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§1.
Abstract
This experiment seeks to investigate the application of the centrifugal force in an apparatus called the centrifugal force governor. Conducted in four parts, the experiment closely studies the effects of the characteristics of the spring (spring constant, initial compression, etc) on the performance of the governor (shown by its rotational speed).

The first section of the experiment involves the determination of the equivalent mass of the governor’s arms. By varying the sleeve position of the governor, corresponding readings for the rotational speed are obtained at the tachometer and the curve of equivalent mass against sleeve position may be drawn, where the y-intercept of the graph indicates the equivalent mass of the arms when no additional mass is added.

The second portion of the experiment examines the influence of different attached masses on the performance of the governor. Different masses are attached to the arms of the governor. By using the same spring throughout, and by changing the sleeve position, respective rotational speed may be obtained and a characteristic curve of sleeve position versus rotational speed may be drafted to show the relationship between the attached mass and the rotational speed.

The third segment of the experiment investigates the effects of using springs of similar spring constant but different initial compression. Using springs of different initial compression, readings for rotational speed are taken at a range of sleeve positions, and a characteristic curve may be plotted to exhibit the relationship.

Finally, the last part of the experiment dwells into the effects of varying spring constants on the governor performance. Using springs of identical initial compressions and different spring constants, readings of sleeve positions may be plotted against the respective rotational speeds to obtain a characteristic curve. This displays the relationship between the spring constant and the performance of the governor.

The following report will deal with the experiment in depth and discuss the theory behind. 
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§3.
Introduction
In a practical engine, the performance of an engine is determined by its mean speed, and a fluctuation of engine speed is therefore undesirable in order to achieve a uniform performance. Without a way of controlling engine speed, the engine will even destroy itself in short order. This stabilization of the mean speed in an engine may be accomplished through the use of a centrifugal force governor. Figure 1 shows some pictures of other similar engine speed control equipment not used in this experiment.

§4.
Objective
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This experiment studies the application of centrifugal force in a centrifugal force governor. It also examines how the characteristics of the spring may affect the performance of the centrifugal governor.
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Figure 1. Picture of other engine speed control equipment.

§5.
Theory

The speed of a practical engine is usually controlled by means of a governor. When there is a change in engine load, there tends to be a corresponding change in the mean speed of the engine. This is not desirable as a varying mean speed causes an inconsistent productivity and this affects the performance of the engine. With the introduction of a governor, whenever there is a variation in engine speed, the centrifugal force on the rotating mass at the arms of the governor causes the governor sleeve to move until a new equilibrium position is established. As the governor sleeve is connected to a throttle valve which controls the flow of the fuel supply, the new equilibrium adjusts the throttle valve and changes the amount of fuel that is pumped into the engine accordingly. This in turn restores the engine speed to its original value. [Refer to Figure 2 for illustration.]

Figure 2. Illustration of the various parts of a 

Centrifugal Force Governor.
The schematic diagram in Figure 3 represents the governor used in this experiment. When the rotational speed of the governor increases, the sleeve moves downwards as the arms straighten. This causes compression in the spring and the sleeve only ceases motion when equilibrium at the new rotational speed is achieved.

Figure 3. Schematic diagram of a Centrifugal Force Governor.
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§6.
Experimental Procedures
6.1
Experiment Part (A)

To determine the equivalent mass of the arms.

6.1.1 A spring of spring constant k = 3.50 N/cm is used. Measure the initial length and compressed length of the spring. The initial compression (st may be obtained by finding the difference.

6.1.2 The governor mechanism under test is fitted with no additional mass attached. Use the spring above and make sure that all the joints are properly tightened at the spindle and the arms before proceeding with the experiment. Also make sure that the protection guard is fitted on.

6.1.3 When everything is checked to be in place, switch on the power and slowly adjust the speed control knob until the centre sleeve lowers off the upper stop and is aligned with the first calibration on the spindle. The sleeve position and the respective rotational speed as read at the tachometer are recorded. Tachometer readings are to be multiplied by 10 in order to obtain the actual rotational speed value in rpm (rotations per minute).

