Machines Lab – Fulton’s Drag Calculations


        CEE102 – Fall
Objectives:



The goal of this experiment is to determine the engine power necessary to propel a model steamboat at 1 mph (1.47 ft/sec).  To accomplish this, you will need to measure the drag characteristics of the boat and paddles.  You will then use this data to calculate the required thrust and engine power output that will allow your boat to theoretically achieve this desired velocity. 

History & Concept:


The drag force D experienced by an object travelling through water is proportional to the shape, size, and velocity squared of the object.  As mentioned in Chapter 3 of The Innovators, Mark Beaufoy conducted extensive drag experiments on differently shaped objects in the 1790s.  Objects were placed in the water with a rope attached.  This rope ran through a pulley system and was connected to weights at the top of a drop tower (see Figure 1).  These weights were allowed to fall and thus applied a thrust force to the object.  Beaufoy then measured and recorded the velocity once the object ceased accelerating and reached a constant velocity.  We will use an experimental set-up that is similar to Beaufoy’s – it will allow us to measure thrust, velocity, and wetted surface area.
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Figure 1:  Mark Beaufoy’s Drag Experiments

In his patent, Robert Fulton related Beaufoy’s drag results to the characteristics of a steam engine to give enough power to the move the boat at a desired velocity (Innovators, pages 47-51).  Fulton, however, made two major mistakes: he greatly overestimated the drag on the boat and greatly overestimated the power available at the paddles.  These were compensatory errors and escaped his notice because the boat performed as he predicted.  We will be replicating his calculations and fixing his errors in an attempt to determine the engine power necessary to propel a model boat at 1 mph.  

Background:


The Drag Equation:  D = p A CD

Where, as discussed in The Innovators (pg 49):

p = Water Pressure = ½ ( V2 = ½ (62.4/32.2) V2 = 0.97 V2
( = Mass density of water (see The Innovators)

V = Velocity of the boat (ft/sec)

A = Wetted Area (ft2)

CD = Drag Coefficient


Substituting the definition of water pressure into the main drag equation, we are left with: 

D = 0.97 V2 A CD

(1)
Thus, drag is proportional to the square of velocity, wetted area, and the drag coefficient.

Thrust:

Like Beaufoy’s experiments, the thrust force T will be applied by an attached cord that runs through a pulley system to a dropped weight.  It should be noted that we are using a system of three pulleys with a 2:1 ratio.  Therefore, the thrust force will be equal to one-half of the total weight on (and including) the center pulley.  

T = ½ W 

(2)
Constant Velocity:  

In order for a boat to travel at a constant velocity, the net acceleration must be equal to zero.  To reach this steady-state all forces on the boat must be in balance; i.e., the force propelling the boat (Thrust) must be equal and opposite to the force resisting the boat (Drag) (see Figure 2).  Therefore, we can say T – D = ma = m (0) = 0.  Or: 
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T = D  for a boat travelling with a constant velocity
 (3)    

Figure 2:  Drawing from Fulton Patent showing Drag and Thrust Forces

Note:  Before the boat reaches a constant velocity, it accelerates at a non-constant rate.  This changing rate of acceleration can be understood by again examining the forces on the boat:


T – D = m a


a = (T – D) / m


a = (T - 0.97 V2 A CD) / m

Where T, A, CD, and m are all constant.  As the V2 term increases, acceleration decreases.  Therefore, as the boat velocity V increases, V2 greatly increases and acceleration greatly decreases.   

Theoretically, the Velocity vs. Time graph for an object being pulled through water with a constant thrust force should be of similar shape to the graph shown in Figure 3.  Examine the graph and be sure you understand it.  What constant velocity does this boat reach?  When (about) does this occur?  Your experimental velocity vs. time graphs will have a similar shape but will vary slightly.
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Procedure:

A few items to be aware of before you get started…

· Be gentle with the line!  It falls off the pulleys fairly easily and can be frustrating.  NEVER leave the free end unattached!! There are screws along the side of the tank that you can use to anchor the line.

· We will be dealing with very small weights and thrust forces.  Therefore, to decrease rounding errors, we will use the Pasco Force Sensors to measure weight.  Before placing items on the hanging scale, select “Monitor” and tare the force sensor.  Then place your items on the scale and record the weight.  Note that the sensors are extremely sensitive so you must make sure the scale is steady and select an appropriate value.

· Use the wooden “brake” to keep the boat where you want it – it will help you when changing weights and when starting the experiment.  It should be placed in front of the GOLD colored screws.

· Try to keep the line dry – if it comes in contact with the water, gently squeeze your fingers and slide them along the line.

· When moving the boat by hand, be sure to take your time and not create waves – they will adversely affect your data. 

Part I:

In Part I of this experiment, each group will find the drag coefficient CD of a model boat.  You will do this by measuring the wetted area A, applying a known thrust force T, and measuring the corresponding velocity V of the boat.  Knowing these three variables will allow you to solve for CD.

1. One group will be working with Boat 1, a scaled model of Fulton’s original Clermont.  The other group will be working with Boat 2, a model similar to the original Clermont but with a differently shaped bow and stern.  Measure and record the dimensions of your model.  Figure 4 shows the dimensions of the original Clermont.  Determine which boat you have and the approximate scale factor of the model.
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Figure 4:  Dimensions of Robert Fulton’s Clermont (60( Angle)

2. Calculate the area and perimeter of the boat bottom.  Place the boat in the water and note the approximate height of the water on the hull.  

