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This experiment measured free-stream turbulence intensity in the SDSU low-speed wind
tunnel using a turbulence sphere. Pressure data was recorded for three sphere sizes at multiple
dynamic pressure settings to determine the critical Reynolds number. A turbulence factor was
applied to compute the effective Reynolds number, and empirical data was used to estimate
turbulence intensity. The results indicated an average turbulence intensity of **2.10%**,
highlighting the importance of environmental control in aerodynamic testing.

I. Nomenclature

𝑞 = Dynamic pressure (psi)
Δ𝑃 = Pressure difference (psi)
𝑅𝑒 = Reynolds number
𝑅𝑒𝑐 = Critical Reynolds number
𝑅𝑒eff = Effective Reynolds number
𝑅𝑒tunnel = Test Reynolds number in the wind tunnel
𝑇𝐹 = Turbulence Factor
𝐼 = Turbulence Intensity (%)
𝐷 = Sphere diameter (in)
𝜌 = Air density (slug/ft3)
𝜇 = Air viscosity (slug/(ft·s))
𝑇 = Temperature (◦𝑅)
𝑃 = Pressure (psi)

II. Introduction
Understanding wind tunnel turbulence characteristics is essential for accurate aerodynamic testing. In this experiment,

the free-stream turbulence intensity was measured using the turbulence sphere method in the SDSU low-speed wind
tunnel. This technique provides a reliable way to quantify turbulence levels without requiring hot wire anemometry or
other intrusive methods.

Total and static pressures were recorded at 15 dynamic pressure settings using a Scanivalve pressure transducer
system. The Reynolds number was calculated for three sphere sizes (4 in., 4.987 in., and 6 in.), and the turbulence
intensity was estimated using empirical correlations. Data consistency was ensured by removing outliers and applying a
turbulence factor correction.

The results provide insight into wind tunnel free-stream turbulence levels and the accuracy of the turbulence sphere
method in characterizing flow conditions.

III. Theory
Wind tunnels are essential for studying aerodynamic behavior by recreating controlled airflow conditions. However,

due to variations in tunnel construction and flow uniformity, different wind tunnels may exhibit varying levels of
free-stream turbulence. This turbulence can affect experimental results, particularly in low-speed aerodynamics.
Understanding and quantifying turbulence intensity is therefore crucial for ensuring consistency and accuracy in wind
tunnel testing.

∗Aerospace Engineering student, San Diego State University
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One approach to characterizing free-stream turbulence is through the use of a turbulence sphere. This method is
based on the concept of the drag crisis, a phenomenon where the drag coefficient of a smooth sphere experiences a
sudden drop at a critical Reynolds number, 𝑅𝑒𝑐. This occurs due to the transition of the boundary layer from laminar
to turbulent, leading to delayed flow separation and reduced wake size. The critical Reynolds number at which this
transition occurs is strongly influenced by the turbulence intensity of the free stream.

The turbulence sphere method takes advantage of the well-defined relationship between 𝑅𝑒𝑐 and turbulence intensity.
By measuring the pressure difference between the stagnation point and the aft pressure taps on the sphere, the normalized
pressure coefficient Δ𝑃/𝑞 can be determined. The critical Reynolds number is identified as the point where Δ𝑃/𝑞
reaches 1.220, a known empirical threshold for smooth spheres.

To account for the effects of free-stream turbulence, the concept of an effective Reynolds number, 𝑅𝑒eff, is introduced.
The effective Reynolds number is related to the measured test Reynolds number, 𝑅𝑒tunnel, by the turbulence factor, 𝑇𝐹,
as follows:

𝑅𝑒eff = 𝑇𝐹 × 𝑅𝑒tunnel

where the turbulence factor is given by:

𝑇𝐹 =
385000
𝑅𝑒𝑐

Once the turbulence factor is determined, the turbulence intensity, 𝐼, can be estimated using empirical correlations.
This provides a quantitative measure of the wind tunnel’s free-stream turbulence, which can be used to compare different
facilities or track changes in tunnel performance over time.

While modern techniques such as hot-wire anemometry and particle image velocimetry (PIV) allow for direct
turbulence measurements, these methods can be complex and costly. The turbulence sphere method remains a practical
and efficient alternative, providing a simple yet effective way to assess wind tunnel turbulence levels.

IV. Experimental Setup
The experiment was conducted in the SDSU low-speed wind tunnel to evaluate free-stream turbulence intensity

using a turbulence sphere. The setup consisted of a turbulence sphere mounted inside the wind tunnel test section, a
pressure measurement system, and a data acquisition module.

A. Wind Tunnel and Test Section
The turbulence spheres were positioned inside the wind tunnel test section, as shown in Figure 1. Three sphere sizes

were tested: 4 inches, 4.987 inches, and 6 inches in diameter. Each sphere was instrumented with pressure ports to
measure pressure distributions at various dynamic pressure settings.
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Fig. 1 4.987-inch diameter sphere assembled inside the wind tunnel test section.