6.1.4 As each division on the spindle represents 0.5 cm, the governor speed is increased in regular intervals such that the sleeve is aligned with one more division down the graduated spindle each time (in steps of 0.5 cm). Five readings for the corresponding rotational speed are taken.

6.1.5 Convert the rotational speed values in rpm into rad/s by multiplying each reading by 2/60. After some calculations using the equations on Page 5, the values for m may be obtained and a graph of equivalent mass (m) against sleeve position (x) may be plotted.

6.2
Experiment Part (B)
To determine the effect of varying mass on the characteristic curve (sleeve position against rotational speed).

6.2.1 Using the apparatus set up in 6.1, add weighted discs (of mass 7.3 grams each) onto the arms of the governor. As one disc is added onto each side of one arm, two discs are added every time on each arm.

6.2.2 By varying the mass in steps of two more discs on one arm each time, repeat the above procedures 6.1.3 and 6.1.4 to obtain four sets of readings for sleeve position x (cm) and rotational speed ( (rpm). This set of readings will be used to construct the characteristic curves for the four different masses.

6.3 Experiment Part (C)

To determine the effect of varying initial compression on the characteristic curve.

6.3.1 Using a constant mass, repeat procedures 6.1.3 and 6.1.4 using two springs of different initial compression (st but similar spring constant to obtain two sets of readings for sleeve position x (cm) and rotational speed ( (rpm) so that a characteristic curve may be drawn.

6.4 Experiment Part (D)

To determine the effect of varying spring constant on the characteristic curve.

6.4.1 Using a constant mass, repeat procedures 6.1.3 and 6.1.4 using three springs of different spring constant k but similar initial compression to obtain three sets of readings for sleeve position x (cm) and rotational speed ( (rpm) so that a characteristic curve may be drawn.

§7.
Data and Sample Calculations

7.1 Experiment Part (A)
7.1.1
Given:
X = 11.7 cm




L = 7 cm




a = 3 cm




k = 3.50 N/cm

7.1.2
For the sample short black spring,

Initial length, i

= 12.6 cm

Compressed length, c
= 10.6 cm

Initial compression, (st
= i – c = 2.0 cm

7.1.3
From the experiment, the following table is obtained.

x (cm)
( (rad)
r (cm)
FV (N)
m (g)
( (rad/s)

0.5
0.9273
4.2000
4.3750
41.044
47.124

1.0
0.8699
4.5141
5.2500
39.765
54.454

1.5
0.8162
4.7948
6.1250
40.054
60.738

2.0
0.7654
5.0475
7.0000
37.905
69.115

2.5
0.7170
5.2764
7.8750
38.398
75.398

7.1.4 Sample Calculations:

At x = 0.5 cm,

( = 450 rpm = (450 (2/60) rad/s = 47.124 rad/s

( = sin-1 [(X - x) / 2L] = sin-1 [(11.7 - 0.5)/(2 ( 7)] = 0.9273 rad

r = L cos ( = 7 ( cos 0.9273 = 4.2 cm

FV = (  k (x + (st) = ( ( [11.7 ( (0.5 + 2.0)] = 4.3750 N


m = 


=





= 41.044 g

         

7.2
Experiment Part (B)
7.2.1
Using the same set-up as above, the experiment is conducted and the following table is obtained.

        ( (rpm)
M1 = 0 g
M2 = 14.6 g
M3 = 29.2 g
M4 = 43.8 g

x (cm)





0.5
450
360
310
260

1.0
520
420
360
310

1.5
580
480
410
360

2.0
660
540
460
410

2.5
720
600
510
460

7.3
Experiment Part (C)
7.3.1 Fixing rotating mass at 14.6 g, and using the short black spring (SA) of (st = 2.0 cm and long black spring (SB) of (st = 5.3 cm (all having equal k = 3.50 N/cm), the experiment is conducted and the following table is obtained.

         ( (rpm)
SA : (st = 2.0 cm
SB: (st = 5.3 cm

x (cm)



0.5
360
490

1.0
420
510

1.5
480
590

2.0
540
690

2.5
600
-

For the long black spring,

Initial length, i

= 15.9 cm

Compressed length, c
= 10.6 cm

Initial compression, (st
= i – c = 5.3 cm

Only four readings can be obtained for the second spring because it has reached its maximum compression.

