Force and Torque while Frying an Egg

Kirk T. McDonald Joseph Henry Laboratories, Princeton University, Princeton, NJ 08544 (February 27, 2020)

As an egg is fried, its thermal energy, and hence its mass, increases.^{1,2} When viewed from an inertial frame f in which the center of mass of the egg has position r_{cm} and constant velocity v = v_{cm} = dr_{cm}/dt, the (linear) momentum P = m(t)v_{cm} of the egg increases with time, as also does its angular momentum L = (r_{cm} − r_0) × P + I_{cm} ω = (r_{cm} − r_0) × mv_{cm} about any fixed point r_0 (in inertial frame f) not on the trajectory of the center of mass of the egg.

Observers in inertial frame f consider that there exists a nonzero force, F = dP dt = dm dt v_{cm}, (1)

on the egg, exerted by the frying pan. The torque τ of this force about reference point r_0 is,

τ = (r_{cm} − r_0) × F = (r_{cm} − r_0) × dm dt v_{cm} = d dt [(r_{cm} − r_0) × mv_{cm}] = dL dt . (2)

Thus, while the (variable-mass) frying egg moves with constant velocity v in inertial frame f, without rotation about its center of mass, it is associated with nonzero, time-dependent force, torque, linear and angular momentum.^{3,4}

This example was suggested by Daniel Vanzella.

References

[1] K.T. McDonald, On the Definition of “Hidden” Momentum (July 9, 2012),

http://kirkmcd.princeton.edu/examples/hiddendef.pdf

[2] H. Arzeliès, Transformation relativiste de la temperáture et de quelques autres grandeurs thermodynamiques, Nuovo Cim. 351, 792 (1965),

http://kirkmcd.princeton.edu/examples/statmech/arzelies_nc_35_792_65.pdf

[3] T.W.B. Kibble, Relativistic Transformation Laws for Thermodynamic Variables, Nuovo Cim. B 41, 72 (1966), http://kirkmcd.princeton.edu/examples/statmech/kibble_nc_41b_72_66.pdf

[4] R.G. Newburgh, The Relativistic Problem of the Right-Angled Lever: The Correctness of the Laue Solution, Nuovo Cim. B 61, 201 (1969),

http://kirkmcd.princeton.edu/examples/GR/newburgh_nc_61b_201_69.pdf

1We suppose that the egg and the frying pan are not rotating in their (inertial) rest frame. 2As the temperature of the egg increases by ΔT , its mass increases by ΔU/c^2 = CΔT/c^2, where C is the heat capacity of the egg and c is the speed of light in vacuum. Thus, we might say that frying an egg is a “relativistic” phenomenon.

3The momentum P of the egg in frame f is “overt”, and not “hidden” in the sense discussed in [1]. 4Oct. 25, 2020. Some people have claimed that if an object experiences no torque in its (inertial) rest frame, there is no torque on it in any other inertial frame. A partial history of this controversy can be traced in [2]-[11].

[5] S. Aranoff, Torques and Angular Momentum on a System in Equilibrium in Special Relativity, Am. J. Phys. 37, 453 (1969),

http://kirkmcd.princeton.edu/examples/GR/aranoff_ajp_37_453_69.pdf

[6] J.H. Fremlin, Relativity and the Lever Problem, Contemp. Phys. 10, 179 (1969),

http://kirkmcd.princeton.edu/examples/GR/fremlin_cp_10_179_69.pdf

[7] J. Strnad, Relativity and the Lever Problem, Contemp. Phys. 11, 59 (1970),

http://kirkmcd.princeton.edu/examples/GR/strnad_cp_11_59_70.pdf

[8] W.K.H. Panofsky and M. Phillips, Torques and Angular Momentum on a System in Equilibrium in Special Relativity: A Reply, Am. J. Phys. 38, 547 (1970),

http://kirkmcd.princeton.edu/examples/GR/panofsky_ajp_38_547_70.pdf

[9] L. Karlov, On the Transformation of Force in Relativistic Statics, Lett. Nuovo Cim. 3, 37 (1970), http://kirkmcd.princeton.edu/examples/GR/karlov_lnc_3_37_70.pdf

[10] J.R. Ray, Reply to Karlov’s Article on the Transformation of Force in Special Relativity, Lett. Nuovo Cim. 3, 739 (1970), http://kirkmcd.princeton.edu/examples/GR/ray_lnc_3_739_70.pdf

[11] K.A. Johns, The Paradoxical Behaviour of Force in Special Relativity, Lett. Nuovo Cim.

4, 351 (1970), http://kirkmcd.princeton.edu/examples/GR/johns_lnc_4_351_70.pdf