A good starting point for conductive heat transfer is Fourier's Law of Heat Conduction. This law states the heat 'diffuses' in directions parallel to the maximum spatial temperature gradients (or perpendicular to isotherms) with magnitude proportional to those gradients. In one spatial dimension, q'' = Q/A = -k(dT/dx). This is an empirical relation, but one for which considerable experimental and theoretical backing exists, such as from Molecular Thermodynamics for example. The coefficient of proportionality is called 'thermal conductivity'. The reason why it turns out to have this form and why this 'model' is particularly successful are beyond the scope of this note (but there is good reason!).
Conductive heat transfer is mostly relevant in solids. In fluids, their ability to flow introduces a further mode of heat transfer, convection, which is in most cases the dominant of the two forms. As you might expect, there exists a non-dimensional number (the Nusselt number) that can tell us which one dominates. Hence, a treatment of conduction is best done in solid materials, thereby bypassing the complications of fluid flow and convection.
On pages 9 to 11, Professor Hochgreb attempts to derive a governing equation for temperature that is commonly called the 'heat equation'. Even so, one can clearly see that the dependent variable in the final equation on page 11 is actually temperature. She neglects convection, while still dealing with fluids. This however introduces confusion. Firstly, why is one ignoring convective heat transfer in a fluid? No reason is supplied. Secondly, at the top of page 10 it is stated that an equation is sought for incompressible solids, liquids, and gases at constant pressure. Now consider a fluid that is incompressible (dv = 0) and at constant pressure (dp = 0). Recall the definition of enthalpy: h = u + pv, such that dh = du + pdv + vdp. In this specific case then, h = u, and there is no point talking about a difference between h, u and hence between cp and cv. There is also no point talking about work done on or by the system, since dv = 0. Why introduce internal energy and work done? It just complicates things.
It is better to just think of a solid. A one-dimensional analysis suffices as a starting point as it contains all the necessary physics. Consider then a solid rectangle system of mass dm, cross-sectional area A and length dx, where x is defined as positive to the right:

x                   x+dx

|---------------|

|---------------| A

|---------------|

−>              −>

Q(x)             Q(x+dx)

On the left, heat of magnitude Q(x) enters the system through area A per second. On the right, heat of magnitude Q(x+dx) leaves the same system (recall that positive is to the right). By conservation of energy, any heat that remains in the system can only result in an increase in the solid's temperature according to the solid material's heat capacity. The relation between added heat and temperature increase is, dQ = m c dT, or dQ/dt = m c dT/dt for power (per unit time). Hence, q(x)A - q(x+dx)A = m c dT/dt, or, q(x)A - [q(x) + dq/dx dx]A = m c dT/dt. So, m c dT/dt = -dq/dx dx A, or ρ c dT/dt = -dq/dx. Substituting Fourier's law gives the desired, ρ c dT/dt = k d2T/dx2. If you believe me so far, then the extension to 3D is not a stretch.

This is an important equation, and is similar to that of the conservation of momentum, also governing equation of velocity/momentum, also Navier-Stokes, ρDu/Dt = -dp/dx + μd2u/dx2. Thermal conduction in heat transfer is then the equivalent process of viscosity in fluid flows, and thermal conductivity is analogous to dynamic viscosity. In other words, just like viscosity causes a diffusion of velocity (or momentum), conduction causes a diffusion of heat (or temperature). If there are high temperature gradients somewhere, conduction tends to smooth them out, in the same way that viscosity tends to smooth out velocity gradients.
There are many, extremely interesting things to say about this equation, such as a breakthrough (as I write this I am searching the literature to see if anyone else has solved this equation in this way before; so far it is looking good!) analytical solution that we have just found, but they will have to wait for now… sniff… Best to keep it short and simple.
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