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Wind tunnel tests are useful in the design of vehicles and structures that are subjected to airflow during their use. Wind tunnel data are generated by applying a controlled air flow to a model of the object being studied. The test model usually has a similar geometry but is a smaller scale compared to the full-sized object. To ensure accurate and useful data is collected during low speed wind tunnel tests, there must be dynamic similarity of the Reynolds number between the tunnel flow field over the testing model and the actual flow field over the full-sized object.  
In this demonstration, wind tunnel flow over a smooth sphere with well-defined flow characteristics will be analyzed. Because the sphere has well-defined flow characteristics, the turbulence factor for the wind tunnel, which correlates the effective Reynolds number to the test Reynolds number, can be determined, as well as the free stream turbulence intensity of the wind tunnel. 
INTRODUCTION:
To maintain dynamic similarity in low speed flows, the Reynolds number of an experiment must be the same as the Reynolds number of the flow phenomenon being studied. However, experiments performed in different wind tunnels and in free air, even at the same Reynolds number, could provide different results. These differences may be attributed to the effect of the free stream turbulence inside the wind tunnel test section, which could be perceived as a higher “effective Reynolds number” for the wind tunnel test [1]. 
A simple method that is used to obtain the effective Reynolds number for a wind tunnel and estimate its turbulence intensity is the use of the turbulence sphere. This method obtains an indirect measurement of the turbulence intensity by determining the turbulence factor of the wind tunnel. The turbulence factor, , correlates the effective Reynolds number, Reff, with the tunnel Reynolds number, , as

			 
The turbulence intensity can be measured directly by a hotwire anemometry, Laser Doppler Velocimetry, or Particle Image Velocimetry flow field survey. Before the introduction of these direct measurement methods, a turbulence sphere was the primary way to measure the relative turbulence of a wind tunnel. Since the direct methods are usually time consuming and expensive, the conventional turbulence sphere method still remains a fast and inexpensive alternative for gauging air flow quality. 
The turbulence sphere method relies on two empirical results: the sphere drag crisis and the strong correlation between the critical Reynolds number, , and the flow turbulence intensity. The drag crisis refers to the phenomenon that the sphere drag coefficient, , suddenly drops off due to the backward shift of the flow separation point. When the flow reaches the critical Reynolds number, the boundary layer transition from laminar flow to turbulent flow occurs very close to the leading edge of the sphere. This early transition causes a delayed flow separation because the turbulent boundary layer is better able to negotiate an adverse pressure gradient for a longer distance and is therefore less prone to separation than the laminar boundary layer. The delayed separation promotes better pressure recovery, which reduces the size of the wake and the pressure drag and significantly decreases the overall drag.
The turbulence spheres used in this demonstration have one pressure tap at the leading edge and four pressure taps at points located  from the trailing edge. Three spheres with diameters of 4.0, 4.987 and 6.0 in, respectively, will be investigated. For a smooth sphere, the critical Reynolds number is well defined and occurs when . This corresponds to a value of , where  is the difference between the average pressure measured at the four rear pressure ports and the stagnation pressure at the sphere leading edge, and  is the flow dynamic pressure. 

While  is well defined by  and , it strongly depends on flow turbulence. This demonstration using spheres can be used to define the turbulence factor. Early flight measurements found that in the free atmosphere,  for a smooth sphere. The free air critical Reynolds is correlated to the wind tunnel turbulence by the following equation:
PROTOCOL:
1. Preparation of turbulence sphere in the wind tunnel

· Connect the wind tunnel pitot tube to port #1 on the pressure scanner, and connect the static pressure port to port #2 on the pressure scanner.
· Lock external balance.
· Fix the sphere strut to the balance support inside the wind tunnel.
· Install the sphere with 6 in diameter.
· Connect the leading-edge pressure tap to port #3 on the pressure scanner, and connect the four aft pressure taps to port #4 on the pressure scanner.
· Attach the air supply line to the pressure regulator, and set the pressure to 65 psi.
· Connect the manifold of the pressure scanner to the pressure line.
· Start up the data acquisition system and pressure scanner. Make sure to turn them on at least 20 minutes prior to the test.
· 
Estimate the maximum dynamic pressure based on the free-air critical Reynolds number for a smooth sphere: .  See tables 1 and 2 for recommended test parameters. 
· Define the dynamic pressure test range from 0 to  and define the test points by dividing the range in 15 intervals.

