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Purpose: 

The purpose of this lab is to determine the gravitational acceleration “g,” with an uncertainty of less than ( 1%. The gravitational acceleration will be determined using the rigid pendulum equation and the parallel axis theorem. 

Theory: 

For any rigid body with small oscillations (((5%() about a fixed horizontal axis, the period may be determined using the equation: 

T= 2((I/Mgh)1/2
Where T= period (s)

I= moment of inertia about the axis of oscillation in (kg*m2)

M= mass of the body (kg)

h= distance between the center of gravity and the axis of oscillation (m)

g= gravitational acceleration (m/s2)

The moment of inertia can be determined using the moment of inertia of the pendulum about an axis through the center of gravity parallel to the axis of oscillation (I0), and the theorem of parallel axes. 

T0= 2(( I0/c)1/2 
Where T0= period of the rigid pendulum. 

I0= moment of inertia of rigid pendulum (kg*m2)

C= torsion constant of wire. 

To find I0, a comparison between the period of oscillation of the pendulum and the period of oscillation of a bar suspended from the same wire will be made:

I0/Ibar=(T0/Tbar)^2

Where T0= the period of the rigid pendulum 

Tbar= the period of the rectangular bar 

I0= moment of inertia of rigid pendulum (kg*m2)

Ibar= moment of inertia of rectangular bar (kg*m2)

Ibar can be determined using the dimension of the bar:

Ibar= Mbar/ 12 (L2+b2)

Where Mbar= mass of the rectangular bar (kg)

L= length of the bar (m)

b= width of the bar (m) 

Once I0 is determined, I can be determined using the theorem of parallel axis. 

I=I0+Mh2 
Where I0= moment of inertia of the rigid pendulum (kg*m2)

M= mass of the pendulum (kg)

h= distance between center of gravity and axis of oscillation (m) 

The formula for ‘g’ in terms of measurable quantities ( M, Mbar, h, L, b, T, T0, and Tbar:

I0/Ibar=(T0/Tbar)^2

I0 = Ibar (T0/Tbar)^2

    = Mbar/12 (L2+b2)(T0/Tbar)2

 I=I0+Mh2 

  == Mbar/12 (L2+b2)(T0/Tbar)2 +Mh2

T=2(√I/Mgh

(T/2()2=I/Mgh

g= 4(I/MT2h

g= (4(2(Mbar/12(L2+b2)(T0/Tbar)2+Mh2)/MhT2
Setup and Procedure: 

3.1 Masses and dimensions 

Tools: 

( Meter stick

( Electronic scale

( Vernier

( Timer 

· Measure the mass of the rigid pendulum (M) and mass of the bar (Mbar) with an electronic scale. 

· Balance the pendulum on a knife edge to determine the center of gravity, and mark the point ‘h’ is measured (from center of gravity to oscillation axis)

· Measure the width (b) of rectangular metal bar using a vernier

· Measure the length (L) of a rectangular metal bar using a meter stick. 

3.2 small Oscillations

· Measure the time for 50 oscillations of the rigid pendulum (3 times). Determine the period ‘T’. 
3.3 Torsion Oscillation of Rigid Pendulum 

· Measure time for 25 torsion oscillations (3 times) of the rigid pendulum about its center of gravity. Determine period “T0”

3.4 Torsion Oscillations of the Metal bar

· Measure the time for 25 oscillations of the metal bar (3 times) and calculate the period (Tbar)
Tables:

3.1 Masses and Dimensions

	Table 1: Masses and Dimensions:

	M (kg)
	1.81041±0.0001

	Mbar
	1.8664±0.0001

	h(m)
	0.478±0.002

	L(m)
	0.635±0.002

	b(m)
	0.02010±0.00005


3.2, 3.3, 3.4, 3.5 
	Table 2: Oscillations

	Trial
	T(for 50oscillations)
	T0
	Tbar

	1
	1.564±0.001
	6.338±0.008
	4.201±0.008

	2
	1.597±0.001
	6.396±0.008
	4.120±0.008

	3
	1.601±0.001
	6.372±0.008
	4.072±0.008

	Average
	1.587 ± 0.001
	6.369±0.008
	4.098±0.008


3.6 Error Calculations: 

g= (4(2(Mbar/12(L2+b2)(T0/Tbar)2+Mh2)/MhT2

(( Mbar(L2+b2)(T0/Tbar)2)=±( Mbar(L2+b2)(T0/Tbar)2)((Mbar/Mbar + (L2(2(L/L)+b2(2(b/b))/L2+b2  +2(T0/T0 +2(Tbar/Tbar)

(Mh2=±Mh2((M/M +2(h/h)

(MhT2=±MhT2((M/M +(h/h+2(T/T)

(g=±g((4(2(Mbar/12(L2+b2)(T0/Tbar)2+Mh2)/MhT2((( Mbar/12(L2+b2)(T0/Tbar)2((Mbar/Mbar +(2L(L+2b(b)/(L2+b2)+ 2(T0/T0+2(Tbar/Tbar))+ Mh2((M/M+2(h/h)(/(Mbar/12 (L2+b2)(I0/Ibar)2+Mh2((
Sample Calculations: 

