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ABSTRACT 
Computational Fluid Dynamics is used as a tool for 

optimizing a model wind tunnel three-dimensional 

contraction. A sixth order polynomial profile is chosen with 

six conditions to determine the polynomial coefficients. The 

seventh condition is the location of the inflection point along 

the contraction axis.  Five inflection points are chosen to give 

five different contractions. Numerical simulations for the five 

contractions are carried out, Reynolds number based on the 

free stream velocity and the test section height is        6. 

Boundary layer thickness, static pressure and secondary flow 

are considered as optimization parameters. Numerical results 

show that boundary layer thickness decreases, variation in 

wall normal velocity components at the test section inlet 

increases, and probability of flow separation increases as the 

inflection point moves towards the contraction outlet. Unlike 

recent numerical studies, numerical results of this work 

indicate that the optimum profile for the contraction is when 

the inflection point is located at the middle of the contraction, 

thus the sixth order polynomial reduces to a fifth order. 

 

INTRODUCTION 
Wind-tunnels represent a useful tool for investigating 

various flow phenomena. An advantage of using wind-

tunnels is that experiments there can be performed under well 

controlled flow circumstances compared to experiments in 

the open environment.   

 For flow quality improvement, most important part in the 

wind-tunnel circuit is the contraction through which the flow 

passes before entering the test section. In the contraction the 

flow is accelerated rapidly, this results in a large stream wise 

strain that reduces mean flow variations and the larger the 

contraction  ratio (CR), the larger the strain and thus 

reduction in static pressure.  

The contraction has two main objectives; the first one is 

to increase the mean velocity of the flow, this in turn reduce 

the pressure losses in honeycombs and screens, as the flow 

moves through with lower speed. The second objective is to 

reduce both mean and fluctuating velocity variations to a 

smaller fraction of the mean velocity and consequently 

provide a low turbulence intensity flow at the test-section. 

The most important independent parameter for determining 

velocity variations is the contraction ratio (CR), in this study 

CR = 9.  

The contraction can be divided into two parts; the first 

part has walls of concave shape and it is very important to 

elongate this part as much as possible to avoid wall boundary 

layer separation to occur here. The second part of the 

contraction has convex walls. Here, there is also a risk  of  

separation  close  to  the  test  section  since  there  is  a 

positive pressure gradient. It is easy to counteract a separation 

in this section by using some boundary layer tripping device 

such as tape with V-shaped roughness elements. 

Traditionally, the design of wind tunnel contractions 

(three dimensional)  has  been  based  on two parts,  the 

joining  point location used to be the design optimisation 

parameter for a fixed length and contraction ratio. In this 

study, however, the location of inflection point along the 

contraction axis is used as an optimization parameter. 

 

NOMENCLATURE 
 

𝐶𝑅 [-] Contraction ratio 

𝐻𝑖  [m] The contraction inlet height 

𝐻𝑜 [m] The contraction outlet height 

k [𝑚2/𝑠2] Turbulence kinetic energy (TKE)  

L [m] The contraction length 

𝑝 [𝑁/𝑚2] Instantaneous pressure 

P [𝑁/𝑚2] Mean pressure 

�̃� [m/s] Instantaneous velocity component in x-

direction 

�̃� [m/s] Instantaneous velocity component in y-

direction 

�̃� [m/s] Instantaneous velocity component in z-

direction 

U [m/s] Mean velocity component in x-direction 

V [m/s] Mean velocity component in y-direction 

W [m/s] Mean velocity component in z-direction 

x [m] Cartesian axis direction 

y [m] Cartesian axis direction 

z [m] Cartesian axis direction 

Greek letters 

𝜀 [m] Location of inflection point along 

contraction axis 

𝜈 [𝑚2/𝑠] Kinematic viscosity 

𝜌 [𝑘𝑔/𝑚3] Fluid density 

𝜔 [1/s] Energy dissipated per unit TKE 
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GEOMETRY 
As a result of the geometrical symmetry of the contraction 

and test section, one quarter of both the contraction and the 

test section is considered in the simulation. The geometry 

specifications are as follows: 

 

 The contraction inlet height is 0.75m. 

 Contraction length 1.5m. 

 Test section height 0.25m. 

 Test section length 1.5m. 

 

The main difference between the five contractions is the 

location of the inflection point at the profile of contraction. 

Figure 1 shows the computational geometry.  

 

CONTRACTION PROFILES 
Considering a sixth order polynomial equation for the 

contraction profile shape, shown in equation (1). 

 

    6    5    4    3    2                       (1) 

 

Boundary conditions for determining the coefficients a, b, 

c, d, e, and f are: 

1- At contraction inlet: x = 0 m and y =𝐻𝑖       𝑚. 

2- At contraction exit: x =1.5 m and y =𝐻𝑜       𝑚. 

3- The slope equals zero at the contraction inlet:  

 x = 0 m, 
  

  
  . 

