral oil (Yunus A. Çengel, 2006). 

Internal flow; 

Flow type Reynold’s  number  range 

Laminar regime Up to Re=2300 

Transition Regime 2300<Re<4000 

Turbulent Regime Re>4000 

                                                            Table 1 Flow Regimes 

Derivation; 

The dimensionless Reynolds number predicts whether the fluid flow would be laminar or 

turbulent referring to several properties such as velocity, length, viscosity, and also type of flow. 

It is expressed as the ratio of inertial forces to viscous forces and can be explained in terms of 

units and parameters respectively, as equation 2.1: 

 

2.4.2 Mach Number 
 

The local speed of sound, and thereby the Mach number, depends on the condition of the 

surrounding medium, in particular, the temperature. The Mach number is primarily used to 

determine the approximation with which a flow can be treated as an incompressible flow. The 

medium can be a gas or a liquid. The boundary can be traveling in the medium, or it can be 

stationary while the medium flows along with it, or they can both be moving, with 

different velocities: what matters is their relative velocity with respect to each other. The 

boundary can be the boundary of an object immersed in the medium, or of a channel such as 

a nozzle, diffusers or wind tunnels channeling the medium. As the Mach number is defined as 

the ratio of two speeds, it is a dimensionless number. If Ma < 0.2–0.3 and the flow is quasi-
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steady and isothermal, compressibility effects will be small and simplified incompressible flow 

equations can be used (Graebel, 2001). 

While the terms subsonic and supersonic, in the purest sense, refer to speeds below and above 

the local speed of sound respectively, aerodynamicists often use the same terms to talk about 

particular ranges of Mach values. This occurs because of the presence of a transonic 

regime around Ma = 1 where approximations of the Navier-Stokes equations used for subsonic 

design no longer apply; the simplest explanation is that the flow around an airframe locally 

begins to exceed Ma = 1 even though the freestream Mach number is below this value. 

Meanwhile, the supersonic regime is usually used to talk about the set of Mach numbers for 

which linearized theory may be used, where for example the (air) flow is not chemically 

reacting, and where heat-transfer between air and vehicle may be reasonably neglected in 

calculations (Hall, Mach Number). 

In figure 2.1, the regimes or ranges of Mach values are referred to, and not the pure meanings 

of the words subsonic and supersonic. 

Generally, NASA defines high hypersonic as any Mach number from 10 to 25, and re-entry 

speeds as anything greater than Mach 25. Aircraft operating in this regime include the Space 

Shuttle and various space planes in development. 

 

                                                                Figure 2.1 Mach number regimes 

Formulation of Mach number; 

 

                                                                         𝑀𝑎 =
𝑣

𝑐
                                      (2.11) 

                                                                  𝑐 = √𝑘 ∗ 𝑅 ∗ 𝑇                                 (2.12) 

The speed of sound is the distance traveled per unit time by a sound wave as it propagates 

through an elastic medium. 

 

           k: specific heat ratio of air, R: gas constant, T: temperature of the air, c: speed of sound 
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The subsonic speed range is that range of speeds within all of the airflow over an aircraft is less 

than Mach 1. The critical Mach number (M crit) is the lowest free stream Mach number at 

which airflow over any part of the aircraft first reaches Mach 1. So the subsonic speed range 

includes all speeds that are less than M crit. 

 

              
                        𝑀𝑎 ∗= 𝑀𝑎√

𝑘+1

2+(𝑘+1)𝑀𝑎2                     (2.13) 

 

Mach formulation (2.14) is represented for the critical area of nozzle and calculated by local 

Mach number 

2.4.3 Description of specific heat ratio of air 
 

In thermal physics and thermodynamics, the heat capacity ratio or adiabatic index or ratio of 

specific heats or Poisson constant is the ratio of the heat capacity at constant pressure (CP) to 

heat capacity at constant volume (CV). It is sometimes also known as the isentropic expansion 

factor and is denoted by γ (gamma) for an ideal gas or κ (kappa), the isentropic exponent for a 

real gas. The symbol gamma is used by aerospace and chemical engineers. 

 

                                                                  𝑘 =
𝐶𝑝

𝐶𝑣
                               (2.14) 

 

Where 𝐶𝑝 is the heat capacity, and c the specific heat capacity (heat capacity per unit mass) of 

a gas. The suffixes P and V refer to constant pressure and constant volume conditions 

respectively. 

The heat capacity ratio is important for its applications in thermodynamically reversible 

processes, especially involving ideal gases; the speed of sound depends on that factor. 

 

To understand this relation, consider the following thought experiment. A closed pneumatic 

cylinder contains air. The piston is locked. The pressure inside is equal to atmospheric pressure. 

This cylinder is heated to a certain target temperature. Since the piston cannot move, the volume 

is constant. The temperature and pressure will rise. When the target temperature is reached, the 

heating is stopped. The amount of energy added equals CVΔT, with ΔT representing the change 

in temperature. The piston is now freed and moves outwards, stopping as the pressure inside 

the chamber reaches atmospheric pressure. We assume the expansion occurs without the 

exchange of heat (adiabatic expansion). Doing this work, the air inside the cylinder will cool to 

below the target temperature. To return to the target temperature (still with a free piston), the 

air must be heated, but is no longer under constant volume, since the piston is free to move as 

the gas is reheated. This extra heat amounts to about 40% more than the previous amount added. 
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In this example, the amount of heat added with a locked piston is proportional to CV, whereas 

the total amount of heat added is proportional to CP. Therefore, the heat capacity ratio in this 

example is 1.4. 

Ideal gas relation; 

For an ideal gas, the heat capacity is constant with temperature. Accordingly, we can express 

the enthalpy as H = CPT and the internal energy as U = CVT. Thus, it can also be said that the 

heat capacity ratio is the ratio between the enthalpy to the internal energy: 

 

                                                                    𝑘 =
𝐻

𝑈
                         (2.15) 

Furthermore, the heat capacities can be expressed in terms of heat capacity ratio (γ) and the gas 

constant (R): 

 

                                                      𝐶𝑝 =
𝑘∗𝑛∗𝑅

𝑘−1
     𝐶𝑣 =

𝑛∗𝑅

𝑘−1
              (2.16) 

Where n is the amount of substance in moles. 

 

Mayer's relation allows to deduce the value of CV from the more commonly tabulated value 

of CP: 

                                             𝐶𝑣 = 𝐶𝑝 − 𝑛 ∗ 𝑅                      (2.17) 

 

Relation with degrees of freedom; 

The heat capacity ratio (γ) for an ideal gas can be related to the degrees of freedom ( f ) of a 

molecule by; 

                                            𝑘 = 1 +
2

𝑓
       𝑓 =

2

𝑘−1
                      (2.18) 

 

Thus we observe that for a monatomic gas, with 3 degrees of freedom: 

 

𝑘 =
5

3
= 1.66 

 

While for a diatomic gas, with 5 degrees of freedom (at room temperature: 3 translational and 

2 rotational degrees of freedom; the vibrational degree of freedom is not involved, except at 

high temperatures) 
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                                               𝑘 =
7

5
= 1.4  

For example, the terrestrial air is primarily made up of diatomic gases (around 

78% nitrogen (N2) and 21% oxygen (O2)), and at standard conditions, it can be considered to 

be an ideal gas. The above value of 1.4 is highly consistent with the measured adiabatic indices 

for dry air within a temperature range of 0–200 °C, exhibiting a deviation of only 0.2% 

 

CHAPTER 3 

DESIGNING THE LOW-SPEED WIND TUNNEL 
                                         

3.1 Wind Tunnel classification 
 

Wind tunnels can be classified in two categories on the basis of geometry, the first being Open 

Loop Wind Tunnels and the second Closed Loop Wind Tunnels. Further predetermined 

requirements in terms of performance and dimensions of the Wind Tunnel, as well as technical 

means, are listed in the table below: 

 

Type Subsonic Model 

The maximum speed of exit of the nozzle 50 m/s 

Minimum speed 2 m/s 

Visualization With smoke 

                                                           Table 2 initial data 

3.1.1 Closed Loop Wind tunnel 

 
In contrast to the previously depicted type, this category of wind tunnels is characterized by 

loop feedback to its contraction. Besides the sections of contraction, test section, diffuser, and 

fan it consists also of the additional sections of turning vanes and the loop. Definite advantages 

of a Closed Loop Wind Tunnel are high-quality flow, as well as a decrease of pressure loss. 

The category can be divided into the following two subcategories (Hall, NASA, 2015): 

 

The Open Test Section in which air is blown from the contraction cone to an open space 

between the contraction area and the diffuser. The test model is usually placed in this 

space. This type of test section creates much higher pressure loss. 

 

The Closed Test Section in which air is blown from the contraction cone to a closed 

wall test section. The test model is usually located in this closed wall section. The walls 

of the test section cause Wall friction. 
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Advantages of closed type; 

 

1. Superior flow quality in the test section. Flow turning vanes in the corner and 

flow straighteners near the test section insure relatively uniform flow in the test 

section. 

 

2. Low operating costs. Once the air is circulating in the tunnel, the fan and motor 

only need to overcome losses along the wall and through the turning vanes. The 

fan does not have to constantly accelerate the air. 

 

3. Quiet operation relative to an open return tunnel. 

 

Disadvantages of closed type 
 

1. Higher construction cost because of the added vanes and ducting. 

 

2. Inferior design for propulsion and smoke visualization. The tunnel must be 

designed to purge exhaust products that accumulate in the tunnel. 

 

3. Hotter running conditions than an open return tunnel. The tunnel may have to 

employ heat exchangers or active cooling. 