B. Pressure Measurement System
A ZOC33 miniature pressure scanner was used to replace the older Scanivalve system. This scanner recorded

pressure readings at multiple locations on the turbulence sphere and the wind tunnel test section. The pressure data was
processed through the Digital Service Module (DSM4000), which interfaced with the data acquisition system. The
pressure transducer and data acquisition module are shown in Figures 2 and 3.

Fig. 2 Pressure transducer and data acquisition system.
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Fig. 3 Digital Service Module (DSM4000) used for data acquisition.

C. Test Conditions
To ensure the critical Reynolds number fell within the planned dynamic pressure range, two test runs were conducted

at different dynamic pressure settings. The first test used a lower range of dynamic pressures, while the second test used
a higher range to capture additional turbulence effects.

V. Procedures
To determine the turbulence intensity of the SDSU low-speed wind tunnel, pressure measurements were taken

around turbulence spheres of three different diameters (4 in, 4.987 in, and 6 in) under controlled flow conditions. The
experiment followed a structured process, including setup, data collection, and post-processing.

A. Experimental Preparation
1) The turbulence sphere was securely mounted in the wind tunnel test section.
2) The pressure ports on the sphere were connected to a ZOC33 miniature pressure scanner.
3) The wind tunnel’s total and static pressure ports were linked to the pressure scanner.
4) The Digital Service Module (DSM4000) was powered on and connected to the data acquisition system at least 20

minutes before testing.
5) The air supply pressure was regulated to 65 psi to ensure stable operation.

B. Data Collection
1) The ambient pressure and temperature were recorded before the test.
2) The wind tunnel was turned on, and the airflow was gradually increased to reach a range of dynamic pressure

settings.
3) For each test condition, pressure readings were recorded at 15 different dynamic pressures.
4) The process was repeated for all three sphere sizes to obtain a complete dataset.

C. Post-Processing
1) The test Reynolds number was computed using recorded pressure values and air properties.
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2) The normalized pressure difference Δ𝑃/𝑞 was plotted against Reynolds number to determine the critical Reynolds
number, 𝑅𝑒𝑐.

3) The turbulence factor was calculated using:

𝑇𝐹 =
385000
𝑅𝑒𝑐

4) The effective Reynolds number was then computed as:

𝑅𝑒eff = 𝑇𝐹 × 𝑅𝑒tunnel

5) Finally, the turbulence intensity was estimated using empirical data.
This procedure allowed for a reliable assessment of the wind tunnel’s free-stream turbulence using the turbulence

sphere method.

VI. Results and Data Reduction
This section presents the results of the wind tunnel turbulence measurement experiment. The data was analyzed by

computing the Reynolds number for each test condition, identifying the critical Reynolds number, and determining the
turbulence intensity using an empirical correlation.

A. Reynolds Number vs. Normalized Pressure Difference
The relationship between Reynolds number and the normalized pressure difference, Δ𝑃/𝑞, was plotted for each

turbulence sphere. The critical Reynolds number, 𝑅𝑒𝑐, was identified as the point where Δ𝑃/𝑞 equals 1.220. The
experimentally determined values for 𝑅𝑒𝑐 are summarized in Table 1.

Table 1 Critical Reynolds Numbers for Each Sphere

Sphere Diameter [in] Critical Reynolds Number, 𝑅𝑒𝑐
4.000 261,923
4.987 292,178
6.000 278,358

The following plot illustrates the measured data points along with the identified critical Reynolds numbers.
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Fig. 4 Reynolds Number vs. Normalized Pressure Difference (Δ𝑃/𝑞). Critical Reynolds numbers are marked
with asterisks.

B. Turbulence Factor and Effective Reynolds Number
The turbulence factor, 𝑇𝐹, was computed using:

𝑇𝐹 =
385000
𝑅𝑒𝑐

The calculated turbulence factors for each sphere size are provided in Table 2.

Table 2 Turbulence Factors for Each Sphere

Sphere Diameter [in] Turbulence Factor, 𝑇𝐹
4.000 1.4699
4.987 1.3177
6.000 1.3831

Using the turbulence factor, the effective Reynolds number was determined as:

𝑅𝑒eff = 𝑇𝐹 × 𝑅𝑒tunnel
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C. Turbulence Intensity Estimation
To estimate the turbulence intensity, the turbulence factor was compared to empirical data obtained from prior

studies. The relationship between turbulence factor and turbulence intensity, based on Figure 5, was used to interpolate
the turbulence intensity values.

Fig. 5 Variation of turbulence factor with turbulence intensity from hot-wire measurements (Barlow, Rae and
Pope, Low speed wind tunnel testing, John Wiley and Sons, 1999)..

The estimated turbulence intensity values for each sphere are presented in Table 3.

Table 3 Estimated Turbulence Intensities

Sphere Diameter [in] Turbulence Intensity (%)
4.000 2.15
4.987 2.05
6.000 2.10

The **average turbulence intensity** across all tests was calculated as:

𝐼avg =
𝐼4𝑖𝑛 + 𝐼4.987𝑖𝑛 + 𝐼6𝑖𝑛

3
= 2.10%
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VII. Discussion
This experiment effectively estimated free-stream turbulence intensity using the turbulence sphere method. However,

several factors may have introduced error, including temperature variations, equipment limitations, and sphere surface
imperfections.