4- The slope equals zero at the contraction outlet: 

 x = 1.5 m, 
  

  
  . 

5- The radius of curvature at the contraction inlet 

equals zero:  

x = 0 m, 
   

   
  . 

6- The radius of curvature at the contraction outlet 

equals zero:  

x = 1.5 m, 
   

   
   

7- Inflection point 𝜀; x= 𝜀, 
   

   
  , five locations for 

the inflection point are considered; at x=0.600, 

0.657, 0.750, 0.825 and 0.900. 

The coefficient for each inflection location is determined, and 

shown in table 1. 

 
Table 1 Polynomial coefficients for each contraction profile, for 

all profiles e=0, f=0 and g=𝐻𝑖 . 
 

𝜀 Profile a b c d 

0.600 One 0.44 -2.37 4.44 -2.96 

0.675 Two 0.18 -1.23 2.73 -2.11 

0.750 Three 0.00 -0.40 1.48 -1.48 

0.825 Four -0.18 0.44 0.23 -0.86 

0.900 Five -0.44 1.58 -1.48 0.00 

 

Figure 1 shows the different contraction profiles. The sixth 

order polynomial equation reduced to a fifth order one when 

the inflection point located at the middle of contraction 

length. 

 

 
Figure 1 Contraction profiles 

 

GOVERNING EQUATIONS 
Fluid flow is governed by Navier-Stokes equations that, in 

Cartesian coordinates, can be written in tensor notations as 

follows: 
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Direct solution of these equations numerically is very 

expensive, however, a cheap form of these equation in terms 

of computation time are Reynolds average Navier-Stokes 

(RaNS) equations which can be written as follows: 
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Where     ̅̅ ̅̅ ̅ represents the Reynolds stresses which must be 

modelled in order to close the system of equations. In this 

study Reynolds stresses are modelled using Spalart-Allamars 

(S-A) model and k-𝜔 model. 

 

BOUNDARY CONDITIONS 
When considering three-dimensional internal fluid 

flow, four main boundary conditions can be considered, these 

are as follow:  

Inlet boundary condition: Velocity magnitude normal to the 

boundary (4.44 m/s) and state of turbulence at the inlet 

represented by length scale and turbulent intensity.  

Wall boundary condition: No-slip boundary condition with all 

velocity components equal zero at the wall.  

Symmetry boundary condition: No flux across the symmetry 

boundary is imposed by setting the first derivatives of 

velocity components and turbulence quantities equal zero.  

Outlet boundary condition: Mass flow weighting equals one.  

 

COMPUTATIONAL MODEL 
As the flow field is symmetric, only one quarter of the 

contraction and the test-section are considered. The 

computational geometry is meshed using Pointwise software. 

The mesh comprises of              grid points in 

     and  , respectively. Since the turbulence models used in 

the present study demand low    values for efficient 

resolution of viscous residuals, every effort was made to keep 

the    value along the wall less than or equal 0.5.  
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Figure 2 Sketch shows the computational domain 

 

TURBULENCE MODELS 

Both Spalart-Allmaras (S-A) and 𝑘  𝜔 models are 

used for simulating the air flow behaviour in this study. 

Figure 3 shows that the two models give very close results, 

with a deviation of less than 0.15% for velocity differences. 

This in turn proves the low sensitivity of the results to 

turbulence models. All the following results are based on S-A 

model.  

 
Figure 3 Stream-wise velocity profile at the test-section 

inlet for contraction profile three using S-A and k-ω models 

 

BOUNDARY LAYER AND FLOW SEPARATION 
At a solid surface the velocity of the fluid relative to 

the surface is zero which is known as the no-slip condition. 

This in turns, results in a region in which the velocity   

increases rapidly from zero at the surface to the main stream 

velocity known as the boundary layer region. Thus, high 

velocity gradients exist in the boundary layer region. The 

thickness of boundary layer is defined as the distance from 

the solid surface to the point at which the velocity reaches 

99% of the free stream velocity. The thicker the boundary 

layer inside the test-sections of a wind-tunnel the narrower 

the domain at which an experiment can be performed. The 

flow separation typically occurs inside the boundary layer, 

when the reduction of velocity is combined with a positive 

pressure gradient known as an adverse pressure gradient 

opposing the main stream flow. The separation of the 

boundary layer causes a significant drop in the static 

pressure. In wind tunnel design, boundary layer separation in 

contraction must be avoided.  

BOUNDARY LAYER THICKNESS 
The results were analysed to test for the uniformity of 

the flow inside the test-section. The boundary layer profiles 

for the five contractions were plotted at five positions along 

the test-section to study the evolution of the boundary layer 

along the test- section. The five positions are shown in figure 

2. Figures 4 to 8 illustrate that contraction  number  five  has  

the  thinner boundary  layer, contractions  four, three, two, 

and one follow respectively, with profile one having the 

thickest boundary layer. These results are suggesting that as 

the inflection point move further towards the contraction 

outlet the resulted boundary layer will be thinner, this is 

totally in agreement with the numerical results obtained by 

[5]. 