 

3.2 Theory of Specific design 
 

We have our investigation sections where are the test section and the nozzle section. According 

to our aim, we should model our system within specific parameters which means design for 

‘’Incompressible De-Laval nozzle’’ and ‘’rectangular pipe line test section’’. The optimal 

design must have actualized the conditions to reach a turbulent flow regime and subsonic type 

controlled by Mach number. 

 

3.2.1 Subsonic De-Laval nozzle 
 

A nozzle is an extremely efficient device for converting thermal energy to kinetic energy. 

Nozzles come up in a vast range of applications. Obvious ones are the thrust nozzles of rocket 

and jet engines. Converging-diverging ducts also come up in aircraft engine inlets, wind tunnels 

and in all sorts of piping systems designed to control gas flow. The flows associated with 

volcanic and geyser eruptions are influenced by converging-diverging nozzle geometries that 

arise naturally in geological formations (Carswell, 2007). 

 



14 
 

3.2.1.1 Theoretical description of De-Laval nozzle 

 
De-Laval nozzle model definable as a hyperbola plane curve which can be represented by one 

of the equations; 

 

                                                         
𝑥2

𝑎2
−

𝑦2

𝑏2
= ±1                                   (3.1) 

 

Equations are called the canonical equations of the hyperbola. 

In this system, the coordinate axes are axes of symmetry, and so if a point (x,y) belongs to the 

hyperbola then the points (-x,y), (x,-y) and (-x,-y) also belong to the hyperbola (Konev, 2001-

2009). 

The intersection points of the hyperbola with the axis of symmetry are called the vertices of the 

hyperbola. Any hyperbola has two vertices. 

If a = b then the hyperbola is called an equilateral hyperbola. 

The equation based on; 

                                                  
(𝑥−𝑥0)2

𝑎2
−

(𝑦−𝑦0)2

𝑏2
= ±1                            (3.2) 

                  

          Figure 3 Illustration of hyperbolic equations (right side is our nozzle type) (Konev, 2001-2009) 

                                 

After considering the shape of De-Laval nozzle we describe of inlet section and critical section 

diameter. The attention is on half of De-Laval nozzle which means convergence type nozzle. 
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The convergence type of nozzle has an outlet section where the critical section is approved as 

Mach number is equal 1. 

When we follow theoretical terms of incompressible and compressible fluid flow that shows 

some equations based on air flow in nozzle systems (Cantwell, 2015). 

 

Area averaged equations of motion (Cantwell, 2015); 

                                                   𝑑(𝑞 ∗ 𝑈) =
∆𝑚

𝐴
− 𝑞 ∗ 𝑈 ∗

𝑑𝐴

𝐴
            

            𝑑(𝑃 − 𝑡𝑥𝑥) + 𝑞 ∗ 𝑈𝑑𝑈 = −
1

2
∗ 𝑞 ∗ 𝑈2 (

4𝐶𝑓𝑑𝑥

𝐷
) +

(𝑈𝑥𝑥−𝑈)&𝑚

𝐴
−

∆𝐹𝑥

𝐴
                  (3.3) 

            𝑑 (ℎ𝑡 −
𝑡𝑥𝑥

𝑞
+

𝑄𝑥𝑥

𝑞∗𝑈
) = ∆𝑞𝑤 − ∆𝑤 + (ℎ𝑡𝑚 − (ℎ𝑡 −

𝑡𝑥𝑥

𝑞
+

𝑄𝑥𝑥

𝑞∗𝑈
))

∆𝑚

𝑞∗𝑈∗𝐴
              

 

   Assume the only effect on the flow is stream wise area change so that (Cantwell, 2015); 

 

                                        ∆𝑚 =  𝐶𝑓 = ∆𝐹𝑥 = ∆𝑞 = ∆𝑤 =  0.                                    (3.4) 

 

Also assume that stream wise normal stresses and heat fluxes txx, Qxx are small enough to be 

neglected. With these assumptions the governing equations (3.3) together with the perfect gas 

law reduce to (Cantwell, 2015); 

 

                                                          𝑑(𝑞 ∗ 𝑈 ∗ 𝐴) = 0 

                                                           𝑑𝑃 + 𝑞𝑈𝑑𝑈 = 0                                       (3.5) 

                                                          𝐶𝑝𝑑𝑇 + 𝑈𝑑𝑈 = 0 

                                                             𝑃 = 𝑞 ∗ 𝑅 ∗ 𝑇 

 

 

Introduce to Mach number (Cantwell, 2015); 

                                           

                                                          𝑈2 = 𝑘 ∗ 𝑅 ∗ 𝑇 ∗ 𝑀𝑎2                                   (3.6) 

 

Each of the equations in (3.5) can be expressed in fractional differential form; 
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𝑑𝑞

𝑞
+

𝑑𝑈2

2𝑈2
+

𝑑𝐴

𝐴
= 0 

                                                       
𝑑𝑝

𝑝
+

𝑘𝑀𝑎2

2
∗

𝑑𝑈2

𝑈2
= 0                                          (3.7) 

                                                  
𝑑𝑇

𝑇
+

(𝑘−1)𝑀𝑎2

2
∗

𝑑𝑈2

𝑈2
= 0  

                                                         
𝑑𝑃

𝑃
=

𝑑𝑞

𝑞
+

𝑑𝑇

𝑇
 

 

Equation (3.6) can also be written in fractional differential form; 

 

                                                          
𝑑𝑈2

𝑈2
=

𝑑𝑇

𝑇
+

𝑑𝑀𝑎2

𝑀𝑎2
                                                  (3.8) 

 

Use the equations for mass, momentum, and energy to replace the terms in the equation of state; 

  

                                      −
𝑘𝑀𝑎2

2
∗

𝑑𝑈2

𝑈2
= −

𝑑𝑈2

2𝑈2
−

𝑑𝐴

𝐴
−

(𝑘−1)𝑀𝑎2

2
∗

𝑑𝑈2

𝑈2
                       (3.9) 

 

 

 

Solve for
𝑑𝑈2

𝑈2 ; 

 

                                                               
𝑑𝑈2

𝑈2
= (

2

𝑀𝑎2−1
)

𝑑𝐴

𝐴
                                        (3.10) 

 

Equation (3.10) shows the effect of stream wise area change on the speed of the flow. If the 

Mach number is less than one then increasing area leads to a decrease in the velocity. But if the 

Mach number is greater than one then increasing area leads to an increase in flow speed. Use 

(3.10) to replace 
𝑑𝑈2

𝑈2  in each of the relations in (3.7); 

 

                                                                 
 𝑑𝑞

𝑞
= −(

𝑀𝑎2

𝑀𝑎2−1
)

𝑑𝐴

𝐴
 

                                                                  
𝑑𝑃

𝑃
= −(

𝑘𝑀𝑎2

𝑀𝑎2−1
)

𝑑𝐴

𝐴
                                     (3.11) 
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𝑑𝑇

𝑇
= −(

(𝑘−1)𝑀𝑎2

𝑀𝑎2−1
)

𝑑𝐴

𝐴
 

 

Equations (3.11) describe the effects of area change on the thermodynamic state of the flow. 

Now use (3.10) and the temperature equation in (3.8); 

 

                                                   (
2

𝑀𝑎2−1
)

𝑑𝐴

𝐴
= −

(𝑘−1)∗𝑀𝑎2

𝑀𝑎2−1
∗

𝑑𝐴

𝐴
+

𝑑𝑀𝑎2

𝑀𝑎2
                                   (3.12) 

 

The effect of area change on the Mach number is; 

 

                                                          
𝑑𝐴

𝐴
=

𝑀𝑎2−1

2(1+(
𝑘−1

2
)∗𝑀𝑎2)

∗
𝑑𝑀𝑎2

𝑀𝑎2
                                  (3.13) 

 

 

Equation (3.13) is different from (3.10) and (3.11) in that it can be integrated from an initial to 

a final state. Integrate (3.13) from an initial Mach number Ma to one; 

  

                                                 ∫
𝑀𝑎2−1

2(1+(
𝑘−1

2
)∗𝑀𝑎2)

𝑑𝑀𝑎2

𝑀𝑎2

1

𝑀𝑎2 = ∫
𝑑𝐴

𝐴

𝐴∗

𝐴
                           (3.14) 

 

The Result is; 

 

                               ln(
𝐴∗

𝐴
) = {− ln 𝑀𝑎 + ln(2 (1 + (

𝑘−1

2
) ∗ 𝑀𝑎2)

𝑘+1

2∗(𝑘−1)
)}           (3.15) 

 

The result is the all-important area-Mach number equation; 

 

                                        𝑓(𝑀𝑎) =
𝐴∗

𝐴
= (

𝑘+1

2
)

𝑘+1

2(𝑘−1) ∗
𝑀𝑎

(1+(
𝑘−1

2
)∗𝑀𝑎2)

𝑘+1
2(𝑘−1)

                (3.16) 

 

In (3.16) we referenced the integration process to Ma = 1. The area A* is a reference area at 

some point in the channel where Ma = 1 although such a point need not actually be present in 
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a given problem. The area-Mach-number function is plotted figure 3.1 for three values of k. 

Note that for smaller values of it takes an extremely large area ratio to generate high Mach 

number flow. A value of k = 1.2 would be typical of the very high-temperature mixture of gases 

in a rocket exhaust. Conversely, if we want to produce a high Mach number flow in a reasonable 

size nozzle, say for a wind tunnel study, an effective method is to select a monatomic gas such 

as Helium which has k = 1.66. A particularly interesting feature of (3.16) is the insensitivity off 

(Ma) to for subsonic flow. But in our system, we use air and k=1.4. 