A. Sources of Error
One major source of error was the increasing wind tunnel temperature throughout the experiment. The pressure

measurement system was calibrated to the initial temperature (0.0 in H2O dynamic pressure), but as the temperature
rose, air density decreased, affecting dynamic pressure calculations:

𝑞 =
1
2
𝜌𝑈2

Lower density led to underestimation of 𝑞, impacting Reynolds number calculations. The wind tunnel cooling
system was offline, further contributing to this effect.

Additionally, the 4.0-inch sphere had visible surface scratches, which could have caused premature boundary layer
transition, artificially lowering the critical Reynolds number and overestimating turbulence intensity.

B. Impact of Temperature on Pressure Readings
Since air density follows the ideal gas law,

𝜌 =
𝑃

𝑅𝑇

higher temperatures resulted in lower 𝜌, decreasing dynamic pressure and altering 𝑅𝑒𝑡 calculations. This could shift
the transition point, affecting the turbulence factor.

C. Significance of Dynamic Pressure Settings
Dynamic pressure settings (𝑞setting) were spaced to capture the transition region where Δ𝑃/𝑞 approaches 1.220.

Different sphere sizes required different 𝑞setting values, as larger spheres experience transition at higher Reynolds
numbers.

D. Overall Impact on Turbulence Intensity Estimation
Despite these errors, the measured turbulence intensity of **2.10%** aligns with expected values. Improvements in

temperature control and sphere surface quality would enhance accuracy in future tests.

VIII. Conclusion
This experiment successfully determined the free-stream turbulence intensity in the SDSU low-speed wind tunnel

using the turbulence sphere method. The measured Reynolds numbers followed expected trends, and turbulence
intensity estimates were consistent with prior studies. Temperature variations impacted density and dynamic pressure,
highlighting the importance of environmental control. Surface imperfections on the 4.0-inch sphere introduced minor
discrepancies in the critical Reynolds number. Despite these factors, the computed turbulence intensity of **2.10%**
provides a reliable characterization of the wind tunnel’s flow quality. The study reinforced the effectiveness of the
turbulence sphere method and the need for precise calibration in aerodynamic testing.
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A. Appendix: Data Sample
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T_amb (deg F) 76.6

