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Abstract:

The drag force on a sphere in an air stream was measured at various free stream velocities below 100 ft/sec. This was done in a low speed wind tunnel using an integral balance system to measure the drag force and a pitot tube and venturi meter to measure the velocity.

The raw data were processed according to classical equations of fluid mechanics which define the Reynolds number and drag coefficient. An expression for the drag coefficient in terms of the Reynolds number was developed using a least squares curve fit to the experimental data.
The experimental results are compared to published results over the range tested.
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1. Introduction and Background
The drag coefficient is a well known parameter used to characterize the drag force a body immersed in a fluid experiences due to relative motion between the body and the fluid. Before using data collected from a wind tunnel experiment for complex shapes, the data for the drag force on a sphere should be analyzed and compared to results published in authoritative references. Published results are most often expressed in terms of a plot or mathematical correlation between the drag coefficient and the Reynolds number. If agreement between the experimental results for this simple shape and published data can be confirmed, then the apparatus can be used to determine the drag coefficients of other more complicated shapes with a greater degree of confidence.

2. Theory

It is known that any surface in contact with a flowing fluid is subject to a force exerted by the fluid. This force is commonly called a drag force. An expression relating to the drag force on a sphere immersed in a flowing fluid is easily derived by using dimensional analysis. (See Reference 
 for more details concerning dimensional analysis.)
Consideration of the physical factors which influence the drag force leads to the listing of the following as principal variables:


FD

the drag force on the sphere


D

the diameter of the sphere


u∞

the free stream velocity of the fluid


ρ

the density of the fluid


μ

the viscosity of the fluid

Therefore, the following may be written:
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or, supplying some constants,
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Using the mass-length-time systems of units and substituting the proper dimensions,
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Since the dimensions must be the same on both sides of the equation, the exponents must be the same for each unit. Thus,


For M:


[image: image5.wmf]d

c

+

=

1



For L:


[image: image6.wmf]d

c

b

a

-

-

+

=

3

1



For T:
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Solving these equations in terms of d,



[image: image8.wmf].

1

;

2

;

2

d

c

d

b

d

a

-

=

-

=

-

=


Thus,
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Now, grouping variables according to exponents,
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where 
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 is a dimensionless group called the Reynolds number. Regrouping, this equation can be rewritten in the general form
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that effectively reduces the number of variables to two dimensionless groups, which are, in turn, functions of density, viscosity, diameter, and velocity. By varying any one or more of these parameters, a correlation between the two groups can be formed.

An expression for the drag force on a body is usually given in the form
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where,


CD is a dimensionless drag coefficient,


A is the frontal area of the body exposed to the flow (πD2/4 for a sphere),

gc is the gravitational constant which allows the left hand side to be expressed in units of force.

This expression can be related to equation 6 by solving for the drag coefficient:
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Therefore, the drag coefficient itself is a function of the Reynolds number.
3. Description of Experimental Setup
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Figure 1 Low speed wind tunnel
A manually controlled variable speed wind tunnel similar to that shown in Figure 1 was used in this experiment. The wind tunnel was equipped with an integral force balance which measured both drag and lift forces and a multistation manometer tube bank to measure the velocity of the air stream. A separate pitot tube was used to verify the calibration of the built-in manometer. A mercury barometer was used to measure the atmospheric pressure and a thermometer was used to measure the air temperature.
4. List of Equipment Used
1. Flotek 250 wind tunnel located in the Mechanical Engineering Laboratory (S/N FT250-2784)
2. 2.5-inch diameter smooth calibration sphere wind tunnel accessory

3. Pitot tube and differential manometer (Property tag BSW365-22984)
4. Mercury barometer fixed to the wall near the wind tunnel.