 
       Mass Conversation 
 

The result (3.16) can also be derived simply by equating mass flows at any two points in the 

channel and using the mass flow relation (Cantwell, 2015). 

 

                                   

                                                       Figure 3.1 Area-Mach number function (Cantwell, 2015) 

                                                    

 

  Mass flow rate; 

                                                            𝑚̇ = 𝑞 ∗ 𝑣 ∗ 𝐴                                  (3.17) 
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This can be expressed as; 

 

                                        𝑚̇ = 𝑞 ∗ 𝑣 ∗ 𝐴 =
𝑃

𝑅∗𝑇
(𝑘 ∗ 𝑅 ∗ 𝑇)

1

2 ∗ 𝑀𝑎 ∗ 𝐴           (3.18) 

 

 

Thus; 

                                                

                                                               
𝑇0

T
= 1 +

k−1

2
∗ Ma2 

                                                           
𝑃0

P
= (1 +

k−1

2
∗ Ma2)

k

k−1                       (3.19) 

                                                          
𝑞0

q
= (1 + (

k−1

2
) ∗ Ma2)

1

k−1 

                                              
  𝐴0

𝐴∗
=

1

M
((

2

k+1
) (1 + (

k−1

2
) ∗ Ma2))

k+1

2(k−1)   

                                                              ṁ =
A∗Ma∗P0√k/(R∗T0)

[
1+(k−1)Ma2

2
]

(k+1)
2∗(k−1)

 

                                

The isentropic assumption works quite well for nozzles that are encountered in most 

applications. But if the plenum falls below a few centimeters in size with a nozzle diameter less 

than a few millimeters then a fully viscous, non-isentropic treatment of the flow is required. 

Accurate nozzle design, regardless of size, virtually always requires that the boundary layer on 

the wall of the plenum and nozzle is taken into account. If the ambient pressure equals the 

reservoir pressure there is, of course, no flow. If P ambient is slightly below Pt then there is a 

low-speed, subsonic, approximately isentropic flow from the plenum to the nozzle. If Pt/P 

ambient is less than a certain critical value then the condition that determines the speed of the 

flow at the exit is that the exit static pressure is very nearly equal to the ambient pressure 

(Cantwell, 2015). 

The reason this condition applies is that large pressure differences cannot occur over small 

distances in subsonic flow. Any such difference that might arise, say between the nozzle exit 

and a point slightly outside of and above the exit, will be immediately smoothed out by a 

readjustment of the whole flow. Some sort of shock or expansion is required to maintain a 

pressure discontinuity and this can only occur in supersonic flow. Slight differences in pressure 

are present due to the mixing zone that exists outside the nozzle but in subsonic flow, these 

differences are very small compared to the ambient pressure. Since the flow up to the exit is 

approximately isentropic the stagnation pressure Pt is approximately constant from the reservoir 

to the nozzle exit 
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          Exit Velocity of Nozzle 
 

The Energy equation is a statement of the principle of the conservation of energy. For isentropic 

flow between any two points and it’s given by 

                                   ℎ1 − ℎ2 =  
1

2
(𝑣2

2 − 𝑣1
2) = 𝐶𝑝(𝑇1 − 𝑇2)              (3.19.1) 

Where h represents enthalpy of the fluid (which can be considered the energy available for heat 

transfer), v is the flow velocity, Cp is the effective heat capacity of the fluid, and T is the fluid 

temperature. This equation provides valuable insight into how a nozzle works. Looking at the 

first two terms shows that the change (decrease) in enthalpy is equal to the change (increase) in 

the kinetic energy. In other words, the heat of the fluid is being used to accelerate the flow to a 

greater velocity. The third term represents the resulting change (decrease) in temperature of the 

flow. The heat capacity may be approximated to be constant and is a property determined by 

the composition of the combustion products (Borgnakke, 2009). 

It’s apparent, then, that the properties of a fluid are a function of the flow velocity. In describing 

the state of a fluid at any point along with its flow, it is convenient to consider the stagnation 

state as a reference state. The stagnation properties may be considered as the properties that 

would result if the fluid were (isentropically) decelerated to zero velocity (Borgnakke, 2009). 

 

                                                                𝑇0 = 𝑇 +
𝑣2

2∗𝐶𝑝
            (3.19.2) 

 

For an isentropic flow process, the following important relationship between stagnation 

properties for Temperature, Pressure, and Fluid Density hold; 

 

                                                          
 𝑇0

𝑇
= (

𝑃0

𝑃
)

𝑘−1

𝑘 = (
𝑞0

𝑞
)𝑘−1     (3.19.3) 

Where k is the all-important ratio of specific heats, also referred to as the isentropic exponent, 

defined as; 

                                                              𝑘 =
𝐶𝑝

𝐶𝑣
=

𝐶𝑝

𝐶𝑝−𝑅
                 (3.19.4) 

Both Cp and R (specific gas constant) are properties determined by the composition of the 

combustion products, where R=R’/M, where R’ is universal gas constant, and M is the effective 

molecular weight of the combustion products. If the combustion products contain an 

appreciable percentage of condensed phase particles, the value of the effective molecular 

weight. 

From equations (3.19.1), (3.19.2), (3.19.3) Mach number may write; 
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 𝑇0

𝑇
= 1 +

𝑘−1

2
∗ 𝑀𝑎2                     (3.19.5) 

 

It can be shown from the first and second laws of thermodynamics, for any isentropic process; 

 

                                                            
𝑃

𝑞𝑘
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                            (3.19.6) 

From equation (3.19.5) and (3.19.6) from the equation of state for an ideal gas,𝑃 = 𝑞 ∗ 𝑅 ∗ 𝑇, 

the relationship between stagnation pressure, density and Mach number may be expressed as 

given; 

 

                                                        
𝑃0

𝑃
= (1 +

𝑘−1

2
∗ 𝑀𝑎2)

𝑘

𝑘−1               (3.19.7) 

                                                        
 𝑞0

𝑞
= (1 +

𝑘−1

2
∗ 𝑀𝑎2)

1

𝑘−1               (3.19.8) 

Another important stagnation property is the stagnation enthalpy; 

                                                                   ℎ0 = ℎ +
𝑣2

2
                             (3.19.9) 

 

From equations (3.19.9) and (2.5); 

 

                                           𝑣𝑒𝑥𝑖𝑡 = √2 ∗ (ℎ𝑥 − ℎ𝑒𝑥𝑖𝑡) + (𝑣𝑥)2                  (3.19.10) 

Where subscripts e and x signify exit and any point x along the nozzle axis, respectively. This 

equation can then be put into the far more useful form with the aid of the energy equation and 

the definition of k. 

 

                                          𝑣𝑒𝑥𝑖𝑡 = √
T∗R

Ma
∗

2k

k−1
∗ [1 − (

𝑃∗

P0
)

k−1

k ]              (3.19.11) 

 

3.2.2 Geometry description of the test section 
 

The test section is the part of the wind tunnel in which the model is placed. For low-speed 

tunnel operation, the test section has the smallest cross-sectional area and the highest velocity 

within the tunnel. Leaving the test section, the air enters the diffuser where it is expanded and 

slowed before returning to the fan. Again, the diffuser is employed to minimize losses in the 
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tunnel. For this closed circuit wind tunnel, there are two more corners with turning vanes before 

the air is brought back to the fan (Ge, 2015). 

Wind tunnels are designed for a specific purpose and speed range and there is a wide variety 

of wind tunnel types and model instrumentation. The model to be tested in the wind tunnel is 

placed in the test section of the tunnel. The speed in the test section is determined by the design 

of the tunnel. The choice of speed range affects the design of the wind tunnel due 

to compressibility effects. 

For subsonic flows, the air density remains nearly constant and decreasing the cross-sectional 

area causes the flow to increase velocity and decrease pressure. Similarly, increasing the area 

causes the velocity to decrease and the pressure to increase. We want the highest possible 

velocity in the test section. For a subsonic wind tunnel, the test section is placed at the end of 

the contraction section and upstream of the diffuser. From a knowledge of the conservation of 

mass for subsonic flows, we can design the test section to produce the desired velocity or Mach 

number since the velocity is a function of the cross-sectional area (Ge, 2015). 

For subsonic flows, the air density changes very small in the tunnel because of compressibility. 

In fact, the density changes faster than the velocity by a factor of the square of the Mach 

number. In subsonic flow, decreasing the cross-sectional area causes the flow to increase in 

velocity and decrease pressure. Similarly, increasing the area causes the velocity to decrease 

and the pressure to increase. This change in properties is exactly the opposite of the change that 

occurs sub-sonically. In addition, compressible flows experience mass flow choking. As a 

subsonic flow is contracted, the velocity and Mach number increase. When the velocity reaches 

the speed of sound (M = 1), the flow chokes and the Mach number cannot be increased beyond 

M = 1. We want the highest possible velocity in the test section of the wind tunnel. For a 

subsonic wind tunnel, we contract the flow until it chokes in the throat of a nozzle. We then 

diffuser the flow which increases the speed sub-sonically. The test section of the subsonic 

tunnel is placed at the end of the diffuser. From a consideration of conservation of mass for 

compressible flow, we can design the test section to produce a desired velocity or Mach based 

on the area in the test section.  (Ge, 2015). 

We have a test section which is given to use and measurements are as; 

Length 10m 

height 4,356m 

width 4.356m 

Support of test section 1,178m 

The thickness of the wall of the test section 0,4 m 

                                    Table 3 Given Measurements of the test section 
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CHAPTER 4-PRACTICAL PART 

 ANALYTICAL CALCULATIONS 

4.1 De-Laval nozzle measurements calculation 
 

We start to calculate with the shape of De-Laval nozzle and design according to our 

measurements. 