7.4
Experiment Part (D)
7.4.1 Fixing rotating mass at 14.6 g, and using the short black spring S1 of k = 3.50 N/cm, yellow spring S2 of k = 6.75 N/cm, and blue spring S3 of k = 10.30 N/cm (all having equal (st = 2.0 cm), the experiment is conducted and the following table is obtained.

              ( (rpm)
S1:

k = 3.50 N/cm
S2:

k = 6.75 N/cm
S3:

k=10.30 N/cm

x (cm)




0.5
360
550
680

1.0
420
640
780

1.5
480
730
880

2.0
540
820
980

2.5
600
910
1080

§8.
Results and Graphs
8.1 Experiment Part (A)

8.1.1 Graph of equivalent mass m (g) against sleeve position x (cm) is shown in Figure 4 on Page 13.

8.1.2 The y-intercept (m-axis) indicates the equivalent mass of the arms when the sleeve position is equal to zero. Therefore, the equivalent mass of the arms at x is zero = 41.65 g

8.2
Experiment Part (B)
8.2.1 Characteristic curve of sleeve position x (cm) against rotational speed ( (rpm) with varying mass is shown in Figure 5 on Page 14.

8.2.2 Theoretically, from Equation ( on Page 5, for a constant sleeve position x, values for FV, (, r and a will also be constant since these properties are solely dependent on the value of x. Thus, the equation simplifies to become

m = c / (2,
where c is a constant.

This implies an inverse relationship between rotating mass and the square of rotational speed i.e. as rotating mass increases, rotational speed decreases.

8.2.3 Experimentally, it can be observed from the table in Section 7.2 that values for rotational speed decreases as rotating mass increases. Thus it also implies an inverse relationship between rotating mass and rotational speed.

8.2.4
From the graph,


Initial compression 

(st (cm)

(y-intercept)
Rotational speed*

( (rpm)

(x-intercept)

M1
2.50
365

M2
2.50
300

M3
2.50
260

M4
2.50
225

* Rotational speed required to keep the sleeve at its initial position when the spring is not constrained.

8.3 Experiment Part (C)

8.3.1 Characteristic curve of sleeve position x (cm) against rotational speed ( (rpm) with varying initial compression is shown in Figure 6 on Page 15.

8.3.2
From the graph,


Initial compression 

(st (cm)

(y-intercept)
Rotational speed*

( (rpm)

(x-intercept)

SA
2.50
300

SB
3.35
430

* Rotational speed required to keep the sleeve at its initial position when the spring is not constrained.

8.4 Experiment Part (D)

8.4.1 Characteristic curve of sleeve position x (cm) against rotational speed ( (rpm) with varying spring constant is shown in Figure 7 on Page 16.

8.2.5
From the graph,


Initial compression 

(st (cm)

(y-intercept)
Rotational speed*

( (rpm)

(x-intercept)

S1
2.50
300

S2
2.50
460

S3
2.50
560

* Rotational speed required to keep the sleeve at its initial position when the spring is not constrained.

Figure 4. Graph for Experiment Part (A),

Equivalent mass m (g) against sleeve position x (cm).
Figure 5. Characteristic curve for Experiment Part (B),

Sleeve position x (cm) against rotational speed ( (rpm).
Figure 6. Characteristic curve for Experiment Part (C),

Sleeve position x (cm) against rotational speed ( (rpm).
Figure 7. Characteristic curve for Experiment Part (D),

Sleeve position x (cm) against rotational speed ( (rpm).
§9.
Discussion
9.1 Explain the significance of the points of interception on the x- and y- axes of the characteristic curves.
Characteristic curves are graphs drawn to illustrate the relationship of sleeve position against rotational speed. Since the y-intercept gives the position of the sleeve when the rotational speed is 0, it implies that the value for the y-intercept is in fact the initial compression of the spring. On the other hand, since the x-intercept gives the rotational speed when the sleeve is at its initial position (or initial compression), it thus represents the rotational speed required to keep the sleeve at initial position when the spring is not restrained.