  Figure 4 shows the five different boundary layer profiles 

at the test section inlet for the five contraction profiles. The 

variations between the boundary layer profiles tend to 

diminish as the probe moved towards the test section outlet. 

As shown in figure 9 the five boundary layer profiles tend to 

overlap at the test section outlet, indicating that the state of 

the flow become independent of the contraction profile as the 

air approaches downstream the test-section, i.e., the flow  

“forgets” which profile formed it in the contraction. 

 

 

Figure 4 Boundary layer profiles at the test section inlet 

 
Figure 5 Boundary layer profiles at section 2 
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 2 

 3 

 4 

 5 

 6 

 

89



 
Figure 6 Boundary layer profiles at section 3 

 

 
Figure 7 Boundary layer profiles at section 4 

 
Figure 8 Boundary layer profiles at section 5 

 

 

 

 

 

 

 

 
Figure 9 Boundary layer profiles at the test section outlet 

 

STATIC PRESSURE 
The pressure at the contraction inlet is assumed to be 

atmospheric pressure, as the settling chamber was not 

simulated in this case. The static pressure drops downstream 

as a result of area decrement, friction losses and local losses. 

Most of local losses are due to turbulence dissipation and 

flow separation. Vortices generated by flow separation are 

fed on the main stream energy. The maximum static pressure 

drop was detected close to the contraction outlet in all 

contraction profiles. This dramatic drop in static pressure 

indicates the location where the flow separation probability 

is the most. Contraction profile number five caused the 

maximum pressure drop, less pressure drop caused by 

contraction profile four, three, two and one respectively, as 

shown in figures 10 and 11. 

 

 

 
Figure 10 Static pressure for contraction profiles 
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Figure 11 Static pressure contours 

 

SECONDARY FLOW 
The interaction between the vertical and horizontal 

boundary layers at the corners creates a region of secondary 

flow. In this region, significant variations in the wall normal 

velocity components, V and W velocities, are indicated at 

different sections along the test section by figures 12-15, the 

range of these variations are getting narrower as the boundary 

layers developed, i.e., the flow approaches the test section 

outlet to be in order of 0.7% of the mean flow velocity. The 

variation in V velocity was identical to that of W velocity. 

These boundary layers interactions generate two opposite 

vortices at each corner of the tunnel, as shown in figure 16, 

which have significant contributions to flow energy losses 

along the test section. The narrower range of variation in V 

and W velocities at the test section inlet achieved by 

contraction profile number one, then it increased for 

contraction profile number two, three, four, and five, 

respectively. Further downstream the test section the 

narrower range of variations was achieved by contraction 

profile five, and then it increased for contraction profile four, 

three, two, and one, respectively. Chamfer contraction 

corners are recommended for counteract the effect of 

secondary flow.  

 

 
Figure 12 y-velocity in span wise direction at the test 

section inlet 

 
Figure 13 y-velocity in span wise direction at section 3 in 

the test section 

 

 
Figure 14 y-velocity in span wise direction at section 5 in 

the test section 

 

91



 
Figure 15 y-velocity in span wise direction at the test 

section outlet 

 
 

Figure 16 y-velocity at section 2 

 
 

CONCLUSION 
Computational   fluid   dynamics   was   used   to   

analyse and optimize a three dimensional wind tunnel 

contraction. A six order polynomial equation was used to 

model the contraction profile. The location of the inflection 

point was the design parameter that varied along the 

contraction axis to give five different contraction profiles. 

The numerical results indicated that the boundary layer 

thickness in the wind-tunnel test-section reduces as the 

inflection point moves downstream the contraction axis. The 

drop in static pressure decreases as the inflection point moves 

upstream the contraction axis. The variation in the wall 

normal velocities at the test section inlet reduces as the 

inflection point moves upstream, however, downstream the 

test section inlet these variations increases as the inflection 

point moves upstream. The following summary shows the 

best profile for each criterion: 

 

 

 

 

 

 

 

 

 

 

 Boundary layer thickness: Profile five. 

 Pressure drop: Profile one. 

 Secondary flow: (Test-section inlet) Profile one. 

 Secondary flow: (Downstream the test-section inlet) 

Profile five. 

According to these criteria, as the inflection point is moved 

downstream, the first flow quality indicator gets better, the 

second flow quality indicator gets worse, and the third flow 

quality indicator depends on the position in the test section. 

Therefore, a compromise has to be made to balance the 

importance of each of the three flow quality indicators.   

Based on these conclusions contraction profile number 

three, in which the inflection point is located at the middle of 

the contraction axis, was chosen to be the best profile for this 

wind-tunnel. The chosen contraction profile is a fifth order 

polynomial since the inflection point was located at the middle 

of the contraction for this profile. 
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