According to the equation (3.2); 

T*(exit temperature) 20 Celsius 

P0(initial pressure) 101  kpa 

Ve (exit velocity) 50 m/s 
R(air gas constant) 287,058 kj/kg*K 

C(speed of sound) 343 m/s 
k (specific heat ratio) 1.4  

                                       Table 4 given and considered Values of the system 

   

 

Mach number of the system; 

(2.13) and (2.14) equations are used to calculate Mach number to reach subsonic values within 

nozzle and test section 

 

𝐶 = √1.4 ∗ 287.058 ∗ (273,15 + 20) = 343 𝑚/𝑠 

𝑀𝑎 =
50

343
= 0.145 

 

Inlet and outlet area ratio; 

According to (3.19) A/A* equation which depends on the specific heat ratio and Mach number 

and we already have both of values. 

 

  𝐴0

𝐴∗
=

1

M
(((

2

k + 1
) (1 + (

k − 1

2
) ∗ Ma2))

k+1
2(k−1)

=
1

0.145
(((

2

2 + 1.4
) (1 + (

1.4 − 1

2
) ∗ 0.1452))

1.4+1
2(1.4−1) = 3.9129 
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𝐴0

𝐴∗
=

𝜋(𝑟0)2

𝜋(𝑟1)2
= 3.9129 

√
𝑟0

𝑟1
= √3.9129 = 1.9781 

𝑟0

𝑟1
= 1.9781 

 

We desire to design our nozzle for that ratio and considered inlet and outlet as cylindrical shape 

D0=1.9781*2=3.95 m and D*=1*2=2 m 

Hyperbola definition; 

The hyperbola can also be defined as a set of points in the coordinate plane. A hyperbola is the 

set of all points (x,y)(x,y) in a plane such that the difference of the distances 

between (x,y)(x,y) and the foci is a positive constant. 

Notice that the definition of a hyperbola is very similar to that of an ellipse. The distinction is 

that the hyperbola is defined in terms of the difference of two distances, whereas the ellipse is 

defined in terms of the sum of two distances. 

As with the ellipse, every hyperbola has two axes of symmetry. The transverse axis is a line 

segment that passes through the center of the hyperbola and has vertices as its endpoints. The 

foci lie on the line that contains the transverse axis. The conjugate axis is perpendicular to the 

transverse axis and has the co-vertices as its endpoints. The center of a hyperbola is the 

midpoint of both the transverse and conjugate axes, where they intersect. Every hyperbola also 

has two asymptotes that pass through its center (Miller, 2017). 

As a hyperbola recedes from the center, its branches approach these asymptotes. The central 

rectangle of the hyperbola is centered at the origin with sides that pass through each vertex and 

co-vertex; it is a useful tool for graphing the hyperbola and its asymptotes. To sketch the 

asymptotes of the hyperbola, simply sketch and extend the diagonals of the central rectangle 

(Miller, 2017) 
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                                               Figure 4 Illustration of hyperbole equation (Miller, 2017) 

 

Identify the horizontal and foci of the hyperbola with equation Radius ratio is directly 

proportionate to a and b values on the hyperbola equation; 

𝑎 = 1,97 𝑎𝑛𝑑 𝑏 = 1 

Thus equation (3.2); 

𝑦2

1,972
−

𝑥2

12
= 1 

Correspondingly and due to (3.2) equation; 

 

𝑦2 − 3,9𝑥2 = 3,9 

 

Our r0 and r* values 3, 95 and 2 respectively, therefore; 

 

𝐴𝑐𝑐𝑜𝑟𝑑𝑖𝑛𝑔 𝑡𝑜 (3.2)𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 𝑥 = 0 𝑦 = 1,978 𝑖𝑡 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑠 𝑟 ∗ 

 

For that; 

𝐼𝑛 𝑜𝑟𝑑𝑒𝑟 𝑡𝑜 𝑟𝑒𝑎𝑐ℎ 𝑦 = 3,956 𝑎𝑛𝑑 𝑥 = 1,733 

 

X represents the length of nozzle and Y represents inlet and outlet diameter. 
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So that; 

We have already our design measurements as semi-diameter to produce shape and system. 

r* 1 meter 

r0 1,9781 meter 

Length of nozzle 1,73 meter 

                                   Table 4.1 Calculated measurements of De-Laval nozzle 

 

4.1.1 Temperature, Pressure, Density ratio and Exit, Inlet velocity in De-Laval nozzle 
 

Temperature ratio declaring; temperature ratio depends on k specific heat ratio and Mach 

number, we develop relations between the static properties and stagnation properties of an ideal 

gas in terms of the specific heat ratio k and the Mach number Ma. We assume the flow is 

isentropic and the gas has constant specific heats. The temperature T of an ideal gas anywhere 

in the flow is related to the stagnation temperature T0. 

 

According to equation (3.19); 

 

 

𝑇0

𝑇
= 1 +

𝑘 − 1

2
∗ 𝑀𝑎2 

                                            𝑇0

𝑇
= 1 +

(1.4)−1

2
∗ (0.145)2 

                                                           
𝑇0

𝑇
= 1.004205 

 

Pressure Ratio declaring; 

The ratio of the stagnation to static pressure is obtained by substituting; 

 

                                                             
 𝑃0

𝑃
= (1 +

𝑘−1

2
∗ 𝑀𝑎2)

𝑘

𝑘−1 

                                                  
𝑃0

𝑃
= (1 +

1.4−1

2
∗ (0.145)2)

1.4

1.4−1 

                                                                  
𝑃0

𝑃
= 1.01479 
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Density Ratio Declaring; 

The ratio of the stagnation to static density is obtained by substituting 

 

                                      
𝑞0

𝑞
= (1 + (

𝑘−1

2
) ∗ 𝑀𝑎2)

1

𝑘−1 

                                             
𝑞0

𝑞
= (1 + (

1.4−1

2
) ∗ (0.145)2)

1

1.4−1 

                                                         
𝑞0

𝑞
= 1.01054 

 

Numerical values of T/T0, P/P0, and q/q0 are listed versus the Mach number 

In The Gas Dynamic Table for k 1.4, which are very useful for practical compressible flow 

calculations involving air. 

 

Calculation of exit velocity of a nozzle according to equation (3.19.12) 

 

                                                𝑣𝑒𝑥𝑖𝑡 = √
𝑇∗𝑅

𝑀𝑎
∗

2𝑘

𝑘−1
∗ [1 − (

𝑃∗

𝑃0
)

𝑘−1

𝑘 ] 

                                          𝑣𝑒𝑥𝑖𝑡 = √
293,15∗287

0.145
∗

2∗1.4

1.4−1
∗ [1 − (0.9854)

1.4−1

1.4  

 

                                                              𝑣𝑒𝑥𝑖𝑡 = 26.66 𝑚/𝑠 

 

Calculation of inlet velocity of the nozzle by continuity equation (3.19.10); 

 

                                                        𝐴1 ∗ 𝑣1 = 𝐴2 ∗ 𝑣2 

                                                  3.9129 ∗ 𝑣1 = 1 ∗ 26.66 

𝑣1 = 𝑣𝑖𝑛𝑙𝑒𝑡 𝑜𝑓 𝑛𝑜𝑧𝑧𝑙𝑒 = 6.9 𝑚/𝑠 

 

Calculation of velocity of system inlet by continuity equation (3.19.10); 

𝐴1 ∗ 𝑣1 = 𝐴𝑠𝑦𝑠𝑡𝑒𝑚 𝑖𝑛𝑙𝑒𝑡 ∗ 𝑣𝑠𝑦𝑠𝑡𝑒𝑚 𝑖𝑛𝑙𝑒𝑡 

(3.14 ∗ 3.9129) ∗ 6.9 = 15.06 ∗ 𝑣𝑠𝑦𝑠𝑡𝑒𝑚 𝑖𝑛𝑙𝑒𝑡  

𝑣𝑠𝑦𝑠𝑡𝑒𝑚 𝑖𝑛𝑙𝑒𝑡 = 5.5 𝑚/𝑠 
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4.1.2 Demonstration of analytical calculations by The Gas Dynamic Table;             

                                

                                                       GAS DYNAMIC TABLE 

                                                                     Genick Bar-Meir 

Gas Dynamic Calculator, (Potto–GDC) was created to generate various tables for the 

exercises. This calculator was given to several individuals and they found Potto–GDC to be 

very useful. So, I decided to include Potto– GDC to the thesis. This table (4.2 and 4.3) calls as 

oblique shock table which is the shock occurs (given for k=1.4) in reality in situations where 

the shock has three–dimensional effects. The three–dimensional effects of the shock make it 

appear as a curved plane. However, one–dimensional shock can be considered a 

representation for a chosen arbitrary accuracy with a specific small area. In such a case, the 

change of the orientation makes the shock considerations two–dimensional. The normal 

shock analysis dictates that after the shock, the flow is always Subsonic. The total flow after 

the oblique shock can also be supersonic, which depends on the boundary layer and the 

deflection angle. The velocity has two components (with respect to the shock plane/surface). 

Only the oblique shock's normal component undergoes the ``shock.'' The tangent component 

does not change because it does not ``move'' across the shock line. 