P_amb (in Hg) 29.94

q T

No. [in H2O] [deg F] PORT 1 2 3 4 5 6 7

1 0.000017 -7E-06 -2.3E-05 0.000003 0.000024 0.000029 0.000027

2 -4E-06 0.000003 0.000002 0.00001 0.000007 -8E-06 0.000012

3 0.000011 0.000013 -1E-06 0.000004 -5E-06 0.000008 0.000016

4 -3E-06 -1.7E-05 -6E-06 0.000012 -2E-06 0.000008 0.000021

1 -0.02479 -0.02486 -0.02489 -0.02494 -0.02492 -0.02492 -0.02494

2 0.040786 0.040745 0.040646 0.04073 0.040801 0.040745 0.040705

3 -0.05048 -0.05015 -0.05022 -0.05073 -0.04971 -0.05002 -0.05025

4 0.032324 0.032512 0.032594 0.032524 0.032612 0.03242 0.032318

1 -0.03799 -0.03806 -0.03824 -0.03833 -0.0382 -0.03809 -0.03808

2 0.060628 0.060672 0.060526 0.06034 0.060326 0.060477 0.060439

3 -0.07719 -0.07578 -0.07651 -0.07661 -0.07514 -0.07659 -0.07679

4 0.047925 0.048022 0.048206 0.048025 0.047934 0.048037 0.048334

1 -0.04799 -0.04799 -0.04794 -0.0479 -0.04781 -0.04782 -0.04799

2 0.076377 0.076356 0.076342 0.076176 0.076037 0.075908 0.075859

3 -0.09577 -0.0934 -0.08984 -0.08941 -0.0934 -0.09493 -0.09581

4 0.059298 0.059372 0.059378 0.059595 0.059543 0.059218 0.059216

1 -0.05329 -0.05325 -0.05327 -0.0533 -0.05348 -0.05362 -0.05369

2 0.084767 0.084899 0.085116 0.084821 0.084705 0.084963 0.084952

3 -0.10094 -0.10104 -0.10262 -0.1032 -0.10262 -0.1028 -0.105

4 0.066098 0.066317 0.066608 0.066592 0.066398 0.066146 0.066132

1 -0.05906 -0.05922 -0.05941 -0.05937 -0.05915 -0.05908 -0.05911

2 0.093811 0.093958 0.094235 0.094356 0.094268 0.094031 0.094076

3 -0.10716 -0.10892 -0.11508 -0.1144 -0.11367 -0.11415 -0.11297

4 0.073038 0.072781 0.072633 0.072608 0.072644 0.072397 0.072479

1 -0.06347 -0.06328 -0.06316 -0.06315 -0.06318 -0.06297 -0.06311

2 0.101177 0.101001 0.10084 0.101005 0.101162 0.101289 0.101307

3 -0.10686 -0.11502 -0.12026 -0.11912 -0.1156 -0.11088 -0.10925

4 0.076952 0.076884 0.077409 0.076981 0.076564 0.076973 0.077166

1 -0.06672 -0.06668 -0.06679 -0.06696 -0.06705 -0.06703 -0.06704

2 0.107372 0.107197 0.106987 0.107171 0.107359 0.107365 0.107487

3 -0.12028 -0.12126 -0.11689 -0.11845 -0.1245 -0.12279 -0.11937

4 0.080574 0.079986 0.080402 0.081027 0.080997 0.08123 0.081286

1 -0.07023 -0.07013 -0.07013 -0.07011 -0.0699 -0.06998 -0.07023

2 0.112392 0.11262 0.112511 0.1125 0.112623 0.112635 0.112464

3 -0.11662 -0.11829 -0.12775 -0.13008 -0.12263 -0.11715 -0.12139

4 0.084661 0.084858 0.085086 0.085036 0.084839 0.084731 0.085105

1 -0.07388 -0.07385 -0.07377 -0.07346 -0.07368 -0.07388 -0.07392

2 0.118258 0.118227 0.117835 0.117594 0.117826 0.117687 0.117384

3 -0.12564 -0.12184 -0.13408 -0.13277 -0.12561 -0.1256 -0.11793

4 0.088654 0.088622 0.088701 0.088372 0.087901 0.088068 0.088012

4 in Sphere

91.5

93.5

93.6

95.9

81.9

82.2

83.9

85.3

88.1

89.1

10 5.3

5 3.8

6 4.2

7 4.5

8 4.8

9 5.0

3 2.7

SAMPLE NO.

1 0.0

2 1.8

4 3.4

Fig. 6 Raw data from 4inSphere.xlsx. Most of the data is missing due to report size limitations.
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B. Equipment List
Table 4 provides a list of the equipment used in the experiment, including their manufacturers and relevant

specifications.

Table 4 Equipment Used in the Experiment

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 Used for pressure data acquisition.
Digital Service Module Scanivalve DSM4000 Interfaces with pressure scanner for data collection.
Barometer – – Used to measure ambient pressure.
Manometer Meriam Instrument Co. 34FB8 Water manometer with 10” range.
Thermometer – – Used to measure ambient temperature.

C. Appendix: MATLAB Code

Listing 1 MATLAB Code for Data Analysis
%% A E 303 − Lab 3 − Wind t u n n e l f r e e s t r eam t u r b u l e n c e measurement u s i n g a t u r b u l e n c e sphe r e
% Name : Parham Khodadi
% I n s t r u c t o r : X iao f eng Liu
% San Diego S t a t e U n i v e r s i t y

c l c ; c l e a r ; c l o s e a l l ;

% De f i n e f i l e names
f i l e _ 4 i n = ’ 4 i n_Sphe r e . c sv ’ ;
f i l e _ 4 9 8 7 i n = ’ 4 .987 i n_Sphe r e . c sv ’ ;
f i l e _ 6 i n = ’ 6 i n_Sphe r e . c sv ’ ;

% Load da ta
d a t a _ 4 i n = r e a dma t r i x ( f i l e _ 4 i n ) ;
d a t a _4987 i n = r e a dma t r i x ( f i l e _ 4 9 8 7 i n ) ;
d a t a _ 6 i n = r e a dma t r i x ( f i l e _ 6 i n ) ;

% Disp l a y s i z e o f da ta t o con f i rm impor t
di sp ( ’ Data ␣Loaded . ’ ) ;

%% Conver s ion Fac t o r s
i nH2O_to_ps i = 1 / 2 7 . 7 0 8 ;
i nHg_ t o_p s i = 1 / 2 . 0 3 6 ;
F_to_R = 459 . 6 7 ;
p s i _ t o _ l b f _ f t 2 = 144 ;
K_to_R = 1 . 8 ;

%% Load some v a r i a b l e s
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% q _ s e t t i n g ( p s i )
q _ s e t t i n g _ 6 i n = d a t a _ 6 i n ( 6 : 4 : 6 2 , 2 ) ∗ i nH2O_to_ps i ;
q _ s e t t i n g _ 4 i n = d a t a _ 4 i n ( 6 : 4 : 6 2 , 2 ) ∗ i nH2O_to_ps i ;
q _ s e t t i n g _ 4 9 8 7 i n = da t a _4987 i n ( 6 : 4 : 6 2 , 2 ) ∗ i nH2O_to_ps i ;

% T _ s e t t i n g ( R )
T_ s e t t i n g _ 6 i n = d a t a _ 6 i n ( 6 : 4 : 6 2 , 2 ) + F_to_R ;
T _ s e t t i n g _ 4 i n = d a t a _ 4 i n ( 6 : 4 : 6 2 , 2 ) + F_to_R ;
T_ s e t t i n g _ 4 9 8 7 i n = da t a _4987 i n ( 6 : 4 : 6 2 , 2 ) + F_to_R ;

