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A simple experiment to demonstrate single-plane rotating imbalance is described. Inexpen-
sive and commonly available items were used in the experiment to emphasize the concepts
presented in an uncluttered manner and to underline the importance of simplicity. Students
were also required to assemble the experiment by themselves to maximize experiental learn-
ing. The experiment was able to provide accurate predictions of the angular position and
magnitude that an imbalance mass imposed.
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1.  INTRODUCTION

Rotating imbalance is the unequal distribution of mass of a rotor about its centre-line. This
phenomenon is commonly encountered in centrifuges, fans, pumps and other rotating
machinery used in industry. The dynamic forces resulting from rotating imbalance are
damaging to the rotor, bearings and the supporting structures of machines [1]. A sound
knowledge of the mechanics of rotating imbalance is hence crucial for any aspiring
mechanical engineer.

In disc-like rotors, the rotating masses, and hence imbalance, are concentrated in one-
plane. Grinding wheels and ceiling fans are examples of such systems. A direct approach to
demonstrate the effects of single-plane rotating imbalance would be one involving the meas-
urement of dynamic forces [2]. This approach, however, has the drawback of requiring the
use of sensors and electronic equipment (e.g. oscilloscope) for data acquisition and analysis.
These items are generally expensive and require careful handling. In this paper, an experi-
ment that obviates the use of these items is presented. The basis of this approach lies with the
complementary satisfaction of conditions between static and dynamic balancing for rotating
masses in a single-plane.

At the outset of designing the experiment, two other desired outcomes were outlined.
First, the experiment should be composed of inexpensive and commonly available items.
The purpose of this was to remove any form of embellishment (e.g. sophisticated instrumen-
tation) that would hinder conceptual understanding and to emphasize the advantages of
simplicity. Second, the experiment would also need to be assembled by students before use.
The rationale behind such an exercise was to maximize the level of hands-on experience.
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2.  THEORY

Consider a series of unbalanced masses located in one plane as shown in Fig. 1. The
resultant unbalance can be written as

mgr g m ri i icos cosθ θ= ∑ (1a)

mgr g m ri i isin sinθ θ= ∑ (1b)

Since g, the gravitational acceleration is a constant, equation (1) can be simplified to

mr m ri i icos cosθ θ= ∑ (2a)

mr m ri i isin sinθ θ= ∑ (2b)

If the radius of all the imbalance masses were equal, equation (2) simplifies further to

m mi icos cosθ θ= ∑ (3a)

m mi isin sinθ θ= ∑ (3b)

Suppose that two masses m1 and m2 are placed at angular locations θ1 and θ2 respectively.
This allows equation (3) to be written as

m m mcos cos cosθ θ θ= +1 1 2 2 (4a)

m m msin sin sinθ θ θ= +1 1 2 2 (4b)

where m is the resultant unbalance mass. Removing m from the inequalities gives
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Fig. 1. Description of a series of single-plane masses.
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It is possible to rewrite equation (5) as
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Suppose that the mass 2 causes the imbalance in a single plane rotating system. In order to
cancel this imbalance, it would be necessary to determine m2 and θ2. It is possible to
determine the values of θ by locating a known balance mass m1 at different values of θ1. By
inspecting equation (6), it is clear that a linear relationship y = kx + c exists, where
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If a graph of y against x is plotted, it should be possible to determine m2 and θ2 from the
slope and y-axis intercept. It is important to note that the signs of the sine and cosine of θ2
must be used to determine the quadrant that θ2 belongs to. Table 1 gives a description of
how this can be sorted out.

Once the values of m2 and θ2 are determined, it is possible to find the resultant imbalance
mass for balance m1 located at different values of θ1 (from equation (4)) using

m m m m m= + + +( sin sin ) ( cos cos )1 1 2 2
2

1 1 2 2
2θ θ θ θ (8)

Table 1. Procedure to determine the actual angle
of the imbalance mass

Condition Actual angle

sin θ2 + ve and cos θ2 + ve
sin θ2 + ve and cos θ2 – ve
sin θ2 – ve and cos θ2 – ve
sin θ2 – ve and cos θ2 + ve

θ2 =θ2
θ2 = 180 – θ2
θ2 = 180 + θ2
θ2 = 360 – θ2

3.  EXPERIMENTAL EQUIPMENT AND PROCEDURE

The items used in the experiment were a C-clamp, a battery, two approximately equal
masses and a single-plane motorized rotor mounted on a cantilever. The student was required
to assemble the components as shown in Fig. 2. The rotor has to be spun a few times without
any mass attached to ensure that it did not return to any fixed position using the position
indicator shown in Fig. 3. The imbalance mass m2 was then attached to an arbitrary location
and spun a few times. Despite the number of spins, the rotor should inevitably settle an angle
position θ.

The known balance mass m1 was then placed at various angular positions θ1. For each
spin of the rotor, the angular position of θ was recorded. A graph based on the values of y
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Fig. 2. General view of the experimental set-up.

Fig. 3. Front view of the rotor in the experimental set-up.

against x using equation (7) was next plotted. From this graph it was possible to determine
m2 and θ2.

When the values of m2 and θ2 were known, a plot of the resultant unbalance mass m for
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values of θ1 from 0° to 360° using equation (8) was made. From the second graph, it was
possible to determine the angular position of θ1 wherein the resultant imbalance mass was
minimal. After the balance mass m1 was placed at this angular position, the wires of the
motor were connected to the ends of the battery to rotate the rotor. Before this portion of the
experiment was carried out, students were reminded to stay a safe distance and to ensure that
the amount of clamping was sufficient. Students were required to observe the magnitude of
this vibration and to compare it with the alternative cases where (a) m1 was placed at an
adjacent location and (b) m1 was removed to leave the imbalance mass m2 alone.

4. EXPERIMENTAL RESULTS AND DISCUSSION

As anticipated students found the experiment easy to understand and conduct. The imbalance
mass was 11.9 g and located at angular position 240°. Students were encouraged to use a
spreadsheet program like Excel to plot the graphs. From the graph in Fig. 4 it was found that
the linear equation (generated using the regression analysis tool found in the spreadsheet
program) corresponding to the plot was y = –0.456x + 0.8823. Since m1 and m2 must be
positive, this could only mean that both sin θ2 and cos θ2 were negative from equation (7).
From Table 1, it was clear that θ2 must then lie in the third quadrant with a value of
180° + tan–1(0.8823�0.456) = 242.7°. Based on this plot, the value of m2 was found to be
11.6 g. The angular position and magnitude values therefore, were only 1.11% and –2.52%
respectively off in prediction.

Fig. 4. Graph of y against x using sample results from the experiment.

Fig. 5 gave the resultant imbalance masses calculated for different angular positions θ1.
The resultant imbalance mass was found to be minimum when the balance mass was located
at angular position θ1 = 60°. The dynamic test mentioned in the previous section confirmed
this. As an avenue for further discussion, students were asked to theoretically verify the
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observation that masses should always be placed opposite each other in a two-mass
imbalance situation.

Fig. 5. Graph of resultant unbalance mass against angular position of the balancing mass
using sample results from the experiment.

5.  CONCLUSIONS

An experiment to illustrate single-plane rotating imbalance was described in this work. The
experiment did not require the use of any sensors nor electronic equipment. It was successful
in presenting the subject matter concisely, encouraged simplicity, and provided experiential
learning. Despite the somewhat rustic nature of the set-up, accurate prediction of the angular
position and magnitude of the imbalance mass was achieved.
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