                                 

                                                    Table 4.2 Gas Dynamic Table for subsonic flow 
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                                                  Table 4.3 Gas Dynamic Table for supersonic 

 

When we compare our theoretical values with gas dynamic table, we see that Mach number is 

in the incompressible region in Table 4.2. In fluid mechanics or more generally continuum 

mechanics, incompressible flow (isochoric flow) refers to a flow in which the 

material density is constant within a fluid parcel—an infinitesimal volume that moves with 

the flow velocity. An equivalent statement that implies incompressibility is that 

the divergence of the flow velocity is zero. Incompressible flow does not imply that the fluid 

itself is incompressible. Incompressible flow implies that the density remains constant within a 

parcel of fluid that moves with the flow velocity. A homogeneous, incompressible material is 

one that has constant density throughout. 

Incompressible flow: ∇ ∗ 𝑣 = 0 This can assume either constant density (strict incompressible) 

or varying density flow. The varying density set accepts solutions involving small perturbations 

in density, pressure and/or temperature fields, and can allow for pressure stratification in the 

domain. 

 

According to Mach number 0.145, we need to calculate our value on the gas dynamic table via 

interpolation method because we do not have a direct value from a gas dynamic table. 
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Interpolation; 

Ma T0/T Q0/Q P0/P A0/A 

0.1 1.002 1.005 1.007 5.822 

0.145 1.0047 1.01175 1.01645 4.5359 

0.2 1.008 1.02 1.028 2.964 

 

                                  Table 4.2 For Mach number 0.145 values          

 

4.1.3 Mass flow rate of the system and outlet velocity of the test section 

   
 

Inlet and outlet of the test section should be equal (equation 2.4); 

 

                                            
∆m

∆t
= 𝑞1 ∗ 𝐴1 ∗ 𝑣1 = 𝑞2 ∗ 𝐴2 ∗ 𝑣2           

                                 1.226 ∗ 3.14 ∗ 26.6 = 1.226 ∗ 9.878 ∗ V2             

                                                      V𝑜𝑢𝑡𝑙𝑒𝑡 = 𝑉2 = 8.45 𝑚/𝑠             

 

Given and calculated values; 

Test Section 

locations 

q-density A-area V-velocity 

inlet 1.226 kg/m3 3.14 m2 26.6 m/s 

outlet 1.226 kg/m3 9.878 m2 8.45 m/s 

    

 

System inlet is located at nozzle inlet and we consider to calculate the mass flow rate of the 

system through inlet area and velocity. 

 

                                                             ṁ = q ∗ 𝑣𝑖𝑛𝑙𝑒𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑛𝑜𝑧𝑧𝑙𝑒 ∗ A  

ṁ = 1.226 ∗ 6.9 ∗ (3.9129 ∗ 3.14) 

ṁ = 103.9 𝑘𝑔/𝑠 
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4.1.4 Hydraulic diameter and Reynold’s number at Critical location 

 
The hydraulic diameter, DH, is a commonly used term when handling flow in non-circular tubes 

and channels. Using this term, one can calculate many things in the same way as for a round 

tube. It is defined as; 

                                                           

                                                           Dh =
4A

𝑃𝑒
                           (4.0) 

 

Where, 

A is the cross-sectional area of the flow, 

𝑃𝑒  is the wetted perimeter of the cross-section. 

More intuitively, the hydraulic diameter can be understood as a function of the 

hydraulic radius RH, which is defined as the cross-sectional area of the channel divided 

by the wetted perimeter. 

 

The need for the hydraulic diameter arises due to the use of a single dimension in case 

of dimensionless quantity such as Reynolds number, which prefers a single variable for flow 

analysis rather than the set of variables as listed in the table. The Manning formula contains a 

quantity called the hydraulic radius. Despite what the name may suggest, the hydraulic diameter 

is not twice the hydraulic radius, but four times larger. 

Hydraulic diameter is mainly used for calculations involving turbulent flow. Secondary 

flows can be observed in non-circular ducts as a result of turbulent shear stress in the turbulent 

flow. Hydraulic diameter is also used in the calculation of heat transfer in internal-flow 

problems. 

 

 

Geometry  Hydraulic   Diameter  

   

Circular                                                      
         Dh =

4∗
D2

4

π∗D
= D 

(4.1) 

   

Rectangular     Dh =
4∗a∗b

2∗(a+b)
=

2∗a∗b

a+b
 (4.1.1) 
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Nozzle Hydraulic Diameter; 

According to equation 4.1 Nozzle Hydraulic Diameter is equal to diameter of inlet and outlet 

of the nozzle because the nozzle has circular inlet and outlet. 

 

Test Section Hydraulic Diameter; 

As we know our design of test section as a rectangular shape and we consider equation (4.1), 

Nozzle outlet and Test section inlet are the same locations so do not necessary to calculate 

again. This is equal to diameter of outlet of the nozzle. 

 

Due to the outlet of the test section; 

 

 

                                               Dh =
4∗a∗b

2∗(a+b)
=

2∗a∗b

a+b
=

2∗3.556∗2.778

3.556+2.778
 

                                         

                                                                   Dh = 3.12 m 

 

 

Reynold’s number at critical locations; 

 

Due to the inlet section of the nozzle, we use equation (2.12) so, 

 

                                                Re =
q∗𝑣𝑖𝑛𝑙𝑒𝑡∗Dh

γ
=

𝑣𝑖𝑛𝑙𝑒𝑡∗Dh

v
 

 

                                                           Re =
6.9∗3.96

1.516∗10−5
 

 

                                                           Re = 1802300 

 

Due to the outlet section of the nozzle, we use equation (2.12) so, 
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                                               Re =
q∗𝑣𝑜𝑢𝑡𝑙𝑒𝑡∗Dh

μ
=

𝑣𝑜𝑢𝑡𝑙𝑒𝑡∗Dh

v
 

 

                                                              Re =
26.66∗2

1.516∗10−5
 

 

                                                             Re = 3517000 

                     

Due to the outlet section of the test section, we use equation (2.12) so; 

 

                                                   Re =
q∗𝑣𝑜𝑢𝑡𝑙𝑒𝑡∗Dh

μ
=

𝑣𝑜𝑢𝑡𝑙𝑒𝑡∗Dh

v
 

 

                                                             Re =
8.45∗3.12

1.516∗10−5
 

 

                                                              Re = 1739000 

We identified flow situations all critical sections these are inlet of the nozzle, outlet of the 

nozzle and outlet of the system via Reynold’s number. Reynold’s values of all of sections are 

bigger than 4000 and it means these are in turbulent flow condition. 

CHAPTER 5 

MODEL OF GEOMETRY 
 

These design graphs show the specific dimensions from the top, front of the wind tunnel, and 

the contraction cone as well. The length and degree units of these three design graphs are in 

inches and degree. The software that was used was the Solidworks student version. Solidworks 

is commercial software that can be utilized for 2D and 3D computer-aided design (CAD) and 

drafting —it has been available since 1982 as a desktop application and since 2010 as a mobile 

web- and cloud-based app marketed 

 



34 
 

    

                                                  Figure 5 Model of the wind tunnel system 

. 

Above in picture 5 shows all parts are assembled, as we can see in figure the wind tunnel 

complicated design because of the drawing contains all details as screws, assemblies, supports, 

aluminum plates, etc. 

According to our aim, we consider getting details located at nozzle and testing area sections. 

For analysis of the testing section within the nozzle, we have to redesign with same 

measurements to make simplify style of these parts because of sections have extra solid parts 

and impossible to do fluid analysis. 

  

 

                                        Figure 5.1 model detail of the wind tunnel system 
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 I would describe to investigation model, representing the system. The left side is the outlet 

section of the system, air goes from nozzle to testing area (right side of the figure 5.1) and there 

is a support plane under the model. Full system was designed, designed with SolidWorks. 

 

                                         Figure 5.2 Technical drawing of the model on top view 

 

                 

       Figure 5.3 Technical draw of in front view                            Figure 5.4 Technical draw of back side 
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CHAPTER 6 

ANALYSIS OF THE SYSTEM 
 

Due to analysis of the wind tunnel system, I preferred to use Ansys Fluent software 

because of Fluent software contains the broad, physical modeling capabilities needed to 

model flow, turbulence, heat transfer and reactions for industrial applications. These range 

from air flow over an aircraft wing to combustion in a furnace, from bubble columns to 

oil platforms, from blood flow to semiconductor manufacturing and from clean room 

design to wastewater treatment plants. Fluent spans an expansive range, including special 

models, with capabilities to model in-cylinder combustion, aero-acoustics, and 

turbomachinery and multiphase systems. The software helps to solve and identify 

problems for heat transfer, fluid flow and mass transport via based on the finite element 

method. This so hard and so much consuming time to calculate which boundary value 

problems for partial differential equations. Ansys Cfd and Fluent use variation methods 

from the calculus of variations to approximate a solution by minimizing an associate error 

function. 

 

6.1 Preparation for analysis 
 

 

                                                                 Figure 6 Preparation of analysis 
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6.1.1 Geometry Preparation 
 

 Surface From Edge 

The Surfaces from Edges feature allows the creation of Surface bodies in ANSYS Design 

Modeler that use existing body edges, including Line body edges as the boundary. Edges should 

be chosen such that they produce non-intersecting closed loops. Each closed loop will create a 

frozen surface body that contains a single face. The loops should form a shape such that a simple 

surface can be inserted into the model. Examples of simple surfaces are planes, cylinders, tori, 

cones, and spheres. Simply ruled surfaces can also be created. After a surface has been 

generated, you can choose to flip the normal of the surface by setting Flip Surface 

Normal to Yes (INC., 2012). 