5. Mercury thermometer (Sargent brand, no tag or serial number)

5. Procedure

Step 1: The atmospheric pressure and temperature were recorded at the beginning of data collection.
Step 2: The venturi meter velocity gage built in to the wind tunnel was calibrated by inserting the pitot tube at the center of the wind tunnel test section and varying the fan speed so as to produce 0.05-inch changes in the differential manometer attached to the pitot tube. At low speeds (less than 25 miles per hour) the built-in venturi meter was below the first scale reading, thus the pitot tube was used to adjust the fan speed while taking drag measurements. At air speeds greater than 25 miles per hour, the venturi meter was very reliable, so it was used to adjust the fan speed setting during drag force measurements. A calibration table was made that correlated venturi air speed readings with desired pitot tube differential pressure values.
Step 3: The fan speed was set to produce a pitot differential pressure of 0.025 inches.

Step 4: The drag force of the specimen mounting stand was measured using the force balance and recorded on the data sheet. The 2.5-inch spherical test specimen was then mounted and the drag force was measured and recorded on the data sheet.
Step 5: The test specimen was removed from the test stand and the fan was shut off and the drag force indicator was checked to make sure it read zero.

Step 6: The fan was restarted and its speed was adjusted so as to produce a pitot differential pressure of 0.05 inches, then steps 4 and 5 were repeated. This process was continued, increasing the pitot differential pressure by 0.05 inches each run until the differential pressure reached 0.35 inches. At this point, the fan speed was adjusted by referring to the air speed calibration table that was made earlier. Measurements were made up to the maximum free stream air speed capability of the wind tunnel, which was 52 miles per hour (1.50 inches of pitot tube differential pressure).
Step 7: The entire data collection process was repeated in reverse, i.e., starting with the fan running at maximum speed, and lowering the speed by to match those used previously for each drag force reading.

Step 8: The atmospheric pressure and temperature were recorded at the conclusion of the last measurements.

6. Data

Temperature at start of experiment: 77° F

Barometric pressure at start of experiment: 29.80 inches of mercury

	Pitot Tube Differential Pressure-Δh
(inches)
	Venturi Meter Reading

(miles/hour)
	Going Up
	Coming Down

	
	
	Mounting Stand Drag

(lbf)
	Total Drag

(lbf)
	Mounting Stand Drag

(lbf)
	Total Drag

(lbf)

	0.025
	N/A
	0.00
	0.010
	0.00
	0.007

	0.05
	N/A
	0.002
	0.010
	0.002
	0.010

	0.10
	N/A
	0.003
	0.015
	0.003
	0.017

	0.15
	N/A
	0.004
	0.020
	0.004
	0.020

	0.20
	N/A
	0.005
	0.020
	0.005
	0.030

	0.25
	N/A
	0.007
	0.030
	0.007
	0.037

	0.30
	N/A
	0.009
	0.035
	0.009
	0.040

	0.35
	25.0
	0.011
	0.045
	0.011
	0.045

	0.40
	26.8
	0.013
	0.050
	0.013
	0.050

	0.45
	29.0
	0.015
	0.060
	0.015
	0.060

	0.50
	30.6
	0.018
	0.070
	0.018
	0.070

	0.55
	31.2
	0.021
	0.075
	0.021
	0.075

	0.60
	33.6
	0.024
	0.080
	0.024
	0.080

	0.65
	34.8
	0.027
	0.080
	0.027
	0.085

	0.70
	35.2
	0.030
	0.085
	0.030
	0.085

	0.75
	36.5
	0.033
	0.090
	0.033
	0.090

	0.80
	37.5
	0.036
	0.095
	0.036
	0.100

	0.90
	40.0
	0.039
	0.105
	0.039
	0.105

	1.00
	43.0
	0.042
	0.120
	0.042
	0.120

	1.10
	45.2
	0.045
	0.130
	0.045
	0.135

	1.20
	47.8
	0.050
	0.145
	0.050
	0.145

	1.30
	49.0
	0.055
	0.150
	0.055
	0.150

	1.40
	50.6
	0.060
	0.150
	0.060
	0.160

	1.50
	52.5
	0.065
	0.165
	0.065
	0.160


Temperature at end of experiment: 77° F

Barometric pressure at end of experiment: 29.80 inches of mercury

7. Analysis of Data

7.1. List of Variables:


FD
- drag force in lbf

CD
- drag coefficient


Re
- Reynolds number


D
- diameter of sphere in inches


ρ
- density of air in lbm/ft3

u∞
- velocity of air stream in ft/sec2

P
- atmospheric pressure in lbf/ft2

Δp
- pressure difference in manometer in lbf/ft2

Δh
- difference in heights of liquid in manometer in inches


T
- atmospheric temperature in °R


μ
- viscosity of air in lbm/ft-hr


ρo
- density of oil in manometer in lbm/ft3
7.2. Data Reduction Equations
The following equations were used to reduce the raw data. Sample calculations for each equation are given in the Appendix.