For the characteristic curves of Experiment Parts (B) and (D) [Refer to Figure 5 and Figure 7], since springs of common length are used, the characteristic curves should theoretically intersect the y-axis at a common point reflecting an equal initial compression. However, for both parts of the experiment, the intersection points do not coincide with the theoretical value for the initial compression of the springs. This discrepancy could be due to experimental errors. Tachometer readings may not be precise as the divisions on the tachometer are small, and a slight error in reading the meter will be magnified by 10 times when actual values are to be considered. Parallax error may also arise while making sure the sleeve is adjusted to align with the appropriate spindle calibration. This is especially difficult for readings to be taken when the sleeve is still shaky and there is no proper alignment. Friction between the moving parts may also be a possible source of error. [Refer to Section 9.2 for discussion of major sources of error.]

For the characteristic curve of Experiment Part (C), since springs of different lengths are used, the curves are not expected to have the same y-intercept as the springs have different initial compressions. Again, the experimental value for initial compression is different from the theoretical value. This discrepancy is also most probably caused by the experimental errors listed above.
9.2 Calculate the theoretical characteristic curve for one set of added rotating mass used in procedure B. Compare these results with the experimental results. Discuss the major sources of error.
Considering the case where the added rotating mass is 14.6 g,

From Equation ( on Page 5, 


m1   =     


            


 



    _________
(       ( = w 





 …………..
      (
where m1 = 14.6 + m
The theoretical rotational speed ( can be calculated from the experimental values of x, (, r, a and FV of Section 7.1.3 using Equation (. The values are tabulated as below.

x (cm)
( (rad)
r (cm)
FV (N)
m1 (g)
FV (N)
( (rpm)
Diff** (%)







(E†
(T††


0.5
0.9273
4.2000
4.3750
55.644
4.3750
360
386.48
6.85

1.0
0.8699
4.5141
5.2500
54.365
5.2500
420
444.73
5.56

1.5
0.8162
4.7948
6.1250
54.654
6.1250
480
496.52
3.33

2.0
0.7654
5.0475
7.0000
52.505
7.0000
540
560.78
3.71

2.5
0.7170
5.2764
7.8750
52.998
7.8750
600
612.86
2.10

†  Experimental values for (

** Absolute percentage difference 

†† Theoretical values for (

 between (E  and (T.

From the table, it can be seen that the experimental values of rotational speed ( are approximately equal to the respective theoretical values, and the absolute percentage difference between the values get smaller as x increases. The difference between the experimental and theoretical values may be due to the following major sources of error.

Firstly, tachometer readings are imprecise. As the divisions on the tachometer are small, a tiny mistake in reading the meter will be magnified by 10 times when actual values are to be considered. Moreover, the pointer of the tachometer tends to be constantly jumping, and the person who is reading the tachometer will have to estimate where the pointer is actually pointing with his own judgment. Again, the error factor in this rough estimation will be magnified when actual values are to be considered. To minimize this error, readings may be taken to the nearest 5 rpm instead of the conventional 10 rpm so that the actual practical values will not deviate from the theoretical values as much as before.

Next, there may be parallax error when making sure the sleeve is adjusted to align with the appropriate spindle calibration. This is caused by the incorrect line of sight when reading the graduated spindle. It is especially erroneous when readings are taken while the spindle is still shaky and proper alignment is difficult. To minimize this error, the person ensuring the alignment should wait for the sleeve to settle at a consistent level before readings at the tachometer are taken. He should also place his eye at a common horizontal level with the sleeve and the spindle calibration in order to eliminate the parallax error.

Lastly, some errors are caused by the state of the equipment. Friction between the moving parts may be a possible source of error. In this case, lubrication of the moving mechanism may be done to rectify this problem. Also, the springs used in the experiment may have been used so many times that they have undergone deformation, causing their actual spring constant value to be different from the expected value which has been used in the calculations.

9.3 Discuss the effect of varying the mass of the rotating mass on the performance of the governor.
In Section 8.2.2, it has been found that m = c / (2, where c is a constant. This portrays an inverse relationship between rotating mass and the square of rotational speed i.e. when rotating mass increases, rotational speed decreases. 