 Fill Using By Caps Method 

This method is used to extract inverse volumes enclosed by one or more bodies in a model. For 

example, if you want to do a CFD analysis of the heat exchanger on a tube side as shown in the 

image below, you can create the geometry that represents the fluid by using this method. First 

cap the inlet and outlet of the tube by creating Surface bodies. Then select the Solid bodies that 

represent the tube. On generate, a frozen body will be created that represents the inverse volume 

(Lockwood, 2015). 

 Boolean Subtract section 

Boolean feature is used to Unite, Subtract, Intersect, or Imprint Faces of existing bodies. The 

bodies can be Solid, Surface, or (for Unite only) Line bodies.  

 Fluid Flow 

Fluent allows for a fluid flow analysis of incompressible and compressible fluid flow and heat 

transfer in complex geometries. You specify the computational models, materials, boundary 

conditions, and solution parameters in Fluent, where the cases are solved. You can use a Fluent 

fluid flow analysis system to apply a computational mesh to a geometry within Workbench, 

then use Fluent to define pertinent mathematical models (e.g., low-speed, high-speed, laminar, 

turbulent, etc.), select materials, define boundary conditions, and specify solution controls that 

best represent the problem to be solved. Fluent solve the mathematical equations, and the results 

of the simulation can be displayed in Fluent or in CFD-Post for further analysis (e.g. contours, 

vectors, etc.) (INC., 2012). 

6.1.2 Mesh   

  
The meshing of the wind tunnel, the meshing of the parts are done so that we can brief view of 

the part we designed and the parameters that we are going to compute in the future using solver 

as in my case is the velocity. In order to get the good quality which is ‘’Tetrahedrons (Patch 

Conforming) Method was used to reach regular and pure mesh quality was selected. 
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Scaling (Grid Independence) Test, grid convergence is the term used to describe the 

improvement of results by using successively smaller cell sizes for the calculations. A 

calculation should approach the correct answer as the mesh becomes finer, hence the 

term grid convergence. The simulation on progressively finer grids (3 grids should be at least) 

by changing element size between 2 and 2.5 times refinement. Therefore 3 different mesh were 

chosen and simulated. 3 types of application to get proper values as much as desirable and these 

types of application represent about 2.2 grow up  for becoming mesh elements are as 54112, 

113555 and 202153 respectively. Mesh elements constitute within edge sizing and inflation 

layer. 

 

                                               Figure 6.1 Mesh Illustration of general system 

 

                                           Figure 6.2 Section Plane shows inflation layers of the system 

 

 

 Orthogonal quality is computed for cells using the vector from the cell centroid to each of 

its faces, the corresponding face area vector, and the vector from the cell centroid to the 

centroids of each of the adjacent cells. The worst cells will have an orthogonal quality closer 
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to 0, with the best cells closer to 1. The minimum orthogonal quality for all types of cells 

should be more than 0.01, with an average value that is significantly higher. 

 

 Skewness is defined as the difference between the shape of the cell and the shape of an 

equilateral cell of equivalent volume. Highly skewed cells can decrease accuracy and 

destabilize the solution. A general rule is that the maximum skewness for a 

triangular/tetrahedral mesh in most flows should be kept below 0.95, with an average value 

that is significantly lower. A maximum value above 0.95 may lead to convergence 

difficulties and may require changing the solver controls, such as reducing under-relaxation 

factors and/or switching to the pressure-based coupled solver. 

 

                                                Figure 6.3 First application orthogonal quality 

 

 

                                                        Figure 6.4 First application skewness 

Figure 6.3 and 6.4 show minimum orthogonal quality is 0.0877<0.1 and maximum skewness 

quality is 0.96>0.95. These are not very good values but element number is so high for that 

complex shape. 
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                                                   Figure 6.5 Second application orthogonal quality 

 

 

                                                             Figure 6.6 Second application skewness 

 

Figure 6.5 and 6.6 show minimum orthogonal quality is 0.101894<0.1 and maximum skewness 

quality is 0.9503>0.95. These are good values but element number is not so high to reach good 

results for that complex shape. 

 

 

                                              Figure 6.7 Third application orthogonal quality 
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                                                        Figure 6.8 Third application skewness 

Figure 6.7 and 6.8 show minimum orthogonal quality is 0.13100<0.1 and maximum skewness 

quality is 0.9503>0.95. These are better than other values but element number is so less for that 

complex shape and results may be far away from reality. 

According to statistics of 3 different type analysis, the first application (element number 

202153) has highest element number and close suitable mesh statistics within legal limits. 

 

6.1.3 Fluent Solver 
 

It was used ANSYS fluent solver which was set up as a condition of pressure based and we use 

k-epsilon (2 eqn.) for models. Also, our main actor is air as a fluid in the system. Inlet conditions 

are considered as a boundary condition to analysis to our system. 

Reference values for fluent solver respectively; 

 Area=1m2 (which is used to compute the force and moment coefficients)    

 Density of Air=1.225 kg/m3 (compute the reference dynamic pressure) 

 Enthalpy=0 (determine the total enthalpy change) 

 Length=1m (computation of the moment coefficient) 

 Pressure =0 pa (pressure-related forces and moments and the pressure coefficient) 

 Temperature=298.15 K (compute entropy for incompressible flows) 

 Inlet Velocity of the system=5.5 m/s (calculated by theoretical formula) 

 Viscosity=1.7894*10−5  (the boundary Reynolds number) 

 The ratio of specific heats=1.4 

Inlet velocity applied throughout Z direction. Specification method chooses Intensity and 

Viscosity ratio. Turbulent Intensity is % 5, Turbulent Viscosity ratio is the boundary value for 

the modified turbulent viscosity,  and by combining 
𝜇𝑡

𝜇
 with the appropriate values of density 

and molecular viscosity which is 10.Wall motion applied as Stationary Wall and Shear 

condition is no slip. Wall roughness constant shows 0.5. 
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Solution method; 

Scheme SIMPLE 

Gradient LEAST SQUARES CELL BASED 

Pressure SECOND ORDER 

Momentum SECOND ORDER UPWIND 

Turbulent Kinetic Energy SECOND ORDER UPWIND 

Turbulent Dissipation Rate SECOND ORDER UPWIND 

 

It was used implicit solution method and calculated 3000 iterations which converged to 

according to converge criteria is 10−6 .Critical locations values were tabulated as inlet of the 

system, inlet of the nozzle, outlet of the nozzle and outlet  of the system as well as element size. 

4 tables were prepared to show mean velocities, total pressures, dynamic pressures and absolute 

pressures 

 

Element Size Inlet Velocity of 

the system 

Inlet Velocity of 

the nozzle 

Outlet Velocity 

of the nozzle 

Outlet Velocity 

of the system 

202153 5.5 m/s 6.0873241 m/s 27.589312 m/s 8.7011585 m/s 

54112 5.5 m/s 6.9571471 m/s 27.46284 m/s 8.87911161 m/s 

113555 5.5 m/s 7.0133114 m/s 29.062473 m/s 9.1564665 m/s 

                                                       Table 4.2 Mean Velocity results of the analysis 

 

Element Size Inlet Total 

pressure of the 

system 

Inlet Total 

pressure of the 

nozzle 

Outlet Total 

pressure of the 

nozzle 

Outlet Total 

pressure of the 

system 

202153 902.34 pascal 898.38 pascal 694.22 pascal 69.9 pascal 

54112 525.07 pascal 528.20 pascal 531.51 pascal 80.45 pascal 

113555 645.88 pascal 649.53 pascal 674.02 pascal 90.13 pascal 

                                                          Table 4.3 Total pressure of the system 
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Element Size Inlet Dynamic 

pressure of the 

system 

Inlet Dynamic 

pressure of the 

nozzle 

Outlet Dynamic 

pressure of the 

nozzle 

Outlet Dynamic 

pressure of the 

system 

202153 18.49 pascal 30.55 pascal 502.34 pascal 64.24 pascal 

54112 18.53 pascal 31.99 pascal 464.43 pascal 80.88 pascal 

113555 18.53 pascal 32.48 pascal 520.75 pascal 90.69 pascal 

                                                        Table 4.4 Dynamic pressure of the system 

Element Size Inlet Absolute 

pressure of the 

system 

Inlet Absolute 

pressure of the 

nozzle 

Outlet Absolute 

pressure of the 

nozzle 

Outlet Absolute 

pressure of the 

system 

202153 102208 pascal 102192 pascal 101516 pascal 101325 pascal 

54112 101831 pascal 101821 pascal 101392 pascal 101324 pascal 

113555 101952 pascal 101942 pascal 101478 pascal 101324 pascal 

                                                    Table 4.5 Absolute pressure of the system 

 

Tables show element size, inlet velocity of the system, inlet velocity of the nozzle, outlet 

velocity of the nozzle, and outlet velocity as well as pressure conditions of the system 

respectively. When we compare our theoretical values within analysis table value, I would like 

to consider element size which has 202153(first application) number element size due to reach 

a reasonable final solution because the first application has the nearest values with my 

theoretical values. 

 

6.1.4 Pressure and Velocity Profile of the system 

 
The profile of velocity not only shows you the magnitude of velocity but also shows you the 

characteristics of the flow like direction, change due to the shape of the domain or increase-

decrease in the velocity magnitude with respect to the geometry and so on. So in general, it 

helps you to understand how the fluid behaves while it is transported through the domain. 

Pressure Profile is exerted between two items that are in contact with one another. The Pressure 

Profile is the pressure distribution over the entire contact area. For a static situation, such as 

two items bolted together, pressure does not change with time. 