% P_ambient ( p s i )
P_ambien t_6 in = d a t a _ 6 i n ( 2 , 3 ) ∗ i nHg_ t o_p s i ;
P_ambien t_4 in = d a t a _ 4 i n ( 2 , 3 ) ∗ i nHg_ t o_p s i ;
P_ambien t_4987 in = da t a _4987 i n ( 2 , 3 ) ∗ i nHg_ t o_p s i ;

% T_ambien t ( R )
T_ambien t_6 in = d a t a _ 6 i n ( 1 , 3 ) + F_to_R ;
T_ambien t_4 in = d a t a _ 4 i n ( 1 , 3 ) + F_to_R ;
T_ambien t_4987 in = da t a _4987 i n ( 1 , 3 ) + F_to_R ;

%% C a l c u l a t e Dynamic P r e s s u r e ( q )
% E x t r a c t p r e s s u r e da ta
P _ t o t a l _ 4 i n = d a t a _ 4 i n ( 7 : 4 : 6 3 , 5 : 8 0 4 ) ; % Por t 2 : T o t a l p r e s s u r e
P _ s t a t i c _ 4 i n = d a t a _ 4 i n ( 6 : 4 : 6 2 , 5 : 8 0 4 ) ; % Por t 1 : S t a t i c p r e s s u r e

P_ t o t a l _ 4 9 8 7 i n = da t a _4987 i n ( 7 : 4 : 6 3 , 5 : 8 0 4 ) ; % Por t 2 : T o t a l p r e s s u r e
P _ s t a t i c _ 4 9 8 7 i n = da t a _4987 i n ( 6 : 4 : 6 2 , 5 : 8 0 4 ) ; % Por t 1 : S t a t i c p r e s s u r e

P _ t o t a l _ 6 i n = d a t a _ 6 i n ( 7 : 4 : 6 3 , 5 : 8 0 4 ) ; % Por t 2 : T o t a l p r e s s u r e
P _ s t a t i c _ 6 i n = d a t a _ 6 i n ( 6 : 4 : 6 2 , 5 : 8 0 4 ) ; % Por t 1 : S t a t i c p r e s s u r e

% Compute dynamic p r e s s u r e ( q )
q_4 in = P _ t o t a l _ 4 i n − P _ s t a t i c _ 4 i n ;
q_4987in = P_ t o t a l _ 4 9 8 7 i n − P _ s t a t i c _ 4 9 8 7 i n ;
q_6 in = P _ t o t a l _ 6 i n − P _ s t a t i c _ 6 i n ;

di sp ( ’ C a l c u l a t e d ␣Dynamic␣ P r e s s u r e . ’ ) ;

%% C a l c u l a t e P r e s s u r e D i f f e r e n c e ( p )

% E x t r a c t p r e s s u r e da ta
P_ s t a g n a t i o n _ 4 i n = d a t a _ 4 i n ( 9 : 4 : 6 5 , 5 : 8 0 4 ) ; % Por t 4 : S t a g n a t i o n p r e s s u r e
P_ a f t _ 4 i n = d a t a _ 4 i n ( 8 : 4 : 6 4 , 5 : 8 0 4 ) ; % Por t 3 : A f t ( r ea r ) p r e s s u r e

P_ s t a g n a t i o n _ 4987 i n = da t a _4987 i n ( 9 : 4 : 6 5 , 5 : 8 0 4 ) ; % Por t 4 : S t a g n a t i o n p r e s s u r e
P_a f t _ 4987 i n = da t a _4987 i n ( 8 : 4 : 6 4 , 5 : 8 0 4 ) ; % Por t 3 : A f t ( r ea r ) p r e s s u r e

P_ s t a g n a t i o n _ 6 i n = d a t a _ 6 i n ( 9 : 4 : 6 5 , 5 : 8 0 4 ) ; % Por t 4 : S t a g n a t i o n p r e s s u r e
P_ a f t _ 6 i n = d a t a _ 6 i n ( 8 : 4 : 6 4 , 5 : 8 0 4 ) ; % Por t 3 : A f t ( r ea r ) p r e s s u r e

% Compute p r e s s u r e d i f f e r e n c e ( P )
d e l t a _ P _ 4 i n = P _ s t a g n a t i o n _ 4 i n − P_ a f t _ 4 i n ;
d e l t a _P_4987 i n = P_ s t a g n a t i o n _ 4987 i n − P_a f t _ 4987 i n ;
d e l t a _ P _ 6 i n = P _ s t a g n a t i o n _ 6 i n − P_ a f t _ 6 i n ;
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di sp ( ’ C a l c u l a t e d ␣ P r e s s u r e ␣ D i f f e r e n c e ␣ ( P ) . ’ ) ;

%% Compute Normal i zed Pr e s s u r e D i f f e r e n c e ( P / q )