From Figure 5, it is also observed that the characteristic curves corresponding to larger masses are steeper and they lie to the left of those of smaller masses. This merely implies that for a same unit change in rotational speed, the corresponding change in sleeve position is greater for larger masses. Since the fuel supply of an engine is controlled by the throttle valve which is in turn governed by the movement of the sleeve, this implies that a governor with greater rotating mass will cause a greater change in the fuel supply and the engine speed will be restored to its original value in a shorter time so that the variation of speed in the engine will be reduced to a minimum. Hence, a governor with a greater rotating mass will be more desirable and it has a higher performance as a speed regulator since it is more sensitive to mean speed changes in an engine.

9.4 Discuss the effect of initial compression and spring constant on the characteristic curve.
From Equation (, it can be seen that a larger value for initial compression (st of the spring will result in a larger value for FV  with other properties kept constant. Since FV is directly proportional to (2 when m and x (and hence r and () are constant, the rotational speed will be greater when the initial compression is larger. Thus for a characteristic curve of x vs (, the value for rotational speed ( will be larger for a spring with a larger initial compression. However, variation of initial compression does not affect the gradient of the characteristic curve as seen from Figure 6 where the curves are nearly parallel.

Similarly, from Equation (, a larger value for the spring constant k will result in a larger value for FV with other properties kept constant, and FV is directly proportional to (2 implies Hence the greater the value of k, the greater the value of FV and (. Experimentally, it can be seen from Figure 7 that the characteristic curve for a spring of greater spring constant lies to the right of that for a spring with smaller spring constant. Also, the curve for the smaller spring constant has a steeper gradient. Hence sleeve response is greater for a spring with smaller spring constant.

9.5
List some other applications of centrifugal force.

Some other applications of centrifugal force include:

9.5.1 Centrifugal Purification. Separation of substances of different densities is accomplished by applying a centrifugal force to the mixture to be separated by a high-speed rotation. The common laboratory centrifuge uses this principle to separate solid-liquid mixtures.

9.5.2 Centrifugal Compressor. In a centrifugal compressor, a rotating impeller or wheel accelerates a gas, and the centrifugal force produced increases the pressure of the gas. The compressor then converts the kinetic energy of the gas into potential energy of the pressure. [Refer to Figure 8.]

Figure 8. A BMW Centrifugal Compressor Engine.

9.5.3
Satellites. Satellites stay in orbit due to two forces acting on them: the force of gravity and centrifugal force. While gravity pulls the satellite towards earth, the centrifugal force acts in the opposite direction. The result is a zero net force on the satellite.

9.5.4 Centrifugal pump. A centrifugal pump converts driver energy to kinetic energy in a liquid by accelerating it to the outer rim of a device called the impeller. The impeller rotates within a case so as to cause the liquid to enter at the centre and then be forced out by the centrifugal force to the outer periphery of the case. Applications of centrifugal pumps include refrigeration, irrigation, sludge management and mining. [Refer to Figure 9.]

Figure 9. A Bell & Gossett Centrifugal Pump.

§10. Conclusion
This experiment attempts to investigate the application of centrifugal force in a centrifugal governor and the influence of characteristics of the springs (e.g. spring constant, initial compression) on the performance of the governor by using characteristic curves.

The experimental results show that the rotating mass is inversely proportional to the square of rotational speed when other properties are kept constant, and a smaller rotational speed is required to achieve the same sleeve position for a larger mass. The sleeve of the governor is also more responsive to variations in rotational speed when a larger mass is rotated. Next, variations in the initial compression of the spring do not affect the responsiveness of the sleeve towards changes in its rotational speed. However, for a spring with larger initial compression, a higher rotational speed is required in order to achieve the same sleeve positions. On the other hand, a higher spring constant will result in a higher rotational speed for a particular sleeve position. It is also deducted that a spring with a lower spring constant makes the governor sleeve more responsive to changes in rotational speed.

In conclusion, although there exist experimental errors, these errors are not insignificant enough to change the overall results. It is evident that factors such as the rotating mass, initial compression and spring constant do affect the performance of the centrifugal governor in one way or the other, and by varying these factors, it is possible to configure an ideal practical governor.
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§12. Appendix
Appended are the data sheets used in the experiment.

(a) TM105 Centrifugal Force Apparatus





(b) CE107 Engine Speed Control Apparatus








(c) Operation of a 


Mechanical Governor
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