As we focus to evaluate values which are from the first application so Illustrations are used 

from the first application. 
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                                                      Figure 6.9 Velocity graph of overall system (m/s) 

 

                                                  Figure 6.9.1 Total Pressure graph of overall system (Pascal) 

6.2 Grid Analysis 

 
The Grid is an apparatus to provide more regular flow with the desired velocity because the 

flow pressure cannot be changed without velocity changes when the flow profile goes to 

become irregular and also reach to any pressure profile via grid plate which is adjustable to 

arrange according to our needs. 
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6.2.1 Model of Grid 

 

      

                         Figure 7 Front side of Grid                                                               Figure 7.1 Back side of Grid 

The special design grid used that is given for the system, the grid was modelled with 9 

rectangular holes and holes were echeloned as star style on the cylindrical plate. Holes 

measurements are 300mm*300mm and Plate has 2200mm length* 2101, 34mm height. Each 

hole are located between 100mm one another and the grid assembled on the exit of the nozzle. 

 

6.2.2 Mesh of the model with normal grid  
 

 

                                             Figure 7.2 Grid illustration with inflation layers 

The meshing of the model with grid, the meshing of the parts is done so that we can brief view 

of the part we designed and the parameters that we are going to compute in the future using 
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solver as in my case is the velocity. In order to get the good quality which was selected 

‘’Tetrahedrons (Patch Conforming) Method’’ used to reach regular and pure mesh quality. 

I try to catch good orthogonal and skewness quality so I applied one operation for the grid. 

 

 

                                                      Figure 7.3 Grid analysis orthogonal quality 

 

 

                                                                  Figure 7.4 Grid analysis Skewness    

Figure 7.3 and 7.4 show minimum orthogonal quality is 0.0281<0.1 and maximum skewness 

quality is 0.9503>0.95. These are good values to analyze with that element number. 

6.2.3 Fluent Solver  

The used of ANSYS fluent solver which was set up as a condition of density based and we use 

k-epsilon (2 eqn.) for models. Also, our main actor is air as a fluid in the system. Inlet conditions 

are considered as a boundary condition to analysis to our system. 

Reference values for fluent solver respectively; 

 Area=1m2 (which is used to compute the force and moment coefficients)    

 Density of Air=1.225 kg/m3 (compute the reference dynamic pressure) 

 Enthalpy=0 (determine the total enthalpy change) 

 Length=1m (computation of the moment coefficient) 

 Pressure =0 pa (pressure-related forces and moments and the pressure coefficient) 

 Temperature=298.15 K (compute entropy for incompressible flows) 
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 Inlet Velocity of the system=5.5 m/s (calculated by theoretical formula) 

 Viscosity=1.7894*10−5  (the boundary Reynolds number) 

 The ratio of specific heats=1.4 

Inlet velocity applied throughout Z direction. Specification method chooses Intensity and 

Viscosity ratio. Turbulent Intensity is % 5, Turbulent Viscosity ratio is the boundary value for 

the modified turbulent viscosity,  and by combining 
𝜇𝑡

𝜇
 with the appropriate values of density 

and molecular viscosity which is 10.Wall motion applied as Stationary Wall and Shear 

condition is no slip. Wall roughness constant shows 0.5. 

Solution method; 

Scheme SIMPLE 

Gradient LEAST SQUARES CELL BASED 

Pressure SECOND ORDER 

Momentum SECOND ORDER UPWIND 

Turbulent Kinetic Energy SECOND ORDER UPWIND 

Turbulent Dissipation Rate SECOND ORDER UPWIND 

We use implicit solution method as well as calculated 3000 iterations with converged to 

calculation according to my converge criteria is 10−6 . Critical locations values were tabulated 

as inlet of the system, inlet of the nozzle, outlet of the nozzle and outlet of the system as well 

as element size. 4 tables were prepared to show mean velocities, total pressures, dynamic 

pressures and absolute pressures 

Element size Inlet Velocity of 

the system 

Inlet Velocity of 

the nozzle 

Outlet Velocity 

of the nozzle 

Outlet velocity 

of the system 

133170 5.5 m/s 6.99 m/s 29.14 m/s 9.71 m/s 

284221 5.5 m/s 6.98 m/s 26.39 m/s  10.61 m/s 

62126 5.5 m/s 6.93 m/s 23.30 m/s 9.58 m/s 

                                                        Table 4.3 Mean Velocity values of the grid system 

Element size Inlet Total 

Pressure of the 

system 

Inlet Total 

pressure of the 

nozzle 

Outlet Total 

pressure of the 

nozzle 

Outlet Total 

pressure of the 

system 

133170 11732 pascal 11736 pascal 347.51 pascal 97.53 pascal 

284221 12037 pascal 12041 pascal 160.81 pascal 92.15 pascal 

62126 10503 pascal 10506 pascal 389.51 pascal 90.62 pascal 

                                                          Table 4.3 Total pressure of the grid system 

Element size Inlet Dynamic 

Pressure of the 

system 

Inlet Dynamic 

pressure of the 

nozzle 

Outlet Dynamic 

pressure of the 

nozzle 

Outlet Dynamic 

pressure of the 

system 

133170 18.51 pascal 32.33 pascal 1281.37 pascal 100.44 pascal 



48 
 

284221 18.53 pascal 32.18 pascal 1196.23 pascal 94.42 pascal 

62126 18.53 pascal 31.77 pascal 994.41 pascal 93 pascal 

                                                   Table 4.4 Dynamic pressure of the grid system 

 

Element Size Inlet Absolute 

Pressure of the 

system 

Inlet Absolute 

pressure of the 

nozzle 

Outlet Absolute 

pressure of the 

nozzle 

Outlet Absolute 

pressure of the 

system 

133170 113039 pascal 113029 pascal 100391 pascal 101323 pascal 

284221 113344 pascal 113333 pascal 100289 pascal 101324 pascal 

62126 107811 pascal 107806 pascal 100834 pascal 101324 pascal 

                                                Table 4.5 Absolute pressure of grid system 

 

Tables’ shows element size, inlet velocity of the system, inlet velocity of the nozzle, outlet 

velocity of the nozzle, and outlet velocity as well as pressure conditions of the system 

respectively. When we compare our theoretical values within analysis table value, I would like 

to consider element size which has 133170(first application) number element size due to reach 

a reasonable final solution because the first application has the nearest values with my 

theoretical values.                            

 

          

                                                            Figure 7.5 Pressure profile graph of grid 
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6.3 Pipe (cylinder) Grid Analysis 
 

The pipe grid is designed as embed pipes in frame and this structure is located on exit of the 

nozzle. 

Again like a normal cylinder grid, we would like to compare both of grid and profiles of 

velocity, pressure as well. Generally this type grid used to fully develop flow with turbulent 

condition and produce wakes after passing on cylinder blocks of air. 

6.3.1 Model of Pipe Grid 

            

     Figure 7.6 Front side of cylinder                                                        Figure 7.7 back side of cylinder grid    

The special cylinder type grid was modelled with 9 horizontal cylinder pipes which was located 

horizontal at exit of the nozzle and 9x9 cylinder type small pipes were located vertical on the 

each horizontal cylinder pipes that is facing to inside of the nozzle. Small pipes measurements 

are 50mm*50mm and horizontal tall cylinder pipes has 1000mm diameter and length 2000mm 

height.  

6.3.2 Mesh model of the cylinder (pipe) grid 
 

        

                                                       Figure 7.8 Cylinder grid illustration 
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The meshing of the model with grid, the meshing of the parts is done so that we can brief view 

of the part we designed and the parameters that we are going to compute in the future using 

solver as in my case is the velocity. In order to get the good quality which was selected 

‘’Tetrahedrons (Patch Conforming) Method’’ used to reach regular and pure mesh quality. 

I try to catch good orthogonal and skewness quality so I applied one operation for the grid. 

 

                                               Figure 7.9 Cylinder grid analysis orthogonal 

 

 

                                                     Figure 8 Cylinder grid analysis skewness 

 

Figure 7.9 and 8 show minimum orthogonal quality is 0.014165<0.1 and maximum skewness 

quality is 0.98>0.95. Very big element size, good orthogonal quality but less skewness quality 

and tried to catch to perfect values within that element number 

 

6.3.3 Fluent Solver 

The used of ANSYS fluent solver which was set up as a condition of density based and we use 

k-epsilon (2 eqn.) for models. Also, our main actor is air as a fluid in the system. Inlet conditions 

are considered as a boundary condition to analysis to our system. 
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Reference values for fluent solver respectively; 

 Area=1m2 (which is used to compute the force and moment coefficients)    

 Density of Air=1.225 kg/m3 (compute the reference dynamic pressure) 

 Enthalpy=0 (determine the total enthalpy change) 

 Length=1m (computation of the moment coefficient) 

 Pressure =0 pa (pressure-related forces and moments and the pressure coefficient) 

 Temperature=298.15 K (compute entropy for incompressible flows) 

 Inlet Velocity of the system=5.5 m/s (calculated by theoretical formula) 

 Viscosity=1.7894*10−5  (the boundary Reynolds number) 

 The ratio of specific heats=1.4 

Inlet velocity applied throughout Z direction. Specification method chooses Intensity and 

Viscosity ratio. Turbulent Intensity is % 5, Turbulent Viscosity ratio is the boundary value for 

the modified turbulent viscosity,  and by combining 
𝜇𝑡

𝜇
 with the appropriate values of density 

and molecular viscosity which is 10.Wall motion applied as Stationary Wall and Shear 

condition is no slip. Wall roughness constant shows 0.5. 