3. Your first trial will be run with the hanging middle pulley and empty bottle as the falling weight.  The weight of the pulley is 0.045 lbs.  Place the empty bottle on the scale (Read Notes on previous page for how to work the “scale”) and record the weight.  Due to the 2:1 ratio, the thrust force will be equal to half of your recorded weight and pulley. (Equation (1))

4. Reattach the bottle to the pulley.  Take the boat to the end of the tow tank and place the washer tied to the rope over the screw in the front of the boat.  Be sure the rope is placed correctly on all of the pulleys.  Also check to make sure the rope is not touching the water.

5. Select Record in Science Workshop and release the boat.  Note: You will be alternating runs with the other group – be sure they are out of the way and the water has settled before beginning your trial. 

6. When the boat has completed its run, press stop, remove your boat from the water, and examine the data.  The graph should have the same overall shape as Figure 2 presented earlier.  Determine the constant velocity the boat reached.  You can get an accurate reading by zooming in using the magnifying glass button (left corner of the graph window) and highlighting the appropriate area.  You can zoom out by selecting the button to the right of the magnifying glass button.  Be sure your TA agrees with the constant velocity you selected.  

7. Repeat steps 4-6 with the same weight to insure your results are repeatable.  If your first trial velocity is much lower than your second trial, repeat again – you may need to throw out the data from the first trial as there may have been some initial set-up errors.  Note: After selecting “Record” again you may be asked about the first data set – select “Create new data set” if prompted.

8. Now that the boat has been in the water for a while, the water height on the hull may have risen slightly in comparison with your value in Step 2.  If so, why did this occur?  Record this value and calculate the total wetted surface area A for the boat (Area of Bottom + Area of Wetted Sides).  The wetted area of the sides will simply be the Perimeter (from step 2)* Water Height.

9. Use your velocity V, the corresponding thrust force T, and the wetted area A to calculate the drag coefficient CD of your boat (Equations (1) and (3)).

10. Repeat steps 3-9 (excluding 7 and 8) two more times with the bottle and two different amounts of steel shot to provide greater thrust.  Be sure to keep the amount of shot relatively small (¼ or ½ full) to prevent waves from forming. Remember to calculate CD for each trial.

11. You should create a graph of your Velocity vs. Time results within Science Workshop.  You can plot results from 3 different trials on the same graph.  To do this, select the “Data” box in the upper left corner of the Science Workshop graph window.  Now choose the 3 trials you would like displayed.  Once printed, be sure to label the curves.   

12. How do the coefficient of drag values from the 4 trials compare?  Calculate the average CD for your boat and compare with the average CD of the other group’s boat.  Which boat is more susceptible to drag (Assuming the same A)?  Why? 

13. Create a plot D vs. V2 to be included in your lab report.  Be sure to add a “trendline” to your graph (Ask your TA if you’re not sure how to do this).

Part II:


As mentioned previously, the goal of this experiment is to calculate the engine power necessary to propel a model steamboat at 1 mph.  To accomplish this we must examine the drag characteristics of the paddles that will be applying the thrust force.  The metal plates to be tested are a prototype of the paddles that will be constructed for the model steamboat.  Use the rectangular plates with Boat 1 and the square plates with Boat 2.  Again, we will perform the experiment in a similar manner as Beaufoy (Figure 5 is taken directly from Beaufoy’s Nautical and Hydraulic Experiments).  


For this part of the experiment, the boat is merely acting as a test apparatus for the paddles (it would never actually travel like this).  Remember that the function of the paddles is to provide maximum thrust.  As T = D = 0.97 V2 A CD , a large coefficient of drag is desirable for paddles.  
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Figure 5:  Beaufoy’s Experiments for Measuring Drag Characteristics of Plates

1. Measure and record the dimensions of the metal plates.  These plates will be fully submerged – calculate the wetted area A of the plates.

2. Attach the plates to boat (similar to Figure 5).

3. Now run the experiment in Part I with the plates attached to determine the drag coefficient (CD) of the plates.  Perform trials for two different weights (1/2 and ¾ full of shot) and use the below equation to determine the CD of the plates.  If your CD values are not close you should run a trial at a third weight.

Drag = Dboat + Dplates = T  (at constant velocity)
(4)
Recall that:   D = 0.97 V2 A CD

Therefore:


Dboat = 0.97 V2 Aboat  CD,boat

Dplates = 0.97 V2 Aplates CD,plates

Substituting Dboat and Dplates back into (4), we are left with:

T =  0.97 V2 Aboat  CD,boat +  0.97 V2 Aplates CD,plates   
(5)
(Use the Aboat and average CD,boat  values you found in Part I)
The Engine Design Calculation

Part III:

Fulton selected a desired paddle speed and calculated a required paddle size based on this paddle speed.  Our boat already has paddles and therefore we must determine the paddle speed necessary to provide enough thrust to make the boat travel at V = 1 mph.  Solving for this paddle velocity will allow us to determine the paddle power and therefore the required power output of the motor.

1.   Given your results from Part I and that we would like the boat to travel at 1 mph (1.47 ft/sec), use Equation (1) to predict the resulting drag on the boat.  What then is the required Thrust T?


2. Now calculate the paddle velocity Vp necessary to provide this thrust force.  As the paddles are providing all of the thrust force, you must use the drag characteristics of the paddle:

  

T = 0.97 Vp2 CD,paddle  Apaddle
3. Now we know the velocity at which the paddles must operate in order propel the boat at 1 mph (1.47 ft/sec).  Calculate the required paddle power (P =TVp).  This is the power that must be delivered to the paddles!

4. Assuming an efficiency of 22% (same as original Clermont), what would be the required engine power? 

Note: This calculation is different than Fulton’s as it is presented in The Innovators.
Extra Question:

5. Based on the equations in Step 2 and 3, which shape paddle would require less engine power (assuming the same paddle area)?  
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