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The lab examines traction force with respect to railroad locomotives.  It is important to realize from the outset that your experimental results will vary slightly from one trial to the next.  Friction, and therefore traction, is very sensitive and thus it is unlikely that you will be able to get a single answer.  Instead you will be looking for a range of values, a maximum and minimum, that you are comfortable the measurement will always lie between.

In the early 1800s, at the beginning of locomotive development, skeptics believed that smooth iron wheels would not provide enough traction to pull heavy engines and cars on the straight runs, let alone up inclines.  In his “Description of the Patent Locomotive Steam Engine” (1849), Robert Stephenson writes of interesting methods other used to overcome this perceived problem:

When the first locomotives were made, it was thought that the adhesion of the wheels upon the rails could not be sufficient to draw any load besides the engine, if it were enough for that; and various contrivances were resorted to, in order to obtain the necessary fulcrum from which to move the engine. Levers were first tried, which resembled a horse's legs, and were thrust against the ground by the piston-rods; a chain was also tried, lying on the ground between the rails, and taken hold of by a wheel in the engine; also a rack was fixed inside the rails, and a toothed wheel, turned by the engine, worked in it.

By easily winning the Rainhill Trials, however, George and Robert Stephenson proved their critics wrong and demonstrated that the traction provided by the iron wheels was sufficient. 

The maximum traction force available to a locomotive depends on the weight on the driving wheels and the coefficient of friction.  It is equivalent to the magnitude of a friction force, which is given by the equation:

                        Ffriction = ( N = Tmax
                                Where: 
( = coefficient of friction (dimensionless)

                                        
N = normal force, the force perpendicular to the surface

For a locomotive on a level ground (theta = 0), this equation becomes:

                        Tmax = ( WD

(1)

                                Where: 
WD = weight over the driving wheels

The coefficient of friction, (, is one of the variables you will be examining in this lab. ( is very sensitive and will change with grit build-up or imperfections in the track or wheels.  It can also be affected by environmental conditions such as temperature and moisture.  As Robert Stephenson writes:

The adhesion of the wheels is not always the same; it is the greatest when the rails are most clean, and are either quite dry or quite wet; and it is least when the rails are dirty, and greasy with being partially wetted. For this reason an engine which is not loaded so much as the full adhesion of the wheels upon the rails, will often slip, and let the wheels turn round quicker than the engine is running....

In the last sentence above, Stephenson is referring to the wheels slipping.  When a locomotive is trying to apply more traction force then is available (Tmax), the wheels will spin in place.  This is very similar to a car stuck in mud or snow.  The coefficient of friction in these conditions is very low and thus so is Tmax.  The wheels therefore will simply slip and the car will not move. 

Stephenson found that the coefficient of friction could vary by over a magnitude of two:

“The adhesion of the wheels is found to be about one-fifth of the weight upon them when the rails are in a good state, and it varies between that and one tenth or twelfth.”  As the “weight upon them” is WD, he is saying that the maximum traction equations vary:

                
from:
Tmax = .20 WD
                
to:
Tmax = .10 WD or even: .083 WD
In this lab you will attempt to find the coefficient of friction for the trains wheels on the track.  As previously mentioned, you will not be able to pinpoint an exact value and thus you will need to find the range for the coefficient of friction.

Do Pre-lab problem 1a.

Part I - On a Level
Familiarize yourself with train control box and the incline.  For part one, start with the incline in the horizontal position (theta = 0().  The black plastic knob at the top of the apparatus is the brake for the incline.  To adjust the angle of the incline, loosen the brake and turn the silver knob.

In this lab we will assume that the weight over the driving wheels is equivalent to the weight of the locomotive (WD = Wloco), thus:  Tmax = ( Wloco.  By weighing the locomotive and using a force sensor to determine the maximum force T before the wheels slip, you will be able to approximate (. 

1.  Wipe the track down with a paper towel to remove any grit build-up. Gently do the same for the wheels of the locomotive.  Weigh the locomotive.

2.  With the incline in the horizontal position, place the locomotive on the tracks facing away from the force sensor (the rectangular black box with the silver hook).  Attach the loops on the string to the back of the locomotive and the silver hook on the force sensor.  Place the locomotive at a location so that there is a little slack in the string.

3.  Tare the force sensor and be sure the “Traction” Science Workshop program is open.  Locate the T vs. t graph  - this will plot Traction force as a function of time.

Note: In order to get usable data, you must supply power to the locomotive SLOWLY.  One data set may take up to 30 seconds to complete.  You should practice steps 4 - 7 to insure you get usable data. 

One person should control the power supply to the train and watch the graph while the other watches the train wheels.