7.2.1. Calculation of air density

Assuming ideal gas conditions, the density of air can be calculated using
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where R is the gas constant for air, 
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7.2.2. Calculation of velocity pressure from manometer reading
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7.2.3. Calculation of free stream air velocity

By neglecting compressibility effects, the free stream air velocity can be derived from the Bernoulli equation as
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7.2.4. Calculation of Reynolds number

The Reynolds number based on the sphere diameter is defined by the equation
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7.2.5. Calculation of drag coefficient, CD
The drag coefficient can be calculated using equation 8,
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where the average net drag force (total drag force – mounting stand drag force) is used for each data point.
7.3. Calculated Results
The following values were used to compute the values in the data reduction equations:
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 Applying equation 9, the density is calculated as 
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  The calculated values of free stream air velocity (u∞), Reynolds number (Re), and drag coefficient (CD) are given in the table below.
	Pitot Tube Differential Pressure-Δh
(inches)
	Free Stream Air Velocity- u∞
(ft/sec)
	Reynolds Number-Re
	Drag Coefficient-CD

	0.025
	9.70
	12,302
	2.223

	0.050
	13.72
	17,398
	1.046

	0.100
	19.40
	24,604
	0.8501

	0.150
	23.76
	30,134
	0.6975

	0.200
	27.43
	34,795
	0.6539

	0.250
	30.67
	38,902
	0.6932

	0.300
	33.60
	42,616
	0.6212

	0.350
	36.29
	46,030
	0.6352

	0.400
	38.80
	49,209
	0.6049

	0.450
	41.15
	52,193
	0.6539

	0.500
	43.38
	55,017
	0.6801

	0.550
	45.49
	57,702
	0.6421

	0.600
	47.52
	60,268
	0.6103

	0.650
	49.46
	62,729
	0.5584

	0.700
	51.32
	65,097
	0.5138

	0.750
	53.13
	67,382
	0.4970

	0.800
	54.87
	69,592
	0.5027

	0.900
	58.20
	73,813
	0.4796

	1.000
	61.34
	77,806
	0.5101

	1.100
	64.34
	81,603
	0.5202

	1.200
	67.20
	85,232
	0.5177

	1.300
	69.94
	88,712
	0.4779

	1.400
	72.58
	92,061
	0.4437

	1.500
	75.13
	95,292
	0.4251


The calculated values for drag coefficient versus Reynolds number are plotted on the next page. A least-squares best fit logarithmic equation for the experimental data was found to be 
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7.4. Uncertainty Analysis

The uncertainty associated with each of the measured variables is given in the table below. These values were chosen based on the stated accuracy of the instrument, if available. Otherwise, they are reasonable estimates based on values typically reported.

	Uncertainty Description
	Symbol
	Numerical Value

	Pitot tube differential pressure
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	0.05 inch

	Drag force
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	0.005 lbf

	Sphere diameter
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	0.01 inch

	Atmospheric pressure
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	0.005 inch Hg = 0.353 lbf/in2

	Temperature
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	1°F

	Manometer oil density
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	3.12 lbm/ft3

	Viscosity of air
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The detailed calculations of the uncertainty associated with the calculated variables (in accordance with Reference 
) are given in the Appendix. The table below summarizes the results of these calculations.
	Uncertainty Description
	Symbol
	Numerical Value

	Air density
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	Manometer pressure difference
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	Free stream air velocity
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	2.52 ft/sec

	Reynolds number
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	Drag coefficient
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Figure 2 Plot of Drag Coefficient versus Reynolds Number
8. Discussion of Results

