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2 1 The Conduction Rate Equation2.1 The Conduction Rate Equation
Fourier's law: from observation
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where is the heat flux in a direction which is normal to an
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isotherm (Fig. 2.3).
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2 2 The Thermal Properties of Matter2.2 The Thermal Properties of Matter
2.2.1 Thermal Conductivity

k ≡ −
′ ′ q x

(∂T ∂x)

From Cengel, Heat Transfer, 2003.



The Solid State: due to migration of free electrons (ke) and lattice e So d State: due to g at o o ee e ect o s (ke) a d att ce
vibrational waves. When viewed as a particle-like phenomenon, 
the lattice vibration quanta are termed phonons.  From kinetic 
theory,

mfp
1
3

k C c λ= (2.7)
For nonconducting solids, 
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(2.7)

ph: the phonon specific heat per unit volume
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For conducting materials such as metals, 
mfp ph: the phonon mean free pathλ λ≡
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In general, phek k k= + (2.8)



Generally k t l > k t lli > k h (exceptions: diamond silicon carbide)

Source: YA Cengel

Generally, kmetal > kcrystalline > kamorphous (exceptions: diamond, silicon carbide)

kpure metal > kalloy (At 300K, 2300W/mK, 490W/mK)

Source: Y.A. Cengel(Figs. 2.4 & 2.5)



The Solid State: Micro- and Nanoscale EffectsThe Solid State: Micro and Nanoscale Effects
In many areas of technology, such as microelectronics, the 
material dimensions can be on the order of micrometers ormaterial dimensions can be on the order of micrometers or 
nanometers, in which care must be taken to account for the 
possible modifications of k that can occur as the physicalpossible modifications of k that can occur as the physical 
dimensions become small.
Cross sections of films of the same material having thicknesses LCross sections of films of the same material having thicknesses L1
and L2 are shown in Fig. 2.6.  Note that the physical boundaries of 
the film act to scatter the energy carriers and redirect theirthe film act to scatter the energy carriers and redirect their 
propagation.  We find that ky < kx < k, where k is the bulk thermal 
conductivityconductivity.



For predicted values of k and k may be estimated to/ 1L λ ≥For                  , predicted values of kx and ky may be estimated to 
within 20% from
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Eq. 2.9 reveals that the values of kx and ky are within 5% of the 
bulk k if L/λmfp > 7 (for ky) and L/λmfp > 4.5 (for kx). No general 

id li i t f L/λ < 1guidelines exist for L/λmfp < 1.
Chemical dopants or grain boundaries also redirect energy 

i d ff k ( i )carriers and affect k. (Fig. 2.7)



The Fluid State:The Fluid State:
gas: (2.10)mfp

1
3 vk c cρ λ= From Cengel, Heat Transfer, 2003.3

Since  and 1/ (Fig. 2.8)
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The Fluid State: Micro- and Nanoscale Effects
As in the solid state k may be modified forAs in the solid state, k may be modified for 

small values of L/λmfp , when the fluid is 
contained in an small physical dimension.p y

In general:
k depends strongly on temperature and isk depends strongly on temperature and is 
nearly independent of pressure.
ksolid > kliquid > kgassolid liquid gas



2 2 2 Oth R l t P ti2.2.2 Other Relevant Properties
Thermophysical properties: p y p p

Transport properties: k thermal conductivity (for heat 
transfer) ν kinematic viscosity (for momentumtransfer), ν, kinematic viscosity (for momentum 
transfer), D, mass diffusivity (for mass transfer)

thermal diffusivity, α --the ability of a material to 
conduct thermal energy relative to its ability to store gy y
thermal energy..

k 2[m /s, in the same units as  and ]
p

k D
c

α ν
ρ

=

Thermodynamic properties: such as temperature T, 
pressure p density ρ and specific heat c etc

p

pressure p, density ρ, and specific heat cp, etc.



2 3 The Heat Diffusion Equation2.3 The Heat Diffusion Equation
Performing energy conservation on a differential control volume 

(Figs 2 11 2 13) the heat eq ation can be ritten as:(Figs. 2.11-2.13), the heat equation can be written as:
In Cartesian coordinates:
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If one dimensional with no energy generation
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If one-dimensional with no energy generation,
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→under steady-state, one-dimensional conditions with no energy 
ti th h t fl i t t i th di ti f t fgeneration, the heat flux is a constant in the direction of transfer  

(dqx”/dx = 0).

In cylindrical coordinates:
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2 4 Boundary and Initial Conditions2.4 Boundary and Initial Conditions

EX 2.3