4.  Press Record in Science Workshop.  And set the power control to about ¼ of 1.  Notice that the line on the graph begins to climb.  Allow it to level off and then increase the power slightly.  Again allow the curve to level off before continuing.  Repeat this procedure until the wheels slip - the person watching the wheels should notify their partner.  You should be able to see where the wheels slip as the graph becomes very erratic.  If they slip and then stop increase the power a bit more.  Allow the locomotive to run with wheels slipping for 5 to 7 seconds.

5.  Turn off the power and press Stop in Science Workshop.

6.  Record the maximum traction value before the wheels slipped.  This relates to the static coefficient of friction (Note: this should just be recorded for completeness).

7.  Draw a box around the data from just after the wheels slipped to about 5 seconds after- be sure to have all relevant points within the box.  If you have more than 5 seconds of slipping data you can include that too but avoid including data much later if it exhibits an upward trend.  Record the mean traction value given by Science Workshop.  This value allows you to calculate the kinetic coefficient of friction.  This is the value we are truly after as it relates to the maximum traction force available while the train is in motion (Tmax = ( Wloco).

8.  Repeat steps 2-7 three more times.  Compare your (kinetic) coefficient of friction values - what was the average and what was the max and min?

Part II - On an Incline

Now you will find the maximum incline the train can climb without the wheels slipping.  The same basic equations apply but with some minor modifications:

                
Ffriction = ( N

                                Where: N= normal force, the force perpendicular to the surface

For a locomotive on an incline (angle = (), the normal force becomes: N = WD cos (. Therefore, the traction equation becomes:

                        Tmax = ( WD cos (

(2)
Do Pre-lab problem 1b.

Gravity is now the resisting force - it replaces the force sensor.  The traction must equal this resisting force to propel the train up the incline at a constant velocity.  Therefore we have the equation:

                         Rgravity = Wtotal sin ( = T

                                where Wtotal = Wloco + Wcars
Ask your TA to explain where these equations come from if you have not used them before.

Do Pre-lab problem 2.

As we would like to determine the maximum incline the train can climb without slipping, the equation becomes:

                        T = Tmax
           

or:  Wtotal sin ( = ( WD cos (
This can be simplified with the geometric property:  sin ( /cos ( = tan (
                        Wtotal sin ( / cos ( = ( WD
                        Wtotal tan ( = ( WD
In this experiment we are assuming that WD = Wloco thus:

Wtotal tan ( = ( Wloco

(3)
As Wtotal and Wloco are known, and ( was measured in Part I, you can predict the maximum incline (() your train can climb without slippage. 

1.  Estimate the maximum and minimum incline (() the locomotive by itself should be able to climb (using your max and min ().

2.  Set the incline to about 6 degrees below the minimum angle and place the train at the bottom of the track.  It is unlikely that you will be able to reach your predicted angle – part of the reason is that you will be travelling on different parts of the track that may have slightly different frictional properties (why?).

In order to qualify as an acceptable incline, the locomotive must reach the top without slipping (slipping would not be acceptable as it greatly wears down the track and wheels).

To tell if slipping occurs, one person should watch the wheels very closely.  If it becomes very difficult to tell you may use Science Workshop to monitor velocity: if the velocity drops as it is traveling up the incline it means the wheels have slipped - you may want to discount one or two drops but more would constitute a failed trial.

4.  For each successful trial, increase your incline by 1 degree.  As you approach your estimated angles, you may want to limit your increases to half a degree or less.  In order for your maximum angle to be acceptable, your train should make it up without slipping two consecutive trials.  

Note:  While you would like to get an accurate maximum, your increases should be no less than a quarter turn of the silver handle.

5.  How does the maximum angle compare to your predicted range? Given your results should a safety factor be applied to this value?  What is the maximum incline you feel comfortable setting for this train?  (i.e., this train can go up any track with an incline of ( degrees or less – what would you set as (?) 

6.  Repeat this procedure for the locomotive pulling one car (you will need to weigh the car).

7.  Repeat this procedure for the locomotive pulling two cars.

Part III - Additional Questions
1.  For the first run of Part II with just the locomotive, what does equation (3) simplify to?  What does this tell you about the weight of the locomotive when it is travelling by itself (in regard to the incline you can climb)? Is this true for the other trials?

2.  What could you do to the locomotive if you were traveling with cars in tow and reached an incline that was larger than you could climb?

3.  Assume that the weight of your locomotive is 5 lbs, you are pulling 10 lbs of cars, and the coefficient of friction (() is .2.  Show that theoretically the maximum incline you can climb is 3.81 degrees.  If you reached an incline of 5 degrees and could not drop any of your cargo, how much weight would you need to add to your locomotive?  Recall:

                Wtotal tan (() = ( Wloco
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