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1. Introduction 

 

 When considering the flow of a fluid past any object, friction plays an important role. As 

air passes over the surface, the flow adheres to the surface due to friction between the air and 

solid material of the plate (Anderson, 2012). The flow velocity is zero at the surface, the no-slip 

conditions, and therefore near the surface there is a region in which the flow is retarded. This 

region of the flow that is retarded is called the boundary layer (Flat Plate Lab Manual, 2013). 

Dimensionally, the boundary layer is described by the boundary layer thickness. It is the distance 

from the plate to the point where the flow speed is either 95% or 99% of the outer flow velocity. 

A velocity profile, which shows the variation of flow speed with vertical distance from the plate 

is used to describe the boundary layer.  

 There are two types of boundary layers: laminar and turbulent.  The type of boundary layer 

that will occur depends upon the Reynolds number as well as the surface conditions.  The 

different boundary types have different profiles and different growth rates.  The objective of this 

experiment is to measure the velocity profile for different flat plates with differing surface 

roughness, compare the experimental values to those from theory, and determine which type of 

boundary layer is present.  

 

2. Theory  
 As the flow travels along the flat plate a boundary layer forms. Near the leading edge of the 

plate, which refers to the first point of flow contact, the flow will always be laminar. The 

boundary layer is very thin, and the fluid particles move in parallel planes which do not interact 

with each other (Anderson, 2012). As the flow travels further in the horizontal direction, the 

boundary layer grows and if the flow travels along a long enough plate, the boundary layer will 

transition become turbulent. In this case, the fluid particles are no longer flowing in the 

streamwise direction, instead the fluid elements begin to move in a random and irregular fashion 

(Anderson, 2012). In the turbulent boundary layer, because there is fluid moving perpendicular 

to the plate, there is more mixing. The transition from laminar to turbulent flow will happen 

naturally, however, one can also place a ‘trip’ at some point on the plate which forces the flow 

into a turbulent state.   
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 The state of the boundary layer: laminar or turbulent, has a considerable effect on drag and 

therefore it is important to know which type of boundary layer will be present (Pritchard, 2011). 

It has been shown that the state of the boundary layer is dependent upon the Reynolds number 

given by 

€ 

Rex =
Ux
ν

     (1) 

where U is the velocity of the flow outside the boundary layer, x is the distance along the plate 

and υ is the kinematic viscosity of the fluid.  The Reynolds number describes the ratio of inertial 

to viscous forces. A Reynolds Number of 500,000 is the standard approximation for the point 

where the flow changes from laminar to turbulent (Flat Plate Lab Manual, 2013).  

 The shape of the boundary layer is different for laminar and turbulent boundary layers and 

approximations to the shape are given by: 

            for laminar flow         (2) 

                        for turbulent flow           (3) 

where u is the local velocity, U is the velocity of the flow outside the boundary layer, y is the 

height above the plate and δ is the thickness of the boundary layer.  These numerical 

approximations can be compared to the actual experimental values.  

 The boundary layer thickness grows with distance from the leading edge of the plate. This 

growth rate is different for laminar and turbulent boundary layers. Approximations for the 

growth rate are given by:  

                     Laminar Approximation     (4) 

                                                                  Turbulent Approximation    (5) 

The approximations for the boundary layer profile and growth rate will be used to determine 

which type of boundary layer is present in the experiment.   

 In the lab, a pitot probe will be used to measure the local pressure, p.  The pitot measures 

the difference in total pressure, pT, and static pressure, p,  at the location of the probe.  This 
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pressure difference is given by the difference of the height of the water in the manometer:  

 

     

€ 

Δp = pT − p = ρwatergΔh   Manomenter equation   (6) 

 

The pressure must then be used to compute the local velocity in the flow, u.  Bernoulli’s equation 

is used for this calculation:  

     

€ 

pT = p +
1
2
ρu2             Bernoulli’s equation      (7) 

 

3. Measurement method 
Apparatus  

Micrometer - used to adjust distance between pitot static tube and flat plate  

Computer - Lab-view Software on computer allows for pressure readings to be taken 

Flat Plate - contains rough and smooth side over which air flows 

Pitot Static Probe - contains inlet that takes pressure readings for dynamic pressure 

Air Bench - provides flow of air for analysis of flat plate boundary layer 

Strip of Paper - used to ensure pitot static tube was adjust tightly against flat plate 

Thermometer - used to measure ambient temperature 

Bourdon-type Pressure gauge - Provides reading for ambient pressure 

 

Procedures 

1. The speed at which the tunnel should be run in order to ensure laminar flow is calculated. 

2. Room Temperature and Pressure are recorded.  

3. The plate is put in the test section of a wind tunnel such that the smooth side of the plate faced 

the pitot probe and micrometer. The micrometer is adjusted so that the probe just touched the 

plate’s surface. A thin strip of paper was placed between the plate and probe in order to ensure 

that it is touching the surface. The proper location of the probe is found when a slight 

resistance was felt when the paper was removed.  