% C a l c u l a t e P / q f o r each sphe r e
d e l t a _P_ov e r _ q_4 i n = d e l t a _ P _ 4 i n . / q_4 in ;
d e l t a _P_ove r _q_4987 i n = d e l t a _P_4987 i n . / q_4987in ;
d e l t a _P_ov e r _ q_6 i n = d e l t a _ P _ 6 i n . / q_6 in ;

di sp ( ’ C a l c u l a t e d ␣Normal ized ␣ P r e s s u r e ␣ D i f f e r e n c e ␣ ( P / q ) . ’ ) ;

%% Compute Mean P / q Acros s 800 Samples f o r Each T e s t Po i n t

% Compute mean f o r each Reyno ld s t e s t p o i n t
de l t a_P_ove r_q_4 in_mean = mean ( d e l t a _P_ove r _q_4 i n , 2 ) ;
de l t a_P_ove r_q_4987 in_mean = mean ( d e l t a_P_ove r_q_4987 in , 2 ) ;
de l t a_P_ove r_q_6 in_mean = mean ( d e l t a _P_ove r _q_6 i n , 2 ) ;

di sp ( ’ Computed␣Mean␣ P / q␣ f o r ␣Each␣ Te s t ␣ Po i n t . ’ ) ;

%% Compute A i r D e n s i t y ( _test ) u s i n g I d e a l Gas Law

% Conver t P_ambient from p s i t o l b / f t
P_ amb i e n t _ 4 i n _ l b f _ f t 2 = P_ambien t_4 in ∗ p s i _ t o _ l b f _ f t 2 ;
P _ amb i e n t _ 4987 i n _ l b f _ f t 2 = P_ambien t_4987 in ∗ p s i _ t o _ l b f _ f t 2 ;
P _ amb i e n t _ 6 i n _ l b f _ f t 2 = P_ambien t_6 in ∗ p s i _ t o _ l b f _ f t 2 ;

% De f i n e s p e c i f i c gas c o n s t a n t f o r a i r i n f t l b / ( s l u g R )
R_a i r = 1716 ;

% Compute a i r d e n s i t y ( s l u g / f t )
r h o _ t e s t _ 4 i n = P_ amb i e n t _ 4 i n _ l b f _ f t 2 . / ( R_a i r ∗ T_ambien t_4 in ) ;
r h o _ t e s t _ 4 9 8 7 i n = P_ amb i e n t _ 4987 i n _ l b f _ f t 2 . / ( R_a i r ∗ T_ambien t_4987 in ) ;
r h o _ t e s t _ 6 i n = P_ amb i e n t _ 6 i n _ l b f _ f t 2 . / ( R_a i r ∗ T_ambien t_6 in ) ;

di sp ( ’ Co r r e c t e d ␣Ai r ␣ Den s i t y ␣ ( ) ␣ C a l c u l a t i o n . ’ ) ;

%% Compute A i r V i s c o s i t y ( _test ) u s i n g Su t h e r l and ’ s Formula

% Su the r l and ’ s c o n s t a n t s
mu_0 = 1 .716 e−5 ∗ 0 . 020885 ; % Re f e r e n c e v i s c o s i t y i n s l u g / ( f t s )
T_0 = 273 ∗ K_to_R ; % Re f e r e n c e t e m p e r a t u r e i n Rank ine
S = 111 ∗ K_to_R ; % Su the r l and ’ s c o n s t a n t f o r a i r i n Rank ine

% Compute v i s c o s i t y f o r each sphe r e
mu_ t e s t _4 i n = mu_0 ∗ ( ( T_ambien t_4 in / T_0 ) . ^ 1 . 5 ) .∗ ( ( T_0 + S ) . / ( T_ambien t_4 in + S ) ) ;
mu_ t e s t _4987 in = mu_0 ∗ ( ( T_ambien t_4987 in / T_0 ) . ^ 1 . 5 ) .∗ ( ( T_0 + S ) . / ( T_ambien t_4987 in + S ) ) ;
mu_ t e s t _6 i n = mu_0 ∗ ( ( T_ambien t_6 in / T_0 ) . ^ 1 . 5 ) .∗ ( ( T_0 + S ) . / ( T_ambien t_6 in + S ) ) ;

di sp ( ’ Co r r e c t e d ␣Ai r ␣ V i s c o s i t y ␣ ( _test ) ␣ C a l c u l a t i o n . ’ ) ;

%% Compute Reyno ld s Number ( R e _ t e s t )
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% Sphere d i a m e t e r s i n f e e t
D_4in = 4 / 12 ;
D_4987in = 4 .987 / 12 ;
D_6in = 6 / 12 ;

% Compute v e l o c i t y (U) u s i n g dynamic p r e s s u r e q
U_4in = sqr t (2 ∗ q _ s e t t i n g _ 4 i n ∗ p s i _ t o _ l b f _ f t 2 / r h o _ t e s t _ 4 i n ) ;
U_4987in = sqr t (2 ∗ q _ s e t t i n g _ 4 9 8 7 i n ∗ p s i _ t o _ l b f _ f t 2 / r h o _ t e s t _ 4 9 8 7 i n ) ;
U_6in = sqr t (2 ∗ q _ s e t t i n g _ 6 i n ∗ p s i _ t o _ l b f _ f t 2 / r h o _ t e s t _ 6 i n ) ;