The results of this experiment are best depicted in Figure 2. Over the air speed range tested, the drag coefficient generally decreases as the Reynolds number increases. Similar results are reported in Reference 
 (shown in Figure 3). Owing to the limitations of the low speed wind tunnel used in this experiment, comparison of results is possible over only a single decade 
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 The results calculated using the present experimental data compare very favorably at the upper end of this region, where both curves show 
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 At the lower end of the region, the present experimental data yielded values of CD near unity, while those reported in Reference 3 remained considerably less than unity.
An examination of the uncertainty in the values of the drag coefficient provides some interesting information. At the lowest velocity the uncertainty calculation yields a probable error of 2.625, which exceeds the calculated value. At the highest velocity the probable error is 0.044, or only approximately 10%. This is so because the uncertainty in the velocity changes relatively little even though the velocity itself increases greatly. The principal factor contributing to this, and therefore to the greater reliability of the values of drag coefficient at higher velocities was the uncertainty in the reading of the manometer tube, which did not vary with velocity. Therefore, the uncertainty due to this factor represented a greater percentage of the velocity and thus the drag coefficient at low velocities that at the higher velocities. For the same reasons the uncertainties in the higher values of the Reynolds number would be less on a percentage basis that those at lower values.
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Figure 3 Experimental Values of Drag Coefficient vs. Reynolds Number for a Sphere (from Reference 3)
9. Conclusions

The results of this experiment show that the drag coefficient for a sphere can be calculated reasonably accurately using a low speed wind tunnel. The results obtained agree with other published results at the higher range of velocities used. More accurate results at lower velocities would probably require a more sensitive force balance and air speed indicator. 
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		85232		0.5177		0.4601333652		0.4601333652		0.4601333652		11.3531322292		-0.6583593551

		88712		0.4779		0.4492558298		0.4492558298		0.4492558298		11.3931504466		-0.7383537734

		92061		0.4437		0.4394128392		0.4394128392		0.4394128392		11.4302066798		-0.8126066206

		95292		0.4251		0.4304442207		0.4304442207		0.4304442207		11.4647011407		-0.8554308436

		SUMMARY OUTPUT

		Regression Statistics

		Multiple R		0.9260877913

		R Square		0.8576385972

		Adjusted R Square		0.8511676243

		Standard Error		0.1315736682

		Observations		24

		ANOVA

				df		SS		MS				F		Significance F

		Regression		1		2.2944188687		2.2944188687				132.5362687001		0.0000000001

		Residual		22		0.3808558639		0.0173116302

		Total		23		2.6752747326

				Coefficients		Standard Error		t Stat				P-value		Lower 95%		Upper 95%		Lower 95.0%		Upper 95.0%

		Intercept		6.0109413088		0.5640671163		10.6564292352				0.0000000004		4.8411364523		7.1807461653		4.8411364523		7.1807461653

		X Variable 1		-0.5978244663		0.0519285642		-11.5124397371				0.0000000001		-0.7055178327		-0.4901310999		-0.7055178327		-0.4901310999

		RESIDUAL OUTPUT

		Observation		Predicted Y		Residuals

		1		0.3809191566		0.4179384784

		2		0.1737171384		-0.1287437728

		3		-0.0334611867		-0.1289401027

		4		-0.1546671506		-0.2055856147

		5		-0.2406460238		-0.1841548206

		6		-0.3073464741		-0.059090247

		7		-0.3618585639		-0.1142436238

		8		-0.4079290624		-0.0458863066

		9		-0.4478536788		-0.0548384451

		10		-0.4830487127		0.0582478683

		11		-0.5145503808		0.129034948

		12		-0.5430364814		0.1000252572

		13		-0.5690474939		0.0752428545

		14		-0.5929739701		0.0102942425

		15		-0.6151261193		-0.0507950751

		16		-0.6357507374		-0.0634145155

		17		-0.6550435482		-0.0327181601

		18		-0.6902465911		-0.0445562647

		19		-0.7217421847		0.0485936906

		20		-0.7502270122		0.0966850862

		21		-0.7762389072		0.1178795521

		22		-0.8001627767		0.0618090033

		23		-0.8223158995		0.0097092789

		24		-0.8429375322		-0.0124933114
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