Solution method; 

Scheme SIMPLE 

Gradient LEAST SQUARES CELL BASED 

Pressure SECOND ORDER 

Momentum SECOND ORDER UPWIND 

Turbulent Kinetic Energy SECOND ORDER UPWIND 

Turbulent Dissipation Rate SECOND ORDER UPWIND 

 

We use implicit solution method as well as calculated 3000 iterations with converged to 

calculation according to my converge criteria is 10−6 . Critical locations values were tabulated 

as inlet of the system, inlet of the nozzle, outlet of the nozzle and outlet of the system as well 

as element size. 4 tables were prepared to show mean velocities, total pressures, dynamic 

pressures and absolute pressures 

 

Element size Inlet Velocity of 

the system 

Inlet Velocity of 

the nozzle 

Outlet Velocity of 

the nozzle 

Outlet velocity of 

the system 

881264 5.5 m/s 7.033288 m/s 27.928326 m/s 8.8901043 m/s 

                                                           Table 4.6 Mean velocity results of cylinder grid 
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Element Size Inlet Total 

Pressure of the 

system 

Inlet Total 

pressure of the 

nozzle 

Outlet Total 

pressure of the 

nozzle 

Outlet Total 

pressure of the 

system 

881264 734.343 pascal 738.123 pascal 734.3075 pascal 78.18998 pascal 

                                                                Table 4.7 Total pressure results of cylinder grid 

 

Element Size Inlet  Dynamic 

Pressure of the 

system 

Inlet Dynamic 

pressure of the 

nozzle 

Outlet Dynamic 

pressure of the 

nozzle 

Outlet Dynamic 

pressure of the 

system 

881264 18.542313 

pascal 

32.609257 

pascal 

483.80286 

pascal 

78.965454 

pascal 

                                                                 Table 4.8 Dynamic pressure results of cylinder grid 

 

Element Size Inlet  Absolute 

Pressure of the 

system 

Inlet Absolute 

pressure of the 

nozzle 

Outlet Absolute 

pressure of the 

nozzle 

Outlet Absolute 

pressure of the 

system 

881264 102040.8 pascal 102030.52 

pascal 

101575.51 

pascal 

101324.95 

pascal 

                                                    Table 4.9 Absolute pressure results of cylinder grid 

                   

 

                                                   Figure 8.1 Pressure graph of the all system 
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RESULTS AND DISCUSSION 
 

First of all Design parameters and theoretical equations were acquired by endowed reference 

values. The most important reference value is 50 m/s (maximum) where is located at the exit 

of the nozzle and inlet of the test section at meanwhile. When we followed the Mach number 

equation, 50 m/s velocity was applied with 20 Celsius air temperature and Mach number 

calculated0.145 that means the wind tunnel system was exposed to the subsonic flow. Due to 

the design of the system, the most important part is nozzle design and De-Laval converged 

nozzle requisite to provided diversity of air velocity, pressure, density and boundary layers of 

themselves. The primary conclusions of this study are summarized as follows: 

 The hyperbolic curve was discovered by observational investigation of De-Laval 

converged nozzle's structure that's why hyperbolic equations are used for identification 

of the De-Laval converged nozzle parameters as inlet, outlet diameters, length of the 

nozzle. On the other hand inlet and outlet designed cylindrical construction to reach 

High efficiency as much as non-reversible flow. a and b values represent as the radius 

of inlet and outlet on the x and y plane. Radii are calculated to the aid of by inlet and 

outlet area ratio formulation which was combined of Mach number, specific heat ratio 

within the derivation of motion of equation After that a and b values was substituted 

qua radii and calculated x and y values were assumed as diameter and length of the 

nozzle. Inlet, outlet diameters and the nozzle length were determined and results are 

1.978meters, 3.956meters, and 1.73 meters respectively. Diameters and length results 

said that the system has a 0.011 error margin which is suitable and predicted to use for 

designing the nozzle in addition to this contraction ratio of nozzle calculated as 0.489. 

 

 Also, other important parameters are temperature, pressure and density changes ratio 

(stagnation properties) at inlet and outlet of the nozzle that ratio equation was provided 

through a combination of Mach number and specific heat ratio and derivation of the 

equation of motion. By the way, specific heat ratio is considered the value of 1.4 because 

of air gets used in the system. Pressure, temperature and density ratio were calculated 

via specific heat ratio and Mach number, based results show 1.01479, 1.04205 and 

1.01054 respectively. As results are shown very close to 1 and it is able to assume no 

changes in theory and identified an incompressible flow. Formulations of ratio to show 

regard to compressible flow indeed this research informs every type of flow have 

property changes and definition of incompressible flow gets used only for theoretical 

description. 

 

 Velocities at a critical location in the system which is considered mean velocity so 

required mean velocities are calculated via formulation that is constituted with 

stagnation properties, enthalpy changes, pressure ratio, temperature difference at inlet 

and outlet. The exit velocity of the nozzle calculated 26.6 m/s, other critical locations 

are calculated to aid of the continuity equations, results are 5.5 m/s, 6.9 m/s and 8.45 

m/s for inlet of the system, inlet of the nozzle, the outlet of the system respectively. 
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Necessary turbulent flow demonstrated aid of Reynold's numbers and when mean 

velocities replaced in the formulation of Reynold's number results are bigger than 4000 

for every critical section which is threshold number for turbulent flow. The hydraulic 

diameter of critical locations where except outlet of the system are considered like 

directly diameters because these constructions are cylindrical. Comparison of 

theoretical results of the system with Ansys fluent and Gas dynamic table values gives 

substantially attestation for a model of the system. 

 

                                                                 
        Figure 8.2 Total pressure profile illustration                             Figure 8.3 Velocity profile illustration                           

 As we see in figures 8.2 and 8.3 air flow distribution more regular than without grid 

system and air flow effects dispersion at edges and corners more than without grid 

system but the system which is assembled grid causes more involve expenses costs like 

grid material, fan size, etc.  

     

        

   Figure 8.4 Total pressure profile of normal grid                        Figure 8.5 Velocity profile of normal grid 
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  Figure 8.6 Total pressure profile of pipe grid                     Figure 8.7 Velocity profile of the pipe grid 
           

 When the grids are assembled in figure 8.4, 8.5, 8.6, 8.7 at the outlet of the nozzle and 

analysis of the system with the grid, we assume low-velocity changes and high pressure 

increasing and also aim to add the grid in the system is creating more favorable fully 

developed flow. 

 

 In figure 8.6 and 8.7 we see more regular air flow distribution and less difference 

pressure than the normal grid and system which is without a grid. As we see below in 

figure 8.8, 8.9, 9, 9.1, 9.2, 9.3 flow dispersion more efficient in the system which has a 

cylinder (pipe) grid respectively. The cylinder grid stirred up to preferable dissociation 

of pressure, velocity, and density where the car is located in the test section and normal 

gird caused to become unbalanced flow in the system. Cylindrical grid illustrations 

show suitable average values in the section which is car location.  

                       

                                              Figure 8.8 car location velocity field without grid      
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                                             Figure 8.9 car location velocity filed of normal grid            

 

                            

                                        Figure 9 car location velocity field of the pipe grid 
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                                        Figure 9.1 car location pressure profile without grid 

 

                    

                                      Figure 9.3 car location pressure profile of normal grid 

 



58 
 

                    

                                     Figure 9.4 car location pressure profile of the pipe grid 

 The dandiest condition is resemblance of boundary layers as rain drop because of rain 

drop was approved the perfect shape of fluid layers. The cylindrical grid catchs that 

similarity within boundary layers in system 

 

 Observed flux density collected in the waist of the test section and very less at corners 

it is not desirable condition and distribution. In order to reach a fully developed flow 

with perfect dispersion in the test section, two types of grids are assembled the exit of 

the nozzle. Grids structure are in titled normal and cylindrical types. Analysis results 

with grids indicated perfect and better flux density at every point of the test section. 

However, pressure drop was increased by using grid apparatus. Compare to girds 

between each other, values and illustrations inferred cylindrical grid more useful than 

a normal grid. Pressure drop augmentation justification related to Darcy-Welsbach 

relation that is represented by friction coefficient, length and diameter ratio, mean 

velocity parameters. In the system, no changes for length, diameter and mean velocity 

so pressure drop increasing in consideration of friction coefficient rising in the system. 
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                                            NOMENCLATURE 
 

Symbol Meaning 

 
  A0 Inlet area 

  A∗ Critical section area 

  a Substitution  Inlet radius 

  b Substitution Outlet radius 

  C Speed of sound 

  Cp/Cv Specific gas constant 

  Cf Frictional effect 

  D Diameter 

  Dh Hydraulic Diameter 

  ∆F Frictional Loss 

  G Gravity 

  ∆H Head Loss 

   h Enthalpy 

   k Specific heat ratio 

   K1 Loss coefficient 

   M Mass 

  ṁ Mass flow rate 

  Ma Mach number 

  n Number of mol 

  Pe Perimeter 

  Pr Reservoir Pressure 

  P Pressure 

  Re Reynold’s number 

  R Gas Constant 

  r0 Inlet radius 

  r1 Outlet radius 

  r∗ Critical section radius 

  S Distance 

  T Temperature 
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 ∆t Time derivative 

  Tr Reservoir  Temperature 

 τxx 2 dimensional Normal stress on x direction 

  U Mean Velocity 

  Uxx 2 dimensional mean velocity on x direction 

  𝑣 Velocity 

  v Kinematic Viscosity 

  xx 2 dimensional on x direction index 

  q Density 

  Qxx 2 dimensional Heat Flux on x  direction 

  x Length of nozzle 

  y Substitution of nozzle diameter 

 ∆w Fluid weight loss 

  μ Darcy Friction factor 

  γ Dynamic Viscosity 
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