% Compute Reyno ld s number ( Re_ t unne l )
Re_ t e s t _ 4 i n = ( r h o _ t e s t _ 4 i n .∗ U_4in .∗ D_4in ) / mu_ t e s t _4 i n ;
Re_ t e s t _ 4987 i n = ( r h o _ t e s t _ 4 9 8 7 i n .∗ U_4987in .∗ D_4987in ) / mu_ t e s t _4987 in ;
R e _ t e s t _ 6 i n = ( r h o _ t e s t _ 6 i n .∗ U_6in .∗ D_6in ) / mu_ t e s t _6 i n ;

di sp ( ’ C a l c u l a t e d ␣Reynolds ␣Number␣ ( Re_ tunne l ) . ’ ) ;

%% I d e n t i f y and Remove O u t l i e r f o r 4− i n ch Sphere (11 t h q _ s e t t i n g )
o u t l i e r _ i n d e x = 11 ; % 11 t h dynamic p r e s s u r e s e t t i n g

% Remove o u t l i e r from P / q and Re_ t unne l f o r t h e 4− i n ch sphe r e
Re_ t e s t _ 4 i n ( o u t l i e r _ i n d e x ) = [ ] ;
de l t a_P_ove r_q_4 in_mean ( o u t l i e r _ i n d e x ) = [ ] ;

di sp ( ’ O u t l i e r ␣ removed␣ from␣4− i n ch ␣ s ph e r e ␣ d a t a . ’ ) ;

%% Re−P l o t Re_ t unne l v s . Mean P / q Wi thou t O u t l i e r
f i g u r e ;
hold on ;
gr id on ;
box on ;

% Custom c o l o r s
c o l o r _ 4 i n = [0 0 .4470 0 . 7 4 1 0 ] ; % Blue
c o l o r _ 4987 i n = [ 0 . 8 500 0 .3250 0 . 0 9 8 0 ] ; % Red−Orange
c o l o r _ 6 i n = [ 0 . 9 290 0 .6940 0 . 1 2 5 0 ] ; % Yel low−Gold

% P l o t a f t e r removing o u t l i e r
p l o t ( Re_ t e s t _ 4 i n , de l t a_P_ove r_q_4 in_mean , ’o−’ , ’ Co lo r ’ , c o l o r _ 4 i n , . . .

’ Marke rFaceColo r ’ , c o l o r _ 4 i n , ’ MarkerEdgeColor ’ , c o l o r _ 4 i n , . . .
’ DisplayName ’ , ’D␣=␣ 4 .000 ␣ i n . ’ ) ;

p l o t ( Re_ t e s t _4987 in , de l t a_P_ove r_q_4987 in_mean , ’ s−’ , ’ Co lo r ’ , c o l o r _4987 in , . . .
’ Marke rFaceColo r ’ , c o l o r _4987 i n , ’ MarkerEdgeColor ’ , c o l o r _4987 i n , . . .
’ DisplayName ’ , ’D␣=␣ 4 .987 ␣ i n . ’ ) ;

p l o t ( Re_ t e s t _ 6 i n , de l t a_P_ove r_q_6 in_mean , ’d−’ , ’ Co lo r ’ , c o l o r _ 6 i n , . . .
’ Marke rFaceColo r ’ , c o l o r _ 6 i n , ’ MarkerEdgeColor ’ , c o l o r _ 6 i n , . . .
’ DisplayName ’ , ’D␣=␣ 6 .000 ␣ i n . ’ ) ;

% Re f e r e n c e L ine f o r P / q = 1 .220
y l i n e ( 1 . 2 2 0 , ’k−−’ , ’ LineWidth ’ , 1 . 5 , ’ DisplayName ’ , ’ Re_c ’ ) ;

% Labe l s and T i t l e
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x l a b e l ( ’ Reynolds ␣number ’ ) ;
y l a b e l ( ’ \ De l t a p / q ’ ) ;
t i t l e ( ’ Reynolds ␣ vs ␣ \ De l t ap / q␣ ( O u t l i e r ␣Removed ) ’ ) ;
l egend ( ’ Loc a t i o n ’ , ’ Bes t ’ ) ;

hold o f f ;

% Save F igure as EPS
s a v e a s ( gcf , ’ Reyno ld s_vs_De l t aPq . eps ’ , ’ ep sc ’ ) ;

di sp ( ’ P l o t t e d ␣ Re_ tunne l ␣ vs . ␣Mean␣ P / q␣ w i t h ou t ␣ t h e ␣ o u t l i e r . ’ ) ;

%% I d e n t i f y C r i t i c a l Reyno ld s Number ( Re_c )

% De f i n e t h r e s h o l d f o r P / q
t h r e s h o l d = 1 . 2 2 0 ;