4. The manometer is leveled using the screws on its base.  

5. The flow of air is turned on, and it is allowed to run for a couple of seconds to ensure a steady 

flow of air is being produced. Three readings of pressure are taken at 0.2 mm from the surface 
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of the plate until the probe is out of the boundary layer (the velocity does not change).  The 

measurements are done 3 times in order to assure accuracy.  

Spot check:  When the probe is as close to the plate surface as possible, the velocity 

should almost be 0, so the pressure should equal the stagnation or total pressure.  

Therefore the manometer should show no height differential in the water. 

6. The rough side of the plate is placed in the test section and steps 3 – 5 are repeated.  

 

4. Results and Analysis  
The readings of atmospheric conditions in the lab on the day of the experiment are given in 

Table 1.   

 

Table 1: Atmospheric Pressure and Temperature 

 
 

 

The flow measurements near the plate were taken 12cm downstream of the leading edge of the 

plate. The raw data from the lab that give the distance from the surface and the pressure for three 

measurement runs for each surface case are given in Appendix 1.  The manometer height values 

can be converted to velocity values and then the ratio with the free stream flow value can be 

obtained.  Sample calculations are shown in Appendix II. The final values are given in Table 4 in 

Appendix III. It was observed that, after some time, as the pitot static tube was moved further 

and further away from the flat plate, the readings for dynamic pressure began to fluctuate around 

some centralized value. Physically, this meant that the flow velocity was the same at each point, 

and that the pitot static tube had exited the boundary layer and was now in potential flow. For the 

smooth surface, as seen in Table 1, distances of 1.4 mm to 2.0 mm recorded similar pressure 

values ranging between 0.350 and 0.400 inches of water with most values being grouped around 

0.400 inches of water. As a result, the distance of 1.80 mm was chosen as the boundary layer 

thickness. From the established boundary layer thickness, and average pressure reading, the free 

stream velocity was calculated to be 12.82 m/s. 
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 Figure 1 displays the velocity profile obtained for the smooth flat plate along with the 

laminar and turbulent approximations. 

 
 

Figure 1: Velocity Profile for Smooth Flat Plate  

 

 

The experimental values compare more closely with the laminar approximation of the boundary 

layer. Quantitatively, the average difference between the experimental values and laminar 

approximations is 6.77% as seen in Table 6 of Appendix III. The non-dimensional boundary 

layer thickness was also computed.  For the smooth plate, it is found to be 0.015 (as 

demonstrated in Appendix II).  This differs from the theoretical laminar value of 0.0144 by 

4.2%.  

 

 Figure 2 shows the measured velocity profile obtained for the rough side of the flat plate in 

comparison to theoretical laminar and turbulent approximations.  The boundary layer thickness 

was determined to be 3.80 mm for this case with a free stream velocity of 12.45 m/s.  As 

expected, this is basically the same free stream value as for the smooth plate case.  
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Figure 2: Velocity Profile for Rough Flat Plate Area 

 

The experimental values for this case lie closer to the turbulent approximations which is 

expected because the roughness of the plate trips the boundary layer to the turbulent state. The 

experimental values differed from the laminar approximations on average by 17.13% and 

different from turbulent values on average by 7.39% as seen in table 7 of Appendix III.  The 

other parameter that is calculated is non-dimensional boundary layer thickness (δ/x). For the 

rough side of the flat plate, the experimental value of this ratio was found to be 0.0342. It 

differed from its laminar approximation by 1.98% and by its turbulent approximation by 0.290%. 

All comparisons indicate that the boundary layer along the rough wall was turbulent. 

 

6. Discussion and Conclusion 

 In this experiment, the velocity profiles in the boundary layer of a flat plate were measured 

for a flat plate with both a smooth and rough surfaces. In order to discern the type of flow in each 

case, theoretical approximations for laminar flow and turbulent flow were compared with the 

experimental values obtained.  

  An overview of the general analysis indicates several errors that could have occurred. 

In terms of atmospheric pressure and temperature readings, sources of parallax error may have 

been an issue in taking these readings for two main reasons. Firstly, the scale on the pressure 

gage and thermometer were in very small increments, and thus extreme care was taken in 

ensuring proper readings were taken. Secondly, the design of the flow bench in relation to the 
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thermometer was obstructive. The flow bench physically blocked direct view of the 

thermometer, and thus, temperature readings had to be taken at an angle making these readings 

prone to some sort of parallax error. Every effort was still made to ensure that proper values for 

these physical properties were obtained as it would affect all data calculations in this experiment.   