Table 1. Parameters for the first test.
	Sphere diameter (in)
	qMin [in H2O]
	qMax [in H2O]

	4.0
	4.0
	6.0

	4.987
	2.0
	3.4

	6.0
	1.0
	2.4




Table 2. Parameters for the second test.
	Sphere diameter (in)
	qMin [in H2O]
	qMax [in H2O]

	4.0
	3.4
	7.2

	4.987
	1.3
	5.1

	6.0
	--
	--



2.       Conducting stabilization and pressure scan measurement
2.1 Read the barometric pressure and room temperature and record the values.
2.2 Apply the corrections to the barometric pressure using equations provided by the manometer manufacturer.
2.3 Setup the data acquisition software and connect it to the pressure scanner, setting the proper IP address. 
2.4 Insert the following commands pressing enter after each command. 
>calz
>set chan1 0
>set chan 1-1..1-4
>set fps 10
2.5 Check that the test section and wind tunnel are free from debris.
2.6 Close the test section doors.
2.7 Set the wind tunnel speed dial to zero.
2.8 Turn on the wind tunnel and wind tunnel cooling system.
2.9 With the wind speed at 0 mph, start recording data, then insert the following command to  scan the pressure:
>scan 
2.10 Record the wind tunnel air temperature.
2.11 Increase the wind speed up to the next test point dynamic pressure as defined in step 1.10.
2.12 Wait until the airspeed stabilizes, then repeat steps 2.9 to 2.11 until the last test point is executed.
2.13 Slowly reduce the airspeed to zero.
2.14 When all the points have been measured, replace the 6 in sphere with the next sphere following steps 1.2 to 1.5.
2.15 Repeat steps from 2.3 to 2.14 to repeat the stabilization and pressure scan experiments.
2.16 Wait the wind tunnel to cool down after the test is executed for all three spheres.
2.17 Turn off the wind tunnel and data acquisition software. 
REPRESENTATIVE RESULTS:

For each sphere, the stagnation pressure and the pressure at the aft ports were measured. The difference between these two values gives the pressure difference, . The total pressure, , and static pressure, , of the test section were also measured, which are used to determine the test dynamic pressure, ,  and the normalized pressure .  The ambient air pressure, , and the airflow temperature was also recorded to calculate the air flow properties, including the air density, , and viscosity, . The density is obtained using the ideal gas law, and the viscosity is obtained using Sutherland’s formula. Once the air density and viscosity are determined, the test Reynolds number can be computed.

By plotting the test Reynolds number with respect to the normalized pressure difference, the critical Reynolds number for each sphere was determined (Figure 1). The critical Reynolds number corresponds to a normalized pressure value of . The three curves for the three spheres provide a more accurate estimate of the critical Reynolds number, ReCtunnel, because an averaged value is used. With the ReCtunnel estimate, the turbulence factor, TF, and the effective Reynolds number can be determined according to the following equations: 


and




Figure 1. Critical Reynolds number for each sphere.

DISCUSSION:
Turbulence spheres are used to determine wind tunnel turbulence factor and estimate the turbulence intensity. This is a very useful method to evaluate a wind tunnel flow quality because it is simple and efficient. This method does not directly measure the air velocity and velocity fluctuations, such as hotwire anemometry or particle image velocimetry, and it cannot provide a complete survey of the flow quality of the wind tunnel. However, a complete survey is extremely cumbersome and expensive, so it is not suitable for periodic checks of the wind tunnel turbulence intensity.
The turbulence factor can be checked periodically, such as after making minor modifications to the wind tunnel, to gauge the flow quality. These quick checks can indicate the necessity of a complete flow turbulence survey. Other important information obtained from the turbulence factor is the effective Reynolds number of the wind tunnel. This correction on the Reynolds number is important to ensure the dynamic similarity and the usefulness of data obtained from scaled models and their application to full-scale objects. 
The turbulence sphere principle can be also used to estimate the turbulence level in other environments besides the wind tunnel test section. For example, this method can be used to measure inflight turbulence. A turbulence probe can be developed based on the principles of the turbulence sphere and installed in airplanes to measure real-time turbulence level in the atmosphere [2].
Another application is the study of flow structures during a hurricane. In situ measurements of the flow inside a hurricane can be extremely dangerous and complicated to obtain. Methods like hotwire anemometry and particle image velocimetry are unattainable in these conditions. The turbulence sphere principle can be used to make an expendable measurement system which can be placed in a region prone to hurricanes to measure the flow turbulence inside a hurricane safely and at a low cost [3]. 
Materials List (This is an optional section. Concise discussions of materials can be placed in the Protocol section. If needed, we can include more exhaustive lists in the accompanying manuscript. Please use the format below.): 
	Name
	Company
	Catalog Number
	Comments

	Equipment
	 
	 
	 

	Low-speed wind tunnel
	SDSU
	 
	Closed return type with speeds in the range 0-180 mph
Test section size 45W-32H-67L inches

	Smooth spheres
	SDSU
	
	Three spheres, diameters 4”, 4.987”, 6” 

	Miniature pressure scanner
	Scanivalve
	ZOC33
	 

	Digital Service Module
	Scanivalve
	DSM4000
	

	Barometer
	
	
	 

	Manometer
	Meriam Instrument Co.
	34FB8
	Water manometer with 10” range.

	Thermometer
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