	Calculations of T in Table 2

	Measurement
	Uncertainty

	T1=time elapsed/ #oscillations

= 78.22s/50

=1.564s
	(T1=±0.1/50

=±0.004s

	(T1±(T1)=(1.564+0.004) s


	Average of T in Table 2

	Measurement
	Uncertainty

	Tav=(1.564+1.567+1.601) s/3
=1.587±0.004
	(T1=±(0.004+0.004+0.004) s/3
=±0.004s

	(Tav+(T1)=(1.564+0.004) s


	Measurements

	M    =(1.8103±0.0001) kg     L=(0.635 ±0.002) m                    T0=(6.369±0.008) s
Mbar=(1.8664±0.0001) kg     b= (0.02010±0.00005) m          Tbar=(4.098±0.008) s
h     = (0.478±0.002) m          T= (1.587±0.004) s

	(g) Calculations

	g=((4(2(Mbar/12(L2+b2)(T0/Tbar)2+Mh2)/MhT2(
=((4(2(1.8664/12(0.6352+0.020102)(6.369/4.098)2+1.18104(0.478)2)/1.8104(0.478)(1.587)2(
=10.239 300 013 m/s2

=10.2 m/s2 (rounded this way due to uncertainty

	Uncertainty

	(g=±g((4(2(Mbar/12(L2+b2)(T0/Tbar)2+Mh2)/MhT2((( Mbar/12(L2+b2)(T0/Tbar)2((Mbar/Mbar +(2L(L+2b(b)/(L2+b2)+ 2(T0/T0+2(Tbar/Tbar))+ Mh2((M/M+2(h/h)(/(Mbar/12 (L2+b2)(I0/Ibar)2+Mh2((
=±(10.239300013)((0.151636741)(0.0063514664+0.006416512)+0.003483648)/0.365254175)

=±0.098170748

=±0.1

	(g±(g)=(10.2±0.1m/s2)


Percent Error

% Error    = (experimental error –accepted value)/accepted value *100%

                    =(10.2-9.8m/s2)/9.8 m/s2*100%

                    =4.1%

Results:
The experimental value determined for the gravitational acceleration is (10.2±0.1) m/s2. When compared to the accepted value 9.8 m/s2, the experimental value has a percent error of 4.1%. 

Discussion:
The period does not depend on the amplitude when using small angle approximations. This can be proven using the simple harmonic motion equation: 

Τ=-Mghsinθ

I(dθ2/dt2)=-Mghsinθ

(dθ2/dt2)=-Mghsinθ/1

               =(-Mgh/I)(θ)          using small angle approximation sinθ≈θ

               =-ω2θ

ω=(-Mgh/I)1/2
T=2π/ω=2π(Mgh/I)1/2

As shown, the period is not based on the amplitude. However, to obtain the equation, the small angle approximation must be used. Thus, equation 1 is only valid for small angles. 

The gravitational acceleration constant was determined to be (10.2±0.1) m/s2. The value agrees with the theoretical value (9.8 m/s2), with a percentage error of 4.1%. It is likely that the sources of error and round of period values contributed to this difference. 

There are a few sources of error inherent in this lab: 

· The center of gravity of the rigid pendulum was difficult to determine because the pendulum never stayed balanced for more than a couple of seconds. 

· The meter stick was also too long to fit between the knife-edge and the large mass at the end of the pendulum.

· The angle of the meter stick to the pendulum was not taken into account. Thus, there is a high probability of error involved in the measurement of ‘h’, the angle of the meter stick would have given a larger ‘h’ value than expected, resulting in a larger ‘g’ value as well. 

· The wire used to attach the metallic bar and the rigid pendulum was not perfectly straight. Causing torsion motion to not be uniform. 

· The hole in the metallic bar used to attaché the wire was not exact center of gravity of the bar. Thus the torsion motion of the bar was not period than expected. The subjective interpretation of the experimenter is another contributing factor to error, as it is difficult to determine when exactly one oscillation occurred. 

· Measurement of time had the largest error

· The mass of the clip (area where the metal bar was attached to the string) was not taken into consideration in measuring the period of torsion. This would have resulted in a greater period since the rotation would be slower. 

Using a measuring tape to measure the length of ‘h’ would have eliminated the problem of accounting for the angle of the meter stick. Also, using a straight wire in place of a bent wire would improve the uniform motion of the torsion motion, resulting in more accurate results. Conducting more trials would provide a more accurate period measurement, The use of an automatic timer that automatically began timing the moment the 50 oscillations started and ended would decrease the error in this measurement. More accurate results may be found by using a metallic bar with the hole exactly at the center of gravity, to prevent vertical oscillation. 

Conclusion: 
Since the uncertainty was determined to be within 1% of the experimental value of the gravitational acceleration (10.2 ±0.1), the purpose of the lab was achieved. However, the accepted ‘g’ value did not fall within the error of the experimental value. The parallel axis theorem and rigid pendulum equation were used to find the gravitational acceleration. However, it should be noted that the rigid pendulum equation is only valid for small angle approximations and that the period is not dependent on the amplitude. 