 Pertinent to the determination of the velocity, the pressure value taken at a particular 

distance was not the same for each repetition. The three readings allowed for an average value to 

be calculated to offset the effects of random error.  It is noted that initial results obtained 

included a negative value for the pressure. This could have been as a result of experimental error 

in that the experimenter may have hit the ‘tare’ button on the software before the flow was 

turned on. As a result, some of the values may have oscillated below zero. In order to correct this 

error, the absolute value of the lowest negative value was added to all data points collected in 

that set. In summary, the measurement from the pitot probe was not precise.   

 In addition, the method for determining the boundary layer thickness was not precise.  

Therefore the values of δ and U used to nondimensionalize the local position and velocity are not 

precise.  This could be the source of some of the difference in both the profile and the boundary 

layer thickness values between the experimental and theoretical values.   

 Even though there is error associated with the measurements, the boundary layer that was 

suppose to be laminar indeed matched more closely to the theoretical approximation for the 

laminar boundary layer.  The average difference was 6.77% while if one compared it to the 

turbulent theoretical approximation it had an average difference of 20.14%.  The 4% difference 

in the boundary layer thickness measurement from theory for a laminar boundary layer also 

shows quite good agreement.  

 For the rough plate, where the boundary layer should be turbulent, it was seen that the 

experimental measurements compared more closely with the theoretical approximations for the 

turbulent case than the laminar case.  For the rough plate, the average profile difference between 

the measured and theoretical turbulent case was 7.39% and the boundary layer thickness 

difference was just 0.29%. For the turbulent case, additional measurement errors may have 

occurred because of the nature of turbulent flow.  The vortices and eddies that developed within 

the flow, may have influenced the pressure readings. The variations of the data as shown in 

figure 2 might be explained by this. 
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 The difference between the boundary layer for the laminar and turbulent cases is clear. The 

boundary layer thickness for the laminar case was 1.8mm and for the turbulent case it was 

3.8mm. This is one of the major characteristics of a turbulent boundary layer which is that 

turbulent boundary layers are thicker than laminar boundary layers.   Also, the turbulent 

boundary layer profile has a steeper gradient near plate than the laminar boundary layer which is 

expected.  The steeper gradient of velocity means that the shear stress would be greater for the 

turbulent case. Therefore, from an applications standpoint, if the shear stress is to be decreased, 

the preferable flow would be laminar flow.  

 In conclusion, comparisons made between experimental results and theoretical data allow 

the determination to be made that the boundary layer over the smooth plate was a laminar 

boundary layer, and the boundary layer over the rough side of the plate was turbulent.  The 

differences between these two types of boundary layers was clearly demonstrated.  
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Appendix I : Raw Data 

 

Table 2: Pressure Readings at Various Distances above Flat Plate for Smooth Surface 
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Table 3: Pressure Readings at Various Distances above Flat Plate for Rough Surface 
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Appendix II - Sample Calculations 
 

Temperature Conversion 

 

 

 

       
 

Pressure Conversion 

 

 

      
 

Length Conversion 

 

     

     
 

Density 
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Average Pressure  

 

               

     
 

Pressure Conversion 

 

         

         
 

Velocity from Dynamic Pressure 

 

 

    

    
 

Velocity Ratio 
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Distance Correction 

 

 

 
 

 

Distance to Boundary Layer Thickness Ratio 

 

 
 

 

Velocity Ratio Laminar Approximation 

 

 

 
 

Velocity Ratio Turbulent Approximation 
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Difference between Experimental and Numerical Approximations 

 

 
  

Coefficient of Dynamic Viscosity 

 

 

 
 

Kinematic Viscosity 

 

 

 
 

Reynolds Number 

 

 

 
 

Laminar Cubic Approximate of δ/x 
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Turbulent Power Law Approximate of δ/x  

 

 

 
 

Experimental Value of δ/x for Smooth Plate 

€ 

δ
x

=
(1.8mm) × (1m /1000mm)
12cm × (1m /100cm)
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Appendix III - Supplementary Tables 
 

 

Table 4: Velocity Profiles for Smooth Flat Plate Area with Laminar and Turbulent 

Approximations 
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Table 5: Velocity Profiles for Rough side of Flat Plate with Laminar and Turbulent 

Approximations 
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Table 6: Percentage Difference between Smooth Velocity Profile and Laminar and Turbulent 

Approximations  
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Table 7: Percentage Difference between Rough Plate Velocity Profile and Laminar and 

Turbulent Approximations 

 
 