% Find i nd e x c l o s e s t t o P / q = 1 .220 f o r each sphe r e
[ ~ , i d x _4 i n ] = min ( abs ( de l t a_P_ove r_q_4 in_mean − t h r e s h o l d ) ) ;
[ ~ , i dx_4987 in ] = min ( abs ( de l t a_P_ove r_q_4987 in_mean − t h r e s h o l d ) ) ;
[ ~ , i d x _6 i n ] = min ( abs ( de l t a_P_ove r_q_6 in_mean − t h r e s h o l d ) ) ;

% E x t r a c t c r i t i c a l Reyno ld s numbers
Re_c_4in = Re_ t e s t _ 4 i n ( i d x_4 i n ) ;
Re_c_4987in = Re_ t e s t _ 4987 i n ( i dx_4987 in ) ;
Re_c_6in = Re_ t e s t _ 6 i n ( i d x_6 i n ) ;

di sp ( [ ’ C r i t i c a l ␣ Reynolds ␣Number␣ ( Re_c ) ␣ f o r ␣4␣ i n ␣ Sphere : ␣ ’ , num2str ( Re_c_4in ) ] ) ;
di sp ( [ ’ C r i t i c a l ␣ Reynolds ␣Number␣ ( Re_c ) ␣ f o r ␣ 4 .987 ␣ i n ␣ Sphere : ␣ ’ , num2str ( Re_c_4987in ) ] ) ;
di sp ( [ ’ C r i t i c a l ␣ Reynolds ␣Number␣ ( Re_c ) ␣ f o r ␣6␣ i n ␣ Sphere : ␣ ’ , num2str ( Re_c_6in ) ] ) ;

%% Compute Turbu l ence Fac to r ( TF )
TF_4in = 385000 / Re_c_4in ;
TF_4987in = 385000 / Re_c_4987in ;
TF_6in = 385000 / Re_c_6in ;

di sp ( [ ’ Tu rbu l ence ␣ F a c t o r ␣ (TF ) ␣ f o r ␣4␣ i n ␣ Sphere : ␣ ’ , num2str ( TF_4in ) ] ) ;
di sp ( [ ’ Tu rbu l ence ␣ F a c t o r ␣ (TF ) ␣ f o r ␣ 4 .987 ␣ i n ␣ Sphere : ␣ ’ , num2str ( TF_4987in ) ] ) ;
di sp ( [ ’ Tu rbu l ence ␣ F a c t o r ␣ (TF ) ␣ f o r ␣6␣ i n ␣ Sphere : ␣ ’ , num2str ( TF_6in ) ] ) ;

%% Compute E f f e c t i v e Reyno ld s Number ( R e _ e f f e c t i v e )
Re _ e f f e c t i v e _ 4 i n = TF_4in ∗ Re_ t e s t _ 4 i n ;
R e _ e f f e c t i v e _ 4 9 8 7 i n = TF_4987in ∗ Re_ t e s t _ 4987 i n ;
R e _ e f f e c t i v e _ 6 i n = TF_6in ∗ Re_ t e s t _ 6 i n ;

di sp ( ’ Computed␣ E f f e c t i v e ␣Reynolds ␣Number␣ ( R e _ e f f e c t i v e ) . ’ ) ;

%% Compute Average Turbu l ence I n t e n s i t y
I _ 4 i n = 2 . 1 5 ; % Eyeba l l e d from Figure 2
I _4987 in = 2 . 0 5 ;
I _ 6 i n = 2 . 1 0 ;

I_avg = mean ( [ I _4 in , I_4987 in , I _ 6 i n ] ) ;
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% Disp l a y f i n a l r e s u l t s
di sp ( [ ’ Tu rbu l ence ␣ I n t e n s i t y ␣ f o r ␣4␣ i n ␣ Sphere : ␣ ’ , num2str ( I _ 4 i n ) , ’%’ ] ) ;
di sp ( [ ’ Tu rbu l ence ␣ I n t e n s i t y ␣ f o r ␣ 4 .987 ␣ i n ␣ Sphere : ␣ ’ , num2str ( I _4987 in ) , ’%’ ] ) ;
di sp ( [ ’ Tu rbu l ence ␣ I n t e n s i t y ␣ f o r ␣6␣ i n ␣ Sphere : ␣ ’ , num2str ( I _ 6 i n ) , ’%’ ] ) ;
di sp ( [ ’ Average ␣ Tu rbu l ence ␣ I n t e n s i t y : ␣ ’ , num2str ( I_avg ) , ’%’ ] ) ;

16


	Nomenclature
	Introduction
	Theory
	Experimental Setup
	Wind Tunnel and Test Section
	Pressure Measurement System
	Test Conditions

	Procedures
	Experimental Preparation
	Data Collection
	Post-Processing

	Results and Data Reduction
	Reynolds Number vs. Normalized Pressure Difference
	Turbulence Factor and Effective Reynolds Number
	Turbulence Intensity Estimation

	Discussion
	Sources of Error
	Impact of Temperature on Pressure Readings
	Significance of Dynamic Pressure Settings
	Overall Impact on Turbulence Intensity Estimation

	Conclusion
	References
	Appendix: Data Sample
	Equipment List
	Appendix: MATLAB Code

